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Use of CPT for the design of shallow and deep foundations on sand

K.G. Gavin
Delft University of Technology, Delft, The Netherlands

ABSTRACT: A wide range of empirical correlations linking the Cone Penetration Test (CPT) end 
resistance qc and the resistance of shallow and deep foundations in sand have been published. Both National 
and European organisations are attempting to introduce standard methods into practice that unify these 
approaches. In this paper experimental data and finite element analyses are reviewed to examine the 
mechanisms governing foundation behaviour in a bid to move towards these unified approaches. For shal-
low foundations and non-displacement piles, sand creep was found to affect correlations between qc and 
the mobilised bearing resistance. For pile foundations direct correlations between qc and pile end resistance 
that were dependent only on pile installation method are reported. In the case of shaft resistance, constant 
correlation factors between qc and average shaft resistance are possible for non-displacement piles. For the 
case of displacement piles, correlations that include the effects of friction fatigue are recommended.

some resistance from industry since historical pile 
failure rates are very low.

In this paper, the results of experiments per-
formed on foundations in sand and finite element 
analyses are compiled in an attempt to provide an 
insight into factors that may influence correlations 
between CPT qc and the behavior of both shallow 
and deep foundations in sand.

2 SHALLOW FOUNDATIONS

2.1 General description

Routine design of shallow footings on sand is often 
undertaken using the conventional bearing capac-
ity approach to calculate the ultimate bearing 
resistance (qult):

qult = 0.5γ B Sγ dγ Nγ + γD SqdqNq (1)

where:  = unit weight of Soil, B = foundation width, 
D = foundation depth, Sγ,Sq dγ and dq are factors to 
account for footing shape and depth, whilst Nγ and 
Nq are bearing capacity factors which depend on the 
friction angle (φ′) of the soil and the footing shape.

Additional factors can be included to take 
account of situations such as sloping ground con-
ditions and inclined or eccentric loading, although 
there is a strong argument that the latter should be 
treated using interaction diagrams as proposed by 
Gottardi and Butterfield (1993) and Houlsby and 
Cassidy (2002). Designers face key challenges in 
the application of Equation (1). These include the 
choice of appropriate shape and depth factors, and 
most importantly bearing capacity factors:

1 INTRODUCTION

Whilst conventional bearing capacity and earth 
pressure approaches are widely used to design 
shallow and deep foundation in sand, many design 
codes are moving towards Cone Penetration Test 
(CPT) based design methods. This is as a result of 
a significant research effort in the area of founda-
tion design in recent years. An issue facing both 
designers operating internationally and causing 
debate for those drafting unified codes such as 
Eurocode 7, is that many national recommenda-
tions have been published linking CPT end resist-
ance, qc with the bearing resistance of shallow 
foundations and piles. However, these values are 
rarely consistent, and in some cases can vary sig-
nificantly. Whilst some of these differences may be 
caused by geology, pile types adopted, and a wide 
range of methods (averaging techniques) for esti-
mating design qc profiles, it arises at least in part 
due to a lack of understanding of the mechanisms 
controlling foundation behavior. Even internally 
within some countries, there is ongoing debate sur-
rounding CPT based design.

Recent updates to the Dutch design code have 
caused significant debate within the geotechnical 
engineering community. Based on an interpreta-
tion of static load test data from across the Nether-
lands, CUR report 229 proposed a 30% reduction 
to the pile base reduction factor that will result 
in larger and longer piles from January 1st 2017. 
These changes are largely due to a lack of reli-
able pile load tests data in the Netherlands as the 
country is unusual in that it does not routinely test 
the axial capacity of piles. This has been met with 
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Although Randolph et  al. (2004), note that 
the accuracy with which bearing capacity factors 
can be determined has increased substantially 
in recent years, it is clear from Figure  1 that the 
values increase substantially over the range of soil 
strength typically encountered. Because of the dif-
ficulties in obtaining high quality samples, coupled 
with the challenges of interpreting soil strength 
parameters for the complex stress and strain paths 
experienced during loading at the relatively low 
stress levels applicable to footing design, greater 
reliance is placed on using empirical formulae link-
ing φ′ and qc or using direct correlations linking qc 
and the soil bearing resistance.

2.2 CPT based methods for shallow foundation 
capacity

In addition to the challenges outlined above, a fur-
ther driver towards the use of in-situ test data in 
shallow foundation design was identified by Bri-
aud (2007) from interpretation of field test data. 
Briaud and Gibbens (1999) report tests performed 
on square footings where the footing width, B var-
ied from 1 m to 3 m. The footings were founded 
0.75 m below the ground surface in recently depos-
ited medium-dense sand. The site was in a lightly 
over-consolidated state (OCR ≈ 2) following the 
removal of about 1.0  m overburden. The mean 
CPT qc resistance ranged from 5 to 7.25 MPa in 
the zone of influence of the footings. The pressure-

settlement response (including un-load and re-load 
loops) of three of the footings is illustrated in 
Figure 2a. It is apparent that for a given settlement 
s, the mobilised bearing pressure, q reduced with 
increasing footing width. Another feature of the 
test was that for values of q greater than 650 kPa, 
significant creep settlement occurred during main-
tained load steps.

When the mobilised pressure was normalised by 
the qc value averaged over the zone of influence, 
and he footing settlement divided by the footing 
width, a relatively unique normalised pressure-
settlement response was obtained for the site, see 
Figure 2b. Noting that the unload-reload portions 

Figure 1. Typical bearing capacity factors for shallow 
footings.

Figure  2. (a) Pressure-Settlement response for three 
footings (b) normalised pressure-settlement response.
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of the data were removed for clarity and the maxi-
mum settlement for each load step were plotted, 
as it is clear from Figure 2a that the shape of the 
curve is affected by the load test procedure. Adopt-
ing a definition of failure as being the pressure 
mobilised when the footing settlement reached 
10% of the footing width, q0.1 the data suggests the 
adoption of a direct method for estimation of the 
footing resistance of the form given in Equation 2 
with an α value of 0.20.

q0.1 = α qc (2)

Briaud (2007) considered data from other test 
sites to investigate the effect of footing depth, D 
and found that the normalised pressure-settlement 
response was independent of both footing width 
and relative embedment (D/B). He suggests that 
whilst Equation 1 would produce good estimates 
of qult of  footings in soil profiles where the soil 
strength increased linearly with depth, in over-con-
solidated sand or in deposits where the near sur-
face soil is unsaturated, the soils strength is often 
relatively constant with depth and the assumption 
that qult increases with footing width, B or footing 
depth, D is not valid.

Based on a review of footing tests from the lit-
erature, Eslaamizaad and Robertson (1996) found 
that the back-figured α values varied with soil 
density, relative embedment and footing shape. 
Randolph et al. (2004) summarised the results of 
laboratory tests, field tests and numerical analyses 
performed on shallow footings and buried piles. 
They report a relatively wide range of α values 
varying from 0.13–0.21. However, there was no 
evidence that α varied with footing width or sand 
state.

