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Analysis of a database 
of instrumented static 
load tests on continuous 
flight auger piles in tropical soils
Abstract

This article assesses the behavior of full-scale static load tests (SLTs) conducted 
with instrumentation for strain measurements, in order to provide insights into the pile 
load transfer curves along its length. A collection of instrumented SLTs from a specific 
region offers a valuable dataset for the geotechnical community, which can be lever-
aged for machine learning-based neural network studies and probabilistic-statistical 
analysis, ultimately enhancing the reliability of regional semi-empirical methods. This 
study presents an analysis of a database containing the results of 80 instrumented SLTs 
conducted on CFA (continuous flight auger) piles in the metropolitan area of Goiâ-
nia, Goiás, Brazil, spanning from 2016 to 2022. It establishes correlations between 
the pile’s maximum skin friction (q

l
max) and soil resistance, as well as between the pile 

shaft and pile base resistances, and relative displacement at the pile-soil interface (δ
int
). 

The geotechnical surveys accompanying each SLT are also included in the database 
under examination, aiding in the definition of a representative geotechnical profile of 
Goiânia’s soil. The q

l
max values derived from the database exhibit significant dispersion 

compared to the semi-empirical methods commonly employed in Brazil. Additionally, 
these values span a broad range of δ

int
, with considerably lower values for the superficial, 

porous, and structured layer of sandy clay compared to the deeper layers.

Keywords: piles, static load test, instrumentation, skin friction, geotechnical database.
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1. Introduction

Currently, the execution of a static 
load test (SLT) is the most reliable method 
for collecting data to verify the founda-
tion agreement with the ultimate and 
serviceability requirements of the designed 
pile foundation. This type of test cannot 
be easily replaced because it verifies the 
pile behavior in true scale, considering 
very similar geotechnical characteristics 
and the same installation procedure that 
the real foundation will be subjected to 
during its lifetime. Also, for the review 
of the ultimate limit states, the Brazilian 
Foundation Standard NBR 6122 (ABNT, 

2019) establishes a 20% reduction of the 
coefficients for the calculation of bearing 
capacity of piles when results of SLT are 
available, obtaining a more efficient and 
economical foundation.

In the Brazilian Central-Western 
region, foundation designers have increas-
ingly been requesting the implementation 
of instrumented SLTs for strain measure-
ments. This approach aims to maximize 
the quantity of information gathered 
concerning pile behavior. Instrumentation 
enables the examination of the pile load 
transfer curve, skin friction mobilization, 

and the maximum load capacity at the 
pile tip. This, in turn, facilitates a more 
cost-effective and secure approach to 
geotechnical and structural pile design.

For instance, consider the Brazilian 
Foundation Standard NBR 6122 (ABNT, 
2019) for CFA piles, which establishes an 
upper limit for pile base resistance force in 
relation to the calculated skin friction (for 
ultimate limit state analysis). With the re-
sults from instrumented SLTs, it becomes 
possible to assess these load components 
with greater accuracy.

Data obtained from an instru-
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mented SLT can also serve to fine-tune 
the parameters within the geotechnical 
model for deeper soil layers. This is 
particularly valuable, since obtaining 
samples for laboratory tests from these 
deeper layers is a more complex and 
costly procedure. By leveraging finite 
element analysis for a reverse analysis of 
the SLT data and the load transfer curves 
obtained through pile instrumentation, 
it becomes possible to enhance the as-
sessment of variations in the strength 
and stiffness of the soil layers along the 
depth of the pile (Bernardes et al., 2022).

Given the aforementioned benefits, 
the Brazilian standard NBR 6122 (ABNT, 
2019) defines that SLTs must be conducted 
in foundations with more than 100 CFA 
piles, with a quantity equal to at least 
1% of the total number of elements. This 
guideline has been adhered to in the design 
of foundations in Brazil, facilitating the ac-
cumulation of a substantial volume of test 
results that can subsequently be utilized to 
construct comprehensive SLT databases.

