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ABSTRACT: Projects involving construction of piled foundations often rely on
preliminary full-scale field tests to failure to predict performance under applied load.
If these tests are not available, the ensuing uncertainty will naturally lead to
conservative design assumptions. Such design assumptions will result in higher
construction costs and often in longer construction times. This paper shows how a
database of previous pile load tests can be used in conjunction with simple analytical
tools to attempt a quantification of performance uncertainty. Data from a series of
previously published axial load tests on piles in London Clay is employed to this end.
The methodology developed in this paper can arguably be expanded to a wider range
of test sites and geological materials.

INTRODUCTION

Piled foundations ‘fail’ due to excessive movements. Literature on estimating the
magnitude of these movements is extensive; ranging from analytical solutions (e.g.,
Randolph & Wroth 1978; Mylonakis & Gazetas 1998; Mylonakis 2001, Guo 2012),
continuum solutions employing Green’s functions (e.g., Poulos & Davis 1968,
Butterfield & Banerjee 1971), finite-element studies (e.g., Ottaviani 1975; Baguelin &
Frank 1980; Syngros 2004) and semi-empirical approaches (e.g., Seed & Reese 1957;
Coyle & Reese 1966; and Fleming 1992). Despite these advances, engineers “may
never be able to estimate axial pile capacity in many soil types more accurately than
about +30%” (Randolph 2003).

The significance of accessible open source data has been acknowledged by other
researchers who have invested in databases of pile performance in various countries
e.g., USA (Paikowsky et al. 2004), Ireland (Galbraith et al. 2014) and Egypt
(AbdelSalam et al. 2015). Global databases have also been recently compiled for tests
in sands by a Chinese-UK-Australian research collaboration (Yang et al. 2015, 2016)
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and the FindaPile.com (Lemnitzer & Favaretti 2013) database for lateral-load tests by
the Deep Foundation Institute and University of California, Irvine in the USA.

In the UK, a large amount of piled foundation construction is in stiff clay deposits.
Results of full-scale tests on bored piled foundations are available for London clay
(Whitaker & Cooke 1966, Patel 1992), but the raw data is not widely available. Design
methods used in practice include those reported in Skempton (1959) (see Figure 1a),
Poulos (1989), Fleming et al. (2009) and Tomlinson & Woodward (2014).

Settlement prediction is often carried out using numerical software such as Oasys Pile
(OASYS 2017), Ensoft TZPile (Reese et al. 2014), Geocentrix Repute (Bond & Basile
2017), Deltares D-Pile group (Deltares 2016) and Fine GEOS5 Pile (Fine n.d.). The
available software use either three-dimensional boundary element methods based on
Mindlin’s solution for a point load in the interior of a linear elastic half space, or one-
dimensional numerical analysis using theoretical or empirical “#-z” curves.

Combining the load test data collected in the stiff clay deposits in the UK in the past is
needed to better calibrate geotechnical design models and thus better quantify and
hopefully reduce uncertainty. Such data are key for calibrating recent analysis models.
This paper presents the preliminary outcomes of an EPSRC funded research project
(DINGO: Databases to INterrogate Geotechnical Observations) for the development of
an open-source database of pile load tests in UK soil deposits.

THE DATABASE: KEY FEATURES AND STRUCTURE

At the time of writing the DINGO database was being compiled by a research team
based at the University of Bristol. Data from literature includes material published in
journals, conference proceedings, textbooks, dissertations and technical reports.
Industry data has been sourced from UK-based engineering consultancies and
contractors.

The Association of Geotechnical & Geoenvironmental Specialists (AGS) present a
data structure, known as the AGS Format (AGS 4.0.4, 2017), which is commonly used
for transfer of ground investigation data in the UK. This was selected for the DINGO
database to allow ease of use and familiarity to the practicing engineer. A similar
structure is not available for pile loading tests, therefore, a similar but bespoke format
has been used for the pile information. The source metadata is stored in a master
spreadsheet with additional spreadsheets describing the site-specific data.

