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Abstract

The paper aims to analyse the influence of slenderness on the ultimate behaviour of piles with a very small diameter (less
than 10 cm) that are often employed in soil reinforcement and for which the slenderness can significatively influence the
failure behaviour, reducing the ultimate load. The aim is reached by means of numerical analyses on small-diameter piles of
different geometries, embedded in clayey soil. The critical load is evaluated numerically in undrained conditions and then
compared to the bearing capacity estimated by the classical approaches based on limit equilibrium method. The numeri-
cal model is first calibrated on the basis of the results of experimental laboratory tests on bored piles of a small diameter
in a cohesive soft soil (average undrained shear strength ¢, =15 kPa). The comparison between the critical load and the
bearing capacity shows that their ratio becomes less than 1 for critical slenderness L that decreases, nonlinearly, with the
decreasing of the pile diameter. The results of the analysis show that varying the diameter of the pile from 0.06 to 0.18 m,
Ly varies from 65 to 200. The aforementioned evidence suggests that the evaluation of the ultimate load of piles of very
small diameter has to follow the considerations on the critical load of the pile, especially if it is embedded in soft soil; on
the contrary for piles of greater diameters (bigger than 20 cm) the buckling is not meaningful because Ly is so big that the
common slenderness does not exceed it.

Keywords Slender piles - Buckling - Ultimate load - FE analysis - Pile—soil interface

1 Introduction demonstrated the increase of the soil stiffness and bearing

capacity due to the use of micropiles [7-11].

Buildings founded on soil of poor properties may experience
excessive settlements or give rise to the failure of soil, due
to its low bearing capacity; the soil improvement techniques
are finalised to reduce these phenomena. These techniques
can be grouped into interventions based on soil replacement
[1] or providing reinforcement in different ways, such as
sand compaction piles [2], stone columns for slope stabil-
ity [3] or lightweight fill [4], through sawdust, tire-derived
aggregate and geofoam, for consolidation and differential
settlements minimisation. Among the soil reinforcement
methods, a common solution is based on the use of micro-
piles [5, 6]; case studies and numerical simulations have
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“Most micropiles are 100-250 mm in diameter, 20-30 m
long” [6]: due to their small diameter d, when micropiles of
considerable length L are axially loaded, they may experi-
ence the buckling phenomenon, due to very high slender-
ness L/d, ranging from 80 to 300. In recent years, micropiles
driven into soil are widespread; the driven pressure is related
to the bearing capacity Q,;,, and this sometimes allows to
reach considerable length. In such a way, very slender piles
are axially loaded in order to be driven into the soil and it
is not so obvious that the ultimate conditions are reached
for bearing capacity loss: because of high slenderness, they
can indeed buckle. The paper tries to investigate how slen-
derness affects the ultimate conditions; in other words, we
are trying to understand for which slenderness we need to
consider the pile bearing capacity or the buckling load as
the ultimate.

The buckling load of a structural element embedded
in the soil is referred to as the critical load Pg. It is not
exactly the Eulero’s load Pgy, i.e. the buckling load of
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a rod axially loaded; thanks to the soil lateral support,
the Pcy is greater than Pgy. So, for which soil should
we worry about the buckling of piles? Initially, some
authors [12-14] stated that the soil lateral support, even
if weak, is sufficient to prevent buckling; also the Inter-
national Building Code states that “any soil other than
fluid soil shall be deemed to afford sufficient lateral sup-
port to the pier or pile to prevent buckling”. However, a
specific attention to the problem must be paid for weak
soils, which give rise to poor lateral confinement, and the
P may become closer to Pgy;. The Massachusetts build-
ing code provides protection against buckling by reduc-
ing the design yielding stress [15] for piles embedded in
very soft soil [16]. The European Standard EN 1997-1
[17] generally refers to the necessity of buckling assess-
ment for soils of undrained shear strength ¢, < 10 kN/m?,
while German DIN 1054 [18] requires a specific buckling
assessment for slender piles in cohesive soils of undrained
shear strength ¢, < 15 kN/m?. The soil type to which the
paper is addressed is therefore a normally consolidated
clay, which provides weak confinement. It is important
to state that building codes discuss slender piles which
rarely overcome a 130 length/diameter ratio (typical of
commonly employed piles); micropiles, the object of this
paper, could reach even greater slenderness.

