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Summary
Finite element analyses with a two-surface-plasticity constitutive model and calibration chamber tests with DIC technique are
used to investigate the response of non-displacement piles and pile groups to static axial load. The study shows that the mobilized
coefficient of lateral earth pressure K increases with increasing relative density DR in sand but deceases with increasing depth (and
the resulting greater initial vertical effective stress ’v0). Due to scale effects, a model-size pile develops a much greater unit shaft
resistance than a prototype pile under similar conditions. The surface roughness of the piles has a significant impact on the mobilization of shear band and shaft resistance along the pile shaft: up to a threshold value, a greater pile surface roughness generates a
thicker shear band and greater unit shaft resistance. Three-dimensional FE analyses on non-displacement pile groups reveals that
the interactions between piles in a small pile group are minimal due to strain localization near the piles, and the group efficiency is
almost unity at the ultimate load level.
Keywords: non-displacement piles, scale effect, shear band, group effect

1. Introduction
There has been considerable progress in the last
twenty years on both theoretical simulations of axially loaded pile load response and on experimental techniques that can be used to validate such simulations. The progress has been on various fronts,
including constitutive modeling that captures the
stress-strain response of a soil element under a wide
range of conditions encountered in the boundary-value problems of soil mechanics [CHAKRABORTY et
al., 2013; DAFALIAS and MANZARI 2004; LOUKIDIS and
SALGADO, 2009; WOO and SALGADO, 2015], the understanding of shear localization [ARSHAD et al., 2014;
OMIDVAR et al., 2015; TEHRANI et al., 2016a; WHITE and
BOLTON, 2004), and the appearance of image processing techniques that can be used to in essence
measure displacements within a soil domain in the
laboratory [ARSHAD et al., 2014; OMIDVAR et al., 2015;
PANIAGUA et al., 2013; TAYLOR et al., 1998; TEHRANI et
al., 2016a; WHITE et al., 2003]. The main goal of the
present paper is to illustrate how this progress is enabling realistic analyses of the loading of a pile and
consequently the development of pile design equations that will rely to a greater extent on science than
was possible in the past.
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A typical non-displacement pile is installed by
backfilling a cylindrical void created by rotary drilling with concrete that may be reinforced, if necessary.
Non-displacement piles are also referred to as drilled
shafts, replacement piles or bored piles [BROWN et al.,
2010; FLEMING et al., 2008; SALGADO, 2008; VIGGIANI et
al., 2012]. Construction methods of nondisplacement (bored) piles in sand require the use of slurry, which may affect the soil response depending on
the care used during drilling. Experimental results
show that polymer support fluid does not have any
detrimental effect on the interface shear resistance
between the concrete and soil, whereas bentonite
slurry may significantly reduce the interface shear
strength on the pile shaft [LAM et al., 2014]. Drilling
and any effects of the slurry are not easy to model
theoretically. An ideal non-displacement pile, often
referred to in the literature as “wished in place”, is
“installed” by ideal replacement of a volume of soil
exactly matching the volume and configuration of
the pile, therefore not causing changes of density or
in-situ stress state in the surrounding soil [SALGADO,
2006a]. While it cannot be expected that “wishedin-place” piles will have the same resistance as a real
bored pile, all other things being the same, the theoretical simulations of their response provide a good
approximation to the behavior of bored piles.
Since their appearance over a hundred years
ago, non-displacement piles have become a popular
foundation solution, and they are widely used worldwide due to the many advantages they have in comparison with other foundation types. For example,
the dimensions (length and diameter) of non-dis-
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placement piles can be easily varied (diameters seen
in practice range from 0.1-0.25 m for micropiles to a
few meters for large diameter drilled shafts) [FLEMING et al., 2008; MANDOLINI et al., 2002; SALGADO, 2008;
VIGGIANI et al., 2012]. They can also be installed in
soils, in which driving piles may be difficult or impossible (gravelly sand, for example), and a single
non-displacement pile with a very large diameter
can replace a small pile group to avoid the need of a
pile cap [MANDOLINI and VIGGIANI, 1997]. Additionally, the installation of non-displacement piles is much
quieter and induces minimal vibrations to nearby
structures.
Design of a non-displacement pile consists of
estimating its base and shaft resistance and checking that these resistances, properly reduced by the
corresponding resistance factors [BASU and SALGADO
(2012, 2014); FOYE et al., 2009; PAIKOWSKY, 2004], exceed the magnified load that will need to carry. The
ultimate axial resistance Qult of a non-displacement
pile is often defined as the resistance mobilized when
the pile head settlement w is equal to 10% of the pile
diameter B. The 0.1B criterion is a widely accepted
design criterion [BASU and SALGADO (2012, 2014);
FLEMING et al., 2008; GHIONNA et al., 1994; HAN et al.,
2016; JARDINE et al., 2005; KIM et al., 2009; MANDOLINI
et al., 2005; PAIK et al., 2003; RANDOLPH, 2003; SALGADO, 2008; VIGGIANI et al., 2012] for most routine soil
and superstructure conditions. There is a fundamental and logical reason to link the ultimate load to the
relative settlement at the pile head. Imagine, for example, each pier of a bridge to be supported on a
single bored pile. The magnitude of the load transferred to the pile is proportional to the spans of the
bridge, which means that larger spans lead to greater load, requiring piles with larger diameter. Larger
spans also result in greater tolerable settlement considering a certain tolerable angular distortion of the
bridge. Therefore, the tolerable settlement for a pile
correlates well with the pile diameter.
When a non-displacement pile is loaded axially,
the limit (maximum sustained) shaft resistance QsL
is mobilized well before the ultimate load level (i.e.,
for w much less than 0.1B). The ultimate axial resistance Qult is the summation of these two components: the limit shaft resistance QsL and the ultimate
base resistance Qb,ult:
Q ult = Q sL + Q b,ult = π B

