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Chapter 10

The DINGO database of axial pile-
load tests for the United Kingdom

Determination of ultimate load

Manar M. Othman, Elia Voyagaki, Jamie J. Crispin,
Konstantina Ntassiou, Charlotte Gilder, Flavia De
Luca, George Mylonakis, and Paul J. Vardanega

ABSTRACT

Databases containing pile information are widely used to assess the reliability of design
and performance prediction methods. The DINGO database of test piles installed in UK
soils contains over 500 records collected from both literature and industry sources. This
chapter details the collation of the database and details on the distribution of the test piles
and previous analyses that have been undertaken. In this work, the DINGO database is
used to assess the reliability and usability of eight methods for interpreting the ultimate
pile capacity from filed test load-settlement information. The methods include math-
ematical model approaches, graphical estimations, and settlement limits. Higher ultimate
loads were interpreted using the Chin method while lower ultimate loads were calculated
using the DeBeer method. Finally, the average factor of safety for the pile tests used in
this study was calculated to be 2.63 across all eight methods, with 26.6 and 1.05 being
maximum and minimum values, respectively.

10.1 INTRODUCTION

10.1.1 Databases in geotechnical engineering

Databases are used extensively in geotechnical engineering for the development of trans-
formation (regression) models to make a priori estimates of design parameters and for
exploring interrelationships between parameters. A seminal work that presents such
data and models is the Manual on Estimating Soil Properties for Foundation Design by
Kulhawy and Mayne (1990). The importance of assessing transformation uncertainty
using statistical measures such as the standard error (SE) and the coefficient of variation
(COV) has been well articulated in the papers by Phoon and Kulhawy (1999a, 1999b).
More recent studies investigating design parameter variation include Chen and Kulhawy
(1993) who studied the effect of test type on undrained shear strength; Ching and Phoon
(2014a, 2014b) who examined variability of soil undrained shear strength parameters;
and Beesley and Vardanega (2020) who presented a database (RFG/TXCU-278) used to
investigate the effect of shear mode on both undrained shear strength and mobilisation
strains.

Due to the expense of full-scale foundation testing, significant research effort has been
directed to collecting databases of pile tests. These can be used to establish and assess
the accuracy of design and/or prediction methods. The importance of using reliability
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(statistical) methods in conjunction with design methods, focussed on capacity predic-
tions (ultimate states), was articulated by Kulhawy (2010) in the Sth Peter Lumb lecture.
The potential of using reliability-focused settlement predictions (e.g., using the mobilis-
able strength design (MSD) method) was discussed by Vardanega and Bolton (2016).
Some examples of different reliability-based design (RBD) approaches are given in the
paper by Low and Phoon (2017). All of these approaches require access to significant
datasets (for the topic under discussion in this chapter: the availability of pile-load testing)
preferably accompanied by detailed ground investigation data from the same site. Some
large pile test databases are already available, a number of these were collected in specific
countries, including:

e The United States — Paikowsky et al. (2004) assessed the performance of Load and
Resistance Factor Design (LRFD) methods and Phoon and Tang (2019a) studied the
variability in the performance of steel H-piles;

e Ireland — Galbraith et al. (2014) assessed the performance of the Chin (1970) method
to interpret the ultimate test load; and

e Egypt — AbdelSalam et al. (2015) investigated in part the performance of different
CPT pile capacity prediction methods.

Some international databases are also available using various sources and locations
worldwide, such as (i) the Yang ef al. (2015) database which includes pile-load tests in
sand, (ii) the Chen and Kulhawy (2002) database which includes 53 sites with 100 pile
tests (the majority installed in sand) which was used to evaluate the side and tip resistance
of bored piles (concluding that beta values reach 6.5 at shallow depths and decrease at
depth to reach a value range of 0.24-0.30 at around 20 m), (iii) the Chen et al. (2009)
database containing 170 load tests across 97 sites in a wide variety of soils, which was
used to evaluate the tip capacity of bored piles and concluded that the studied predictions
systematically overestimate the tip capacity in drained soils and (iv) the findapile.com
(Lemnitzer & Favaretti 2013) database which includes static and dynamic, axial, and
lateral load tests.

10.1.2 Pile design in the United Kingdom

Many publications on UK pile design are available in the literature (e.g., Burland 1973;
Burland & Cooke 1974; Meyerhof 1976; Parry & Swain 1977; Burland & Twine 1988;
Patel 1992; Fleming 1992; Bond & Jardine 1995; Tomlinson & Woodward 2008; Fleming
et al. 2009). Often discussed in these papers are issues such as the value of the “adhesion”
parameter (a), the comparison of total and effective stress methods or the correct friction
angle to use in the effective stress calculations (see also Vardanega et al. 2012 for further
discussion on some of these issues in the context of pile design in London clay).

In the UK, design methods have directly evolved based on observations from collec-
tions of pile tests. Skempton’s (1959) paper on the calculation of capacity of bored piles
in London clay relied on 34 pile—load tests carried out on 10 different sites in London.
These results were used in design practice, before being updated by Patel (1989, 1992)
who collected around 50 pile-load tests from more than 15 further sites in London. These
were then used to give design recommendations now directly encoded in the LDSA (2017)
design guidance for piles in London.
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10.1.3 The DINGO database

The DINGO project aimed to build on this past work by producing an open-access
database of pile-load test data which could be used for benchmarking new test results
and calibration of models for ultimate capacity and pile settlement in various deposits
across the United Kingdom (not just in London clay). The DINGO database was first
published in 2019 (Vardanega et al. 2019; Vardanega et al. 2021a). It is an open dataset
that comprises over 500 tests conducted on piles in UK soils. The current version of the
DINGO database is freely available to download from the University of Bristol Research
Repository (Vardanega et al. 2024). The focus of the DINGO project was to produce an
open-source dataset where the pile—load test data was, where possible, accompanied by
site-specific soil parameters.