PRELIMINARY ANALYSIS AND RESULTS

Once the database of tests is compiled, the aim is to use it to calibrate and compare
existing settlement prediction approaches available in the literature. In this paper a
preliminary investigation focuses into suitable methods to use and the appropriate
presentation methods to allow comparison between them. A large number of
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prediction methods are available both in the literature and in software packages as
mentioned in the Introduction. Three families of methods are considered and a
representative model is chosen from each.

Method 1 — Linear Elastic

Linear elastic analyses are commonly used to model piles under axial load. Some
software still exclusively uses linear elastic soil models (e.g. PIGLET, Randolph
2006) and most software includes an option to use this model. Simplified Winkler/load
transfer models are popular (Randolph & Wroth, 1978; Scott, 1981; Mylonakis &
Gazetas 1998; Guo 2012), and when model parameters are matched to soil properties
using more rigorous continuum analyses that typically provide very similar results
(Randolph & Wroth, 1978; Mylonakis, 2001; Syngros, 2004; Guo, 2012; Anoyatis,
2013). Closed-form solutions for piles embedded in inhomogeneous soils are
provided, among others, by Scott (1981), Guo (2012) and Crispin et al. (2018). The
method by Crispin ef al. (2018) has been chosen to represent this ‘family’ of solutions,
in which the Winkler model is employed, and the Winkler modulus is assumed to vary
according to the following function of depth, z:

k(z):kL[H(l—a)ﬂn, a=(]]§—°)" (1)

where L is the pile length, ko and kz are the Winkler modulus at the pile head and pile
base, respectively; a is a dimensionless coefficient accounting for non-zero surface
stiffness and » is an inhomogeneity exponent. The pile base is modelled as a spring
with stiffness Kb.

The pile head stiffness, Ko, is given by:

Ko _ EpA/ILag [Iv—l (Zo)ll—v (ZL)_Il—v (Zo)lv—l (ZL)] +QL [Iv—1(lo)17v(1L)_117V(Zo)1+v(7ﬁ):| (2)
[[—v (Io )[v—l (ZL) _[+v (Zo)ll—v (ZL )] + QL [1—\/ (Zo)lw (ZL) _Iw (Zo)lfv (}(L )]

where E, and 4 denote the pile elastic modulus and cross-sectional area, respectively;
AL is a load transfer parameter (units of Length™); Q. a dimensionless pile base
stiffness constant and /,(y) is the modified Bessel function of the first kind of order v
and argument y. Az, Qr, v, yL and yo are given by:

K 21, L n2
ﬂsz kL 5QL: - , V= ! s X = - aZo:ZLaz (3)
EPA EPA/lL n+2 (1-a)(n+2)

The Winkler modulus and base spring stiffness must then be related to the soil
properties. The simple concentric cylinder model from Cooke (1974) and Randolph &
Wroth (1978) (Figure 1b) is used to relate the Winkler modulus variation, k(z), to the
soil shear modulus variation, Gs(z) by defining a “magical” radius, r», denoting the
radial distance from the pile axis at which displacement due to the load applied on the
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pile is presumed to reach zero. For a single pile the stiffness of the springs in the shaft
can be determined using the following expression (Randolph & Wroth 1978).

ko) 2m rmzZ'Schy(L/z)
G,(z) In(2r, /D) G,(L)

(1=vs) 4

where Ds is the pile shaft diameter and vs is the soil Poisson’s ratio. The expression for
rm was fitted to a numerical continuum analysis by Randolph & Wroth (1978).

Pile groups spaced closer than rm (=5-10Ds) are interacted and Poulos (1968)
superposition method can be applied using the interaction factors of Randolph &
Wroth (1979) as modified by Mylonakis & Gazetas (1998), to determine the overall
settlement of the group.

The stiffness of the pile base spring, K», is approximated as a rigid punch on the
surface of a half-space (Randolph & Wroth, 1978):

© 226D,

od-v) ©)

where Ds is the pile base diameter.

Linear elastic models, including the herein presented method, are easy to employ with
sufficient accuracy at low strength mobilisations which are often encountered in
design. However, these methods do not account for the nonlinear behavior of the soil
which can lead to very unconservative predictions at large loads, close to failure.