∫

z
0

q sL dz +

πB 2
4

q b,ult (1)

for a circular pile, where qb,ult is the unit ultimate
base resistance, and qsL is the unit limit shaft resistance.
The limit unit shaft resistance qsL may be expressed as a function of the coefficient of lateral
earth pressure K (the ratio of mobilized horizontal
effective stress ’h to the initial in-situ vertical effective stress ’v0):

q sL = K σv′0 tan δ

(2)

where  is the pile-soil interface friction angle, which
may be assumed, for simplicity, to be given by the value of the critical-state friction angle c,TXC estimated
through a triaxial compression test.
Many methods can be found in the literature or
pile design manuals to estimate the unit resistances
qsL and qb,ult; these methods can generally be categorized into two types: property-based methods (e.g.,
BROWN et al., 2010; HAN et al., 2017; LOUKIDIS and SALGADO, 2008) or in-situ test based methods (e.g., AASHTO 2012; LEE and SALGADO, 1999; SALGADO, 2006).
The methods have been primarily empirical, as the
details of the mechanics of unit resistance mobilization has been challenging since it requires realistic
numerical analyses, advanced constitutive models,
and adequate understanding of the formation of a
shear band along the shaft of the pile.
In this paper, we intend to examine the mechanisms of mobilization of both shaft and base resistance by using advanced numerical analyses (Finite Element analyses with a sophisticated constitutive model and carefully considered mesh configurations) and experiments (chamber model pile tests
with displacement field determination using digital
image correlation). We also briefly examine the impact of proximity to other piles in a group on the response of an individual pile.

2. Load-settlement curve
When a pile is axially loaded, a shear band develops along the pile shaft and a set of shear bands develop below the pile base [ARSHAD et al., 2014; OMIDVAR et al., 2015; TEHRANI et al., 2016a; WHITE and BOLTON, 2004]. Thus, a proper mesh configuration that
can accommodate development of these shear bands
with the correct thickness is essential for a finite element (FE) analysis to produce realistic results. The
width of the first column of elements immediately
next to the pile should be taken as the shear band
thickness ts [LOUKIDIS and SALGADO, 2008b] for linear elements. A parametric study by HAN et al. [2017]
shows that a structured mesh with the size consistent
with the shear band thickness (ranging from 0.4 to
1.2 ts) should be used near the pile base.
In addition to a well-constructed mesh, the other critical factor for a realistic FE simulation is the
use of a sophisticated constitutive model, one able to
capture soil behavior under different loading paths
(e.g., simple shear, triaxial compression and triaxial
extension) for any initial relative density and stress
state [LOUKIDIS and SALGADO, 2009; WOO and SALGADO, 2015]. The advanced two-surface-plasticity constitutive model developed by LOUKIDIS and SALGADO [2009] was used in the present study; by using
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Tab. I – Basic properties of the sands used in the present study.
Tab. I – Proprietà di base delle sabbie utilizzate in questo studio.
Sand
Ottawa
Toyoura
Ohio Gold Frac

