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Abstract

The Continuous Flight Auger (CFA) piles, also known as Auger Cast In Place piles (ACIP), have a widespread use in the world mar-
ket of replacement concrete piles. The installation of such piles is generally made by equipment which records several significant instal-
lation parameters, as the torque M, and the axial force N, applied during the auger advancing step. In the auger retrieval stage other
parameters that can influence the load-settlement performance of the pile are monitored. The paper presents a case study dealing with
the CFA piles adopted as a foundation for a water treatment basin. In the paper first the equations governing the kinematical analysis of
the augering and concreting stages of the pile construction are introduced. After the description of the test site with the subsoil conditions
and the presentation of a typical sets of parameters recorded during pile installation the results of two pile loading tests to failure are
reported. A new approach for determining the depth of the soil layers boundaries, based on the statistical analysis of CPT profiles with
depth, is proposed and successfully applied confirming the qualitative geological analysis of the site. A further statistical analysis is car-
ried out to find a robust correlation between the q. of the CPT and the torque M, needed to screw in depth the auger for pile construc-
tion. Finally, virtual CPT profiles generated from the torque M, recorded during the tested piles installation are used for piles bearing
capacity calculations which are compared with the results of pile loading tests. The successful comparison reported in the paper is a first
step to validate the proposal to use parameters recorded during augering to calculate and/or to confirm design values of the bearing
capacity.
© 2025 Japanese Geotechnical Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction crete piles’ global market. They are rather versatile piles
but with the additional advantage of not requiring the sup-

Continuous Flight Auger (CFA) piles, also known as  port of the hole wall (Van Weele, 1988; Van Impe & Peiffer,
Auger Cast In Place piles (ACIP), have a widespread use 1997; Brown et al., 2007). The construction of a CFA pile is
and occupy a significant portion of the replacement con- divided into the following stages: positioning of the drilling
rig, drilling, concrete pouring and extraction of the pro-

" E-mail address: ilaria.esposito3@unina.it (I. Esposito) peller and insertion of the reinforcement cage. Drilling is
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carried out by advancing into the ground, under the simul-
taneous action of an axial force and a torque, a helical
auger with a hollow central rod closed at the bottom by
a disposable drill bit. Penetration into the soil takes place
usually without significant removal of the latter. As the
auger advances, attention is paid to the relationship
between the penetration rate and the rotational speed of
the tool. If the auger rotates too quickly compared to the
degree of penetration into the ground, transport of soil
to the surface due to the cochlea effect may occur. As a
result, the lateral movement of the soil towards the hole
may reduce the confinement around the piles already
installed nearby. During the augering step the ratio
between the rate of penetration and the rate of revolution
of the auger is generally kept at values less than the pitch
of the screw. The penetration thus involves both lateral
compression and soil extraction. Further removal of soil
occurs of course during the auger extraction stage when
the casting begins by pumping pressurized concrete
through the central hollow stem. When the pile shaft is
formed by concreting, the reinforcement cage is inserted
into the fresh concrete. At the end of the process if the vol-
ume of the removed soil is less than the final volume of the
pile, a net compression effect on the soil surrounding the
pile is expected; the resulting stress state within the soil is
somewhat intermediate between that of a replacement pile
and that of a displacement one. A few quantitative data
about above details maybe useful. The engines on the piling
machines apply a torque action in the range 90400 kNm.
The external diameter of the auger (i.e. the outer nominal
diameter of the pile) is in the range 350-900 mm while
the external diameter of the central stem is in the range
140-160 mm. Of course, the performance of the pile is
affected by all the above constructional details both in
terms of stiffness and of bearing capacity. At the design
stage the bearing capacity of CFA piles is predicted by
semi-empirical methods mostly based on CPT results
(Eslami and Fellenius, 1997; Han et al., 2017; Niazi and
Mayne, 2016; Xu and Lehane, 2008; Viggiani, 1993;
Chen et al., 2020; Heidarie Golafzani et al., 2020; Dohan
& Lehane, 2021; Leetsaar et al., 2023). In the following,
a case study of a main water basin on a large piled founda-
tions with over 1000 CFA piles is presented. The subsoil, a
loose to medium silty sand, was investigated via CPT pro-
files and two pilot load tests on CFA instrumented piles
were carried out at the design stage. Installation parame-
ters applied by the piling rig were carefully recorded for a
subgroup of the piles of the basin and for the two piles load
tested. A new methodology based on statistical analysis is
described and applied to the following problems: a more
objective determination of the soil layering using CPT pro-
files and the prediction of the bearing capacity of the two
tested piles by using CPT method applied on synthetic
CPTs generated by drilling parameters recorded during
their executions. The satisfactory comparison between the
calculated and the measured bearing capacities is finally
discussed.
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2. Kinematical analysis of the augering and concreting
processes