How can we evaluate P-z? Semi-empirical formulae
have been provided based on full-scale load tests consider-
ing soil schematised into springs [19-21]; other literature
analytical formulations model the soil contribution with
a subgrade reaction modulus and consequently a spring
approach [22-28]. In all these cases, buckling has been
mainly studied for piles, in general; only a few literature
examples reserve specific attention to the case of micropiles
[29, 30]. However, a spring approach may be not suitable
to accurately model the lateral support of the soil. Thus,
the paper introduces a specific finite element model able to
evaluate the critical load. For the numerical modelling, a
two-dimensional plane—strain model is chosen for the soil
with an elastic perfectly plastic material; a pile—soil fric-
tional contact is also introduced, which strongly affects the
lateral displacement of the pile. Dealing with the model-
ling of a single pile, this numerical assumption may be con-
sidered acceptable, if the interface parameters are suitably
calibrated; this is done on the basis of load—horizontal dis-
placement curves found in the literature, of large-scale load
tests performed at the Geotechnical Centre of the Technical
University of Munich on piles embedded in soft clay [31,
32]. Once the model is calibrated, it is applied for the evalu-
ation of the Py in different pile geometries and slenderness;
the critical loads are therefore compared to the Q,; , values,
derived through the classical formula of bearing capacity of
deep foundations on soft clay, in order to establish how the
slenderness affects the ultimate behaviour.

@ ﬂ:} @ Springer

2 AFinite Element Model for P Evaluation

In this section the numerical model used for the evaluation
of the critical load for slender pile embedded in soft clay is
proposed. After the general description of the model, the
large-scale experimental results used for the model valida-
tion and calibration are presented. The material parameters
selection is shown, and in the last subsection, a compari-
son of numerical-experimental results is illustrated.

2.1 Description of the Numerical Model

A commercial finite element software ADINA [33] is used
to model the behaviour of micropiles axially loaded. The
pile is meshed through 2-node beam elements of linear
elastic material; the software requires the introduction of
the cross-sectional area and the moment of inertia for these
elements, so that piles with different cross sections can be
considered.

For the soil, 9-node quadrangular elements in
plane—strain conditions are used, with a mesh more dis-
cretised close to the pile, where accurate information is
required. Literature examples show that a plane—strain
modelling for the soil in problems of piles axially loaded
provides a stiffer confinement (numerical displacements
smaller than the experimental reality), but the deflection
profile is well captured [34, 35]. A modified Mohr—Cou-
lomb criterion is used to model the soil’s constitutive
behaviour. At its boundaries, the soil is pinned horizon-
tally in order to avoid outward movement; the vertical
degree of freedom is allowed for the development of the
geostatic stress.

Static analyses are performed through an automatic
time stepping (ATS) scheme; large displacements and
small deformations are considered as kinematic assump-
tions. Loads are applied in two main phases: in the first
phase, the soil’s self-weight is applied gradually; in the
second phase, the pile head is axially loaded with an incre-
mental axial force. A target node is chosen on the pile,
half-way up, where the vertical load and the horizontal
displacements are read; the critical load is associated with
a horizontal asymptote in the load—displacement curve.

One of the factors mainly influencing the numerical
results of a pile—soil interaction problem is the interface;
a “constraint function algorithm” is used [36]: two (or
more) surfaces are coupled, giving rise to a frictional
contact governed by the friction coefficient 4. The nor-
mal and tangential contact forces are smoothed out with
the distance from the contact according to two “model-
dependent” parameters, respectively, €y and e;; the latter
also controls the switch of the contact nodes from stick to
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slip condition. Finally, the compliance factor CF allows to
artificially soften the contact surfaces and help the conver-
gence. In the following, the calibration of the numerical
model with a proper choice of the material, as well as
the interface parameters, is shown, based on experimental
results found in the literature; this is essential to evaluate
the quality of the numerical modelling.

2.2 Calibration and Validation of the Numerical
Modelling

2.2.1 Description of the Experimental Tests Used
for the Numerical Model Validation

In the literature, there are different examples of experimental
tests performed on pile foundations for different purposes
[37, 38]; the results of an experimental campaign consisting
of axial load tests on model piles performed at the Geotech-
nical Centre of the Technical University of Munich [31, 32]
are used for the validation of the FE model. A large-scale
model has been set up consisting of a cylindrical container,
which the pile is pinned to (Fig. 1a). Authors consider two
pile types, in both cases 4 m long: Type I with circular con-
crete—steel composite section (d =100 mm, L/d =40) and
Type II with a rectangular aluminium section (40 X 100 mm,
L/d~100).