D50
(mm)
0.39
0.19
0.65

Gs

emin

emax

2.65
2.65
2.65

0.48
0.6
0.54

0.78
0.98
0.85

c,TXC
(deg)
30.2
31.6
31.2

Particle shape
rounded to sub-rounded
angular
sub-angular

Note: Gs = specific gravity; emin = minimum void ratio; emax = maximum void ratio; c,TXC = critical-state friction angle measured in triaxial
compression

a bounding surface and a critical-state surface, the
model is able to capture the peak state, post-peak
strain softening, and the critical state in sand. The
constitutive equations and the corresponding calibrated parameters were summarized by LOUKIDIS and
SALGADO [2009]. The constitutive model was coded
as a user-defined constitutive model subroutine (VUMAT), which was implemented in ABAQUS/Explicit
(ABAQUS 2012). The model was calibrated for Ottawa sand and Toyoura sand, with their basic properties summarized in table I.
FE analyses based on analysis procedures detailed
in HAN et al. [2017] were carried out to study the response of 0.3-m-diameter, 10-m-long non-displacement piles installed in sands with different densities
when subjected to axial loadings, which was modeled as a vertical velocity boundary condition applied
on the pile head. The applied vertical velocity was
smoothly increased from zero to 2mm/s within the
first second (to exclude any dynamic effects), and was
then maintained till 10%B settlement was achieved
at the pile head. Figure 1 a and b show the developments of the total, shaft and base resistances of the
piles as a function of the relative settlement (w/B)
at the head of the pile placed in medium dense (DR
= 50%) and dense (DR = 80%) sands. With increasing pile head settlement, the total resistance of the

a)

pile initially increases at a steep rate, reaching a minor peak at w/B ≈ 0.01-0.02) and then restarting a
build up at a much gentler rate. The shape of the total resistance-settlement curve is a result of the developments of both the shaft and base resistances. With
the advanced constitutive model, a clear peak resistance is captured, particularly for the dense sand.

3. Shaft resistance of single piles
3.1. Mobilization of shaft resistance
Figure 2a compares the shaft resistance-settlement curves developed for non-displacement piles of
the same dimensions but installed in sands with different relative densities. The two curves share certain
common features: a peak resistance, strain softening,
and a stabilized critical-state shaft resistance. A much
more obvious peak resistance is observed in dense
sand (DR = 80%) due to its more dilative response upon shearing, which leads to a shaft resistance that is
almost twice that in medium dense sand (DR = 50%).
Figure 2b and 2c plot the unit shaft resistance mobilization at three different depths: near the ground
surface, at the midpoint of the pile, and near the pile
base. Besides the obvious facts that the unit limit shaft

b)

Fig. 1 – Load vs. settlement response of non-displacement piles installed in: a) medium dense sand; b) dense sand.
Fig. 1 - Carico vs spostamenti in testa di pali preinstallati in: a) sabbia media densa; b) sabbia densa.
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a)

resistance qsL mobilized at the critical state is higher
at a greater depth and in a denser soil, it is interesting to note that the peak and limit unit shaft resistances are achieved later (at greater displacements)
at greater depths. This is mainly because the vertical
displacement of it at a greater depth is always smaller than the pile head settlement due to the compression of the pile. The insight we can take from it is that
caution should be taken when a relatively long and
thin drilled shaft is used, since it would take more pile
head settlement to fully mobilize its shaft resistance.
In order to quantify the dependency of the unit
shaft resistance on the initial vertical effective stress
’vo and the initial relative density DR of the sand, a
series of FE analyses were carried out considering different relative densities (DR = 30%, 50%, 80%, 90%).
Figure 3 shows the mobilized coefficient of lateral
earth pressure K as a function of ’vo and DR. As ’vo
increases, K decreases because of the smaller tendency for sand to dilate at a greater confining stress level. This relationship can be summarized as [HAN et
al., 2017]:
K
1
DR
σ
=
0.67 exp
1.5 – 0.35ln pv0 
K 0 F (K 0)
100%
A