Method 2 — Elastoplastic “#-z” analysis using a linear elastic perfectly-plastic soil
model

The simplest non-linear model is linear elastic-perfectly plastic, which is commonly
the default for settlement prediction software (e.g. OASYS 2017; Deltares, 2016) and
allows model parameters to be easily related to soil properties. A simple extension to
the linear elastic model has been described by Scott (1981), Guo (2012) and Crispin et
al. (2018) that allows this model to be analysed in closed form, without the need for
numerical software. The analysis proposed by Crispin et al. (2018) is used in this
study.

The model is shown in Figure 2. Following the assumption that the limiting skin
friction is first reached at ground surface, and a plastic length, L,, propagates down the
pile, parametric expressions for the load and settlement at the top of the pile can be
developed in terms of Lp. At the interface between this plastic section and the elastic
section below, the displacement of the pile is the yield displacement at that depth,
wy(Lp)=tu(Lp)/k(Lp). The stiffness of the elastic section, Kei, can be calculated using
any linear elastic method and multiplied by wy(Ly) to get the axial force in the pile at
the interface. The plastic section of pile is then modelled as a column with known base
load and distributed shaft load. Once the shaft resistance is exhausted, a displacement
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at the pile base can be assumed and the same process applied with the elastic section
replaced by the base spring. By calculating the head load and settlement for 0 <1, <L
and for the base settlement at failure, a full load-settlement curve can be produced.

Considered a power-law variation in ultimate shaft resistance per unit length, #u(z),
with exponent, m, and surface value #.0, Crispin et al. (2018) developed Eqs (6)
and (7) to describe the head load and settlement:

t,(L)—1,

m+1 L ©)

P

P=P(L,)+t,L,+

P(Lp)L + tuo L2+tu(Lp)_tu0L2

o =Mt e e a " T DE A 7
where w(L,), P(Lp) and t.(Lp) are the axial displacement, load and ultimate shaft
resistance per unit length at the interface depth, z=L,, respectively.

tu(z) 1s calculated using the a-method (Skempton, 1959; Patel, 1992):

t (z)=ac,(z)7D, (8)

where «a is the pile-soil adhesion factor and cu(z) is the undrained shear strength profile
with depth.

This extension of the linear elastic method gives more reasonable predictions at large
loads yet is simpler to employ than full numerical analysis, but careful consideration is
therefore required to select a representative stiffness and strength (e.g. Poulos 1999).

Method 3 — Elastoplastic “#-z” analysis using a power—law nonlinear soil model

A linear elastic perfectly-plastic soil model is a relatively crude approximation of the
constitutive behavior of soils, neglecting any nonlinear elastic behavior and plastic
behavior such as strain softening. Modelling soil nonlinearity rigorously requires
numerical analysis, however, Vardanega et al. (2012a, 2018) proposed a simple
analytical method based on mobilised stress design principles that is suitable for hand
calculation and can be applied here. The constitutive relationship in Eq. (9) was
derived from a database of soil tests in clays (Vardanega & Bolton, 2011a).

b
1z U 7r | i2s<mss )
M ¢ 2\7,.,

where M is the mobilisation factor, a factor of safety on soil shear strength cu; 7 is the
mobilised shear stress at a corresponding shear strain y; ym=2 is the shear strain at 50%
of the undrained shear strength and b is a nonlinearity exponent.
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By applying this relationship to the concentric cylinder model introduced by Cooke
(1974) and Randolph & Wroth (1978) (Figure 1b) and accounting for pile
compression, Vardanega et al. (2012a) derived the following relationship between the
average mobilisation of soil strength at the pile circumference and the displacement at
the pile head:

1/b — 2
W _b v (ij _,_ii L (10)
D 2(1-b)\ M M E,\ D,

where &, is the average undrained shear strength over the pile length.