Finite Element (FE) analyses present an ideal 
environment in which to consider the mechanisms 
governing footing response and to perform sensi-
tivity analyses for foundations. Lee and Salgado 
(2005) reported a significant study using the FE 
program ABAQUS in which they investigated the 
effect of footing width and relative density (Dr) 
on the mobilised bearing resistance. The CPT qc 
values used to normalise the footing resistance 
were derived from a different program CON-
POINT (Salgado and Randolph, 2001). Their anal-
yses shown in Figure 3  indicate that α decreased 
when the relative density of the soil increased and 
the footing width reduced. The rate at which α 
increased with the footing width depended on the 
relative density of the soil, with an increase of 35% 
being noted for Dr  = 90% when the footing width 
increased from 1 m to 3 m, whilst the increase was 
only 5% for Dr  = 30%.

The variability in suggested α values from previ-
ous studies arises at least in part due to the limited 

database of footing tests from which to investigate 
factors which might influence the footing response. 
Large-scale footing tests are expensive and time 
consuming, and therefore, most field tests consider 
a relatively limited range of either footing width 
and/or depths in sand where the relative density is 
relatively constant. Gavin et  al. (2009) compiled 
data from 22 field experiments on model and full-
scale footings at five test sites. Data from the load 
tests performed by Briaud and Gibbens (1999) in 
Texas, Ismael (1985) in Kuwait, Anderson et  al. 
(2007) at Green Cove, Gavin et  al. (2009) from 
Blessington and Lehane et al. 2008, from Shenton 
Park were collated. The footing width varied from 
0.1 m to 3 m, the qc value (average over ± 1.5B) was 
in the range 3,330 to 14,500 kPa, and the founda-
tion depth varied from 0.1 m to 2 m below ground 
level, bgl. The normalised pressure-settlement 
response is set out in Figure 4a.

Whilst many of the footing tests did not reach 
the normalised displacement level of 10%, the 
trend is for all sites to converge as s/B increases and 
tend towards α of  approximately 0.2 at s/B = 10%. 
However, the initial stiffness response at the five 
sites varied considerably, and the data is recast in 
Figure 4b in order to examine the rate of mobilisa-
tion of the bearing resistance. The data confirms 
that the initial pressure-settlement response is site 
dependent, with a tendency for the normalised 
resistance to mobilise most quickly for the tests 
in Texas and most slowly at Shenton Park. Also 
included in Figure  4b are foundation settlement 
measurements from 23 buildings as collated by 
Papodopoulos (1992). The measurements relate 

Figure 3. ormalized Base Resistance qb0.1 /qc versus Rel-
ative Density DR; (after Lee and Salgado 2005).
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to foundations with B between 0.5 and 21.7  m, 
founded in sand where qc ranged from 1800 to 
19,000 kPa. Despite the range of parameters con-
sidered, the discrete measurements of maximum 
settlement are bounded by the experimental data 
presented in Figure 4b.

To gain further insight into the mobilisation 
rate, the rate of degradation of the secant stiffness 
measured at four sites where small strain stiffness 
data was available are compared in Figure 5. It is 
of interest to compare the normalised settlement 
level at which the secant stiffness reduces to 20% 
of the small strain Young’s modulus (E′s/E0 = 0.2). 
This occurs at s/B = 0.2%, 1% and 10% at Shenton 

Park, Texas and Blessington respectively. The 
stiffness degradation rate appears to be related to 
the rigidity index, IR (ratio of small strain shear 
modulus, G0 to soil strength, qc) with high IR values 
resulting in rapid stiffness degradation.

The relatively low applied pressure imposed by 
most regular structures ensures that the factor of 
safety against ultimate failure of these foundations 
is high. As a result of this, the focus of designers is 
often to accurately predict settlement under work-
ing stresses. Settlement prediction models that 
require an estimate of the secant stiffness E′s of  
sand are in common use. A number of direct cor-
relations between E′s and qc have been proposed:

E′s = β qc (3)

Das (1983) compiled β values recommended 
by 13  sources that ranged from 1 to 3. However, 
Lehane et al. (2008) and others state that at rela-
tively small strain levels there is a weak depend-
ence between E′s and qc, with the effects of stress 
level and ageing being dominant. Given that many 
foundations are designed for a maximum settle-
ment often of the order of 25  mm, the resulting 
normalised settlement beneath foundations of 
width between 1  m and 10  m, results in s/B% in 
the range 0.25–2.5%. The variation of β values 
mobilised from the field tests described above, and 
shown in Figure  6, shows a very large range of 
operational β values at these normalised settlement 
levels, confirming that constant β values should be 
used with caution. It is worth noting that at the 
settlement levels typical for full-scale foundations, 
β values are typically higher than 3.

Figure 4. (a)Pressure settlement response from five test 
sites (b) Initial response of footing tests (after Gavin et al. 
2009).

Figure 5. Variation of normalised secant stiffness with 
normalised settlement.
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2.3 Summary

Due to the difficulty of sampling and testing the 
strength and stiffness properties of sand, direct 
correlation between the ultimate bearing capacity 
and settlement response of footings on sand and 
in-situ testing such as CPT offers a viable alterna-
tive that appears to give consistent results.

Data from field tests presented by Gavin et al 
(2009) suggest that the normalised bearing pres-
sure normalised by CPT qc, mobilised at a foot-
ing settlement of  10% of  the footing diameter, 
α is 0.2. This agrees reasonably well with the 
findings from a larger database study by Mayne 
et al. (2012) that considered a wider range of  sand 
types and foundation size and concluded that a 
constant α value of  0.18 was appropriate. Both 
studies propose simple non-linear elastic mod-
els that allow the complete pressure-settlement 
response of  the foundation to derived thus pro-
viding important insights into the operation 
behaviour of  footings, and particularly the rela-
tively large stiffness response at typical operation 
pressure levels.

3 BASE RESISTANCE OF PILES

3.1 Background

In many design guides and codes the end bearing 
resistance (qb) mobilised by a deep footing in sand 
is calculated using a reduced form of Equation 1:

qb = Nq σ′v (4)

where Nq is a bearing capacity factor and σ′v is the 
vertical effective stress at the pile base. Nq factors 
typically vary with φ′ or sand density as shown in 
Table 1. Another common feature is the adoption 
of limiting upper-bound values. Randolph and 
Gouvernec (2011) note that these limiting values 
are included as field data suggests that Nq reduces 
with increasing stress level.

The Nq values recommended for bored and cast 
in-place piles are typically assumed to be 50% of 
those derived for driven piles.