Alonso (2000, 2002, 2004) gathered 
the results of 202 SLTs in CFA piles in 

Brazil. Marcos et al. (2012) organized 
the results of 400 SLTs performed in 16 
countries, which can be used for statistical 
analysis or reference values to assist in the 
interpretation of tests in nearby locations. 
Galbraith et al. (2014) tabulate the results 
of 175 static SLTs carried out in Ireland, 
to verify the statistical variability of the 
pile load capacity.

The main SLT database currently 
available, is the Deep Foundation Load 
Test Database (DFLTD), in the USA, 
is maintained by the Federal Highway 
Administration (Petek et al., 2016). This 
database contains more than 1500 SLTs, 
which have been collected and stored for 
different pile types and soil conditions. 
The DFLTD was compiled and treated 
in different studies to provide a reposi-
tory of reliable deep foundation data 
(Abu-Hejleh et al., 2015; Kalavar & 
Ealy, 2000; Satyanarayana et al., 2001).

As Information Technology con-
tinues to evolve, many geotechnical 
problems previously deemed intricate can 
now be addressed through the integration 
of artificial intelligence. This progress 

underscores the need for utilizing Ma-
chine Learning algorithms and accessing 
well-structured extensive datasets (big 
data). Consequently, compiling reliable 
databases has gained significance, as 
they are essential for the development of 
methodologies based on machine learn-
ing. Such methodologies include Bayesian 
approaches (Zhang et al., 2020) and neu-
ral networks (Pham et al., 2020) applied 
to pile design.

This article presents an analysis of 
a database encompassing findings from 
80 instrumented SLTs performed on CFA 
piles within the metropolitan area of Goiâ-
nia, Goiás, Brazil, spanning the years 2016 
to 2022. It reveals various correlations 
between pile and soil resistance, as well 
as between pile resistance and normalized 
settlement. These correlations can be ad-
vantageous for geotechnical engineers. By 
making this dataset accessible in a publicly 
available repository, the aim is to foster the 
widespread use of this information within 
the technical community, be it for research 
purposes or for the preliminary design of 
geotechnical structures in this region.

2. Materials and methods

The SLTs were conducted in tropical 
soils in the central-west region of Brazil, in 
the state of Goiás, within the metropolitan 
area of Goiânia, at 39 different sites, spread 
over an area with a radius of around 5 km. 
The coordinates of each site, followed by 
the main characteristics of the tests, includ-
ing pile diameter (D), pile length (L), maxi-
mum applied load to the pile (P

max
), water 

level depth (WT, measured from the top of 
the pile), and the thickness of the excavated 
soil layer preceding the test execution, are 
accessible through the dataset provided by 
Cruz Junior & Sales (2023).

All the SLTs were static, performed 
with slow maintained loading, using a 
series of equal load increments, according 
to the Brazilian standards NBR 12131 
(ABNT, 2006) and its subsequent revi-
sion NBR 16903 (ABNT, 2020). None 
of the SLTs included unloading-reloading 
events, due to their potential influence on 
the assessment of pile stiffness and the in-
terpretation of strain-gauge records, which 
are affected by the occurrence of residual 
strains (Fellenius & Nguyen, 2019).

All the piles were instrumented 
for strain measurements, utilizing force 
transducers in the form of miniaturized 
load cells, developed according to the 
design by Cruz Junior (2016). Geometric 

compatibility was assumed between the 
deformations registered by the sensors 
and the CFA pile in which they were in-
stalled. 90º rosette-type electrical strain 
gauges with a resistance of 120 ohms, 
self-temperature-compensated to mitigate 
temperature influences, were affixed to 
the instrumented bars. These bars were 
mounted in a full-bridge circuit configu-
ration to measure axial deformations. To 
minimize inaccuracies caused by cable 
resistance, a six-wire bridge configuration 
was employed. The instrumented bars, 
constructed from an aluminum alloy, mea-
sured 135 mm in height and 12.85 mm in 
diameter. A two-component epoxy-based 
adhesive, recommended for precise and 
prolonged tests, was used to fix the strain 
gauges securely. 