In order to apply Eq. (10), a relationship between the applied load at the pile head and
the mobilisation of the soil at the pile circumference is required. Using the adhesion
factor a, on soil shear strength (Skempton, 1959; Patel, 1992) to estimate the shear
stress at the pile-soil interface when slip occurs, the mobilisation factor can be related
to the factor of safety on the pile shaft resistance, Finas:

Zus — oM (11)

where Ps and P,s are the applied and ultimate load on the shaft, respectively and M is
the average mobilisation factor over the pile length. This indicates that the minimum
value of M is I/a. Following the conservative simplifying assumption that no base
load is mobilised until the shaft resistance is exhausted, the total factor of safety, Froral,
is given by:

~ BA,S +Bt,b Pu,s +Pu,b Pu,s + Bt,b
total = I)S = ])u’s shaft — })u’s aM (12)

where Pus is the ultimate load resisted by the pile base. Substituting the following
expressions for Pus and Pu» (Skempton, 1959) into Eq. (12) yields Eq. (14).

c“ub

2
P N D | D
Eotal =—= a+_ccéb_s -+ M (14)
P 4 ¢, L\ D

s

P, =acxDL , P, =N,.c,zD} /4 (13)

where P and P, are the total applied and ultimate loads, respectively; Ne is the bearing
capacity factor, taken as 9, and cu» 1s the undrained shear strength at the pile base.

The power-law constitutive model is an improvement on a linear elastic assumption

and the method employed is still simple to apply. However, once the shaft resistance is
exhausted, the concentric cylinder model no longer applies and Eq. (11) cannot be

Page 6



used, therefore this method is limited to predicting settlement before the shaft
resistance is exhausted.

Analysis

The methods described in the previous sections have been used to analyse 51
maintained load tests from 15 sites in London reported by Patel (1989). A summary of
the tests is shown in Tables 1 and 2. All piles are embedded in London Clay with a
short, commonly sleeved, length through any overlying material.

Patel (1989) interpreted mean cu(z) lines for each site using triaxial test results, as is
now recommended by the London District Surveyors Association (LDSA, 2009).
Most of these lines were determined from undrained triaxial shear tests on 100mm
samples, therefore, following the recommendations of Patel (1992) and LDSA (2009),
0=0.5 has been used directly from back analysis of reported maintained load pile test
results. However, for sites A5, A7, A8 and A14 the design lines were based on cu tests
on 38mm samples. Patel (1992) found that 38mm samples overestimate the fissured
strength of London Clay (found using plate load tests or using 100mm samples) by a
factor of about 1.3, therefore, the design lines for these sites have been reduced by this
factor. This is in agreement with experimental results by Whitaker & Cooke (1966)
who used 38mm samples and recommended reducing the base value by a similar
factor. The equivalent a value is 0.38, which is similar to the value found by
Skempton (1959) using the approach after Patel (1992) to account for the slower rate
at which these tests were completed. Skempton’s work (1959) was largely based on
very fast tests to failure at a time when rate and pore pressure effects in stiff clays
were unknown. The design lines are shown in Figure 4.

Vardanega & Bolton (2011b) analysed 15 high quality triaxial tests on London Clay
samples to determine the deformation behaviour of the material. The tests had an
average b value of (.58 and an average yu-2 of 7x107% which are used in Method 3.
Additionally, the maximum shear modulus, Go, was found to be approximately 320cu.
Go is used in Methods 1 and 2 until the shaft resistance is exhausted. A secant shear
modulus is employed for the remaining settlement in Method 2, resulting in a bilinear
spring to represent the base (shown in Figure 3a). This is estimated using Eq. (9) and
the predicted mobilisation of the base resistance once the shaft resistance was
exhausted and at failure (shown in Figure 3b).

Results

Load-settlement curves for each test are presented in Figures 5 to 7 comparing the
three predicted curves with the measured data. The head displacement is normalised
with the pile base diameter and the applied load is normalised with the predicted
ultimate load using Eq. (13). This has been equated to the inverse of the design Factor
of Safety (Fiowi). The predicted ultimate load for each pile is shown in Table 3 with the
maximum load tested and the valid prediction range of each method. All three
methods predict the settlement well at low loads, indicating the deformation
parameters chosen are realistic. Method 1 under-predicts settlement significantly at
high loads when nonlinear soil behaviour dominates. Method 2 accounts for this
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relatively well, although the linear elastic perfectly-plastic model provides a sharp
transition to yielding. Method 3 shows good agreement over the range for which it is
valid but should not be used beyond the point where the shaft resistance is exhausted.