(3)

where pA is the reference stress = 100 kPa and F(K0) is
b)
F (K 0 ) = exp 0.3 K 0 – 0.4

(4)

The proposed property-based formula can be
used to estimate the shaft resistance of non-displacement piles provided that the installation is properly
done and minimum disturbance to the soil is caused
by the installation process.
3.2. Effect of pile surface roughness on shear band thickness and shaft resistance

c)
Fig. 2 – Mobilization of shaft resistance: a) total shaft resistance vs. relative settlement at pile head; b) development
of the unit shaft resistance at different depths in medium
dense sand; c) development of the unit shaft resistance at
different depths in dense sand.
Fig. 2 – Mobilizzazione della resistenza laterale: a) resistenza
totale laterale rispetto gli spostamenti relativi alla testa di pile; b)
sviluppo della resistenza laterale unitaria a diverse profondità in
sabbia media densa; c) sviluppo della resistenza dell'albero unità
a diverse profondità in sabbia densa.

The shaft response of an axially loaded pile is fundamentally linked to the formation of a shear band
along the pile shaft and the changes in soil state that
take place as a result. K, given by equation (3), is higher
than K0 in dilative sand because the shear band along
the shaft develops under somewhat constrained conditions. The shear band is constrained on one side by the
pile and on the other by soil extending to infinity radially. Unless an analysis intrinsically contains a length
scale that will produce a shear band with the right size,
experiments are crucial to provide this length scale.
UESUGI et al. [1988] studied the formation of
shear bands during sand-steel interface friction tests
that allowed observations through a viewing window.
They found that the shear band thickness is affect-
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ial compression) instead of along a structure-soil interface.
In order to quantify the effect of the pile surface
roughness on the shear band thickness and on the
unit shaft resistance, six axial load tests were carried
out in calibration chamber equipped with DIC system on 490-mm-long, 31.75-mm-diameter, half-circular, brass model piles pre-installed in Ohio-Gold-Frac
sand with two different relative densities [TEHRANI et
al., 2016a]. The basic parameters of the sand are listed in table I. A 50 kPa surcharge was applied to the
ground surface during the entire tests to simulate the
response of a segment of pile at a greater depth to axial loads. The pile surface roughness was changed by
attaching standard sand papers of different grit numbers to the entire pile shaft (not on the pile base).
There are various parameters that are used to define the pile surface roughness [FIORAVANTE, 2002; HO
et al., 2011; TEHRANI et al., 2016a; UESUGI and KISHIDA,
1986]. One of them is the maximum roughness Rt,
defined as the peak-to-valley height difference of the
pile surface profile over a length of D50. As the pile
surface roughness affecting the interface shearing
behavior depends on the degree of interlocking with
the sand particles, a roughness parameter normalized with respect to a representative size of the sand
particles, such as Rn = Rt /D50, is more meaningful in
characterizing the interface roughness. Table II summarizes the values for both of these two parameters
measured with a profilometer for each test.
Digital images taken by a microscope that was
placed near the pile shaft throughout the tests
were analyzed using the DIC technique to produce
the displacement field within the soil domain next
to the pile shaft. The average unit shaft resistance
qsL is estimated based on readings taken from load
cells instrumented on the head and base of the pile.
And then, the coefficients of lateral earth pressure K
are back-calculated. Table II includes the measured
shear band thickness ts, normalized with respect to
both D50 and the pile diameter B, and the back-calculated K value for each test. At the same relative
density, a thicker shear band forms next to a rougher pile surface. The shear band thickness ts was ob-

Fig. 3 – The coefficient of lateral earth pressure mobilized
along the shaft of non-displacement piles installed in sands with different relative densities.
Fig. 3 – Il coefficiente di pressione laterale della terra mobilitato
lungo la supericie laterale di pali preinstallati in sabbie con
diverse densità relative.