Database building and curation efforts such as DINGO offer progress towards “data-
centric geotechnics” (Phoon et al. 2022), which is now possible as geotechnical engineer-
ing transitions from a data-poor to a data-centric discipline. The DINGO database has
previously been used to investigate pile settlement prediction methods in fine-grained
soils (Voyagaki et al. 2019, 2022), as well as quantify the settlement reduction due to the
application of different design codes (Crispin et al. 2022).

10.1.4 Determination of ultimate load

Pile design requires the knowledge of the ultimate load a pile can safely sustain during its
service life. A key purpose of routine pile-load testing is to determine the ultimate load
a test pile can sustain in order to verify a design prior to installation of the real founda-
tion. However, pile ultimate failure is difficult to define. Most definitions are based on
pile “plunging” and so are ultimately settlement criteria, but many pile tests, for cost and
practical reasons, often do not reach the load at which this occurs. Therefore, in order
to estimate the ultimate load of the pile, several studies have provided methods of capac-
ity estimation using incomplete (for the purposes of observing capacity) load—settlement
data. Such methods for the capacity analysis of the pile require testing the pile with vari-
ous loads and recording the corresponding settlement from such loads. Although these
methods are simple, the capacity of the piles is generally estimated with reasonable con-
fidence for pile design. Although more complex models are available for capacity analy-
sis, their complexity and the required geotechnical information deter professionals from
using them in routine design.

Chen and Fang (2009) established a database of 133 pile—load tests in 72 sites, where
55 tests were conducted in drained conditions and 78 tests in undrained conditions. Using
this database, an evaluation of eight published methods was conducted by Chen and Fang
(2009) and these methods were split into three categories: mathematical models (van der
Veen 1953; Chin 1970), settlement limits (Terzaghi & Peck 1967; DeBeer 1970; Fuller
& Hoy 1970), and graphical constructions (Davisson 1972; O’Rourke & Kulhawy 1985;
Hirany & Kulhawy 1988, 1989, 2002) in the aforementioned study. Each of these meth-
ods is discussed in detail later in this chapter. The results of the Chen and Fang (2009)
study suggested that the methods used present a similar range for both drained and und-
rained conditions. The Chin (1970) method presented the highest range bound while
DeBeer (1970) method presented the lowest bound (Chen & Fang 2009).

Using a database of load tests carried out on 152 driven concrete piles, Marcos et
al. (2013) also compared the same eight methods used by Chen and Fang (2009). This
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study divided the tests based on the pile section (square/circular) and the soil conditions
(drained/undrained). The outcome of this study showed that the DeBeer (1970) method
resulted in the lowest estimated capacity, while the Chin (1970) method produced the
highest estimated capacity, indicating both underestimation and overestimation, respec-
tively, which confirmed the results of earlier studies (e.g., FHWA 1993) (Marcos et al.
2013). The variability in methods such as those aforementioned for drilled shaft (bored
pile) performance is discussed further in FHWA (1993) and Phoon and Tang (2019b).

Similarly, Chen et al. (2021) compiled a database containing 34 pile tests from 20 differ-
ent sites to assess the eight methods described earlier (i.e., the methods used in Chen & Fang
2009 and Marcos et al. 2013) with the addition of a ninth method cited as “DIN 4026 1975”
in the original paper (the methodology of this method is fully described in Chen et al. 2021),
hereafter referred to as “DIN 4026.”" Chen et al. (2021) divided the piles in the database as
drained and undrained piles based on the ground conditions of the soils and the results of the
study showed similar loading trends in drained and undrained conditions, agreeing with the
findings of Chen and Fang (2009). Another outcome of this study was that Chin (1970) and
Fuller and Hoy (1970) methods consistently produce ultimate load estimations exceeding the
maximum load observed in the load—settlement testing (Chen et al. 2021).

In a more recent study, Chen et al. (2023) utilised the same methods mentioned earlier in
the chapter to estimate the ultimate load of a pile (apart from the Davisson (1972) method).
In this study, a large database of pile tests was used in the analysis containing 143 drilled
shaft compression load tests and the results of the analysis suggested using L1 (Hirany
& Kulhawy 1988) and DeBeer (1970) methods in serviceability limit state design due to
the underestimation tendency of these methods (Chen et al. 2023). The outcomes of the
Chen et al. (2023) study confirmed the findings of Chen and Fang (2009) and Marcos et
al. (2013) where the Chin (1970) method was observed to overestimate the ultimate load
estimation with values exceeding the other methods and the load—settlement curve.

Laveti et al. (2024) utilised 64 rectangular pile-load tests to estimate the ultimate load
of the piles using the same methods mentioned earlier in this chapter including “DIN
4026.” The estimated ultimate loads were used to calculate the ratio between the pre-
dicted and measured ultimate load of each pile and used as model factors for the calibra-
tion of the Ultimate Limit State (ULS) design (Laveti et al. 2024). Topacio et al. (2024)
also assessed the methods described previously in estimating the ultimate load of piles
constructed in rocks. A database was constructed with 50 compression load tests in 26
different sites where the soils were classified as rocks (Topacio et al. 2024). In this study,
the “DIN 4026,” “3%D,” “4%D,” and “5%D” methods used along with the eight meth-
ods presented earlier were used to assess the ultimate load estimation of each method
when a pile is constructed in rock (Topacio et al. 2024). Results of the Topacio ef al.
(2024) paper suggested that the Davisson (1972), DeBeer (1970), 5%D, and L2 (Hirany
& Kulhawy 1988) methods were the most suitable methods to estimate the pile ultimate
load when constructed in rocks.