The predicted and measured settlements at specific Fuowr values have been
interpolated. Predicted versus measured plots are needed to show the bandwidth of
error when using a model to predict observations (cf. Koutsoftas et al. 2017 and
Kootahi & Mayne 2017). Figure 8 shows the predicted vs. measured settlement for
each model at Fiow=2.5. Vardanega et al. (2012b) shows that various codified design
approaches for a pile in London Clay imply Frm values around this level while,
LDSA (2009) recommends a value of 2.6 for piles in London Clay where no load
testing is completed. 50% error bounds and the percentage of points within this range
for each method are shown. Higher points indicate unconservative predictions. Figure
9 illustrates similar plots for Fr values of 5, 3, 2, and 1.5. These allow a designer to
observe the possible variation in pile settlement predictions in London Clay at
different factors of safety. The maintained load tests in the database studied here were
not carried out to failure so the number of tests on the plot reduces as the applied load
increases. All three models seem to initially give conservative predictions, however, as
the Fror gets lower it is apparent that some results were significantly under-predicted.

CONCLUSIONS

An opensource, user-friendly database for UK pile tests is being compiled at the
University of Bristol. Preliminary analyses were presented concerning the data from
Patel’s (1989) database of field tests. Experimental measurements were compared to
three selected theoretical approaches from three groups: (i) linear elastic, (ii)
elastoplastic “#-z” analysis using a linear elastic perfectly-plastic soil model, and (ii1)
elastoplastic “s-z” analysis using a power-law non-linear soil model. All three selected
methods, although idealised, show good agreement with the test data. An alternative
representation comparing predicted vs. measured normalised pile head settlement
proves desirable, as it allows for a better understanding of the accuracy of the
theoretical models in a statistical sense.
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TABLES

Table 1. Patel 1989, summary of pile tests presented in this study

Stats of Patel 1989 pile tests

Site locations 15 sites in London Pile diameters (m) 0.343-0.914
Number of test piles 51 Pile lengths (m) 6.1-24.2
Pile types Bored, straight shafted Pile lengths in clay (m)
4.3-22.7
& under reamed
Test types Maintained Load Max head displacements (mm) 19.4
Geology London Clay Max applied load (kN) 3540

Table 2. Pile lengths in London Clay, L, and pile base diameters, Dy, normalised

with pile shaft diameters, D;, for the tests recorded in Patel 1989.

Site Pile L/Ds Dy/D; Site Pile L/Ds Dy/D;
Al TP1 17.1 1.0 TP3 22.2 1.0
TP2 254 1.0 A9 TP4 28.9 1.0
A2 TP1 13.3 1.0 TP35 26.7 1.0
A3 TP1 11.7 1.0 TP6 20.0 1.0
A4 TP1 26.5 1.0 Pl 37.2 1.0
A5 TP1 14.0 1.0 P2 333 1.0
TP2 16.8 2.8 Al0 P4 27.6 1.0
24/7 10 22.0 1.0 P5 34.9 1.0
29/2 16.0 1.0 P6 323 1.0
95 4/25 14.9 1.0 All TP1 30.6 1.0
B4 20.0 1.0 TP2 32.6 1.0
B5 15.5 1.0 AL2 TP1 13.5 23
A6 B6 15.0 1.0 TP2 15.0 1.0
B7 11.5 1.0 AlL3 TP1 23.4 1.0
B8 22.5 1.0 TP2 12.5 1.0
B9 18.5 1.0 4138 28.0 1.0
B10 15.0 1.0 A 13.4 1.0
B11i, ii 14.4 1.0 B 13.4 1.0
B12 17.6 1.0 Al4 C 13.4 1.0
A7 TP1 16.9 1.0 TP1 30.0 1.0
TP2 16.5 2.0 TP2 30.1 1.0
A8 TP1 30.3 1.0 TP3 26.7 1.0
TP2 27.5 1.0 TP1 20.0 1.0
A9 TP1 214 1.0 AlS TP2 22.0 1.0
TP2 17.8 1.0 TP3 15.0 1.0
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Table 3. Applied and Predicted Loads