ed by the roughness of the interface. Precise quantification of strain localization was not possible due
to the lack of advanced image analysis techniques at
the time. As new technologies (e.g., X-ray CT) and
image processing algorithms (e.g. DIC and discrete
particle tracking) became available, researchers have
been able to study the formation and development
of shear bands in a quantitative manner (e.g., ANDÒ et
al., 2012; BORNERT et al., 2010; DESRUES and VIGGIANI,
2004; GUO, 2012; HASAN and ALSHIBLI, 2010; OMIDVAR
et al., 2015; RECHENMACHER et al., 2010; TEHRANI et al.,
2016). The thickness ts of the shear band is normally defined as a multiple of the medium particle size,
D50; values reported for ts have fallen in a wide range
from 5D50 to 20D50 [ANDÒ et al., 2012; BORNERT et al.,
2010; GUO, 2012; ODA and KAZAMA, 1998]. It is noted
that most of these studies focused on shear bands developed within soil (e.g., in sand sample under triax-

Tab. II – Effect of pile surface roughness on the shear band thickness and coefficient of lateral earth pressure for non-displacement piles pre-installed in dense and medium dense sands.
Tab. II – Effetto della rugosità superficiale del palo sullo spessore della banda di taglio e del coefficiente di pressione laterale della terra per
i pali preinstallati in sabbie dense e mediamente densi.
DR (%)
90.8
90.1
86.0
67.5
66.4
66.1

Rt (µm)
19.3
169
741
19.3
169
741
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Rn
0.03
0.26
1.14
0.03
0.26
1.14

ts/D50
3.2
4.1
3.4
4.2

ts/B
0.065
0.085
0.069
0.087

B/ts
15.38
11.76
14.49
11.49

K
1.34
1.78
3.23
0.61
0.93
1.2
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a)

b)

Fig. 4 – Effect of pile scale, measured by a) ts/B; b) B/ts, on the coefficient of the lateral earth pressure for non-displacement
piles, after LOUKIDIS and SALGADO [2008].
Fig. 4 - Effetto della dimensione del palo, espressa da a) ts/B and b) B/ts, sul coefficiente della pressione laterale della terra per i pali con
l`ipotesi di assenza di spostamenti nel terreno, da LOUKIDIS e SALGADO [2008].

served to be relatively insensitive to relative density
but was about thirty percent greater for the roughest surface than for the surface with intermediate
roughness. No shear band formed along the smooth
pile shaft, for which only sliding with no significant
engagement of particles away from the interface observed.
The link between roughness and the operative
value of K is related to the degree of engagement of
the pile surface with the surrounding particles. As
the pile moves downwards, a rough surface is able to
interlock with sand particles immediately next to it,
carry them downward with it and forcing neighboring particles to rotate and move further away from
the particles in immediate contact with the interface.
This action requires a large amount of energy input,
which translates into a higher unit shaft resistance.
In comparison, particles next to a smoother surface
tend to slide along the pile shaft without involving significant rotation and movements, consuming much
less energy when compared with the rough case, and
consequently resulting in lower unit shaft resistance.

size prototype piles. Experimental studies [FIORAVANTE,
2002; FORAY et al., 1998; LEHANE et al., 2005] of the scale
effect on the shaft resistance show that the scale effect becomes negligible when B/D50 exceeds a number that has been reported to be in the 50-200 range.
One-dimensional FE analyses were done to study
the scale effect by varying the size of the pile used
in the simulations [LOUKIDIS and SALGADO, 2008 a,b].
Figure 4 presents the mobilized coefficient of lateral
earth pressure K vs. the pile dimension with respect
to the shear band thickness. The value of K stabilizes when B/ts ≥ 100, corresponding to B/D50 ≥ 500
when we assume ts = 5D50. If we assume a shear band
thickness ts = 2.5 mm, this criterion is equivalent to B
≥ 0.25 m, which means that the proposed shaft resistance design equation (Eq. 3) that is based on FE analyses of 0.3-m-diameter piles is applicable to full-size
non-displacement piles.
3.4. Validation using centrifuge test data
FIORAVANTE [2002] and FIORAVANTE and GUER[2010] performed centrifuge tests on 245-mmlong, 10-mm-diameter non-displacement model
piles pre-installed in Toyoura sand. Axisymmetric
finite-element analyses were carried out to model
the response of the model pile to axial loading. Figure 5 compares the values of the mobilized lateral
earth pressure K obtained by the FE analyses with
those obtained from the experiments. The analysis
results are in good agreement with the test data, validating the methodology used for the present study.
RA