The balance between the advancement vertical speed
and the rotational velocity of the auger can be converted
into equations that govern the kinematical process of the
soil augering (Viggiani, 1993). During drilling, the auger
with its central stem advances by means of an intermediate
mechanism between the advancement of a screw and that
of a cochlea. Being v the vertical velocity of the auger, d
the diameter of the central stem and d the diameter of
the auger envelope, n the rotational speed and / the pitch
of the screw (Fig. 1), during the time interval Az the volume
of the displaced soil is:

V= %dévAt (1)
while in the same interval the volume of removed soil by
cochlea effect is:

V,= g (d> = &) (nl — v) At (2)

If v = nl, the volume of the removed soil is nihil; the auger
advances in the soil without any soil removal. If v = 0, the
auger rotates without any advancement working as a per-
fect Archimedean cochlea and the soil is continuously
removed. As intermediate and most common situation
the net effect of an overall compression on the soil is
obtained if V', > V,, thus resulting in:

d2
v> nl(l — d_(z)> = Uit (3)

The right side of the Eq. (3) is called critical velocity v,
and it has a rather obvious physical meaning.

If v > v, the volume of displaced soil is larger than the
volume of removed soil with a consequent net compression
effect; if v < v, the reverse is true, and the effect is soil

do
d

Fig. 1. Auger section.
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loosening with a consequent worsening of the expected pile
performance.

To have sufficient vertical velocity, at the beginning of
the augering process (i.e. down to a depth of 4-6 d) the pil-
ing machine needs both a sufficient weight and a hydraulic
jack with an adequate axial capacity. If this is not verified
the condition v < wv,; occurs and the auger acts as an
Archimedean cochlea; as a consequence the soil surround-
ing the auger is loosened and after a while the penetration
rate increases. In such a case the pile performance will be
worse than in the case v > v,,;.

Once the desired depth is reached, the casting begins by
pumping pressurized concrete through the central hollow
rod while raising the auger. In this phase, the soil between
the coils of the auger is removed. In this stage the ascent
rate vg (i.e. the speed at which the auger is recovered) in
relation to the flow of concrete plays an important role
and governs the actual geometry of the pile.

During the ascent step, the concrete is pumped through
the hollow stalk at the prescribed rate Qc. In the time inter-
val At, the volume of poured concrete V., is equal to:

V.=0,.*At 4)
while the upward displacement of the auger, 4, is:
A= vp* At (5)

The average cross-section A, and, thus, the mean diameter
d,, of the pile over the length A4 can be expressed as:

Aav:&:% (6)

A U
0,5
dm): 4*Aa1,‘: 4*QC:113*<%> (7)
\/ T \/ T % Up UR

As shown by (7) a smaller diameter can be provided by
either a high retrieval velocity vg or a small concrete rate
Q.. Of course, the reverse is interesting too and a larger
diameter (Mandolini et al., 2002) can be obtained by
managing the same ratio.

As noted by Van Impe e Peiffer (1997), Van Weele
(1988), Massarsch et al. (1988), Viggiani (1993), Zelada &
Stephenson (2000), Mandolini et al. (2002), Russo &
Mandolini (2003), Brown et al. (2007), Dohan & Lehane
(2021), during both the drilling phase and the subsequent
retrieval step several parameters, relatable to the expected
pile performance, are potentially recorded.

3. Geotechnical investigations and subsoil conditions at the
test site

The test site is located in the plain of the Sarno river
close to the Vesuvius volcano. The area occupied by the
plant is 150 m x 400 m (Fig. 2). As shown in Fig. 2, the
Water Treatment Basin, the largest rectangular tank
founded on a 0.9 m thick reinforced concrete piled raft con-
sisting of 1009 CFA settlement reducing piles (d = 800 mm
and L = 27 m) is located in the central area of the plant.
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In the whole area, characterized by a relatively uniform
soil layering, 5 boreholes (depth 24 m ~ 51 m) with undis-
turbed/disturbed samples for laboratory tests have been
carried out (Fig. 2). Two main lithotypes characterize the
site (Fig. 3): a lacustrine/alluvial soil constituted by pyro-
clastic sand and silt (AL) with an average but rather vari-
able thickness of 16 m ~ 20 m, above the ignimbrite
campana formation (De Maio et al., 2014), made of slightly
cemented pozzolana (silty sands) and grey tuff levels (TG),
that extends down to 50 m.