3.2 Closed-ended driven piles

Because of the similarities between the penetration 
mechanisms and the geometry of closed-ended 
piles and the CPT, a number of empirical correla-
tions between the CPT end resistance qc, and qb 
have been proposed. Recent design methods for 
driven closed-ended or full-displacement piles in 
sand have been shown to have a relatively high reli-
ability (Chow 1997, Gavin 1999 and Lehane et al. 
2005) and have been widely accepted in industry. 
These techniques generally estimate the base resist-
ance at relatively large pile base settlement (sb), 
typically at 10% of the pile diameter, qb0.1, using an 
empirical reduction factor αp:

qb0.1 = αp qc (5)

Based on a database study Jardine et al. (2005) 
suggest that αp reduced from 0.63 to 0.43 as the 
pile diameter increased from 200 mm to 500 mm, 
Lehane et  al. (2005) found that an αp value of 
0.6 gave the best-fit to a database of instrumented 
pile load tests with diameters ranging from 0.2 m 
to 0.68  m. Randolph (2003) and White and Bol-
ton (2005) argued that once appropriate averaging 
techniques were adopted to derive design qc values 
and the effects of residual loads were accounted 
for, a constant αp factor can be adopted which is 
independent of pile diameter and tended towards 
qb = qc at large pile base displacements.

3.3 Open-ended driven piles

For partial displacement (open-ended) pipe piles, 
model and full-scale pile tests reported by Lehane 

Figure  6. Variation of β (=  E′s/qc) with normalised 
settlement.

Table 1. Recommendations for bearing capacity factors 
and limiting values for offshore piles (API 2007).

Density Nq

qb limit 
(MPa)

Loose –

Medium 20  5

Dense 40 10

Very Dense 50 12
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and Gavin (2001) and Foye et  al. (2009) show 
that direct correlations between αp (based on the 
average pressure mobilised over the entire pile 
base area) and qc which are independent of pile 
diameter or sand state can be determined once 
the degree of plugging during pile installation are 
included. The plugging behaviour is best quanti-
fied through the incremental filling ratio (IFR), 
which compares the rate of soil intrusion during 
pile installation with IFR = 1 for a fully coring pile 
(which causes minimal disruption) and IFR = 0 for 
a pile with a fully formed plug, which prevents soil 
intrusion and results in what is effectively a closed-
ended pile.

However, in reality, plug development during 
installation is rarely recorded and the final plug 
length ratio, PLR = soil plug length/pile embedment 
depth is only known. In the field, plugging appears 
to be controlled by pile diameter, sand density and 
installation method. The majority of large diam-
eter (D >500 mm), piles driven offshore appears to 
have PLR values close to one. Significant plugging 
seems to occur only in the case of smaller diameter 
piles, or piles installed by jacking.

Gavin and Lehane (2005) present data shown 
in Figure 7 of plug stress mobilised during jack-
ing strokes (closed-symbols) and static load tests 
(open-symbols) for pipe piles in jacked into loose 
sand. The normalised plug stress varies linearly 
with IFR from a minimum value in the range 0.15 
to 0.2 that is in keeping with values suggested by 
Lehane and Randolph (2002) from numerical anal-
yses of fully-coring piles. As IFR reduced, qplug/qc 
increased linearly. The trend was shown to be con-
sistent over a range of installation methods (driv-
ing and jacking) and sand sate (Gavin and Lehane 
2003).

Lehane and Gavin (2001) report measurements 
of the annular stress mobilised during installation 

of open-ended piles that were independent of IFR 
(with qann = qc). Lehane et al. (2005) propose that 
the average base stress (combining the plug and 
annular components) mobilised for an open ended 
pile be calculated using Equation 6:

qb0.1 = 0.15 + 045 Ar,eff (6)

where Ar,eff = 1 − FFR (Di /D)2, and FFR is the IFR 
value at the end of driving.

Equation 6 suggests that αp increases from ≈ 0.15 
for a fully coring pile (IFR = 1) to 0.6 for a fully-
plugged pile.

3.4 Partial displacement screw injection piles

Funderingstechnieken Verstraeten bv. performed 
three static compression load tests on screw injec-
tion piles installed in dense sand at a site in Ter-
hausen, Netherlands. The piles which had shaft 
diameters of 0.46 m, base diameters of 0.56 m and 
embedded lengths of between 20.2 m and 20.3 m 
were instrumented with strain gauges along their 
length. The purpose of the test was to assess recent 
changes in pile capacity factors introduced in the 
Dutch standard NEN-EN 9997-1  introduced on 
January 1st 2017 that reduced the αp values for all 
piles by 30%. The result was that for screw injec-
tion piles the value decreased from 0.9 to 0.63.

Estimates of the pile capacity at the test site were 
made using the pre-2017 design value and the piles 
were load tested to this capacity in an attempt to 
validate the old design approach. The CPT profiles 
at the test site are shown in Figure 8. The estimated 
pile capacity ranged from 5750 to 6100  kN. The 
load test on pile 1 was terminated an applied load 
of 5874 kN when the pile head settlement reached 
23 mm (i.e. less than 5% of the pile diameter). The 
other piles were loaded up to failure at ultimate 
loads of 6096  kN (Pile 3) and 6312  kN (Pile 5) 
causing pile displacements of 60 mm.

The base pressure-settlement response of the 
piles is illustrated in Figure 9, showing that the ini-
tial stiffness response of the three piles was similar. 
Pile 1 mobilised the highest resistance, 13.7 MPa 
despite not reaching failure. Pile 3  mobilised an 
ultimate base resistance of 12 MPa and Pile 5 had 
the lowest resistance of 10 MPa.

The back-figured αp value depends on the 
design average qc value adopted. A comparison of 
values derived from the Dutch averaging method, 
where qc is averaged over a distance -8B to +  4B 
and assuming qc averaged over a distance ± 1.5B 
above the pile base are shown in Table 2. Adopting 
the Dutch averaging technique the measured αp is 
1.12, 80% higher than the current value (of 0.63). 
Using the ± 1.5B suggests that the ultimate end 
bearing resistance of these piles approximates qc.