All instruments underwent calibra-
tion using three controlled loading and 
unloading cycles in the laboratory, sub-
jecting them to stresses up to 70 MPa, 
with deformations recorded by the data 
acquisition system. The data acquisition 
equipment facilitated signal reading and ad-
justment for initial balance (zero balance), 
definition of sensitivity factor, excitation 
voltage, gain, and range. 

The tested piles were solely of the 
Continuous Flight Auger (CFA) type, vary-

ing in lengths from 12 to 29 meters and 
diameters from 0.5 to 0.9 meters. Each 
pile had the sensors affixed to the steel cage 
near its top (see Figure 1a) and to bundled 
steel bars extending deeper towards the tip 
(see Figure 1b), promptly installed after the 
concrete placement.

The Secant Stiffness Method (Lam 
& Jefferis, 2011) was employed to calcu-
late stress values at various depths of each 
pile based on strain measurements. This 
method considers the variation of the con-
crete stiffness modulus with the stress level 
throughout the pile's cross-section. It has 
undergone extensive testing and is strongly 
recommended for analyzing instrumented 
SLTs (Fellenius, 2012; Lam & Jefferis, 
2011). In all the tested piles, a minimum 
of two reference load cells were installed 
at the pile's top, as depicted in Figure 1a, 
and at locations approximately one or two 
diameters below the pile cap.

The analyzed database (Cruz Junior 
& Sales, 2023) includes load data at vari-
ous depths (measured from the pile top) as 
well as pile settlements for all 80 SLTs. A 
majority of these tests were carried out with 
ten loading stages, although the number 
of stages could be adjusted based on the 
pile's geotechnical and structural response 
during the test.
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Figure 2 -  Typical geotechnical profile verified in the SLTs.

All sites employed the Standard 
Penetration Test (SPT) as the method 
for geotechnical profile characterization, 
conducted by reputable companies with 
expertise in the geotechnical field and in 
accordance with the requirements of the 

Brazilian standard NBR 6484 (ABNT, 
2001). The examined database shows that 
for each SLT, an SPT sounding consid-
ered representative was selected based on 
proximity or project reliability. From these 
soundings, data on soil type (determined 

by visual-tactile classification) and NSPT 
values per meter were obtained. These data 
reveal a consistent geotechnical soil profile 
observed in 96% of the tests, as illustrated 
in Figure 2, with the exception of SLTs 14, 
15, and 16, which exhibit distinct profiles.

Figure 1 - Typical installation of load cells in the steel cage: (a) reference sensors at the pile top, and (b) at the pile tip.

(a) (b)
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Figure 2 shows a superficial layer 
of red sandy clay that presents N

SPT
 values 

ranging from 2 to 25. This soil consists of 
a porous and structured matrix, a common 
characteristic in the Brazilian Central-West 
region (Rebolledo et al., 2019). Then, an 
intermediate layer predominately com-
posed of a residual clayey silt, with an 
average N

SPT
 value of 17. Lastly, there is a 

layer of pink to gray micaceous sandy silt 
with an average N

SPT
 value of 27, underlain 

by an impermeable rock mass consisting 
of micaschists and granulites. The thick-
ness of these three layers varies according 
to the typical profile shown in Figure 2. 
Romão (2006) described a similar general 
geotechnical profile for the city of Goiânia.

The N
SPT

 values shown in Figure 2 
exhibit a wide range, with coefficients of 
variation of 70%, 50%, and 48% for the 
sandy clay, silty clay, and sandy silt layers, 
respectively. These values do not significantly 
exceed the coefficients of variation for N

SPT
 

results reported in literature, which vary 
between 15% and 54% (Kulhawy, 1992; 
Uzielli, 2008; Kwak et al., 2010; Bernardes, 
2021). The variability of N

SPT
 observed in 

this study reflects the results of boreholes 
conducted at various locations within a 5 km 
radius. While tactile and visual classifications 
have shown some consistency in layer types.