Site investigations consisted of CPTs, CPTUs and
SCPTUs (18CPTs + 8CPTUs + 3 SCPTUs). All these tests
were carried out with the same probe velocity which is
about 20 mm/s as required by international standards
(ASTM D5778) and is widely accepted that the tip resis-
tance qc is not dependent on the type of used device. The
measured tip resistance q. (Fig. 4) in the shallower sandy
silt layer ranges in the field 2 MPa ~ 4 MPa. In the sublay-
ers, where the sand is slightly prevailing, the q. ranges in
the field 4 MPa ~ 7 MPa, while for the underlying ign-
imbrite formation (TG) the value of q. gets up to
20 MPa ~ 25 MPa. A careful scan of the data in Fig. 4
reduces the only significant source of variability of the pro-
files to the passage from the above alluvial layer (AL) to
the below pyroclastic formation (TG).

The average physical and mechanical properties of the
two layers based on these results and on those obtained
from laboratory tests are summarized in Table 1.

4. Drilling parameters

For the purpose of this study, a subgroup of 45 CFA
piles (Fig. 5) selected from the 1009 piles in the foundation
of the WTB have been considered. For this subgroup a
detailed monitoring of all the drilling parameters was
actuated.

The drilling machines were equipped with Jean-Lutz
recording system that allowed for continuous monitoring
and storage of drilling parameters. The central stem of
the auger had an external diameter of 0.160 m while the
pitch / of the auger was 0.80 m. During the drilling penetra-
tion phase rotation velocity n (rpm), penetration velocity v
and torque M, with depth, were recorded. During the helix
extraction, concrete volume Q. and pressure, and retrieval
velocity vg with depth were further recorded.

It has been long recognized that the torque is closely
related to the mechanical shear strength of the soil. For
such reason and according to several authors (Gouvenot
et al.,1990; Bustamante, 2003) it is not at all surprising that
the torque trends may follow very closely CPT profiles. To
better understand such a finding, it should be kept in mind
that because of the simple relationships illustrated in sec-
tion 2 dedicated to kinematical analysis of the augering
process, there is an increasing awareness among piling
operators of the importance of keeping drilling velocity
above the critical value v,,;; provided by Eq. (3). It comes
out that the applied torque is typically adjusted during dril-
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Fig. 3. Section 1-1 of the test site, with ground level (in meters above sea level — m asl) and the depth of the two main soil layers according to the boreholes.
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Fig. 4. Cone resistance q. measured with CPT (left) and with CPTU/SCPTU profiles (right).

Table 1
Physical and Mechanical properties of the soil layers. y =unit weight, ¢’= effective stress friction angle, ¢’= effective cohesion, Eq = oedometer modulus,

v, = shear wave velocity and G, = shear modulus at low strain obtained by site geophysical tests (SCPTU).

Depth (m) v (KN/m?) ¢ () ¢’ (kPa) E4 (MPa) Vs (m/s) Gy (MPa)
Alluvial soil AL 0.00 ~ 17.00 15.8 28 ~ 32 0 05~5 70 ~ 150 8§~ 32
Ignimbrite 17.00 ~ 50.00 15.6 35 - 20 170 ~ 450 45 ~ 300

TG
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Fig. 5. Water Treatment Basin plan view with 45 CFA pile subgroup analysed for the study (red box) and piles 214, 372, 530 (blue circles).

ling operation also to satisfy such a requirement which in
turn depends on the shear strength of the encountered soil
layers.

For the piles of the considered subgroup the trend of the
recorded parameters shows some partially random vari-
ability and some systematic change in the depth range
between 15 m and 20 m. As an example, the recorded
parameters for the descent phase of piles 214, 372 and
530 (location in Fig. 5), are plotted in Fig. 6. It can be seen
that for piles 372 and 530 (Fig. 6b and 6c¢) the average dril-
ling downwards velocity v together with the angular veloc-
ity n decreases below 13 m while the torque tends to
increase. For pile 214 (Fig. 6a) the drilling technique clearly
shows the other priority followed by the operators, i.e.
maintaining constant the rotation velocity during the pile
execution.

5. Failure loading tests on instrumented CFA piles

At the design stage two failure load tests (see location in
Fig. 2) were carried out to obtain a reliable evaluation of
the shaft ultimate capacity (S,) and of the end bearing
capacity (P,) of the CFA piles.

The tests were carried out about 4 weeks after the pile
installation was completed just to allow the concrete to
develop the corresponding strength and stiffness.

The nominal geometry of the two piles was very similar,
being both piles 0.8 m in diameter and approximately 24 m
in embedded length. The pile 1 had a slightly longer top
stretch out of the soil compared to the pile 2 (see Fig. §).
The high value of the load to be applied suggested to con-
sider the option for an Osterberg’s load cell test (Russo
et al., 2003). Concern about the possibility to lower down
the reinforcement cage with the load cell at the bottom in
the fresh concrete, typical need for CFA piles, suggested
to organise conventional load tests with a reaction system.
The load tests consisted of a single cycle from zero up to
the maximum test load, followed by unloading. To mea-
sure the separate mobilisations of the shaft resistance, S,
and the end bearing capacity, P, the test piles were
equipped with the removable tape extensometer developed
at the LCPC in Paris (Bustamante and Jezequel, 1991;
Russo, 2004).

