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Abstract

This paper is motivated by the time capsule project (TCP) of the International Society for Soil Mechanics
and Geotechnical Engineering (ISSMGE). The historical developments of geotechnical risk and
reliability primarily for soil mechanics was covered over the past six or more decades (1960 — 2010+).
The key features distinguishing geotechnical and structural engineering are the natural origin of the
ground and the lack of sufficient data to characterize the ground using the more familiar frequentist
interpretation of probability. For the first feature, random field theory is applied to model spatial
variability and the random finite element method is applied to solve soil-structure interaction
problems in spatially variable soils. For the second feature, compilation of databases is essential to
serve as priors for Bayesian updating and the more recent research in Bayesian machine learning.
There is a gradual evolution towards reliability-based design as a result of this body of research.
Interest in both research and practice has heightened significantly, because probabilistic methods offer
a pathway to address big data and implement data-centric geotechnics as one step towards digital
transformation. Given the complexity of the natural ground (known unknowns can be large and there
are unknown unknowns), engineering judgment remains important to bridge the gap between theory
and reality. However, the role of engineering judgment needs to be updated as modern machine
learning methods become more powerful.
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Introduction

Geotechnical engineering can be distinguished from other civil engineering branches by the need to
grapple with very large uncertainties in material parameters and possibly unknown unknowns (e.g.,
geologic “surprises”) (Phoon 2017). For geotechnical engineers, the most important material is natural
soil. Therefore, they must constantly struggle with the spatial variability of the substrate, the
uncertainty of the stratigraphy, the possibility of the presence of weak soil lenses, and other
geotechnical-related uncertainties. Uncertainty quantification in geotechnical engineering is an
interdisciplinary issue. It combines, for instance, probability theory (or other uncertainty quantification
theory), soil mechanics, natural hazards, geology, and social issues. It is now generally accepted to
perform the risk analysis associated with the subsoil for each significant structure. Some past failures
clearly show the need for geotechnical engineers to manage uncertainty more rationally. Subsoil-
related uncertainties motivated engineers and scientists to describe these effects by using probabilistic
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approaches and incorporating them into existing deterministic models or creating new approaches.
These efforts are briefly described below in a short history of uncertainty quantification in geotechnical
engineering. A historical review covering so many diverse topics within a single paper is necessarily
incomplete and not representative of the volume of important research conducted over the past 6 or
more decades (1960 — 2010+). The spirit of this paper is to take the reader on a journey akin to a wine
tasting tour, where the sampled wines are the ideas that have contributed to education, research, and
practice. In addition, there is a large literature on risk and reliability in rock mechanics, rock engineering,
tunnelling, mining engineering, and hydrogeology that is not covered in this tour. Some later examples
include Einstein (1991), Priest and Hudson (1981), Hoek (1999), Contreras and Brown (2018), Kitanidis
(1997), and Brown (2012), but earlier papers on statistics and reliability have been published in the US
and international rock mechanics conferences in the 70s. The application of risk-based design of high
rock slopes in South African and Australian mining engineering activities is also noteworthy. Einstein
(2003) reviewed how uncertainty has been dealt with over the past 40 years in rock mechanics using
the decision making cycle as a frame of reference. Hadjigeorgiou (2019) discussed how different risk
analysis tools and procedures can be used effectively in geomechanical mining. Finally, structural
reliability is a more mature field with origins traced to Freudenthal (1947) and Pugsley (1955). It is
outside the scope of this review as well.

In the geotechnics community, interests in probabilistic and related risk topics likely emerged in the
sixties. During the Terzaghi Lecture in 1964, Casagrande (1965) presented the study titled: “Role of the
‘Calculated Risk’ in Earthwork and Foundation Engineering” where the need for risk assessment in
geotechnics was indicated. Shortly thereafter, Lumb’s classical Canadian Geotechnical Journal paper
on “The Variability of Natural Soils” was published and became one of the first to characterize spatial
variability statistically (Lumb 1966; Phoon 2020). Wu is also regarded as one of the seminal figures who
contributed to the development of geotechnical reliability (Baecher and Christian 2019). In 1965,
Hansen (1956,1965) proposed the selection of partial factors based on two guidelines: (a) a larger
partial factor should be assigned to a more uncertain quantity, and (b) the partial factors should result
in approximately the same design dimensions as that obtained from traditional practice. It should be
noted that the partial factor is applied as a divisor on the nominal soil parameter, probably a matter
of convention established by the factor of safety. For the load and resistance factor design (LRFD)
format adopted in North America, the resistance factor is a multiplier. Although Hansen’s guidelines
were qualitative, this is the first time a link between uncertainty in the material parameter and a partial
factor that influences design was proposed. Brinch Hansen was the first to use “limit state design” in
geotechnical engineering. The term “limit state design” refers to a design philosophy or a design
method for ensuring safety. This limit state design method can be non-probabilistic (partial factors
calibrated to produce designs comparable to those produced by the global factor of safety) or
probabilistic (simplified reliability-based design) (Phoon et al. 2003a). Christian and Baecher (2015)
pointed out that Taylor (1948) had discussed the use of partial factors for cohesion and friction angle
to account for the different uncertainties underlying the estimation of these parameters, although load
partial factors and limit states were not considered. There are also other scholars that laid the
foundation for different aspects of geotechnical risk and reliability in the sixties as outlined in the next
section.