Figure  7. Effect of Incremental Filling Ratio on the 
plug stress mobilised by open-ended piles in sand (after 
Gavin and Lehane 2005).
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3.5 Bored piles

The earliest correlation between the end bearing 
resistance of bored piles and qc were suggested by 
(Meyerhof 1956; Meyerhof 1976; Meyerhof 1983). 
Based on theoretical and experimental studies on 
deep foundations, he introduced two reduction 
factors, C1 for scale effects and C2 to account for 
shallow penetration into dense strata to predict the 
ultimate end bearing resistance (qbu) of a bored 
pile:

qbu = 0.3 qc C1 C2 (7)

The LCPC or French method (Bustamante 
and Gianeselli 1982) was developed from a data-
base of 197 pile tests on driven and bored piles in 
a range of soil conditions. An αp value of 0.2 is 
recommended for bored piles in sand and gravel. 
The design qc is the average from ±1.5B having 
excluded values that are in excess of ± 30% of the 
average. De Cock et al. (2003) compiled a review 
of pile design practice in Europe and found that 
α commonly ranged between 0.15 and 0.2, and 
typically did not depend on the diameter or the 
length of the pile. Eurocode 7, Part 2, suggests that 
αp values, which although independent of footing 
width and depth, reduce from 0.2 for qc values up 
to 15 MPa, to 0.16 for qc = 20 MPa. Lehane (2008) 
reported a database study of Continuous Flight 
Auger (CFA) piles where the pile length varied 
from 4 m to 10.5 m. The database contained both 
straight and expanded base piles and recorded αp 
values that increased from approximately 0.15 for 
4 m long piles, to approximately 0.4 for a 10.5 m 
long pile.

Gavin et al. (2013) compiled a pile test database 
comprised of 20 static maintained load tests per-
formed on non-displacement piles installed in sand 
where the piles were loaded to settlements in excess 
of 10% of the pile diameter. The diameter B of the 
piles ranged from 0.2 m to 1.5 m, while their length 
L ranged from 4 m to 26.5 m, with L/B in the range 
4 to 37. They were founded in sand where the CPT 
end resistance, qc1.5B value ranged between 2 MPa 
and 40 MPa.

Figure 8. CPT profile at Terhausen test site.

Figure  9. Base resistance mobilised by gout injection 
piles at Terhausen test site.

Table  2. Comparison of base capacity factors back-
figured from Terhausen test site using different CPT 
averaging techniques.

Pile
qc Dutch
(MPa) αp;Dutch ±1.5B αp;Dutch

Pile 1  9.75 1.40 12 1.23

Pile 3 10.90 1.10 15 0.80

Pile 5 11.60 0.86 11.8 0.85

Average 1.12 0.96
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In the assessment of mobilised αp values, the 
design qc(1.5B) was adopted. The variation of αp with 
pile diameter, length, relative density and CPT qc 
value is shown in Figure 10. Although there is con-
siderable scatter in the results, there is no sugges-
tion that αp varied in a consistent manner with any 
of the parameters considered in the assessment, 
with an average α value for the database piles of 
0.24.

Tolooiyan and Gavin (2013) performed finite 
element analysis using PLAXIS to investigate 
the factors affecting αp for bored piles in sand. 
The sand was modelled using the Hardening Soil 
(HS) model described by Schanz et al. (1999) with 

the HS model parameters calibrated from lab-test 
data. Cavity expansion analyses were performed 
using a procedure described by Xu and Lehane 
(2008) and Tolooiyan and Gavin (2011) in order 
to predict the CPT qc profile for Blessington 
sand. The FE generated values are compared in 
Figure 11 with a four typical qc profile measured at 
Blessington. It is clear that the FE model provided 
a reasonably good albeit lower-bound estimate of 
the measured CPT qc profile.

The effect of pile width, B on the bearing pres-
sure mobilised by piles in Blessington sand was 
considered by analysing a pile of fixed length of 
6 m with a diameter ranging from 0.2 m to 0.8 m. 
The piles were loaded until the settlement reached 
10% of the pile diameter, see Figure 12a. The max-
imum end bearing resistance (≈5,500  kPa) of all 
piles was similar. However, the settlement required 
to achieve this resistance increased in proportion 
to the pile diameter. The normalised pressure-
settlement response is shown in Figure 12b. This 
reveals that the normalised stiffness response for 
the piles was very similar, with α = 0.31.

Considering the effect of pile length in 
Figure 13, a tendency for a slight reduction in αp 

Figure 10. αp values back-figured from load test data-
base (a) effect of pile length, diameter, and strength.

Figure  11. Measured and predicted CPT profile at 
Blessington.
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with depth is noted with the value decreasing from 
0.34 to 0.31 as the pile length increased from 3 m 
to 8 m. The influence of CPT averaging technique 
(from ± 0.75B to ± 3.5B) technique is also consid-
ered. However, for Blessington sand the effect is 
negligible.

In order to investigate the effect of sand density 
on the mobilised α factor, sensitivity analyses were 
performed using three sand deposits. These were 
Tanta sand from Egypt which has an in-situ relative 

density Dr  = 75% (reported by El Sawwaf (2005); 
El Sawwaf (2009)), Monterey sand from the United 
States with Dr  = 65% (Wu et al. (2004) and Yang 
et  al. (2008)), and Hokksund sand from Norway 
with Dr  = 50% (Tefera et al. 2006). Synthetic CPT 
qc profiles were derived for these deposits using the 
procedure as for Blessington sand. The predicted 
CPT qc profiles are illustrated in Figure 14.

The sensitivity analyses were performed using a 
fixed pile diameter (B =  0.4 m) and a pile length 
which varied from 4 m to 8 m. The pressure-settle-
ment values predicted are shown in Figure 15. The 
highest qb values were measured in Tanta sand and 
the lowest were in Hokksund sand. The qb values at 
all sites increased as the pile length increased from 
4 m to 8 m. The increase was in the range 56% to 
77%, with the highest increase being in Tanta sand.

When the bearing pressure mobilised at a pile 
base settlement of 10% was normalised by the CPT 
qc value averaged over ± 1B, αp values in the range 
0.32 to 0.33 were determined. There were clear 
variations in the rate of mobilization at low set-
tlement levels across the sites, with the normalised 
resistance developing more slowly as the relative 
density increased.

The influence of CPT averaging technique and pile 
length on αp is considered in Figure 16. Consistent Figure 12. Bearing pressure mobilised by piles installed 

in Blessington (a) effect of pile width; (b) normalised 
pressure-settlement response.

Figure 13. Effect of pile length L on normalised bear-
ing pressure.

Figure  14. FE derived CPT qc profile for Hokksund, 
Monterey and Tanta sand.
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trends were found for all sites where αp was reason-
ably constant when qc was averaged over equal dis-
tances above and below the pile base, see Figure 16a. 
When qc was averaged with a bias for values either 
above or below the pile base, See Figure 16b, higher 
variability and a more pronounced length bias was 
observed with the highest αp values being inferred 
when using the Dutch average technique.

On the basis of these analyses, it appears that 
an approximate constant αp factor of 0.3 would 
produce reasonable estimates of the end bearing 
resistance of bored piles in sand. This value is 50% 
higher than values typically used in practice and 
20% higher than the αp value of 0.24 inferred from 
the database study. To investigate one possible rea-
son for the difference between the field response 
and FE analyses, it is of interest to consider the 
effect of loading rate on the mobilisation of αp. 
Gavin et  al. (2013) describe load tests performed 

on instrumented continuous flight auger piles 
installed in dense sand in Killarney, South-West 
Ireland. Load tests were performed on two piles, a 
450 mm diameter, 15 m long pile and an 800 mm 
diameter, 14 m long pile. The load test procedure 
involved a maintained load test (MLT) followed 
by a fast-loading, constant rate of penetration 
(CRP) test. The results of the MLT portion of 
the load test are shown in Figure 17a where it is 
clearly evident that when the applied base pressure 
exceeded 1500  kPa, the piles experienced creep 
during load increments. When the normalised base 
displacement reached 10% of the pile diameter, the 
αp factor approached 0.24.