The load-settlement curves (total load Q, shaft load S
and base load P) and the axial load distributions along
the pile shaft, obtained in the two load tests, are shown
in Figs. 7 and 8. As shown by Russo (2013) even with
the use of an heavy kentledge but for a pile characterized
by a medium slenderness ratio, i.e. I/d = 30, the ultimate
bearing capacity is not but negligibly affected by the test
layout. On the other hand, the stiffness maybe significantly
overestimated.
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Fig. 6. Example of drilling parameters, measured for the realization of piles a) 214, b) 372 and c) 530, during the descent of the auger.

The load test on pile 1 was carried out up to a final state
which was assumed in correspondence of a settlement of
the order of 10 % of the nominal diameter of the pile dy.
The separate available trends of the shaft and the base
mobilised capacity plotted in Fig. 7, show that, while the
shaft capacity of the pile 1 after a peak slightly reduces
to a residual value, the base load is still increasing. It is
not surprising considering that for a replacement pile typ-
ically the end bearing is fully mobilised at settlements as

large as 20-25 % of the pile diameter. The test on pile 2
was interrupted for safety reasons, being the maximum
applied load (i.e. 5.26 MN) very close to the overall avail-
able reaction provided by weight of the kentledge system,
at a much smaller value of the head settlement compared
to the pile 1 (*3% dy). On the other hand, this settlement
is generally considered at least sufficient to mobilise the
shaft resistance S. A confirmation of this may be obtained
by comparing the latest two curves plotting the axial distri-
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Fig. 8. Axial load distribution with depth at different Total Load Q for piles 1 and 2.

bution with the depth of the pile 2 which are nearly
parallel.

In the Table 2 the main results of the two pilot loading
tests are summarized. The maximum base load, P, is obvi-
ously deduced by the deepest points of the axial load distri-
bution in Fig. 8 while the maximum shaft load, S, is
deduced by the difference between the maximum total load,
Q, and the maximum base load P.

The two pilot piles were expected to exhibit similar
behaviors in terms of strength, as the available geotechnical
investigations did not show any significant local variation
at the location of pile 1 and 2 respectively. As a matter
of fact, the tests show that pile 2 has both a larger stiffness
and a larger bearing capacity when compared with pile 1.

Table 2

Furthermore, the separate results of the shaft and the base
resistance made available using the removable extensome-
ter clearly show that the overall shaft capacity of pile 2 is
indeed larger than that obtained for pile 1. As could be sus-
pected, the difference may be also due to a different instal-
lation procedure.

Observing the drilling parameters of the two piles
(Fig. 9), in particular the penetration rate, it can be seen
that pile 1 is characterized by an average ratio v, /v ~
1.55 which is rather uniform with depth and determines a
total net decompression effect on the surrounding soil; on
the contrary, pile 2 has and average v /v ~ 0.95 ratio
which is rather uniform with depth along the shaft, apart
from a moderate increase of the ratio close to the pile

Failure tests on piles 1 and 2 (maximum values of the Total load, Base load and Shaft load) (*) not fully mobilised.

Pile d (m) L (m) Total load, Q (MN) Settlement, Wy,,x (mm) Base Load, P (MN) Shaft load, S (MN)
1 0.8 24.0 4.08 75.6 1.55 2.81
2 0.8 24.1 5.26 22.8 1.46* 3.80
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Fig. 9. Drilling parameter for piles 1 and 2: a) M for piles 1 and 2; b) penetration velocity, v and critical velocity, v, profiles for pile P1; c) drilling

velocity v and critical velocity, v for pile P2.

tip, resulting in a net average compression effect on the sur-
rounding soil. In other words, even being both CFA piles
with a theoretical expected intermediate behavior between
a replacement and a displacement pile, pile 1, as confirmed
by the measurements obtained via pile testing, is expected
to exhibit lower shaft ultimate capacity compared to the
pile 2. The ratio v,;/v close to the pile tip is in the range
of 4-5, very similar for both piles, and, also, the mobilized
base load is very similar confirming the importance of the
installation parameter v,,;/v on the pile performance.

6. Bearing capacity predictions of CFA piles by using CPT
based methods and statistical correlations with drilling
parameters

The two load tests carried out on similar CFA piles
showed rather different behavior both in terms of stiffness
and bearing capacity. Large differences were found mainly
in the values of the ultimate shaft friction with the pile 2
showing a better performance. As explored in the previous
section the larger penetration velocity v obtained by the
drilling rig during the installation of the pile 2 may well
qualitatively explain the observed differences.