The significant variance among the 
obtained N

SPT
 values comes mainly from 

the following factors:
1)  Soil discontinuity, heterogeneity 

and anisotropy.
2)  Superficially, there may be a 

layer of fill material or a crust formed by 
the soil's wetting and drying cycles at the 
survey site. These layers were not distin-
guished during classification.

3)  Tropical soils result from rock 
weathering, leading to the presence of 
altered rock fragments in certain areas, 
which can indeed impact N

SPT
 values.

4)  Climate can also affect surface 
layers: during the rainy season, soil resis-
tance decreases significantly due to water's 
influence on soil structure. This disrupts 
cementing connections between particles 
and reduces matric suction. Conversely, in 
the dry season, the structure remains sta-
ble, and matric suction notably increases.

The authors suggest that factors 2 and 
4 could be the primary drivers behind the 
observed data dispersion in the surface layer.

The unitary pile skin friction (q
l
) 

value was determined by calculating the 
difference in measured loads between two 
instrumented levels and then dividing it 
by the lateral area of the pile, assuming a 
constant cross-sectional area. The values 

of q
l
 initially increase with each applied 

load increment at the top until they reach 
a maximum value (q

l
max), which is generally 

asymptotic and may be followed by a re-
duction to a residual value. This maximum 
value represents the limit of resistance. 
Thus, an instrumented layer associated 
with a soil type was defined between each 
pair of sensors based on the visual-tactile 
classifications from the boreholes. In total, 
253 layers with q

l
 values were obtained for 

each load increment, and q
l
max values were 

determined for 126 of these layers. In most 
cases, the q

l
max values were obtained pro-

gressively from the top to the tip of the pile.
The unitary pile base pressure (q

b
) 

was determined from the loads measured 
at the last sensor, placed as close as pos-
sible to the pile tip, and was divided by the 
cross-sectional area of the pile. In some 
tests, it was not possible to install the 
strain gauges at the tip of the pile due to 
difficulties during the insertion of the pile 
steel cage. In these cases, the strain gauges 
were positioned between 2 and 4 meters 
above the tip, and the pile base pressure 
was linearly extrapolated based on the 
measured skin friction. The qb values also 
increased with the applied load increments 
at the top and rarely exhibited a tendency 
toward an asymptotic limit value.

To investigate the relation between 
pile and soil strength for each SLT, the value 
of q

l
max was plotted against the average N

SPT
 

values for the same layer. Figure 3 shows 
these results for different soil types defined 
in Figure 2, including layers composed of 
sandy clay (Figure 3a), clayey silt (Figure 3b), 
and sandy silt (Figure 3c). The q

l
max values 

were measured for each soil layer, where 
the convergence of the unitary skin fric-
tion to a maximum value was observed. 
Additionally, Figure 4 has been included 
to aid in the comparative analysis between 
the semi-empirical predictions and the 
measured q

l
max values.

Figure 3 also shows the linear re-
gression of the measured values (Fit, red 
dotted line), along with the three lines 
representing q

l
max as a function of the 

N
SPT

 values, calculated using traditional 
semi-empirical approaches widely used 
in national practice for the specific plie 
type, soil composition, and SPT values, 
namely Décourt & Quaresma (1978) 
(D-Q), Antunes & Cabral (1996) (A C), 
and Aoki & Velloso (1975) (A-V). The 

equations and the empirical coefficients 
used in each of these methods are de-
scribed in the Appendix.