When the piles were reloaded in the CRP test (See 
Figure  17b), significantly higher base resistance 
was mobilised. Whilst the loading history would 
affect the initial pressure-settlement response, the 
αp factors mobilised in the fast loading tests (where 

Figure 15. Pressure-settlement values predicted for: (a) 
Hokksund; (b) Monterey; (c) Tanta sand.

Figure 16. Effect of CPT averaging technique and pile 
length on αp values in Hokksund Sand.
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creep effects were minimised) exceeded 0.31. The 
soil models used in the numerical analyses did not 
model sand creep which clearly affected the MLT 
result and thus the mobilised base resistance.

4 SHAFT RESISTANCE OF PILES

4.1 Background

The peak unit shaft resistance (τf) mobilised by a 
pile in sand can be estimated using earth pressure 
theory as:

τf = K σ ′v tanδf (8)

where K is the earth pressure coefficient, σ ′v is the 
in-situ vertical effective stress, and δf  is the soil-

pile interface friction angle. As with all earth pres-
sure approaches, the difficulty with the application 
of Equation 8 is in the choice of an appropriate 
K value for design. For bored piles, Reese and 
O’Neill (1999) suggest K/K0 (where K0, is the coef-
ficient of earth pressure at rest), varies with the 
pile construction method, varying from 0.67 for a 
pile excavated using slurry, to 1.0 for a pile formed 
in a dry excavation. K0 is notoriously difficult to 
measure, but may be estimated using the method 
proposed by Kulhawy and Mayne (1990):

K0 = 1 − sinφ′ – Normally Consolidated (9)
K0 = (1 − sinφ′) OCRsinφ′ – Over Consolidated

where φ′ is the friction angle and OCR is the Over-
Consolidation Ratio.

For displacement piles, K will be changed dur-
ing pile installation due to large stress changes as 
the pile base moves through the penetration depth 
and friction fatigue occurs during cyclic installa-
tion. Values in the range K =  1–2 are often used 
in practice. Due to uncertainties regarding input 
parameters such as φ′, OCR and δf, and the effect 
of installation method, the use of CPT based 
design methods cone Penetration Test (CPT) are 
increasing:

τf = αs qc (10)

A range of αs values that depend on pile type 
are recommended in many design codes, with 
values typically being lowest for bored piles and 
highest for displacement piles. For example, in 
the Netherlands NEN 9997-1-2016 recommends 
αs value that range from 0.06 for bored or driven 
open-tube piles, to 0.01 driven concrete or closed-
ended steel tubes and up to a maximum of 0.014 
for a driven cast-in-place piles. In Belgian prac-
tice, summarized by Huybrechts et  al. (2016), αs 
depends on qc, pile type and roughness. A limiting 
maximum shaft resistance of 150 kPa is imposed 
for qc values > 20 MPa.

Intensive research on displacement piles 
reported in Jardine et al. (2005) and Lehane et al. 
(2005) show that the local shaft resistance is given 
by:

τf = (σ′hc + ∆σ′hd) tan δf (11)

where: σ′hc, is the fully equalized horizontal effec-
tive stress after pile installation and ∆σ′hd is a com-
ponent derived by dilation during loading.

Chow (1997) examined profiles of σ′hc recorded 
by an instrumented pile installed at two sites and 
found that σ′hc values at a given location on the pile 
were almost directly proportional to the qc value 
at that level and the distance from the level to the 

Figure 17. Effect of loading rate or test method on αp 
mobilized by CFA piles in sand.
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pile base (h) normalised by the pile diameter (D). 
These findings were incorporated into the widely 
used design method for displacement piles known 
as the Imperial College (IC-05) design method 
(Jardine et al. 2005) and a similar approach known 
as the University of Western Australia (UWA) 
method (Lehane et al. 2005), where:

σ′hc = 0.03 qc (h/D)−0.5 (12)

A minimum h/D value of 2  should be used is 
Equation 12.

Equation 12 suggests that αs is highest near the 
pile tip and reduces with increasing distance from 
the pile tip. Lehane (1992) suggests that the dila-
tion induced increase in horizontal stress (∆σ′hd) 
could be predicted using cavity expansion theory:

∆ ′ =σ ′′
δ

hdσ hδG

D

4
 (13)

where G is the shear modulus of the soil mass and 
δh is the horizontal displacement of a soil particle 
at the pile-soil interface.

The IC-05 and UWA design approaches have 
been shown to provide more reliable estimates of 
the shaft capacity of piles and accurate predic-
tions of the distribution of mobilised local shear 
stress on closed-ended displacement piles by Chow 
(1997), Gavin (1998), Schneider (2007) and others. 
Given the prevalence of driven open-tube piles, 
particularly in the offshore sector, both the IC-05 
and UWA methods allow for a reduction of shaft 
stress due to the lower displacement resulting from 
installation of these piles. Gavin et al. (2011) note 
that whilst the two approaches give very similar 
predictions for shaft capacity of closed-ended 
piles, differences in how they address the issue of 
plugging can result in significantly different esti-
mates for open-ended piles.

4.2 Driven cast-in-place piles

Flynn and McCabe (2016) describe instrumented 
pile load tests performed on 3 driven cast-in-place 
piles installed at a site near Coventry, in the United 
Kingdom. The piles that were formed by driving a 
0.32 m diameter hollow steel tube with a sacrificial 
circular steel plate at the base were instrumented 
with strain gauges at four levels. When they reached 
their final penetration depths of between 5.5 m and 
7 m bgl. the steel tube was filled with concrete and 
the steel casing was withdrawn. The CPT profile at 
the site is shown in Figure 18. The ground condi-
tions comprise made ground and stiff  sandy clay 
to approximately 1.8 m bgl. underlain by medium 
dense to dense sand to a depth of ∼ 6.5 m. Below 
this depth the sand becomes increasingly gravelly. 

The piles were load tested in compression between 
19 and 23 days after installation.

The mobilisation of average shaft resistance 
(τav =  total shaft resistance/shaft area) during the 
load tests is shown in Figure  19. The three piles 
exhibited similar initial stiffness response with 
peak αs values in the range 0.094 to 0.14.

A noticeable feature of the response is that rela-
tively large normalised dis-placement was required 
to mobilise the peak capacity (between 3% and 
13% of the pile diameter) and in the case of Piles 1 
and 3, the resistance was still increasing up to the 
end of the load test.