In this chapter, similar methodologies to Chen and Fang (2009), Marcos et al. (2013),
Chen et al. (2021), and Chen et al. (2023) are followed to assess the performance of the
eight methods for determining the ultimate load of piles in the DINGO database. To this
end, the assembly and compilation of the DINGO database are summarised, along with
a brief review of some analyses previously undertaken using this database; the subset of
the DINGO database including tests suitable for this analysis is identified and each of
the eight methods is systematically applied to all possible tests in the subset; the resulting
ultimate load values are presented and discussed.
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10.2 ASSEMBLY AND ANALYSIS OF THE DINGO DATABASE

10.2.1 Assembly of the DINGO database

The DINGO project was funded by the Engineering and Physical Sciences Research
Council (EPSRC) (Vardanega 2017; Vardanega et al. 2021a) and was conducted by a
research team based at the University of Bristol in collaboration with industrial partners.
The full details of the building of the database, the data structure employed, and a list of
all sources used to derive the database are available in the summary report (Vardanega et
al. 2024). A brief outline of the assembly and compilation of the database is included here.

The DINGO database consists of data sourced from both the engineering literature
and industry reports and datasets. Published data was sourced from the literature, while
industry data was provided by UK-based engineering organisations, including project
partners. A large number of sources were identified, including many types of pile tests
(e.g., axial, lateral, maintained load, constant rate of penetration), on a variety of pile
types (e.g., bored, driven, concrete, steel) embedded in different soils (e.g., clay, sand,
chalk) from across the United Kingdom. However, the majority of tests were axial, main-
tained load (ML) tests, most frequently on bored piles.

The intention was to provide a database useful for many different purposes; therefore,
no restriction based on specific type of pile and/or test was imposed. Instead, the data
sources were categorised according to the quality of both the pile test and site investiga-
tion information. Sources were then prioritised according to these categories, with pile
test data that included a full load—displacement curve alongside detailed stratigraphic
information with index and strength data digitised first. While some high-quality digital
data was available, much of the data was provided in report format, requiring careful
digitisation of the graphs from the original sources.

As the various reports and papers were originally prepared with specific purposes in
mind, not all of the required information was presented. In particular, locations could
be quite general and/or confidential. In these cases, the best effort was made to give an
approximate location, particularly when this was relevant to identifying the relevant geo-
logical context. Furthermore, the topographic level information available was inconsis-
tent. Ordinance Datum (OD) level data was included in many cases, but in others, only
depth data was provided. Where necessary, an indicative site datum was approximated to
convert these into level data and allow comparison between pile installation details and
local boreholes.

Geological stratigraphic information was sourced in a variety of ways. Where original
borehole logs were available, these were included in the database. Otherwise, what geo-
logical information available was used to develop a simple ground model for each site.
Where possible, a consistent set of geology codes were assigned to each strata, based on
British Geological Society definitions, if available. Normally, this only involved mod-
ernising outdated terms, but in many cases, the geology was interpreted directly by the
research team from the available data. Available geotechnical test data was also directly
included in the database, particularly any strength and index testing that might have been
provided in the original data source.

A separate record was created for each site within a data source. Every effort was made
to ensure a consistent format between each record, although this was not always possible
as many test results were published precisely because of their unusual situation or con-
figuration. Each record was stored in a collection of standard tables, organised into an
MS Excel Spreadsheet. These were hierarchical, the PROJ table providing general project
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information was connected to specific LOCA and PILE tables, describing any boreholes
or piles, respectively. The former linked a series of tables including site investigation data
(e.g., geology, Atterberg limits, Standard Penetration Test (SPT) data, triaxial data), while
the latter linked a series of tables describing the piles and pile tests (e.g., test summaries,
load-settlement data). The geological data format was heavily inspired by the Association
of Geotechnical Specialists (AGS) data format (AGS 2017) that should be familiar to
many UK engineers.

Once the database was collated, the tests were categorised according to the date of test,
pile type, and geology in order to give a summary of the tests within the database. These
are shown in Figure 10.1. As a large database of tests throughout the United Kingdom
over a 70-year period, the database can also be used to highlight trends in the pile types
and dimensions used in practice, as well as instrumentation, data acquisition, etc. These
categories, along with other information on each site, were collected into summary tables
that can be used to develop insights into the contents of the database.

10.2.2 Data visualisation

The geotechnical applications of geographic information systems (GIS), providing com-
plex visualisations of geotechnical data, have been useful in geotechnical engineering
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Figure 10.] Distribution of the DINGO database pile test in the main subcategories. Note that some
geology categories are overlapping, i.e., a single pile may be in multiple categories (Source:
reproduced from Voyagaki et al. 2022, used under the terms of the cc-by 4.0 licence).
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(e.g., Player 2006; Wan-Mohamad & Abdul-Ghani 2011; B & Dodagoudar 2018) and
GIS platforms have been used to enable the assessment of geotechnical geospatial data
distribution (e.g., Kim & Kim 2019) or to construct geotechnical maps (e.g,. Ali & Shakir
2022). The DINGO database has characteristics that allow the visualisation of the geo-
graphic distribution of test piles across the United Kingdom.