As reported in introduction, according to most building
codes, buckling is likely to happen in slender piles when
embedded in weak soils of poor properties; the plastic
China clay (liquid limit w; =55%, plastic limit w,=28%
and plasticity index /,=27%, unit weight y,, =19 KN/m?,
friction angle ¢'=25°) was used and pumped inside the con-
tainer (Fig. 1b). The clay was first preconsolidated using
dead loads; then, its consolidation process was accelerated

by means of electro-osmosis and geotextile vertical drains;
the undrained shear strength ¢, was measured through vane
tests, performed at different depths in the soil inside the
experimental container, revealing a linear increase with
depth. The authors have assumed a mean c, value equal to
15 kN/m?; this value represents the upper limit under which
buckling assessment is required according to DIN 1054.
Different axial loads have been applied to the pile head;
for each load, the lateral displacements have been measured
thanks to displacement transducers placed every metre in
depth (Fig. Ic). In the paper, along with the experimental
tests available from Vogt et al., the results of tests performed
on pile Type II are considered, because aluminium shows
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Fig.2 Experimental measurements of lateral displacements on Type
II piles (40X 100 mm) after Vogt et al. [31, 32]
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fewer uncertainties related to material characteristics; the
lateral displacements for different axial loads N related to
this pile type are illustrated in Fig. 2. Authors have revealed
that the pile failure occurs at N=220 kN, with any notice-
able plastic deformations; in this case, the ultimate load has
therefore been linked to the loss of stability and it deals
with a critical load Pcg. Figure 2 shows us that the maxi-
mum horizontal displacement for each applied axial load
is recorded at the middle of pile’s length; the experimental
displacements recorded at this point will be compared to the
numerical results.

2.2.2 Definition of Material and Interface Parameters
for the Numerical Simulation of the Experimental
Results

The FE model described in Sect. 2.1 is now used to numeri-
cally simulate the experimental tests. For the pile, a rec-
tangular cross section 40 x 100 mm? is put into the beam
element; Young’s modulus £ =64,000 MPa is used for the
aluminium section. The pile ends are pinned horizontally,
in coherence with the experimentation.

The soil modelling is crucial because the horizontal
displacements of the pile and its lateral stability, in gen-
eral, depend on it, together with a proper modelling of the
pile—soil interface. According to the constitutive law adopted
(modified Mohr—Coulomb’s model), the soil confinement is
given by Young’s modulus; values of the undrained modulus
E, are derived from the undrained shear strength ¢, meas-
ured in the experimental tests. A soft clay with a plasticity
index lower than 30% shows E,/c, ranging from 600 to 5000
([39]; Bowles, 1988 in [40]). For Ip=27% the value of 800
is chosen; considering the soil modulus decay, this value is
usually associated with a great strain level, of approximately
0.05-0.1% [40], compatible with the maximum strain of this
experimentation.

As reported in the previous paragraph, the experimental
¢, was noticed to increase linearly with depth (¢, =15 kPa is
a mean value); a variation of ¢, with depth wants to be intro-
duced into the model. According to the soil type, the ratio

s constant, the effective vertical stress being ¢, [41];
v0
in the case presented, at a middle point o ,, = 18 kPa and
consequently:gf“ 0.83 (this value appears to be coherent
v0

with values reported in [41]). Evaluating ¢ at different
depths, a ¢, value corresponding to this depth can be calcu-
lated, so introducing a linear variation with depth; being E,,
depending on c¢,, a variation of Young’s modulus is conse-
quently considered. In the numerical model the soil surface
is therefore divided into eight layers (Fig. 3) and a mean
value is assumed for each layer. Table 1 contains the values
adopted, corresponding to the mean depth z of each layer.
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Fig.3 Adopted numerical 2D plane—strain model

Table 1 Soil parameter evaluation for each layer of the numerical
analysis

Layer z(m) ¢, =7'z(kPa) c, = 0‘836'V0EM= 800c, (kPa)
(kPa)
1 0.125 1.1 0.93 747
2 0.375 3.4 2.80 2241
3 0.625 5.6 4.67 3735
4 0.875 7.9 6.54 5229
5 1.125 10.1 8.40 6723
6 1.375 12.4 10.27 8217
7 1.625 14.6 12.14 9711
8 1.875 16.9 14.01 11,205

Other than the material parameter choice, the section’s
aim is also the calibration of the numerical interface
parameters so that the model could capture the experimen-
tal Pcg. The friction coefficient u is set to 0.36, assuming
an angle of friction soil-pile of 20°; different values of ¢y,
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epand CF are analysed, in order to study their influence on
the Peg (exy=10""+107, ;=10"+1,CF=10"+107?).