Casagrande (1965) defined the term “calculated risk” as:

“a) The use of imperfect knowledge, guided by judgment and experience, to estimate the probable
ranges for all pertinent quantities that enter into the solution of the problem.



b) The decision on an appropriate margin of safety, or degree of risk, taking into consideration
economic factors and the magnitude of losses that would result from failure.”

He also introduced the terms “unknown risk” and “human risk” and reviewed several case histories.
Casagrande tried to demonstrate the importance of risks in earthwork and foundation engineering.
Although the paper by Casagrande served as a turning point in risk assessment in geotechnics, some
papers dealing with this subject were written in non-English languages. Among them, we can
distinguish four studies related to the safety of geotechnical structures: Wastlung (1940) written in
Swedish, Levi (1958) written in French, Biernatowski (1966a,b) written in Polish,and Hansen (1956)
written in Danish.

The development of uncertainty quantification in geotechnical engineering is a continuous process,
but sometimes it is drastically accelerated by innovative approaches and new techniques. The work of
Casagrande, Hansen, Lumb, Wu, and others in the sixties can be considered as an approximate origin
where the discipline of uncertainty quantification in geotechnical engineering began to take shape.
The expansion of this discipline due to this continuous process cannot be divided into separate periods;
however, to bring some structure to our story, we adopted the convention of distinguishing each
decade, and our effort was focused on identifying the most important achievements and ideas in those
decades. A rather illuminating example of how the discipline developed is shown in Fig. 1, where the
number of published papers mentioning the given words in Google Scholar is compared. Fig. 1a shows
a growing interest in geotechnical-related uncertainty quantification, which is a response to the
infrastructure needs of the modern world. Moreover, an increasing proportion of studies related to
uncertainty issues to general geotechnical studies is observed, as shown in Fig. 1b.
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Fig. 1. Normalized number of publications containing specific phrases; (a) normalization is with respect to total
number in the 2010-2019 decade (shown in parentheses); (b) normalization using the ratio of the number of
publications containing specific phrase to the number of publications containing the phrase “geotechnical
engineering” (percentage in the parenthesis refers to ratio in the 2010-2019 decade).

Returning to our story, we start with the first steps taken by geotechnical engineers to grapple with
diverse and significant uncertainties pertaining to the subsurface environment with focus on soils. The
description of the pioneering decade begins.



1960-1970

The study that deserves to be mentioned first is the pioneering Lumb (1966) paper. He titled his study
“The variability of natural soils” and it is considered to be the starting point for a new branch of
geotechnics (Phoon 2020). Lumb showed that the variations in properties for natural soils can be
described by random variations about a mean or linear trend, related to a probability distribution. As
a basis, he considered four typical Hong Kong soils — a soft marine clay, an alluvial sandy clay, residual
silty sand, and residual clayey silt. The studied properties include Atterberg limits, grading, and, for
undisturbed samples, strength and compressibility characteristics. He provided examples of soil
properties following the normal, lognormal, and binormal distributions. A relatively large sample size
was an advantage of Lumb’s study. Moreover, Lumb stated that the probability the parameter could
be less than the design value is a rational basis for the choice of design parameters. It was the first
study to guide later research on application of probability to quantify geotechnical parametric
uncertainties numerically. For example, Eurocode 7 (Comité Européen de Normalisation 2004), Section
2.4.5.2 Clause 11 states “If statistical methods are used, the characteristic value should be derived such
that the calculated probability of a worse value governing the occurrence of the limit state under
consideration is not greater than 5%.” This fractile definition of the characteristic value can be found
in Lumb (1966). Details are given elsewhere (Orr 2015). At the same time as Lumb’s classical paper was
published, other studies concerning the application of probability theory to engineering structures
began to appear. The paper by Langejan (1965) discussed the slope stability problem. Biernatowski
(1968) also considered probabilistic solutions for slope stability. One year earlier a pioneering paper
by Wu and Kraft (1967) was published. The authors used the probability of failure to quantify the safety
of foundations for several load and strength distributions. They determined the appropriate
probability function (a normal distribution was used) by fitting the experimental data. Kraft's
dissertation (Kraft 1968) and related papers (Wu and Kraft 1967, 1970a, 1970b) were some of the first
probabilistic assessments of foundation safety for bearing capacity and settlement. Wu (1974)
summarized and extended this body of work in his 1974 paper on “Uncertainty, Safety, and Decision
in Soil Engineering”. In principle, measurement error can be determined directly by analyzing the
variation of the results obtained by a representative group of soil testing companies performing the
“same” test on nominally identical soil samples. Comparative testing programs of this type were
conducted by Hammitt (1966) and Johnston (1969). The above-described studies laid the foundations
for the wider use of probabilistic methods to describe uncertainties in geotechnics, which was revealed
in the next decade.