The procedure for determining or approximating the site locations is described in detail
in the database summary report (see: Vardanega et al. 2019; Vardanega et al. 2021b;
Vardanega et al. 2024). A GIS-based mapping procedure was employed to interrogate the
database according to a number of areas of interest, based on characteristics such as the
pile type (bored, driven, cast in situ, continuous flight auger); the pile test employed (con-
stant rate of penetration (CRP), maintained load (ML), Osterberg), the geology encoun-
tered at the site, etc. In the current study, the analyses and mapping were carried out using
ArcGIS Pro software. The data consist of:

i. Summary data from the DINGO database; the sites that populate the database,
with all the categorical information (the location, the geology, the type of piles
installed, the pile test employed, the year the test was performed, the number of
boreholes, the number of piles tested, etc.) were exported as shapefiles, acquiring
spatial features.

ii. Open-access spatial data, including 1:250,000 scale geology data derived from the
British Geological Survey (BGS) that contains bedrock polygons and is a useful
guide to regional geology, as well as administrative borders, the UK cities, and the
sea polygons.

The GIS tool capabilities allow spatial analyses, data conjunctions, and various types of
data representations. Figure 10.2 shows the distribution of test sites in the DINGO data-
base alongside geological information.

Kernel density estimation is a method used in geospatial analyses to identify spatial pat-
terns of data regarding site characteristics and to evaluate the spatial density (e.g. Kim et
al. 2019). Kernel density estimation is a spatial clustering method, which detects clusters in
spatial data distributions (Han ef al. 2001; Borruso & Schoier 2004) and consists of “...
moving three-dimensional function (the kernel) which weights events within its sphere of
influence according to their distance from the point at which the intensity is being estimated”
(Gatrell et al. 1996, p. 259): it calculates a size/attribute for point or line features using a
kernel function to fit the produced raster surfaces to each feature (Borruso & Schoier 2004).

Kernel density analysis on the DINGO sites was undertaken to reveal the spatial dis-
tribution and intensity of pile test characteristics, such as the test conducted, the year of
the test, and the type of the pile. The algorithm that calculates the kernel density by the
relative geoprocessing tool (in ArcGIS Pro) results in a heat map symbology; this type of
symbology presents the density of the points as a raster, using a colour scheme with a
range from a sparse density of points (cool) to a high density of points (hot). In each case,
a radius of 10 m was applied.

In Figure 10.3, kernel density heat maps are presented showing the spatial distribution
of the ML and CRP tests in the United Kingdom. In total, the density of the ML tests is
higher than the CRP; in the south of the United Kingdom, the density is higher than the
north for both types of pile tests. Figure 10.4a also shows kernel density heat maps of
bored piles, which make up a majority of the database, while Figure 10.4b shows CFA
piles which are sparser.
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Figure 10.2 GIS geology map showing the distribution of the DINGO database tests in the UK (Source:
adapted from Vardanega et al. 2024, used under the terms of the cc-by 4.0 licence).
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Figure 10.5 shows the kernel density heat maps of the piles according to the year the
test was performed, split into four periods: 1945-1958, 1958-1970, 1970-1999, and
1999-2018. The 1970-1999 period presents the highest density of piles, while the lowest
density appeared in 1958-1970.

10.2.3 Previous analyses using the DINGO database

The DINGO database has been used to investigate the performance of settlement predic-
tion methods for piles in fine-grained soils. Two non-linear calculation methods were
investigated: “Model 1” summarised in Figure 10.6 (Vardanega et al. 2012, 2018), a
power-law non-linear soil model calculation based on mobilisable strength design prin-
ciples and “Model 2” summarised in Figure 10.7 (Crispin et al. 2018), an analytical
closed-form elastoplastic Winkler solution (see also Crispin ef al. 2019 and Crispin 2022
for further details). These were employed to predict pile settlements at various load lev-
els (factors of safety), which were compared with measured results from the DINGO
database.

Patel (1989, 1992) presented load—settlement envelopes for piles in London clay based
on tests collected in London. As these tests were well reported with suitable ground inves-
tigation data, a preliminary study based on these tests was presented in Voyagaki et al.
(2019) assessing the performance of the prediction methods on this well-studied material.
This was followed by a further study of the piles in fine-grained deposits (Voyagaki et
al. 2022) and 186 pile tests from 57 test sites were found to be suitable for this analysis.

The measured settlements at specific factors of safety (Equations 10.1 and 10.2, defined
in Voyagaki et al. 2022) were compared with predictions of both models from both
Models 1 and 2.

Eotal = Pu /P (10'1)
where
P, =P, +P,, =acuD.L+N.c,nD} / 4 (10.2)

P, is the nominal bearing capacity for compression piles and undrained conditions; P,
and P, are the ultimate total load capacity of the shaft and the base, respectively; ¢, =
mean undrained shear strength over the pile length, ¢, = corresponding value at the pile
tip, D, = pile shaft diameter, D, = pile base diameter, L = pile length, and N, = bearing
capacity factor for undrained conditions in fine-grained soils (Voyagaki et al. 2022).
Figures 10.8 and 10.9 are taken from Voyagaki et al. (2022). Figure 10.8 shows the
predicted versus measured plot comparing the performance of the two models on these
piles at F, ., = 2.5, approximately the working load. Figure 10.9 shows the settlement
predictions for four factors of safety values ranging from 1.5 to 5. The plots show that
both methods tend to underpredict settlements at high factors of safety and overpredict
them at lower factors of safety values. Potentially the “pile capacity” is overpredicted
by Equation (10.1), and therefore various methods for computing this quantity will be
investigated in more detail in Section 10.3. These results were then further interrogated
according to the different categories of pile type, geology, and test age, as well as an
interpreted “data quality” category based on the source of the soil strength and stiffness
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Figure 10.6 Summary of “Model |”: modified load transfer approach for non-linear pile settlement con-

sidering shearing of concentric cylinders around the pile, pile compression, and non-linear
stress—strain relation (Source: reproduced from Voyagaki et al. 2022, used under the terms
of the cc-by 4.0 licence).

parameters (Voyagaki et al. 2022). Finally, the prediction performance was studied, and
the model bias and uncertainty evaluated; the results of this analysis are available in
Voyagaki et al. (2022).