3.3. Scale effects and applicability of shaft resistance design equation
The finite element analyses have been done for
no slip between the pile surface and soil; that makes
their results comparable to the model pile experimental results for the rough interface. The results are plotted together in figure 3. The mobilized K values for
model piles are significantly greater than those for full-
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4. Base resistance of single piles
Figure 1 shows that the base resistance of a
non-displacement pile increases monotonically with
increasing pile head settlement. The rate of mobilization of base resistance with respect to pile head
displacement is initially lower, particularly for dense
sand (DR = 80%), because the axial load applied on
the pile head is initially balanced primarily by shaft
resistance. After full mobilization of the shaft resistance, additional load applied at the pile head is fully
transferred to the pile base.
With the advanced constitutive model and the
realistic mesh configuration, accurate mechanical
responses, including strain localization, were obtained. Figure 6 shows the shear strain, void ratio,
and plastic dissipation rate Dp = σij ε·ijp in soil near the
base of a 10-m-long, 0.3-m-diameter circular pile
pre-installed in Ottawa sand with DR = 50% at the ultimate load level (w = 0.1B). Shear strain localization
can be seen starting from the edge of the pile base
and extending towards the axis of the pile. At w =
0.1B, a clear shear band has not fully formed. Bearing in mind that the initial void ratio e0 for Ottawa
sand with DR = 50% is equal to 0.63, the region in figure 6b with e > 0.63 represents domains in which the
soil has dilated. The region of dilation aligns closely
with the region of localized shearing in figure 6a. As
shear strain localizes, most of the input energy is dissipated along the shearing zone, as shown in 6c.
Based on a set of FE analyses for three pile
lengths (5 m, 10 m and 15 m), two pile diameters
(0.3 m and 0.6 m) and four different relative densities (DR = 30%, 50%, 80%, 90%), we found that the
ultimate unit resistance qb,ult is independent of the
pile diameter B and approximately proportional to
’h00.4, where ’h0 is the initial horizontal stress. The
results are plotted in figure 7 as a function of relative density DR together with the following fit to the
results:
q b,ult
D R 1.83 σ h0 0.4
= 62
(5)
pA
pA
100%
This equation is only applicable to non-displacement piles with slenderness ratio L/B < 50. Figure 8
shows an example of two piles with the same length
L = 15m, but with different diameters: 0.3 m and 0.6
m, corresponding to slenderness ratio L/B = 50 and
25, respectively. At the ultimate load level (w/B =
10%), the pile base settlement wb/B = 9% for the
pile with L/B = 25 whereas wb/B is less than 7% for
the pile with L/B = 50. The relatively small displacement at the pile base, which is induced by the axial compression of the pile, results in an insufficient
mobilization of the base resistance at the ultimate
load (when w/B =10%), as shown in figure 7. The
general trend of a decreasing unit ultimate base resistance with increasing slenderness ratio L/B is also
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Fig. 5 – Comparison between the K values obtained from
the axisymmetric FE analyses and those found in the centrifuge tests.
Fig. 5 – Confronto tra i valori K ottenuti dalle analisi ad
elementi finite asimmetriche e quelle trovate nelle prove in
centrifuga.

reported in the literature (e.g., VIGGIANI et al., 2012).
Thus, estimation of the base resistance of non-displacement piles with L/B ≥ 50 should be done with
caution, as equations such as equation (5) may overestimate the unit resistance.