The results for the sandy clay showed 
the larger dispersion (R2 = 0.55, Figure 3a). 
The variability in the results primarily stems 
from the factors discussed in Section 2. Fur-
thermore, in certain instances, the q

l
 value, 

particularly in the surface layer, could be 
impacted by previous basement excava-
tions conducted before the load test. The 
semi-empirical methods of A-C and A-V 
underestimated the values of q

l
maxobtained 

through linear regression of the measured 
points (dotted red line), which is evident in 
Figures 4b and 4c, respectively. The D-C 
method exhibited slightly better agreement 
with the measured data (Figure 4a). The 
research conducted by Zheng et al. (2012) 
indicates that piles situated in excava-
tions in sand with a non-dilatant pile-soil 
interface experience a reduction in shaft 
capacity of 16 to 20% compared to those 
constructed at the surface. Conversely, for 
piles with a dilatant pile-soil interface, the 
shaft capacity shows an increase ranging 

from 22 to 44%. Therefore, in order to 
enhance comprehension and refine the 
aforementioned methodologies, conduct-
ing research to investigate the behavior 
of piles in such soil conditions within ex-
cavations of varying depths is imperative. 
Zheng's findings suggest that the surface 
soil-pile interface (sandy clay) exhibits a 
more dilatant behavior, as indicated by 
discrepancies between predicted values 
and SLT.

Figure 3b shows that the q
l
max mea-

surements for the clayey silt presented 
a better correlation with the N

SPT
 values 

(R2 = 0.71) over a wider range (between 3 
to 38 blows) than that shown in Figure 3a. 
This confirms that superficial layers are 
influenced by a greater number of factors 
compared to the deeper layers. The linear 
fit provides reasonably accurate estimates 
of the q

l
max  values, with predictions similar 

to those of the A-C method (Figure 4f). 
The D-Q and A-V methods exhibited a 
tendency to overestimate (Figure 4d) and 
underestimate (Figure 4e) the measured 
data, respectively.

3. Analysis and results

3.1 Correlations between pile and soil strength
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Figure 3 - Correlations between the N
SPT

 and the q
l
max values for different soil types: (a) sandy clay, (b) clayey silt, and (c) sandy silt.

This reinforces the need for using 
load tests to validate semi-empirical results 
in foundation design and highlights the 
necessity to refine the three mentioned 
methods for improved accuracy when 

applied in a regional context.
It was not possible to plot the graph 

for the maximum stresses measured at the 
pile base (q

b
max), since the soil beneath the 

pile base is classified as impenetrable to the 

SPT test in most of the tests (N
SPT

 > 50). Fur-
thermore, it's important to note that some 
of the SLTs did not achieve full mobilization 
of the pile base load capacity, primarily due 
to limitations in the reaction system.

The linear regression that shows the 
best agreement with the measured q

l
max 

values is the one obtained for the sandy 
silt (R2 = 0.85, Figure 3c). It is once again 
confirmed that as the layer depth increases, 
there is a significant decrease in the disper-
sion of values. However, Figures 4g, 4h 
and 4i show that the three semi-empirical 
methods overestimate the pile q

l
max in the 

SM soil, at least considering the analyzed 
N

SPT
 range (between 4 and 50). 

The behavior described above shows 
that in the geotechnical profile of Goiânia, 
the semi-empirical design methods tend 
to underestimate the shaft resistance of 
the pile’s upper portion and overestimate 
the resistance of the pile in the deeper 
layers, usually composed of sandy silt 

soil. Since such semi-empirical methods 
are extensively used in the foundation 
design in the region, it is possible that the 
underestimated strength of the pile’s upper 
portion is compensated by the overestima-
tion of the lower portions, which may lead 
to a pile resistance close to those verified 
in the field, showing a quite wrong load 
distribution along the pile length.

(a)

(b)

(c)
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Figure 4 - Relationship between the q
l
max obtained by the SLTs and the q

l
 computed 

by the different semi-empirical methods and types of soil considered values for different soil types.