The DINGO database was also used to quantify the settlement reduction due to the
application of different design codes for piles in London clay (Crispin et al. 2022). In this
work, the pile capacity was calculated using an unfactored method as well as in each of
the two design codes studied (Crispin et al. 2022). The settlements at each of these load
levels were then compared in order to quantify how much settlement reduction each code
provides (Crispin et al. 2022). The results are shown in Figure 10.10, both design codes
resulting in over 75% reduction in settlement in most cases (Crispin et al. 2022).

10.3 PILE ULTIMATE LOAD DETERMINATION

10.3.1 Methodologies for determining ultimate load

In this study, a total of eight methods for estimating the pile capacity were compared using
pile data from the DINGO database, the methodology follows that of Chen and Fang
(2009), Marcos et al. (2013), Chen et al. (2021), and Chen et al. (2023). The methods used
in this analysis are (i) Chin (1970) representing a mathematical model approach to estimate
the capacity of a pile based on load-settlement data, (ii) the Davisson (1972) method which
uses a graphical interpretation of the load—settlement data to estimate the capacity of the
pile, (iii) DeBeer (1970) which relies on a settlement limit for estimating the capacity based
on the load-settlement data, (iv) Fuller and Hoy (1970) which uses a different settlement
limit in estimating the pile capacity, (v) L1-L2 (Hirany & Kulhawy 1988) which present a



420 Databases for data-centric geotechnics

Plastic region

P P
l (d) Wo l
-¥-. Wo W(Z) Pl hlN

T WO s Wl

)

r tu(z) Elastic region

f )
A A [:Ke/W(Lp)]
tw(Ly) w(Ly)1 i-‘i

_ stiffness of
K€ - . .
elastic region

(C o4 |12
?Wi E
k(z)w(z)dz B k()
W * P(z+dz) o

plastic region
Lp

12 1./

==
=
o

(b)

elastic region
L-Lp

N

J’_

Py

(C) Way
1(2) Pile shaft response Pb Pile base response
2 ® , ®
Q tu(z < Pub
g ll( ) § @
v
.g % P, Kb2
[= @ o uy
o= 2
j:: @): elastic = @ D elastlcl
© (b): fully plastic (i) : ?aﬂdeﬂ;ng.
= k) K (i) : fully plastic )
E) w(z) Wu(L) Wb,y W
(b) Pile shaft settlement (© Pile base settlement
Idealised pile head response
fully plasti @: fully elastic, L, = 0
full shaft yield base fully plastic full shaft in branch@, base spring in branch@
P pile base at first yield (3) @ P=K.,wy
Lp =L —
- @ - @: partially yielded shaft, 0 <L,<L
g plastic region of shaft in branch@
; first yield P(L,) =K w(Ly); WLy =wyiL,)
s Lp=10 i )
= 2 H @: fully yielded shaft, L, = L
= 0 full shaft in branch(B), base spring in branch ()
A P(L) = Py; w(Ly) =w,
Ko @: fully plastic
- - wo base spring in branch(i)(exhausted)
(@) o P=P,
Pile head settlement

Figure 10.7 Summary of “Model 2" (a) linear elastic-perfectly plastic (LEPP) model, (b) pile shaft response
(“t = z” curve), (c) pile base response (“q — z” curve), (d) idealised pile head response
(Voyagaki et al. 2022, Crispin 2022) (Source: adapted from Voyagaki et al. 2022, reproduced
from Crispin 2022, used under the terms of the cc-by 4.0 licence).
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direct graphical estimation of the pile capacity based on the load—settlement data and a per-
cent of the pile diameter, (vi) slope tangent (O’Rourke & Kulhawy 1985) presents another
graphical estimation of the pile capacity, (vii) Terzaghi and Peck (1967) which uses a fixed
settlement limit for the pile capacity estimation, and (viii) van der Veen (1953) which pro-
vide a mathematical model for estimating the pile capacity. In the following sub-sections,
each of these methods is explained along with information on new automation processes to
enable database application, including any assumptions made in the analysis. It should be
noted that in this chapter “L1” is considered separately from “L1-L2” and therefore there
are two calculations for the Hirany and Kulhawy (1988) approach. This means that while
eight methods are used in this work nine calculations of P, are carried out.

10.3.2 Data preparation

For the purposes of this study, only maintained load (ML) load-settlement tests were
selected for analysis. The majority of methods used in this study apply to maintained load
testing data. Since the methods rely on load—settlement data for the capacity estimation,
any pile in the DINGO database with less than three load-settlement points recorded
was removed from the analysis (see also the preliminary study from Othman et al. (2023)
where a similar process was used to study pile ultimate load prediction utilizing the Chin
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Figure 10.9 Predicted versus measured pile head settlement plot for different values of factors of safety
for the DINGO data for piles in fine-grained soil (Source: reproduced from Voyagaki et al.
2022, used under the terms of the cc-by 4.0 licence).

method and using version 1.1 of the DINGO database (Vardanega et al. 2021b). The
aforementioned methods require graphical interpolation of the load-settlement curve to
obtain the ultimate load of the pile, therefore a Python code was used to automate the
process. This is described further in the following sections.