On the other hand, in a more quantitative way, the bear-
ing capacity of CFA piles in sandy soils is typically pre-
dicted at the design stage by empirical correlations with
CPT results (Bustamante and Gianeselli, 1982; Viggiani,
1993; Reddy and Stuedlein, 2017). However, on one side
the inherent variability of pyroclastic deposits is recognized
to be generally quite large but, on the other side, the avail-
able CPTs profiles plotted in Fig. 4 do not show particular
differences or trends as a function of the location inside the
test site. As a matter of fact, in the previous section it was

shown that the piling operator drilled the two piles in a
rather different way. For this reason and to further explore
the relationship between subsoil conditions, drilling param-
eters and pile performance the following procedure based
on a statistical analysis of the available data is followed.
As a first step, the drilling data are analyzed to propose
correlations between the shear strength of the silty sand soil
(usually measured via the cone resistance, q.) and some of
the drilling parameters measured during pile construction.
After a trial-and-error procedure the focus is on the torque
M,, as it seems to be the most sensitive to variations in
ground resistance. It is expected that for high values of
q. the applied torque increases and correspondingly for
low values of the ground resistance the torque decreases
(Gouvenot et al.,1990; Bustamante, 2003). In the next sec-
tions first a study of the statistical relation between torque
M, and cone resistance g, has been carried out for all the
piles of the subgroup where the drilling data were available.
The obtained correlation has been than used to derive syn-
thetic q. profiles using the measured M, profiles of the two
load tested piles. Finally these CPT profiles have been used
to calculate pile bearing capacity (Viggiani, 1993) and,
mainly, the shaft resistance, which, as discussed in the pre-
vious section, is fully mobilised in both pile loading tests.
All the statistical analyses have been carried out by R code
(R Core Team 2013).

6.1. Statistical correlation between M, and q.

The correlation between CPT cone resistance q. and the
torque M; is here analysed. All the available tests in the site
area, i.e. 29 CPTs, are considered. From the trends shown
in Fig. 10a, it can be seen that in the upper alluvial layer the
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Fig. 10. Dataset, average trend and boxplot of a) tip resistance from CPT tests results b) torques from the selected CFA piles group.
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Fig. 11. Correlation between CPT cone resistance q. and torque M, at the
same depth, z.

tip resistance is nearly constant with depth, whereas for the
lower pyroclastic layer the variability of the tip values
increases. Torques fully recorded for the 45 CFA piles of
the selected subgroup show similar trend (Fig. 10b): in
the alluvial formation they are characterised by a reduced
variability, with a fairly constant average value with depth
and maximum values never exceeding 50 kNm, while a
more scattered distribution with larger and increasing with
depth average values is shown in the pyroclastic formation.
As shown by the boxplot in Fig. 10b, in this second layer
the recorded torque M; has maximum values as high as
150 kNm.

Using the average of the cone tip resistance and torque,
the correlation between the two variables ¢. = (Mt) shown
in Fig. 11 is characterised by a correlation coefficient
p =0.719 and is interpolated by a third-degree polynomial
equation (interpolation coefficient R? = 0.97):
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q, = 2.329M, — 0.2299M? + 0.0058M? (8)

As an example, the generated profiles of three of the
selected piles (namely 211, 253 and 344), through the corre-
lation proposed in Eq. (8), are compared with the overall

Table 3
Variographic analysis parameters and change of layer depths as deduced
by the proposed procedure Spacagna et al. (2015).

CPT Test/Pile n. Range Sill Nugget Depth
(m) (MPa?) (MPa?) (m)
CPT-P2 1.6 5 7 14.2
CPT-E 2 4 1 14.4
CPT-B 1.6 4 5 14.6
250 0.8 60 50 16.9
251 2.56 50 30 15.9
414 1.12 60 60 14.6
453 1.6 37 75 15.0
491 1.44 12 16 15.1
492 1.12 12 8 15.9
494 1.2 15 25 14.9
531 1.12 15 10 14.7
533 1.28 20 20 15.2

population of CPTs in Fig. 12, highlighting the good corre-
lation between the measured and the estimated ¢..