However, when considering an 
average N

SPT
 value greater than 50 

and only the SLTs that reached maxi-
mum mobilization of the pile base (a 
total of 17 SLTs), an average value of  

q
l
max = 3.68 MPa and a standard 

deviation equal to 1.97 MPa was 
calculated. Despite the fact that all 
these tests were conducted in sandy 
silt soil, the significant standard de-

viation of the sample suggests that 
relying on semi-empirical methods 
based on the SPT test is not advisable 
for estimating q

b
max in soils with N

SPT
 

values exceeding 50.

The relative displacement at the 
pile-soil interface (δ

int
 ⁄ D) required for 

maximum mobilization of the skin fric-
tion is one of the uncertainty factors for 
pile design, needed, for example, for the 
application of load-transfer curves meth-
ods (Liu et al., 2004; Ni et al., 2017). The 
increase of δ

int
 during the pile loading 

depends on many factors, including: the 
installation method, soil type, density 
and consolidation state, among others 
(Bohn et al., 2017).

Thus, the SLTs database was used 
to investigate the relative displacement re-
quired for full mobilization of skin friction 
in CFA piles constructed in tropical soils. 
For each SLT that achieved q

l
max at a given 

depth, the value of δ
int
 ⁄ D was computed 

by subtracting the pile’s elastic shortening 
from the settlements measured at the top. 
The elastic shortening was computed us-

ing the axial load-transfer curves obtained 
from the strain-gauges. 

Histograms were plotted, showing 
the number of SLTs that exhibited the 
mobilization of q

l
max within defined δ

int
 ⁄ D 

intervals for a given soil layer (Figure 5). To 
determine which probability distribution 
(Normal, Lognormal, Beta, or Gamma) 
best fit the sample, the Kolmogorov-
Smirnov test was employed (Berger & 
Zhou 2014). The test identified the Log-
normal distribution as the best fit, with a 
critical distance statistic ranging between 
0.07 and 0.08 for different soil types. The 
sample mean (δ

int
) and standard deviation 

(S.D.), and the Lognormal distributions 
for the samples collected in each soil type 
are shown in Figure 5.

Integrating the area beneath the 
Lognormal distribution to reach a prob-
ability of around 80%, the correspondent 

δ
int
 ⁄ D values are smaller than 10, 16 and 

40 mm, for the sandy clay (Figure 5a), 
clayey silt (Figure 5b), and sandy silt 
(Figure 5c), respectively. Tomlinson & 
Woodward (2008) report δ

int
 ⁄ D values, 

between 0.3 and 1% (to reach q
l
max). These 

reference values correspond to δ
int
  ranging 

from 1.5 and 9 mm given the different pile 
diameters used in the SLTs (between 0.5 
and 0.9 m), which are in accordance with 
the ones shown in Figure 5a. However, 
Figures 5b and 5c show larger δ

int
 values.

The data analysis showed that the 
pile diameter does not have influence on 
the δ

int
 value, at least for the given diameter 

range, between 0.5 and 0.9 m. For this 
reason, the δ

int
 values presented in Figure 5 

were not normalized by the pile diameter.
The larger δ

int
 values required for 

the mobilization of q
l
max in Figures 5b and 

5c are probably related to the soil type – 

(a) (b) (c)

(f)(e)(d)

(g)(h)(i)

3.2 Displacement required for the maximum skin friction mobilization
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Figure 6a shows a q
l
 vs. δ

int
 curve 

with a peak resistance at the 5th loading 
stage, followed by a subsequent drop in q

l
. 

In this stage, the mobilized ql in the soil 
layer immediately below is still increasing 
(clayey silt, Figure 6b), reaching its maxi-
mum value only in the 8th loading stage. 
For the deeper soil layer, q

l
max occurs at the 

7th stage (sandy silt, Figure 6c).
In a single pile vertically loaded at 

the top and installed in a hypothetical 
homogeneous soil profile, the maximum 

peak resistance of each soil layer will al-
ways be mobilized from the top to the bot-
tom of the pile (Fellenius, 2018; Joshi et al., 
1989; Poulos & Davis, 1968). However, 
the constitutive differences between the 
layers of the geotechnical profile studied 
herein caused the mobilization of q

l
max of 

the sandy silt layer (between -13 and -21m, 
Figure 6b) prior to the immediately above 
layer (clayey silt, between -7.5 and -13 m, 
Figure 6c).