The DINGO database contains information for piles constructed in the United Kingdom.
Despite the large library of pile information in the database, the methods in this report
are correlated to the load—settlement data along with the pile length, diameter, and mod-
ulus of elasticity. This requires an automation process to filter the database and remove
any unnecessary information for the modelling. To perform this filtration, .xIsx files were
extracted from the database, from these files, only “PILE,” “PTST,” and “PSLT” sheets
were used. The pile names were compared with the test ID of each load—settlement test
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Figure 10.10 (a) Measured settlement reduction due to applied factor set and (b) definition of settlement
reduction (Source: reproduced from Crispin 2022, used under the terms of the cc-by 4.0
licence; see also Crispin et al. 2022).

to confirm that each pile extracted from the database has corresponding load—settlement
data, the loading type for the pile was ML and that the record contained at least three
data points of load—settlement results. After this check, the load—settlement data along
with pile diameter, length, and material information are extracted, and the data for each
pile were saved in an individual MS Excel file.

After the data extraction process, the load—settlement data in each created file are filtered
to remove any empty cells, remove tension-loaded piles, and remove unloading phases in
the pile testing. In this process, if the loading remained constant in a part of the test, the
highest settlement at this load was kept and the other data points were removed. Following
this data filtration, data analysis using the eight methods was performed. A total of 372
tests from the database were suitable for the analysis by at least one of the eight methods.

In this study, a power function was used to represent the load—settlement curve (Figure
10.11). This selection was considered to best represent the data, whilst accommodat-
ing the automation procedure, in which a function is required to enable the intersection
calculations. Other functions were considered before settling on the power function: the
second-degree polynomial function showed an overestimation in the load near the fail-
ure region, which can result in overestimation in the ultimate load analysis; on the other
hand, the third-degree polynomial function introduces a dip at the end of the curve which
does not correlate with the load—settlement behaviour. Although the power function can
overestimate the ultimate load in some cases, the observed error in estimation using this
function was judged acceptable for the analysis undertaken in this chapter.

10.3.3 Chin method (Chin 1970)

According to this method, the plot of the settlement divided by the applied load (S/L)
versus the settlement (S) results in a straight line. The inverse slope is taken as the ulti-
mate load of the pile. The Chin method plots represent the behaviour of piles according
to the hyperbolic method which is used in ultimate load estimations and does not rely
on soil parameters. Figure 10.12 provides a sample plot of the Chin method using data
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Figure 10.12 Graphical representation of the Chin (1970) method to obtain the pile capacity.

from a pile in the DINGO database. In this method, the load-settlement data are filtered
to remove any zero values in the load, to avoid dividing by zero. For the straight line of
the method, a best-fit line was utilised to obtain the slope and hence the ultimate load of
the pile. The results for the rest of the pile tests in the DINGO database using the Chin
method are summarised in Table 10.1. In Table 10.1 (which contains the ultimate load
estimations for the eight methods used in the work presented herein), results for 354 tests
are presented out of the 372 ML tests in the database that fulfil the requirement of this
analysis (have load-settlement data with three or more datapoints with loading as ML
and non-tension). The pile tests with no results represent tests with negative slope values,
which occur due to sudden changes in the settlement at small increments of increased
load. Othman ef al. (2023) presented an analysis of the ML testing from the DINGO
database version 1.1 (Vardanega et al. 2021b) along with data from Galbraith (2011)
using the Chin method, concluding that the overprediction of the Chin method is around
19.2% on average when assuming the ultimate load is happening at 10% of the diameter
and 24.8% on average when the ultimate load is at the maximum load of the test.
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10.3.4 Davisson method (Davisson 1972)

This method assumes the pile as a fixed-base, free-standing column with length (L), cross-
sectional area (A), and Young's modulus (E). The elastic deflection of such a column is
calculated as (PL)/(EA) where P represents the loading values from load—settlement data.
To estimate the ultimate load using this method, the elastic deflection line is shifted in the
x-axis direction by a value of 3.8+ D /120 where D represents the pile diameter at the
base measured in mm. The intersection point between the shifted elastic deflection line
with the load-settlement curve is defined as the ultimate load of the pile. The analysis of
a pile from the DINGO database using this method is shown in Figure 10.13. Ultimate
capacities for 150 tests were estimated using this method. The pile tests with no result
represent tests with an offset value larger than the settlement (no intersection point) or
tests with no information regarding the pile length or the pile diameter. In this study, con-
crete piles were assumed to have a Young’s modulus of 30 GPa (200 GPa for steel piles).
Piles with unknown material were assumed to be made from concrete. It is acknowledged
that variations in the assumed material E values do influence the calculated ultimate
capacities.