The stratigraphic features of the site (two main strata
with quite different geotechnical properties) suggested to
include the variability in depth of the soil parameters in
the correlation between tip resistance and torque. For this
purpose, to establish a more precise and objective depth of
the layer’s change in the proximity of the selected 45 sub-
group piles, the available data related to the closest 3
CPT tests and 45 CFA piles (see Fig. 5) were used within
the procedure proposed by Spacagna et al. (2015). Based
on CPT test results, this method allows the identification
of a change of layer along the vertical by means of a statis-
tical test, originally proposed by Wickremesinghe &
Campanella (1991), and supplemented with a geostatistical
data selection criterion. The detection of the change of
layer is based on the comparison of expected statistical
characteristics of two independent sets of tip resistance val-
ues along the vertical, falling within a window of extent
Wy centred at point dy (Fig. 13). The T Student statistical
test is repeated for the two sets for each subsequent posi-
tion of the control window along the vertical. Statistically
significant differences between the averages of two groups
of values indicates a change of layer. Full description of
the method is given in Appendix 1.

The tip resistances are correlated if they belong to the
same soil layer (Wang et al. 2013; Ganju et al. 2017); a
functional relationship between their values and position
along the vertical defines a spatial structure (i.e., depen-
dency of the measured value on its position along the ver-
tical), which can be analysed using a variogram (Chiles &
Delfiner, 1999) for evaluating the extent of the correlation
between tip resistance values as a function of the mutual
distance of the measurement points. In the present case,
one-dimensional variogram was evaluated along each
CPT vertical by considering the mutual distances between
measurement points of tip resistance. The experimental
variogram is well interpolated by a spherical variogram
model, whose range (i.e., the maximum distance within
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which the values are correlated) allows the size of the con-
trol window for the statistical test to be dimensioned. The
same procedure was implemented for both CPT tests and
torques of the group of CFA piles selected for the study.
The range values resulted within the interval 0.8 m + 2.6
m. Assuming the width of the control window equal to

Soils and Foundations 65 (2025) 101631

g. 14. 3D surface separation between upper alluvial and lower pyroclastic layers in the zone of the water treatment basin (coordinates and elevations in
m).

the variogram range, the statistical test allowed identifying
the change of layer along the examined vertical. Table 3
shows the parameters derived from the variographic analy-
sis (range, sill and nugget) for the 3 CPT tests and for a
sample of 10 out of the 45 piles together with the change
of layer depths.

The local data obtained by the above procedure and the
other information on the layer separation available at the
boundary of the water treatment plant allowed to carry
out a best fitting interpolation of the layer change depth
by kriging method on the overall foundation area of the
water treatment plant (Fig. 14). The surface between the
two formations lies between 14.2 and 16.9 m b.g.l. and
was assumed at an average depth of 16 m. On this statisti-
cally basis the cone tip resistance q. and the torque M, were
divided into two subgroups (between the depths
0Om ~ 16 m and 16 m ~ 25 m b.g.l.). Two different corre-
lations between tip resistance q. and torque moments M,
were processed, the first for the upper alluvial deposits
(correlation coefficient p = 0.614), the second for the lower
pyroclastic layer (correlation coefficient p = 0.302). Fig. 15
shows the correlation data interpolated with the following
third-degree polynomial relationships:

q. = 1.558M, — 0.154M? + 0.0039M
q. = 2.838M, — 0.277M? + 0.0068 M

©)
(10)
where the Eq. (9) is referred to the upper layer (Eq. (9)),
interpolation coefficient R? = 0.937) and the Eq. (10) is

referred to the lower layer (Eq. (10), interpolation coeffi-
cient R* = 0.979).

6.2. Model validation: Calculation of the pile ultimate
capacity

In the previous section a statistical analysis of the avail-
able torque profiles for a significant group of piles has been
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carried out showing a close correlation with the tip resis-
tance of CPT profiles. Furthermore, the procedure by
Spacagna et al. (2015) allowed to more precisely determine
the depth of separation between the top alluvial layer and
the bottom pyroclastic layer and as a consequence two dif-
ferent correlations for the two layers were proposed (i.e.
Egs. (9) and (10)). In this section the shaft resistance as
measured for the two load tested piles is compared with
the one theoretically calculated using classical CPT based
methods. The novelty of the proposed approach consists
in adopting for such calculation information provided by
the recorded drilling parameters. To this aim the following
procedure has been adopted. The ultimate shaft capacity,
Su, of the two piles P1 and P2 is computed starting from
synthetic CPT results obtained via the drilling parameter
M,, using the q. (M,) relations (see Figs. 11 and 15).

The procedure for the calculation of the bearing capac-
ity has been applied twice for each pile using both correla-
tions analysed in the previous section (i.e., Eq. (8), derived
for a unique soil layer, and Egs. (9) and (10), based on the
separation in two distinct layers).