4.3 Continuous Flight Auger (CFA) Piles

Gavin et al. (2009) presents the results of instru-
mented load tests performed to study the devel-
opment of shaft resistance on Continuous Flight 
Auger piles installed in sand. Ground conditions 
at the test site consist of approximately 2  m of 
mixed (sand, silt and clay) deposits overlying a 
deep deposit of sand. The CPT end resistance, qc 

Figure 18. CPT profiles at Coventry.
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measured in the vicinity of the test piles are shown 
in Figure 20.

Two instrumented test piles were installed at the 
site. The first pile was installed using an 800 mm 

Figure  19. Normalised shaft resistance mobilised by 
driven cast-in-place piles (after Flynn and McCabe 2016).

Figure 20. CPT profiles for CFA pile tests at Killarney 
(after Gavin et al. 2009).

diameter auger to 14 m bgl., and the second using 
a 450 mm auger to 15 m bgl. The piles were instru-
mented with strain gauges at four levels in order 
to separate base and shaft resistance components 
and to determine the distribution of shaft resist-
ance along the pile.

Static load tests in compression were performed 
and the average shaft resistance (τav) mobilised 
during the static load tests of between 35 and 
36 kPa was almost identical on both the 450 mm 
and 800  mm diameter piles suggesting that scale 
effects were insignificant. The resulting αs ( = τav/
qcav) value of 0.008, shown in Figure 21 are similar 
to those used for the design of displacement piles 
in sand. The relatively large displacement required 
to mobilise the peak resistance is again a feature of 
the pile tests.

4.4 Screw injection piles

The average shaft resistance mobilised by the screw 
injection piles installed in dense sand at a site in 
Terhausen, Netherlands, described in Section 2.4 is 
shown in Figure 22a. The initial stiffness response 
of the piles which had shaft diameters of 0.46 m 
were remarkably similar. The load test on Pile 1 
was stopped before it reached peak resistance as 
the pile mobilised a much higher base resistance 
than the other test piles, see Figure 9.

Notwithstanding this, it would seem that the 
ultimate shaft resistance of the piles was in the 
range 110  kPa to 130  kPa, However, displace-
ments in excess of 10% of the pile shaft diam-

Figure  21. Normalised shaft resistance mobilised by 
Continuous Flight Auger Piles (after Gavin et al. 2013).
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determined by the instrumented load tests. The 
strain gauges on the piles allowed the local shear 
stress profiles to be determined.

The normalised local shear stress profile along 
the driven cast-in-place (DCIP) pile (Flynn and 
McCabe 2016) is compared in Figure  23 to the 
profile predicted using the UWA-05 approach with 

Figure  22. Shaft resistance (a) and normalised resist-
ance mobilised (b) mobilised by Screw Injection Piles at 
Terhausen.

Figure  23. Comparison of distribution of shear 
stress on driven cast-in-place pile with prediction of 
UWA-05 method.

eter were required to mobilise this resistance. The 
back-figured αs values shown in Figure 22b show 
that the Dutch standard NEN-EN 9997–1 recom-
mended αs value of 0.09 would provide a reason-
able estimate of the fully mobilised shaft resistance 
for these piles.

4.5 Distribution of normalised shaft resistance on 
piles in sand

Whilst the αs values mobilised by the test piles 
described above conformed broadly with the con-
stant values proposed in many codes and seemed 
to depend on pile type, with higher values gener-
ally pertaining to driven piles, there remains some 
variation in αs values proposed by different codes. 
Some insight into possible reasons for this can be 

Figure  24. Comparison of distribution of normalised 
shear stress on CFA and Screw-Injection piles with pre-
diction of UWA-05 method.
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δf = φ′cv). It is clear that a method which includes for 
the effects of friction fatigue provides a very good 
match to the measured response and suggests that 
for piles where friction fatigue occurs during instal-
lation that αs should vary with pile geometry.

The normalised local shear stress values for the 
CFA piles and a typical screw injection pile are 
shown in Figure  24. For these piles that do not 
experience friction fatigue during installation, a 
constant αs value is suitable to describe the shaft 
resistance. The value is lower than that applying 
to driven piles over a distance of 5D from the pile 
tip. Above this level the piles developed larger αs 
values. Thus suggesting that non-displacement 
piles with deep embedment lengths could mobilise 
higher average αs values than piles driven in the 
same deposit.

5 CONCLUSIONS

Whilst conventional earth pressure approaches 
remain in common use for the design of shallow 
and deep foundations in sand, researchers have 
highlighted a number of challenges related to the 
applicability of these methods. In all cases, obtain-
ing high quality samples and determining opera-
tion frictional angles over the range of stress and 
strain relevant for design remains an issue. For 
over-consolidated deposits, accurately determin-
ing the earth pressure coefficient is essential and 
non-trivial. For shallow foundations, issues related 
to determining bearing capacity factors to address 
depth and width effects particularly for soil depos-
its where the strength does not increase linearly 
with depth have been highlighted. For pile design, 
the impact of installation effects; for example 
friction fatigue which causes complex changes to 
in-situ horizontal stress regime around a pile and 
plugging effects that results in large changes to the 
strength and stiffness of the sand below the pile 
base have been quantified in recent field tests.

Given that the CPT provides a continues indi-
rect measurement of the strength and stiffness 
properties over the complete range of sand state, 
correlations between the cone end resistance qc and 
foundation behaviour are in common use and have 
been embedded in the design codes in many coun-
tries. However, many of these codes give conflict-
ing guidance on design. In this paper, results from 
lab and field experiments on instrumented piles 
and finite element analyses are used to explain the 
physical basis for the regional variations in CPT 
based approaches.

For the design of shallow foundations a number 
of workers have proposed α values that vary with 
sand state and footing dimensions. Field tests 
performed by Briaud (2007), Gavin et  al. (2009), 

Mayne et al. (2012) and others suggest that unique 
site specific normalised resistance curves can be 
derived which are independent of footing geom-
etry. A database of field tests collated in this paper 
suggests that at large normalised settlement levels 
(s/B = 5–10%), these normalised resistance curves 
converge and are independent of sand state. How-
ever, the initial stiffness response of the foundation 
is strongly dependent on the stress history and 
knowledge of both the strength (qc) and small-
strain stiffness parameters are crucial for design.