10.3.5 DeBeer method (DeBeer 1970)

This method assumes the ultimate load of a pile to be located at the point of slope change
in a load-settlement curve plotted on a log-log plot. The ultimate load of the pile is taken
as the point of change in gradient on the log-log plot. Since this method requires the
load-settlement data to be converted to log values, load—settlement data in each pile were
filtered to remove any zero values. To locate the point of slope change on the load-settle-
ment curve, the load—settlement data were split into two groups, each group containing
at least three datapoints. For each group, the best-fit line for the data was plotted and the
coefficient of determination (R?) was calculated. This step was repeated to find the split
point that corresponds to the highest summation of R? for both fits. Using this point, the
intersection point between the two best-fitting lines was determined and the load corre-
sponding to this point was assumed to be the ultimate load of the pile. Figure 10.14 shows
the two best-fitting lines for the load—settlement data indicating the optimum division
of the data (i.e. between the first and second segments) for a specific pile test. From this

1000
800 |
-§, 600 |
o
3
3 400 ¢ | ® Load - Settlement Data
! Line of Best Fit
! Elastic Compression Line
200 | - - - - Offset Line
° Pu =419 kN
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Settlement (mm)

Figure 10.13 Graphical representation of the Davisson (1972) method for estimating the pile capacity.
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Figure 10.14 Graphical representation of the DeBeer (1970) method for estimating the pile capacity.

figure, the ultimate load was calculated at around 403 kN. The results for the analysis of
the DINGO database using the DeBeer method are summarised in Table 10.1. Since this
method requires at least three points in each data group, pile tests with less than six data
points have no result for the ultimate load in Table 10.1. The total number of pile tests
from the DINGO database with ultimate load values calculated using the DeBeer method
is 281. Baligh and Abdelrahman (2005) proposed some modifications to the method
which could be explored in future work using the DINGO database.

10.3.6 Fuller and Hoy method (Fuller & Hoy 1970)

This method calculates the ultimate load of a pile by finding the minimum load at which
the slope of the load—settlement curve reaches 0.14 mm/kN. This method assumes the
failure criteria of a pile is represented by a slope of 0.14 mm/kN or higher as the ultimate
load of the pile. The tangent value at each point of the fitted curve is calculated until a
slope of 0.14 mm/kN is located. Figure 10.15 shows an estimation of a pile’s ultimate load
using this method. The ultimate load results for the DINGO database pile tests using this
method are summarised in Table 10.1. The total number of tests with valid estimates of
the ultimate load using this method was 36.

10.3.7 LI-L2 method (Hirany & Kulhawy 1988)

This method was developed by Hirany and Kulhawy (1988) and estimates the ultimate
load as corresponding to 4% of the pile diameter. In this method, the load—settlement
curve is divided into the elastic zone, the transition zone, and the failure zone. These
zones are separated by L1 and L2 values that are calculated by 0.4% of the diameter for
L1 (elastic limit) and 4% of the diameter for L2 (failure threshold) (Chen & Kulhawy
2002). L2 estimates the failure threshold of piles subjected to compression load con-
structed in both drained and undrained soils (Chen et al. 2009).

This method defines the ultimate load of a pile as the corresponding load for a settle-
ment of 4% of the pile diameter. Figure 10.16 shows the estimated elastic limit and ulti-
mate load of a pile from the DINGO database. For this method, the number of pile tests
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Figure 10.15 Graphical representation of the Fuller and Hoy (1970) method for estimating the pile

capacity.
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Figure 10.16 Graphical representation of the Hirany and Kulhawy (1988) method for estimating the pile
capacity.

with a calculated elastic limit was 290 tests, while the tests with a calculated ultimate
load was 116 (see Table 10.1).

10.3.8 Slope tangent method (O’Rourke & Kulhawy 1985)

In this method, the initial slope of the load—settlement curve is shifted by 3.8+ D /120
where D is the pile diameter at the base. The intersection between the offset and the load—
settlement curve is taken as the ultimate load of the pile (see Figure 10.17). The results
for the rest of the DINGO database pile tests are shown in Table 10.1. The number of
pile tests with ultimate load values computed using this method was 166 (see Table 10.1).



The DINGO database of axial pile—load tests for the UK 44l

1000
800 -
i 600 [
o
§ 400 ,'( ® Load - Settlement Data
K Line of Best Fit
Initial Slope
200 - - - - Offset Slope
e P, =516kN
0 1’ 1 1 1 1 1 1
0 10 20 30 40 50 60

Settlement (mm)

Figure 10.17 Graphical representation of the slope tangent (1985) method for estimating the pile capacity.

10.3.9 Terzaghi and Peck method (Terzaghi & Peck 1967)

This method assumes that the ultimate load of a pile occurs at a settlement of 25.4 mm
(i.e., one inch) (see Terzaghi & Peck 1967, Art. 56 “Pile Foundations,” p. 537). Often
this settlement level was not recorded as tests were only maintained to working load or
those commissioning the tests required validation of this load. This settlement value is an
empirical estimation of the ultimate load of a pile presumably based on past observations.
Figure 10.18 shows the ultimate load of a pile using this method while Table 10.1 sum-
marises the results for all DINGO database pile tests. The total number of pile tests with
ultimate load calculated by this method was 118 (see Table 10.1).

10.3.10 van der Veen Method (van der Veen 1953)

This method assumes the ultimate load of a pile as the value that yields a straight line
when plotting Log(1—P/P,) against the settlement. In this method, the value of P, is
assumed initially for the plot, the value is then changed until the plot produces a straight

1000 ® Load - Settlement Data
Line of Best Fit

____Line of Terzaghi and Peck
800 ¢ at 25.4 mm
e P =668kN

600

Load (kN)

400

200

0 10 20 30 40 50 60
Settlement (mm)

Figure 10.18 Graphical representation of the Terzaghi and Peck (1967) method for estimating the pile
capacity.
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line. This method is similar to Chin method (see Section 10.3.3) in the assumption of the
asymptote aspect of the load—settlement curve. In this method, the value of P, is initially
assumed to be the maximum load value from the load—settlement data. Then a straight
line is fitted for the plotted data. The value of R? is then calculated. The value of P is then
changed until the highest value of R? is obtained. The value of P, corresponding with the
highest R? is the ultimate load of the pile. Figure 10.19 shows the ultimate load of a pile
from the DINGO database using this method. Table 10.1 summarises the ultimate load
calculation for all the pile tests in the DINGO database.