Site Pile Predicted Normalised Normalised Load Prediction Range,
Ultimate Maximum P/Py
Load, P. Applied Test

(kN) Load, Pur/P.  Method1  Method 2 Method 3
Al TP1 445 0.90 0- 0-1 0-0.73
TP2 724 1.03 0- 0-1 0-0.78
A2 TP1 517 0.67 0- 0-1 0-0.70
A3 TP1 463 0.78 0- 0-1 0-0.71
A4 TP1 1141 0.87 0- 0-1 0-0.81
A5 TP1 783 0.93 0- 0-1 0-0.73
TP2 3999 0.73 0- 0-1 0-0.67
24/7 10 2156 0.67 0- 0-1 0-0.73
29/2 1871 0.67 0- 0-1 0-0.70
95 4/25 1716 0.67 0- 0-1 0-0.69
B4 1864 0.67 0- 0-1 0-0.71
BS 2235 0.67 0- 0-1 0-0.73
B6 1215 0.67 0- 0-1 0-0.67
A6 B7 841 0.79 0- 0-1 0-0.67
B8 1277 0.76 0- 0-1 0-0.67
B9 1655 0.77 0- 0-1 0-0.70
B10 2134 0.67 0- 0-1 0-0.71
Bl1li 2907 0.67 0- 0-1 0-0.68
B11ii 2907 0.67 0- 0-1 0-0.68
B12 2875 0.67 0- 0-1 0-0.68
A7 TP1 2789 0.67 0- 0-1 0-0.72
TP2 4961 0.67 0- 0-1 0-0.67
AR TP1 2147 0.71 0- 0-1 0-0.81
TP2 1865 0.80 0- 0-1 0-0.79
TP1 756 0.85 0- 0-1 0-0.76
TP2 601 0.75 0- 0-1 0-0.74
A9 TP3 794 0.93 0- 0-1 0-0.77
TP4 1127 0.67 0- 0-1 0-0.81
TPS 1010 0.83 0- 0-1 0-0.80
TP6 695 0.86 0- 0-1 0-0.75
P1 4711 0.68 0- 0-1 0-0.83
P2 3976 0.67 0- 0-1 0-0.81
Al0 P4 3003 0.67 0- 0-1 0-0.79
P5 4269 0.75 0- 0-1 0-0.82
P6 3791 0.93 0- 0-1 0-0.81
All TP1 980 1.22 0- 0-1 0-0.77
TP2 1103 1.09 0- 0-1 0-0.78
AL2 TP1 5428 0.67 0- 0-1 0-0.67
TP2 2673 0.73 0- 0-1 0-0.71
Al3 TP1 1797 0.67 0- 0-1 0-0.78
TP2 870 0.67 0- 0-1 0-0.68
4138 2419 0.74 0- 0-1 0-0.78
A 194 0.67 0- 0-1 0-0.67
Al4 B 194 0.72 0- 0-1 0-0.67
C 194 0.72 0- 0-1 0-0.67
TP1 2693 0.67 0- 0-1 0-0.79
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TP2 1221 0.74 0- 0-1 0-0.80
TP3 1024 0.67 0- 0-1 0-0.78
TP1 3347 0.78 0- 0-1 0-0.79
AlS TP2 2258 0.67 0- 0-1 0-0.81
TP3 1578 0.67 0- 0-1 0-0.75
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FIG. 1. (a) Ultimate pile capacity distribution (based on Skempton 1959) and
(b) displacement of a single pile (based on Cooke 1974 and Randolph & Wroth
1978).
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FIG 4. Undrained shear strength variation with depth for the reported sites in
London Clay as determined from triaxial tests on 100mm and 38mm samples
(modified after Patel 1992). Subscript f denotes factored profiles.
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