5. Pile group effect
Pile group effect has often been quantified using group efficiency, which is defined as the ratio of
average resistance per pile in the group to that developed in a single pile with the same diameter and
length installed in the same soil profile as an isolated
pile [SALGADO, 2008]:
np

ηg =

∑Q
i=1

i

(6)

Q·n p

where Qi is the total resistance developed in the ith pile
in a pile group with np piles; Q is the resistance of the
pile as a single pile. AASHTO [2012] prescribes a group
efficiency g = 0.9 for center-to-center distance scc = 2B
and g = 1.0 for scc ≥ 3B for pile groups with a single
row. For pile groups with multiple rows, AASHTO [2012]
suggests a much lower group efficiency: g = 0.67 for
scc=2.5B, g = 0.8 for scc = 3B, and g = 1.0 for scc ≥ 4B.
Much of the theoretical work done in connection with pile group response has relied on linear
elasticity (e.g., BASU et al., 2008; BUTTERFIELD and BA-
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a)

Fig. 7 – Proposed relationship between the normalized ultimate unit base resistance (qb,ult / pA)/('h0 / pA)0.4 and
the relative density in sand based on FE analysis results.
Fig. 7 – Relazione tra la resistenza di punta unitaria
normalizzata (qb,ult / pA)/('h0 / pA) 0.4 e la densità relativa in
sabbia basata sui risultati dell`analisi ad elementi finiti.

b)

c)

Fig. 6 – Mechanical response of medium dense sand (DR
= 50%) near the base of a 0.3-m-diameter, 10-m-long nondisplacement pile at the ultimate load level (w/B = 10%):
a) in-plane shear strain; b) void ratio; c) plastic dissipation.
Fig. 6 – Risposta meccanica di sabbia mediamente densa (DR =
50%) vicino alla base di un palo di 0.3 m di diametro e 10 m
di lunghezza al livello di carico finale (w/B = 10%): a) sforzo di
taglio; b) indice dei vuoti; c) dissipazione plastica.

NERJEE,

1971; RANDOLPH and WROTH, 1979; SHEN et
al., 1997; TEHRANI et al., 2016b). As discussed earlier, current knowledge of how a single pile responds
to loading is now based on realistic analyses, which
capture the effects of key features of the response,
such as shear band formation. Based on this understanding of the response of single piles, much
less interaction between piles in a group would be
expected than suggested by linear elasticity. In order to investigate group interaction under realistic
conditions in sand, three dimensional FE analyses
of a 1×2 pile group with center-to-center distances
scc ranging from 2B to 4B were carried out using
the same constitutive model and meshing schemes
as used earlier for a single pile. Figure 9a compares
the development of total, shaft and base resistances for one of the two piles in the group with scc =
2B installed in medium dense sand with that for a
single pile. The shaft resistance for the pile in the
group is mobilized initially with a less steep slope
(this is also reported by MANDOLINI et al., 2005), followed by a delayed peak value. But as the pile head
settlement increases further, the shaft resistance
curve for the pile in the group becomes approximately the same as the corresponding curve for the
single pile, ending up with a slightly greater value
of shaft resistance at large displacements. In comparison, the pile base response to axial loading is
almost identical for the group pile and the single
pile. As a result, the group efficiency at the ultimate load is slightly above 100%, as seen in figure
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and base resistance are different even for the smallest possible group (two piles in a row) (Fig. 9b), pile
group efficiencies would be best considered separately for base and shaft. Efficiencies for the shaft
(s,i) and base (b,i) resistances of the i th pile in a
group can be defined as:
η s,i = Q s,i , η b,i = Q b,i
(7)
Qs
Qb

Fig. 8 – Comparison of the relative settlement at the pile
base between two 15-m-long piles with different diameters
(B = 0.6 m and B = 0.3 m).
Fig. 8 – Confronto degli spostamenti relativi alla punta di due
pali di 15 m con diametri diversi (B = 0.6 m e B = 0.3 m).

9b. For practical purposes, this difference can be
neglected, so that at typical ultimate loads no pile
group effects can be assumed.
Since the mechanism for the mobilization of the
shaft and base resistances are different and the effects of interaction between piles in a group on shaft

a)

where Qs,i and Q b,i are the shaft and base resistances,
respectively, developed in the ith pile in the group; Qs
and Qb are the shaft and base resistances, respectively, developed in a single pile of the same dimension
and placed in the same soil profile.
Figure 10 plots the efficiency for shaft resistance
s and base resistance b, and the overall group efficiency g for a 1×2 pile group with scc ranging from
2B to 4B installed in two different relative densities
(DR =50% and 80%). Minimum group effects are observed in the 1×2 pile group due to the strain localization along the pile shafts, resulting in an overall
group efficiency within a range of 100 ±2% even for
scc = 2B. As the spacing between the piles increases,
the pile group interactions diminishes, and the resistance efficiencies tend to be unity. Even considering that for groups with a larger number of piles
there will be greater interaction between piles in
the group, the FE analyses results indicate that the
group efficiencies prescribed by AASHTO [2012] are
likely conservative.