10.3.11 Discussion of estimated ultimate capacities

This study presents the ultimate load analysis of piles from the DINGO database using
eight methods that rely on load-settlement data taken during pile testing. Based on the
results shown in Table 10.1, the following observations are made. For the Fuller and
Hoy (1970) method only 36 out of 372 possible pile tests could be analysed with this
method, while the van der Veen (1953) method yielded 372 out of 372 possible ultimate
load estimations using this method. The van der Veen (1953) method relies only on load-
settlement data with no limitations defined. As expected, methods with no boundary
limitation and not requiring additional data like pile length or diameter such as Chin (354
out of 372) and DeBeer (281 out of 372) tend to have higher conversion rates compared to
methods with boundary conditions such as Terzaghi and Peck (118 out of 372) and L1-L2
(116 out of 372) or methods that rely on other factors in the analysis such as the Davisson
(150 out of 372) and slope tangent (166 out of 372) methods.

When comparing the ultimate load estimation between each method, the Chin method
was found to give the highest ultimate load estimation, which usually exceeds the maxi-
mum recorded load in the load-settlement curve (therefore adjustments to this approach
may be needed for this dataset). The DeBeer method was found to give the lowest esti-
mation of the ultimate load. These observations confirm the findings of Chen and Fang
(2009), Marcos et al. (2013), AbdelSalam et al. (2015), Chen et al. (2021), and Chen et al.
(2023). In general, the Chin and van der Veen methods produce the highest ultimate load
estimation. The average range difference between the maximum estimated and minimum
estimated for each pile test was computed as 3225 kN in ultimate load estimation, this
high range difference suggests high variability between the reviewed methods. To fully

log(1-(P/ Pu))
0 02 -04 -06 -0.8 -1 1.2 -1.4

0
® Load - Settlement Data

10 + Line of Best Fit
£ R? = 0.99
€ 20 P, = 888 kN
=
o 30
£
K}
s 40
(2]

50

60 -

Figure 10.19 Graphical representation of the van der Veen (1953) method for estimating the pile capacity.
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understand the degree of variability between the different methods, the average ultimate
load for all the pile tests reviewed in this study was calculated to be 2715 kN, which is
less than the average range difference for the eight methods. This high variability sug-
gests removing the Chin and DeBeer methods from the analysis as per the suggestion of
Marcos et al. (2013) and Chen et al. (2023).

Finally, when calculating the “factor of safety” of the pile tests used in this study (i.e.,
dividing the average ultimate load for each pile test calculated using all the methods by
the elastic limit L1), the average factor of safety for all the pile tests was found to be
2.63 with a maximum recorded factor of safety of 26.6 and a minimum of 1.05. Factor
of safety values estimated in the present study agrees with the finding of Chen and Fang
(2009) where the Chin (1970) method factor of safety was estimated to be 3.0, a factor
of safety of 2.2 was estimated for L1-L2 and Terzaghi and Peck (1967) methods, and a
value of 2.0 was estimated for the remaining methods.

10.4 SUMMARY

This chapter has presented a summary of the development of the DINGO database for
piled foundations. The need for geo-databases to characterise geotechnical variability has
been reviewed and the uses of the DINGO database for data visualisation and settlement
prediction have been summarised. New analysis following the general methodology of
Chen and Fang (2009), Marcos et al. (2013), Chen et al. (2021), and Chen et al. (2023)
saw eight methods used for calculation of pile capacity to the test data contained in the
DINGO database where the use of at least one of these methods was possible. A total of
372 tests from the database of over 500 piles were suitable for analysis by at least one of
the methods. The results indicate that selection of the method has a considerable impact
on the calculated capacity supporting the results of earlier studies. Engineers making use
of the methods reviewed in this chapter should examine a range of approaches especially
when using pile—load test data to extrapolate a pile capacity.

However, it is worth asking whether ‘pile capacity’ is a helpful term when examining
pile-load test data. Performance-based design approaches that make use of clear criteria
for structural damage due to foundation movements (e.g., Skempton & MacDonald 1956;
Polshin & Tokar 1957; Boscardin & Cording 1989) (see also the reviews of Poulos ef al.
2001 and Vardanega & Bolton 2016) are arguably more useful for foundation engineers.
This idea is not new, e.g., Gorbunov-Possadov and Davydov (1973, p.48) stated: “The
guiding principle in designing bases of foundations in the USSR is design based on limiting
deformations of the structure.” Fellenius (1999) points out that many traditional bear-
ing capacity formulae do not represent foundation behaviour, noting that “...geotechnical
design should place the greater emphasis on determining the settlement of the foundations”
(Fellenius 1999, p. 16). Open-source pile—load test databases such as DINGO allow the
variability of foundation settlements to be better analysed within reliability frameworks.

DATA AVAILABILITY STATEMENT

The DINGO database can be freely downloaded from the data.bris repository via the fol-
lowing weblink: https://doi.org/10.5523/bris.1jraemé68g7ara21p20i6hv4z22 (Vardanega
et al. 2024).
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NOTE

1.  See Chen et al. (2021) for full bibliographic details for “DIN 4026.”
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