Once a q. profile is available the bearing capacity of
CFA piles can be computed according to different empiri-
cal methods (Mihalik et al., 2023; Brown et al., 2007;
Gavin et al., 2021). However the method proposed by
Viggiani (1993) for designing CFA piles in pyroclastic soils
was selected for two main reasons: first, the overall data-
base of the method could be handled by the authors in
order to apply it in a more conscious way and, second
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Fig. 16. Comparison between experimental data (Qu, joad test) and
computed ultimate capacity Q, cpr: data set by Viggiani (1993) and the
additional points representative of the behaviour of the two load tested
piles Pile 1 and Pile 2.
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and more important, both the pile technology and the type
of the subsoil were similar to those of the two tested piles.

Viggiani (1993) proposed that CFA bearing capacity
could be obtained by calculating the base ultimate capac-
ity, g,, as the average value of g, computed between the
depth z = L-4D and z = L + 4D (Meyerhof, 1976):

qp:éc(z:L—4D,Z:L+4D) (11)

but with a cutoff on the measured q. at 8 MPa.
The unit ultimate local shaft capacity was proposed as
(Viggiani, 1993):

s(z) = - q.(2) (12)

with o obtained by the following equation as a function of
the q.(2):

. 6.6 +0.32q,(z)(MPa)
~ 300 + 60g,(z) (MPa)

These values were obtained by Viggiani (1993) based on a
dataset (red full dots in Fig. 16) of available load tests and
produced the agreement as reported in Fig. 16. It can be
clearly seen by the Fig. 16 and commented here that the
equations proposed by Viggiani (1993) are surely conserva-
tive being most of the experimental points, i.e. the red full
dots, located in the upper quadrant of the cartesian plane
with the y-axis representing the measured bearing capacity
Qu, Loap tesT and the x-axis represented the bearing
capacity Q. cpr computed using (11), (12) and (13).

Then the above method was applied for each of the two
piles P1 and P2 twice using two synthetic q.(M(z)) profiles
and obtaining the results summarized in Table 4.

The second column of the Table 4 is considered by a sta-
tistical point of view the most correct and the agreement in
the case of pile n.1 is excellent while in the first column a
significant overestimate is produced by the equation (8)
which was obtained neglecting the difference between the
two soil layers. It is worthy reminding that end bearing
during the pile test is quite evidently not fully mobilised
and as such the comparison here is limited to the shaft fric-
tion. For the pile n.2 even considering the second column
of the Table 4 the agreement is not that satisfactory the
ratio between the measured and the calculated value being
about 1.40.

However, it was shown that the CPT method (Viggiani,
1993) adopted to calculate the shaft capacity was empiri-
cally based and inspired to a conservative approach. Thus
it is not surprising that for the pile P1, which is character-
ized along the overall shaft by drilling speed profiles typical
of a replacement pile with a significant net decompression
effect, the agreement between a conservative design
approach for CFA piles and the measured performance is
excellent. For the same reason it is again not surprising that
for a very well-done CFA pile, i.e. the pile P2, which is char-
acterized by a more virtuous drilling speed profiles, charac-
terized by a significant net compression effect on the
surrounding soil, the application of the design method is
producing a shaft capacity much smaller than the measured

(13)
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Table 4
Shaft ultimate capacity from q.(M(z)) correlations compared with shaft ultimate capacity from load tests.
S, from o - q. (M) S, from o - q (M) Sy
Eq.(8), Eq.(13) Eq.(9), Eq. (10), Eq.(13) from load test
Pile n.1 3.44 MN 2.76 MN 2.80 MN
Pile n.2 2.98 MN 2.68 MN 3.80 MN

value. As shown in Fig. 16 (modified after Viggiani, 1993)
simply removing the conservatism of the design approach
proposed by Viggiani and adopting an average value (i.e.
the best fit line) on the same experimental dataset the pile
total ultimate capacity should be calculated with Egs.
(12) and (13) multiplied by a factor of 1.2. This line is
not only the line that best fit the old data set by Viggiani
but is also very close to the point representative of the pile
P2 presented in the paper. In the same direction it is worth
mentioning that the straight continuous line representing
the upper bound of the overall experimental dataset nearly
correspond to a multiplication factor as high as 1.60 well
above the experimentally determined 1.40.

7. Conclusions

This paper presents two pilot load tests conducted on
instrumented CFA piles, with detailed records of drilling
parameters. These pilot tests were planned during the
design stage of a large rectangular water treatment plant,
which was founded on a large group of CFA piles. The
study shows that an important source of the variations in
pile performance can be attributed to differences in drilling
parameters, particularly in penetration speed profiles. Soil
investigations primarily relied on CPT profiles. For a
selected subgroup of piles, installation parameters such as
rotation velocity (n, in rpm), penetration velocity (v), and
applied torque (M,) with depth were carefully recorded.
Initially, a statistical method was applied to the available
CPT profiles, successfully identifying two main soil layers
with distinct behaviors. The depth of the separation
obtained through this analysis corresponded well and more
accurately specified the qualitative geological information
described in Section 2.