b)

Fig. 9 – Comparison of the response of an individual pile in 1×2 pile group to axial load with that for a single pile installed in
medium dense (DR = 50%) Ottawa sand: a) load settlement curves for shaft, base and total resistances; b) change of resistance efficiency  for total resistance for an individual pile in 1×2 pile group as a function of pile head settlement.
Fig. 9 – Confronto della risposta di un singolo palo in un gruppo di 2 pali a carico assiale con quello di un unico palo installato in
sabbia media di Ottawa (DR = 50%): a) curve di carico-spostamento per superficie laterale, punta e resistenza totale; b) variazione
dell'efficienza  del gruppo di pali rispetto la resistenza totale per un gruppo di 2 pali in funzione degli spostamenti subiti dal palo.
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6. Summary and conclusions

a)

b)

c)

Most pile design methods have been empirical, typically based on direct correlations between
estimated unit shaft and base resistances and in situ measurements. The difficulty with scientific approaches has been with properly establishing the mechanics of shaft and base resistance development. In
the case of the shaft, normal stress increases caused
by partially constrained dilatancy have been difficult
to quantify, yet are key to a successful estimation of
resistance. In the processes of both shaft and base
resistance development, shear strain localization occurs and also is key to correct calculation of resistances. This paper illustrates how the use of a realistic
constitutive model coupled with carefully prepared
meshes and judisciously selected pseudo time increments allows successful simulation of the loading of
ideal (wished in place) nondisplacement piles.
Comparison of results of these simulations with
the results of tests on pre-installed piles in a calibration chamber with a transparent wall shows that the
simulations successfully produce not only the correct boundary loads (shaft and base resistances)
but also the correct displacement and strain fields
within the soil surrounding a pile. These encouraging results show that, as computational methods
and macroscopic constitutive models evolve towards
greater rigor and realism, accurate simulations of
installation and loading of both non-displacement
and displacement piles will eventually be possible,
as will the theoretical solution of even the most challenging boundary-value problems of geomechanics.
Advanced theoretical simulations can be put to
use to shed light on a variety of problems of interest in practice that have been challenging to solve
with sufficient rigor. For example, the simulations
presented here for small pile groups confirm insights that experienced engineers have had that efficiencies of pile groups have been underestimated,
likely in a severe way, in current design guidelines.
Contrary to what solutions based on linear elasticity would suggest, shear strain localization along the
shafts of piles and below the pile base have the important consequence that the interaction between
piles in a group are negligible in small groups and
likely small in all but the largest pile groups.
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Capacità portante di pali isolati e pali in
gruppo realizzati con asportazione del
terreno
Sommario
Analisi ad elementi finiti con un modello costitutivo di plasticità
a due superfici e prove in camera di calibrazione con tecnica DIC
vengono utilizzate per studiare la risposta di pali e gruppi di pali
trivellati sotto carico assiale statico. Le indagini mostrano che il
coefficiente di tensione laterale del terreno mobilitato K cresce con il
grado di addensamento, ma decresce al crescere della profondità e
quindi dello sforzo verticale efficace iniziale ’vo . A causa dell’effetto
scala, il palo modello sviluppa una resistenza laterale unitaria
maggiore di quella di un prototipo in condizioni simili. La scabrezza
superficiale del palo influenza significativamente la formazione di
una banda di taglio e la mobilitazione della resistenza laterale; fino
ad un valore di soglia, al crescere della scabrezza aumenta lo spessore
della banda di taglio e la resistenza laterale unitaria. Analisi ad
elementi finiti tridimensionali su gruppi di pali trivellati (modellati
come wished in place) mostrano che le interazioni fra i pali di un
piccolo gruppo sono molto ridotte, a causa della localizzazione degli
sforzi nella banda di taglio; l’efficienza del gruppo a carico limite è
quindi prossima all’unità.
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