1970-1980

The initial steps in describing uncertainties in geotechnical engineering in the sixties ushered in a
period of tremendous progress in the seventies. There are a few reasons for this. One of them is Lumb’s
initiation of a conference series dedicated to probability theory applications in geotechnics, i.e., the
International Conference on Applications of Statistics and Probability to Soil and Structural Engineering
(ICASP). This conference series promotes a probabilistic viewpoint on soil parameters among other
topics. In the 1970s, three ICASP conferences took place, Hong Kong in 1971, Aachen in 1975, and
Sydney in 1979. Another reason for the increasing popularity of the probabilistic approach for
uncertainty description is the development of appropriate computational methods, e.g., calculation of
the first-order reliability index by Hasofer and Lind (1974) and an algorithm for the calculation of
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structural reliability under combined loadings by Rackwitz and Flessler (1978). In the seventies, Lumb
continued to investigate probabilistic descriptions of soil parameters, e.g., in his 1970 paper (Lumb
1970), he compared the natural variabilities of cohesive and frictional components of strength and
found that the beta probability distribution agrees more closely with experimental data than the
commonly assumed normal distribution. Lumb also authored ‘Chapter 3: Application of Statistics in
Soil Mechanics’ in the book “Soil Mechanics — New Horizons” (Lumb 1974). After Lumb, studies by
other researchers aiming at a probabilistic description of subsoil parameters started to appear. Soil
parameters as random variables were investigated by Schultze (1972, 1975). An extensive study for
multiple samples was conducted by Corotis et al. (1975). The authors showed the results in three
groups based on the bulk density of soil. They found that the probability characteristics depend on the
bulk density of the soil and therefore on its type and that most of the variations can be described by
either normal or lognormal distribution. The statistical characterization of soil properties remained an
important topic of interest (e.g., Singh and Lee 1970; Kay and Krizek 1971; Haldar and Tang 1979a).
Apart from describing uncertainties in soil properties, more applications to geotechnical structures
became accessible in the seventies. Among important studies of that time, one can find a study by
Singh (1972), where the investigation on how reliable is the factor of safety in foundation engineering
is performed. The author investigated retaining structures, bearing capacity problems, and slope
stability analyses. The stability of rigid structures in the probabilistic formulation was also considered
by Biernatowski (1972). In 1976, a classic paper on slope stability analysis was published by Alonso
(1976). Alonso tried to define better slope safety measures by using a probabilistic approach. He used
a mechanistic description of stability (the method of slices) for Canadian sensitive clays and
implemented first-order probability analysis to allow rational evaluation of the different sources of
uncertainty. He found that the uncertainties in the cohesion parameter, the pore-pressure, and the
method of analysis are the relevant ones governing the uncertainty in the estimation of slope safety.
Probability-based short-term and long-term designs of soil slope were investigated by Tang et al. (1976)
and Yuceman and Tang (1975), respectively. Wilson H. Tang contributed significantly to the reliability
analysis of slopes, design of offshore foundations, and the promotion of the use of Bayesian methods
in geotechnical engineering (Lacasse et al. 2017). His lifetime contribution to the field of geotechnical
reliability was summarized in ASCE GSP 286 (Juang et al. 2017) and Proceedings of the Professor Wilson
Tang Memorial Symposium (Zhang et al. 2012). de Mello (1977) is the first Rankine lecturer to discuss
the application of statistics and probability to decision making in dam engineering. He expanded on
the central idea in his General Report at the second ICASP in Aachen 1975 that the statistics of averages
is distinct from the statistics of extreme values (de Mello 1975). This distinction is now codified in
Eurocode 7 (Comité Européen de Normalisation 2004), Section 2.4.5.2 “Characteristic values of
geotechnical parameters”, Clauses 7 and 8. Clause 7 states that the “zone of ground governing the
behaviour of a geotechnical structure at a limit state is usually much larger than a test sample or the
zone of ground affected in an in situ test. Consequently the value of the governing parameter is often
the mean of a range of values covering a large surface or volume of the ground. The characteristic
value should be a cautious estimate of this mean value.” The statistics of averages is thought to apply
to this “large surface or volume of the ground.” A specific example of slope stability was highlighted
by de Mello (1977). However, it is now understood that the statistics of averages and the statistics of
extreme values are both needed in the presence of spatially variable soils, because critical slip curves
seek the weakest kinematically admissible paths by definition (Hicks and Samy 2002; Ching and Phoon
2013; Tabarroki et al. 2020).