Further statistical analysis revealed a robust correlation
between the cone resistance (qc(z)) from CPT tests and the
torque (M(z)) required during auger installation. Two cor-
relation models were developed, with the best fit observed
when accounting for the two-layer separation. The bearing
capacities of CFA piles and mainly the pile shaft ultimate
capacity, measured during load tests, were used as bench-
marks to validate calculations performed using an empiri-
cally derived CPT-based method (Viggiani, 1993). These
calculations utilized “‘synthetic” CPT profiles generated
from the torque values (M,) recorded during pile installa-
tion. The application of the empirical method demon-
strated excellent agreement, as discussed in Section 6.2,

with the measured pile performance, confirming that dril-
ling torques can serve as a reliable alternative to CPT
profiles.

The influence of drilling speed (v) on observed pile per-
formance was also highlighted. Practically, these findings
suggest that it is possible to verify or recalculate the
expected performance of installed piles based on the
recorded torque values. Additionally, the variability in pile
group behavior can be reassessed using the recorded dril-
ling parameters, allowing for potential design modifica-
tions if necessary.

Lastly, experimental results from the two instrumented
test piles confirm that the behavior of CFA piles lies
between that of bored and driven piles, with performance
strongly influenced by installation procedures and details.
Beyond the penetration stage, factors such as extraction
procedures and the volume of concrete supplied during
extraction may also significantly affect pile performance.
It may be foreseen that a systematic monitoring of installa-
tion parameters, both in the penetration and extraction
stages, can provide useful data for a direct evaluation of
the bearing capacity of CFA piles.
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Appendix 1. Stratigraphical interpretation of CPT and M,
profiles by statistical approach

The method applied is based on the Student T-test
aimed at the verification of equality of the means, accord-
ing to the procedure shown in Fig. 11. With reference to the
tip resistance q. of CPT tests and torque M, profiles along
the vertical axis, a window Wy is centered around point d,,.
The depth where point d, is located has been hypothesized
as the transition between two different lithological layers.
The opening of the window Wy, includes two subsets of
data, namely Q; and Q,, with size respectively equal to n;

and n,, average él and Qz and variance ¢7 and a3.
The value of the Student parameter 7 is defined in the
Eq. (Al), as suggested by Webster and Beckett (1968):

T:Ql -0 nin; (Al)
Vw ny +nm
where:
ni ) ny B
— A2
’yw n1+n2_lal+nl+n2_162 ( )
1 ~ N2
2 _ o A3
O'] ("1 _ 1) I:ZI (Ql Ql) ( )
ae L S (0o (A4
2 (’12 o 1) < i 2

The intraclass correlation coefficient p; is calculated using
Eq. (A5):

7
= A5
TR A

The variance between class 77 is defined by the Eq. (A6):

ny+ny
2

Vb:ﬁ ; (Qi_é)z

(A6)
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where Q is the average of the data Q, belonging to the win-
dow Wdo, with 1 = 1,2, S (}’ll +}’l2)

The window Wy should contain possibly only one
change of subsoil layer, and therefore its amplitude cannot
be chosen arbitrarily. If Wy, was too wide, more of one
change of layer could be included in the selected window;
on the opposite, a small amplitude of the window W4, does
not provide enough data for a reliable statistical inference.
Webster (1973) suggested a size of the window equal to
two-thirds of the expected distance between different layers
of the subsoil, while Wickremesinghe and Campanella
(1991) considered the 2/3 of the spatial autocorrelation of
the data as the reference amplitude of the window. In this
paper, the width of the window was selected by a geostatis-
tical approach (Spacagna et al. 2015), as described in chap-
ter 6.1.

The Student T and intraclass coefficient py are calculated
for each couple of subsets obtained by the translation of
the window Wy along the vertical axis centered in each
point dy. Two new profiles are then available, namely the
T and p, profiles with depth. Along with the new two pro-
files, higher values correspond to possible changes of the
lithological strata. The critical value of the parameter T
is calculated as follows:

T. =y + 1.6507 (A7)

where pr and or are respectively the mean and standard
deviation of the normal distribution describing the variable
T. The critical value of the intraclass correlation coefficient,
pre, Was also calculated using the relationship proposed by
Herzagy et al. (1996):

Prc = Ky = 1.65 o (A8)

where p; and o arerespectively themean and standard devi-
ation of the normal distribution describing the variable p;.

As an example, in Fig. Al the T and p; profiles based on
CPT-P2 profile are reported with the critical values of the
statistical parameters individuating the possible change of
layer.

a q. (MPa)

20

25

Fig. A1 Stratigraphical interpretation of CPT-P2 profile by means of statistical approach.
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