In this case, note that despite the 

skin friction of the pile being fully mobi-
lized by the end of the test, the compres-
sive stress at the base (q

b
) continues to 

increase and shows no signs of converging 
towards a maximum asymptotic value. 
This behavior of load transfer mecha-
nisms for lateral friction and tip resistance 
is predicted in the papers by Cambefort 
(1964) and Mussara & Massad (2015). 
According to Cambefort's first law, the 
pile has already reached a limit of lateral 
resistance, while Cambefort's second law 

Figure 5 - Histograms of the number of SLTs that present q
l
max values 

in different ranges of δint, for different soil layers: (a) sandy clay, (b) clayey silt, and (c) sandy silt.

among many other aspects, such as the 
soil density, consolidation state and the 
great variation in resistance in the layers 

– in which the q
l
max can occur in different 

loading stages, and following different 
mobilization patterns. Figure 6 exemplifies 

this behavior, showing the graphs of the 
unitary skin friction mobilization (q

l
) ver-

sus δ
int
 for each soil layer of the SLT No. 72. 

(a)

(b)

(c)
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Figure 6 - Graphs of q
l
 vs. δint for different soil types: (a) sandy clay, 

(b) clayey silt, and (c) sandy silt; and (d) q
l
 vs. δint for the pile base (SLT-72).

suggests that with increased loading at the 
pile top, the soil at the tip level reacts along 
the pseudo-elastic portion, potentially 
leading the load-settlement curve to revert 
to a linear pattern.

The occurrence of peak resistance 
in the q

l
 vs. δ

int
 graphs of the SLT database 

was recorded in 47% of the sandy clay 

samples (top layer) considered in Section 
3.2. In the underlying layers, the clayey 
silt and sandy silt soils exhibited q

l
 vs. δ

int
 

curves showing peak resistance in 36% 
and 33% of their respective samples. 
Subsequently, the increase in ql before and 
after reaching the peak value can be asso-
ciated with soil hardening behavior, while 

the decrease q
l
 observed post-peak may 

indicate a softening response, as reported 
by Ong et al. (2021). Additionally, the rise 
in qb with displacement (hardening) with-
out reaching a peak value could be linked 
to punching shear failure of the pile tip, as 
discussed by Vesic (1972) concerning deep 
foundations (L/D > 5).

(a)

(b)

(c)

(d)
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4. Conclusion
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Appendix

All content of the journal, except where identified, is licensed under a Creative Commons attribution-type BY.

The Equations (1), (2), and (3) com-
pute the maximum unitary pile skin fric-
tion (in kPa) according to the methods of 

Décourt & Quaresma (1978) , Antunes & 
Cabral (1996), and Aoki & Velloso (1975), 
respectively. All the methods are based on 

the average N
SPT

 values measured around the 
pile shaft and some empirical coefficients, 
according to the following equations:

where β1 is an empirical coefficient that de-
pends on the soil classification, which is equal 

to 3.0, 2.5, and 3.5 for the sandy clay, clayey 
silt, and sandy silt soil types, respectively.

where α and k are empirical coefficients 
that depend on the soil type. This study 
used α values equal to 2.4, 3.4, and 2.2, 

and k values equal to 0.35, 0.23, and 0.55, 
for the sandy clay, clayey silt, and sandy 
silt soil types, respectively (according to 

Cintra & Aoki, 2010). F2 is a factor to 
consider the pile installation procedure, 
which is equal to 4 for CFA piles.

q
l max

 = 10
3

N
SPT + 1

q
l max

 = β 1NSPT

q
l max

 = 10
F2

α  k
N

SPT

(1)

(2)

(3)