2.2.3 Numerical vs Experimental Results

The numerical outputs are the loads and the horizontal dis-
placements in the target node; the buckling load is reached
when a horizontal asymptote is observed in the load—dis-
placement curve. The values of Py by changing the inter-
face parameters are reported in Fig. 4. It is evident that €y
and e; do not affect the critical load value: they represent
a sort of normal/tangential contact stiffness, which influ-
ences only the magnitude of lateral displacement. On the
other hand, CF strongly affects the Pcy: values less than or
equal to 107 determine a stable FE critical load. ey= 107",
e;=107 and CF= 107 are finally assumed.

In order to evaluate the accuracy of the calibration in
relation to the critical load, Fig. 5 shows an experimen-
tal-numerical comparison of the load—displacement curve
in the target node, which corresponds to the point where
maximum displacements are recorded experimentally; it is
observed how the numerical model is able to capture the
experimental critical load with only 18% of difference,
which is considered much more than reasonable. In the fol-
lowing, the application of the numerical model is therefore
extended to a parametric study, focusing on the influence of
slenderness L/d on the ultimate behaviour of piles of differ-
ent geometries.
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Fig.5 Comparison of experimental-numerical vertical loads—hori-
zontal displacements in the target node

3 Slenderness Influence on the Ultimate
Behaviour of Micropiles—A Parametric
Analysis

The numerical model, whose calibration was described in the
previous paragraph, is now extended to a parametric analysis.
Steel tubular piles (thickness 0.008 m) of three different diam-
eters are considered: d=0.06, 0.12 and 0.18 m; pile lengths
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vary between 2 and 60 m, so that different slenderness L/d can
be considered, ranging between 33 and 250 for all diameters.
In these analyses, the pile’s head is free but fixed at the base.
The soil type considered is the same as the previous analyses;
numerically, even in this case the soil surface is divided into
eight layers. Starting from ;’_0 = 0.83, experimentally

obtained, for each length under c‘onsideration the undrained
shear strength will change. By assuming the plasticity index
of the China clay, the ratio E, /c, is equal to 800; according to
c,» different Young’s moduli may be assumed for each pile’s
length. An example of the parameter evaluation for three dif-
ferent lengths is reported in Table 2.

With these material parameters, the numerical model is
used to evaluate the FE critical load Pcy; the value is com-
pared to the bearing capacity Qy;,, relating to each geometry, in
order to define an ultimate load, as the minor between P and
Qi for the slenderness under consideration. In other words,
it is investigated whether there is a threshold above which the
pile ceases to behave as “a pile” (i.e. the behaviour governed
by the bearing capacity) and the buckling effects predominate.

3.1 Evaluation of the Pile Bearing Capacity

The bearing capacity Oy, is the sum of two contributions: the
end bearing capacity P and the skin friction S, according to the
classical formula for bearing capacity:

) L
Qlim=P+S=%P+/5‘dz, )]
0

p is the unit base resistance; for cohesive soils in undrained
conditions, it is commonly evaluated through Terzaghi’s
bearing capacity equation as:

p :Nc "¢yt Oy, )

N, is a bearing capacity factor equal to 9 in the case of piles
[42]; o, represents the total vertical stress at the pile length

depth. It is sometimes neglected because it compensates the
pile weight [43].

s represents a shaft resistance; in the literature there is a
wide variety of approaches for its evaluation [43—45]; the
most popular considers its estimation related to the und-
rained shear strength (total stress approach) as:

s =ac,, 3)

a is an adhesion factor; even in this case, different expres-
sions are found in the literature for its computation [46, 47].
The American Petroleum Institute (API) recommendation
(1987) is used in this case, according to which:

1 for ¢, < 25 kPa
¢, —25
a=41- for 25 < ¢, < 70 kPa. @
0.5 for ¢, > 70 kPa

Table 3 shows the unit base and shaft resistances, evalu-
ated through Eqs. (2—4) for the lengths in consideration; U/vo
is evaluated at the middle of the pile’s length.

3.2 Comparison Bearing Capacity—Critical Loads
for Different Geometries

Figure 6 illustrates the comparison between the critical load
and the bearing capacity varying with slenderness, at the
three diameters in consideration; the ultimate load is repre-
sented in bold. It is noticeable that the ultimate behaviour
is not always depending on the bearing capacity; in piles of
diameter 0.06 m, for example, the ultimate load is governed
by the critical load for slenderness about 65.