The statistics of spatial averages in spatially variable soils was first studied formally by Vanmarcke using
random field theory (Vanmarcke 1977a, 1977b). Vanmarcke stated that when the degree of disorder
is sufficiently large, there is usually merit and economy in probabilistic rather than deterministic
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models. He pointed out that random field theory seeks to model complex patterns of variation
(interdependence, correlation) in cases where deterministic treatment is inefficient and conventional
statistics are insufficient. Vanmarcke stated that central to the development of robust random field
models is the concept of the “local average” of a random field that is more relevant to geotechnical
engineering practice than point variation. Vanmarcke’s “local average” is different from the “statistics
of averages” of de Mello (1977) in one key aspect. He considered spatial variability or spatially
correlated soil properties, which is visibly present in all soil profiles. Vanmarcke further stated that the
ideal random field model should capture the essential features of a complex random phenomenon by
a minimal number of physically meaningful and accessible parameters. His studies began a new branch
of soil parameters description by using random fields and were widely used in the following decades.

The probability approach has been also incorporated into dynamics issues, e.g., Haldar and Tang
(1979b) proposed a procedure to estimate the probability of liquefaction for a given design earthquake
magnitude and acceleration, initiating the research on the application of probabilistic methods in soil
liguefaction problems. At the end of the 1970s, the first geotechnical applications of the stochastic
finite element method (FEM) appeared, e.g., stochastic analysis of steady-state groundwater flow in a
bounded domain by Smith and Freeze (1979a, b). However, the finite element-based approaches
found wider use in the next decade. The increasing power and decreasing cost of computing machines
should explain this rising popularity in later years. Phoon et al. (2022a) opined that the increasing
power and convergence of digital technologies beyond computing machines will usher the next wave
of change in research and practice.

The amount of uncertainty involved in a geotechnical design can be reduced through additional
information. Such an uncertainty reduction process can be formally formulated based on Bayes’
theorem. In the 1970s, the potential of uncertainty updating through Bayes’ theorem had been
recognized by Wilson H. Tang. It is worth highlighting that Tang (1971) introduced how to quantify the
value of additional data in geotechnical engineering through Bayesian analysis. Tang (1973)
systematically illustrated the concept of how the Bayesian method can potentially be used for
uncertainty reduction in geotechnical engineering. Kay (1976) suggested a Bayesian method to reduce
the uncertainty associated with the bearing capacity of pile foundations through load test data, which
can then be used to improve pile design using reliability theory.

In 1970, Benjamin and Cornell (1970) published the first textbook which systematically introduces the
knowledge of probability and statistics for students, practitioners, teachers, and researchers in civil
engineering, and was inspiring for early researchers in geotechnical engineering. The classic textbooks
by Ang and Tang (1975, 1985), which provided comprehensive examples on how probabilistic methods
can help improve civil engineering analysis, made the concepts and methods of reliability analysis
much more accessible to the geotechnical profession. These textbooks were revised in 2007 (Ang and
Tang 2007), and have been translated into 5 languages and used worldwide.

As early as the 1970s, researchers at the Norwegian Geotechnical Institute (NGI) started to contribute
to geotechnical risk and reliability. Folayan et al. (1970) developed a Bayesian updating method to
predict the settlements of a marshland development and analyzed the associated economic
consequences. Hgeg and Murarka (1974) adopted a probabilistic approach to calculate the probability
of failure of a retaining wall. A number of these ideas originated from the PhD studies of Folayan and
Murarka was conducted at Stanford University.