Considering the base resistance mobilised by 
piles in sand, the CPT qc value appears to be an 
ideal design tool. Whilst at very large pile displace-
ments the base resistance, qb tends to the qc value, 
see White and Bolton (2001) and Randolph (2005). 
The exact displacement required depends on the 
pile installation method and in some cases could be 
several pile diameters. At displacement levels typi-
cally considered in practice as representing failure, 
e.g. s/B =  10%, the stiffness response depends on 
the pile installation method. For low displacement 
pile types αp ( = qb0.1/qc) in the range of 0.15–0.2 
are typically adopted in practice. For displacement 
piles, qb/qc of  0.6 is recommended for closed-ended 
driven steel and concrete piles. A particular feature 
of field tests on shallow foundations and bored 
pile (i.e. where pre-stressing during installation 
did not occur) was that significant creep occurred 
during maintained load tests at high stress levels. 
Numerical analyses of these piles using soil models 
that do consider creep, showed αp values around 
50% higher than those measured in maintained 
load tests. In quick load tests where creep was min-
imised, αp values similar to those in the finite ele-
ment model were mobilised. Based on these results, 
if  effects such as loading rate, the definition of fail-
ure and residual loads are considered then higher 
αp values can be adopted in design codes.

When considering shaft resistance, a number 
of codes suggest constant αs (  =  τav/qcav) values, 
with recommended values for displacement piles 
typically being higher than non-displacement piles. 
The case histories presented herein strongly sug-
gest that αs values for driven piles should incorpo-
rate a friction fatigue parameter. The absence of 
friction fatigue effects for non-displacement piles 
could result in some slender driven piles develop-
ing lower αs than a non-displacement pile installed 
in the same soil deposit.

ACKNOWLEDGEMENTS

Much of the work presented in this paper was com-
pleted together with a number of former research 
students and collaborators who include: Prof. 
Barry Lahane, Dr. Ali Tolooiyan, David Cadogan, 



60

Dr. Cormac Reale, Dr. Abidemi Adekunte and 
others.

The permission of Funderingstechnieken Ver-
straeten bv. to publish the pile load test data from 
Terhausen is gratefully acknowledged.

REFERENCES

Anderson, J.B, Townsend, F.C. and Rahelison, L. (2007) 
Load Testing and Settlement Prediction of Shallow 
Foundation Journal of Geotechnical and Geoenviron-
mental Engineering, Vol. 133, No. 12, pp 1494–1502.

API (2007) Recommended Practice for Planning, Design-
ing and Constructing Fixed Offshore Platforms, 22nd 
edn. American Petroleum Institute, Washington, DC, 
USA, API RP2 A.

Briaud, J.L. (2007), ‘Spread Footings in Sand: Load Set-
tlement Curve Approach’, Journal of Geotechnical and 
Geoenvironmental Engineering, ASCE, vol. 133, no. 8, 
pp. 905–920.

Briaud, J.L. & Gibbens, R. 1999. Behaviour of five large 
spread footings in sand. Journal of geotechnical and 
geoenvironmental engineering 125(9): 787–796.

Bustamante, M. & Gianeselli, L. (1982), ‘Pile Bearing 
Capacity Predictions by Means of Static Penetrome-
ter CPT’, Second European Symposium on Penetration 
Testing, ESOPT-II, Amsterdam, The Netherlands, pp. 
493–500.

Chow, F. (1997). “Investigations into the behavior of dis-
placement piles for offshore structures.” PhD Thesis, 
Uni-versity of London (Imperial College), London.

Das B.M. (1983) Advanced Soil Mechanics. McGraw-
Hill, New York.

De Cock, F., Legrand, C. & Huybrechts, N. (2003), 
‘Overview of design methods of axially loaded piles in 
Europe’, 8th European Conf. on Soil Mech. and Geo-
tech. Eng. Report of ERTC3-Piles, ISSMGE Subcom-
mittee, Prague, pp. 663–715.

El Sawwaf, M. (2005), ‘Strip footing behaviour on pile 
and sheet pile-stabilized sand slope’, Journal of Geo-
technical and Geoenvironmental Engineering, ASCE, 
vol. 131, no. 6, pp. 705–715.

El Sawwaf, M. (2009), ‘Experimental and numerical 
study of eccentrically loaded strip footings resting on 
reinforced sand’, Journal of Geotechnical and Geoen-
vironmental Engineering, ASCE, vol. 135, no. 10, pp. 
1509–1518.

Eslaamizaad, S and Robertson,P.K. Cone penetration 
testing tests to evaluate bearing capacity of founda-
tions in sands. Proceedings of the 49th Conference of 
the Canadian

Geotechnical Society, 1986, 429–438.
Foye, K.C., Abou-Jaoude, G., Prezzi, M., and Salgado, 

R. (2009). Resistance factors for use in load and resist-
ance factor design of driven pipe piles in sands. Jour-
nal.of Geotechnical. Geoenvironmental. Eng., 135(1), 
1–13.

Flynn, K.N. and McCabe, B.M. (2016), Shaft resistance 
of driven cast-in-situ piles in sand, Canadian Geo-
technical Journal, Vol. 53, Issue 1, pp 49–59.

Gavin, K. (1999) Experimental investigation of open and 
closed ended piles in sand’, [thesis], Trinity College 

(Dublin, Ireland). Department of Civil, Structural 
and Environ-mental Engineering, pp 369

Gavin, K., Adekunte, A. & O’Kelly, B. (2009), ‘A field 
investigation of vertical footing response on sand’, 
Proceedings of the Institution of Civil Engineers-Ge-
otechnical Engineering, vol. 162, no. 5, pp. 257–267.

Gavin, K.G, and Lehane (2003), The Shaft capacity of 
pipe piles in sand The Shaft capacity of pipe piles in 
sand, Ca-nadian Geotechnical Journal, Vol. 40, No.1, 
pp36–45, (2003), doi:10.1139/t02–093

Gavin, K. & Lehane, B. (2005), Estimating the end bear-
ing resistance of pipe piles in sand using the final fill-
ing ratio. Proceedings of the International Symposium 
on Frontiers in Offshore Geotechnics. ed. / M.J. Cas-
sidy; S. Gourvenec. Vol. n/a Perth, Australia. ed. The 
Netherlands: CRC Press/Balkema, 2005. p. 717–723.

Gavin., K., Cadogan., D. and Casey., P (2009)The shaft 
capacity of CFA piles in Sand ASCE Journal of Geo-
tech-nical and Geoenvironmental Engineering, Vol 
135, Issue 6, pp 790–798.

Gavin., K., Cadogan., D., Casey., P. & Tolooiyan., A. 
(2013), ‘The Base Resistance of Non-Dislacement 
Piles in Sand –: Field Tests’, ICE Journal of Geotech-
nical Engineering, Vol. 166, 6, pp 540–548

Houlsby, G.T. and Cassidy, M.J.. A plasticity model for 
the behaviour of footings on sand under combined 
loading. Géotechnique, 2002, 52, No. 2, 117–129.

Huybrechts, N, De Vos, M, Bottiau, M. and Maertens, L. 
(2016) Design of piles—Belgian practice, ISSMGE-
ETC3, International Symposium on Design of Piles 
in Europe, Leuven, Belgium, April eds De Vos et al.