A critical slenderness is therefore observed to control
the failure mode; its values are reported in Fig. 7a for the
diameters investigated. A critical length can be associated
with each critical slenderness and is reported in Fig. 7b. A
nonlinear dependence of the slenderness threshold on the

Table 2 Example of soil Young’s moduli evaluation for three different pile lengths

Layer L=8m L=15m L=30m

z (m) o' o (kPa) E, (kPa) z (m) o' o (kPa) E, (kPa) z (m) o' o (kPa) E, (kPa)
1 0.500 45 2988 0.938 8.4 5603 1.875 16.9 11,205
2 1.500 13,5 8964 2.813 25.3 16,808 5.625 50.6 33,615
3 2.500 225 14,940 4.688 422 28,013 9.375 84.4 56,025
4 3.500 31.5 20,916 6.563 59.1 39,218 13.125 118.1 78,435
5 4.500 40.5 26,892 8.438 75.9 50,423 16.875 151.9 100,845
6 5.500 49.5 32,868 10.313 92.8 61,628 20.625 185.6 123,255
7 6.500 58.5 38,844 12.188 109.7 72,833 24.375 219.4 145,665
8 7.500 67.5 44,820 14.063 126.6 84,038 28.125 253.1 168,075

ad
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Table 3 Mean undrained shear strength, adhesion factor and unit base
and skin resistance for the pile lengths under examination

Lm) ¢ (kPa) ¢, =083 0 p (kPa) s (kPa)
(kPa)
2 9 7.47 1.00 10523 7.47
3 13.5 11.205 1.00  157.845  11.21
4 18 14.94 1.00 21046 14.94
5 22.5 18.675 1.00  263.075  18.68
6 27 22.41 1.00  315.69 22.41
7 31.5 26.145 099 368305  25.81
8 36 29.88 0.95 42092 28.26
9 40.5 33.615 090 473535  30.40
10 45 37.35 0.86  526.15 32.22
11 49.5 41.085 0.82 578765  33.74
12 54 44.82 0.78  631.38 34.95
13 58.5 48.555 0.74 683995  35.85
14 63 52.29 0.70  736.61 36.43
15 67.5 56.025 0.66  789.225  36.71
30 135 112.05 0.50 157845  56.03

diameter is presented. In the FE model, the pile lateral sur-
face is involved in the instability phenomenon thanks to the
numerical interface; this means that in the numerical models

the specific volume (defined as the ratio between the lateral
surface and the base surface ndL/ td’L = 1/d) introduces a
nonlinear dependence of the critical load on the diameter.

In general, the aforementioned observations bring us to
conclusion that piles of high slenderness and small diame-
ters need particular attention in the definition of the ultimate
load, normally related to the bearing capacity in the design.
On the basis of pile slenderness, the critical load may be the
main thing responsible for the failure mode and it should not
be neglected in the design.

4 Conclusions

The use of piles of small diameters is nowadays one of the
techniques available for soil reinforcement, generally used
to solve excessive settlement problems and consequent
structural damage. The lengths reached by this pile type are
considerable (tens of metres), giving rise to very high slen-
derness (up to 300). Nevertheless, in practice their ultimate
load is mostly related to the bearing capacity, calculated
following the soil mechanics and foundation principles,
without discussing the slenderness influence on their fail-
ure behaviour.
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Fig.7 Critical slenderness and lengths

The paper aimed to investigate whether the critical load,
i.e. the buckling load of a pile embedded in the soil, can
be less than the bearing capacity for certain slenderness,
meaning that slenderness could affect the ultimate behav-
iour of these slender piles. For this purpose, a parametric
analysis was conducted using a finite element numerical
model to quantify the critical load; these results have been
compared to the bearing capacity loads coming from classi-
cal formulations. The FE model accounted for the soil-pile
interaction phenomenon, strongly affecting the evaluation of
a critical load, through the modelling of a frictional contact;
the model-dependent interface parameters were calibrated
by numerically simulating the experimental load tests per-
formed at the Geotechnical Centre of the Technical Univer-
sity of Munich by Vogt et al. The FE model demonstrated to
capture the experimental critical load in a more than reason-
able way. The parametric analysis conducted considering
three diameter values and different pile lengths, giving rise
to slenderness up to 300, has brought us to the conclusion
that:

— There are slenderness thresholds under which the ulti-
mate behaviour is governed by the critical load and not
the bearing capacity;

— The slenderness thresholds vary nonlinearly with diam-
eters, due to the specific volume involved in the contact,
which depends exclusively on diameter.

In general, high slenderness piles with a very small
diameter therefore need particular attention in the evalu-
ation of the ultimate load; the employment of the bear-
ing capacity for design purposes should be restricted by
observations on the buckling. Further studies will regard

ad
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the extension of the numerical analyses to different soil
types and the realisation of further experimental tests to
study real-scale slender piles.
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