Ismael N.F. Allowable pressure from loading tests on
Kuwaiti soils. Canadian Geotechnical Journal, 1985, 22,
No. 2, 151–157.
Kulhawy, F.H., and Mayne, P.W. 1990. “Manual on esti-

mating soil properties for foundation design.” Rep. 
No. EL-6800, Electric Power Research Institute, Palo 
Alto, Calif.

Lee, J.H. & Salgado, R. (1999), ‘Determination of pile 
base resistance in sands’, Journal of Geotechnical and 
Geoenvironmental Engineering, ASCE, vol. 125, no. 8, 
pp. 673–683.

Lee, J.H. and Salgado, R. (2005). Estimation of Bear-
ing Capacity of Circular Footings on Sands Based on 
Cone Penetration Test. Journal of Geotechnical and 
Geoenvironmental Engineering, Vol. 131, No. 4, April 
2005, p. 442–452.

Lehane, B.M. (1992). “Experimental investigations of 
pile be-havior using instrumented field piles.” PhD 
Thesis, Univer-sity of London (Imperial College), 
London.

Lehane, B.M. (2008), ‘Relationships between axial capac-
ity and CPT qc for bored piles in sand’, 5th Interna-
tional Symposium on Deep Foundations on Bored and 
Auger Piles (BAP V), GHENT, BELGIUM, pp. 
61–74.

Lehane, B.M and Gavin, K.G., (2001) Experimental 
inves-tigation of the factors affecting the base resist-
ance of open-ended piles in sand. Journal of Geotech-
nical and Geoenviromental Engineering, ASCE Vol. 
127, No. 6, June (2001). doi:10.1061/(ASCE)1090–
0241(2001)127:6(473), p 473–480.

Lehane, B.M. and Randolph, M.F., (2002) Evaluation of 
a minimum base resistance for driven piles in siliceous 



61

sand,. Journal of Geotechnical and Geoenviromental 
Engineering, ASCE Vol. 128, pp 198–205

Lehane, B.M., Doherty, J.P. & Schneider, J.A. (2008), 
‘Settlement prediction for footings on sand’, Defor-
mational Characteristics of Geomaterials, IOS Press/
Millpress, Rotterdam, pp. 133–150.

Lehane, B.M., Scheider, J.A. & Xu, X. (2005), CPT based 
design of driven piles in sand for offshore structures, 
University of Western Australia, Australia.

Mayne, P.W., Uzielli, M. and Illingworth, F. 2012. Shal-
low footing response on sands using a direct method 
based on cone penetration tests. Full Scale Testing and 
Foundation Design(Proceedings GSP 227 honoring 
Bengt Fellenius), ASCE, Reston, Virginia: 664–679.

Meyerhof, G.G. (1956), ‘Penetration tests and bearing 
capacity of cohesionless soils’, Journal of the Soil 
Mechanics and Foundations Division, vol. 82, no. SM1, 
pp. 1–19.

Meyerhof, G.G. (1976), ‘Bearing Capacity and settle-
ment of pile foundations’, Journal of the Geotechnical 
Engineering Division, vol. 102, no. GT3, pp. 197–228.

Meyerhof, G.G. (1983), ‘Scale effects of pile capacity’, 
Journal of Geotechnical Engineering, vol. 108, no. 
GT3, pp. 195–228.

PLAXIS (2002), Finite element code for plane strain and 
axi-symmetric modelling of soil and rock behaviour, 
ed.^eds 8.2, Plaxis bv, The Netherlands.

Papadopoulus, B.P. (1992), Settlement of Shallow Foun-
dations on Cohesionless Soils, ASCE Journal of geo-
technical Engineering, Vol. 118, No.3 pp 377–393.

Randolph, M.F., Dolwin, J. & Beck, R. (1994), ‘Design 
of drivenpiles in sand’, Geotechnique, vol. 44, no. 3, 
pp. 427–448.

Randolph, M.F., and Gouvernec S. (2011) Offshore Geo-
technical Engineering, Rouledge Publ.

Randolph, M.F., Janmiolkowski, M.B. and Zdravkovic 
L. (2004) Load carrying capacity of foundations. Pro-
ceedings of Advances in Geotechnical Engineering—
The Skempton Conference, London, 1, 207–241.

Reese, L.C., O’Neill, M.W. and Touma, F.T. (1976) 
Behav-iour of drilled piers under axial loading, Jour-

nal of Ge-otechnical Engineering, ASCE, Vol 102, 
No.5: pp 493–51.

Salgado, R. & Randolph, M.F. (2001), ‘Analysis of Cav-
ity Expansion in Sand’, International Journal of Geo-
mechanics, vol. 1, no. 2, pp. 175–192.

Schanz, T., Vermeer, P.A. & Bonnier, P.G. (1999), ‘The 
hardening soil model: formulation and verification’, 
Beyond 2000 in computational geotechnics: 10 years of 
PLAXIS International, Rotterdam.

Schneider, J.A. (2007) Analysis of piezocone data for 
displacement pile design, PhD thesis, University of 
Western Australia

Tefera, T.H., Nordal, S., Grande, L., Sandven, R. & 
Emdal, A. (2006), ‘Ground settlement and wall defor-
mation from a large scale model test on a single strut-
ted sheet pile wall in sand’, International Journal of 
Physical Modelling in Geotechnics, vol. 6, no. 2, pp. 
1–14.

Tolooiyan, A. & Gavin, K. (2011), ‘Modelling the Cone 
Penetration Test in sand using Cavity Expansion and 
Arbitrary Lagrangian Eulerian Finite Element Meth-
ods’, Computers and Geotechnics, vol. 38, no. 4, pp. 
482–490.

Tolooiyan, A and Gavin, K.G, (2013) The base resistance 
of non-displacement piles in sand, Part II—Numeri-
cal Analyses, ICE Journal of Geotechnical Engineer-
ing, Vol 166, 6, pp 549–560.

White, D.J. & Bolton, M.D. (2005), ‘Comparing CPT 
and pile base resistance in sand’, Geotechnical Engi-
neering, vol. 158, no. GE1, pp. 3–14.

Wu, J., Kammerer, A.M., Riemer, M.F., Seed, R.B. & 
Pestana, J.M. (2004), ‘Laboratory Study of Liquefac-
tion Triggering Criteria’, 13th World Conference on 
Earthquake Engineering, p. 14.

Xu, X. & Lehane, B.M. (2008), ‘Pile and penetrometer 
end bearing resistance in two-layered soil profiles’, 
Geotechnique, vol. 58, no. 3, pp. 187–197.

Yang, K.H., Zornberg, J.G. & Wright, S.G. (2008), 
Numerical modeling of narrow MSE walls with extensi-
ble reinforcements, Center for Transportation Research 
(CTR), Austin, Texas.