This is also a period of overlap between geotechnical reliability and the more mature field of structural

reliability (Cornell, Veneziano, Rackwitz, Madsen, Schuéller, Corotis, Hasofer and Lind, Ditlevsen, Thoft-

Christensen, Melchers, etc.). The literature on structural reliability is extensive. For the past five
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decades, twelve International Conference on Structural Safety and Reliability (ICOSSAR) have been
organized by the International Association for Structural Safety and Reliability (IASSAR). The first
ICOSSAR was held in 1969 in Washington, D.C., USA. Since 1977, it has been successfully held every
four years at venues in Europe, USA and Japan: Washington, D.C., USA (1969), Munich, Germany (1977),
Trondheim, Norway (1981), Kobe, Japan (1985), San Francisco, USA (1989), Innsbruck, Austria (1993),
Kyoto, Japan (1997), Newport Beach, USA (2001), Rome, Italy (2005), Osaka, Japan (2009), New York,
USA (2013), Vienna, Austria (2017) and Shanghai, China (2022).

1980-1990

The growing popularity of probabilistic methods in geotechnics enhanced by new computational
methods, e.g., Ditlevsen (1981a) and Hohenbichler and Rackwitz (1981), resulted in increased activity
by researchers in this field. There were two ICASP conferences in the 1980s decade, Florence in 1983
and Vancouver in 1987. The ASCE proceedings “Probabilistic Characterization of Soil Properties: Bridge
between Theory and Practice” published in 1984 is noteworthy (Bowles and Ko 1984). In 1983, a classic
book by Vanmarcke was published, “Random Fields — Analysis and Synthesis” (Vanmarcke 1983). Tang
(1984) proposed a simplified method to estimate spatially-averaged soil properties. In 1983, McAnally
(1983) investigated the reliability of the bearing capacity designs of shallow footings in sands and
proposed a procedure that allows foundations to be designed with a more consistent level of reliability
than those obtained by using a single value of safety factor. Biernatowski and Putfa (1988) proposed an
approach for probabilistic analysis of the stability of massive bridge abutments. In 1988, an original
approach of Kandaurov's stochastic model of granular soil was developed by Brzgkata (1988).

However, the greatest interest was in the slope stability analysis, e.g., Li and Lumb (1987) discussed
some improvements on the first-order second-moment (FOSM) probabilistic approach to slope design,
which had originally been introduced by Cornell (1971) at the first ICASP conference in Hong Kong.
Ditlevsen (1981b) extended Cornell’s FOSM to large systems, which is important for real-world
problems. Chowdhury et al. (1987) investigated the progressive development of slope failure within a
probabilistic framework. Ishii and Suzuki (1986) proposed the stochastic finite element method (FEM)
that uses the first-order approximation at a failure point of a set of random variables. Baecher et al.
(1980) conducted one of the first studies on the risk assessment of dams, and a more comprehensive
treatment was presented by Hartford and Baecher (2004). A state-of-the-art for dam safety risk
analysis was reviewed by Baecher (2016).

The development of probabilistic methods in geotechnics was also motivated at that time by the need
of designing drilling platforms, offshore structures, and their foundations as experiences on the
analysis, design, and construction of such structures are rare. Wu et al. (1989) provided a state of the
art review on the reliability of offshore foundations. The need for proper soil spatial variability
characterization became important for marine soils (e.g., Wu et al. 1987). Kraft joined the offshore oil
business after his PhD at the Ohio State University and continued to publish seminal papers in this field
(e.g., Kraft and Murff 1976). Initiated by these pioneering studies, offshore foundations have become
one of the areas where geotechnical reliability method has found successful applications.

Robert V. Whitman in his Terzaghi lecture in 1981 opined that “probability theory is regarded with
doubt and even suspicion by the majority of geotechnical engineers” (Whitman 1984), and he
mentioned the language barrier as one of the possible reasons for this situation. However, fortunately,
this decade can be considered as a turning point in the attitude of geotechnical engineers to
probabilistic methods. This is mainly due to good examples of how these methods have been applied
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in practice. Important studies that investigated real geotechnical structures from a probabilistic point
of view were published in the 1980s. Among them was a study by Duncan and Huston (1983) on
estimating the probability of failure of California Delta levees by using simple statistical procedures.
Their analyses were based heavily on empirical data. An interesting study of probabilistic analysis in
the assessment of dam safety issues was published by Vick and Bromwell (1989). Their examples
showed that probabilistic methods were expanding into geotechnical engineering practice. It is
worthwhile pointing out Baecher’s contribution to making geotechnical risk and reliability more
accessible to non-specialists. Examples include the FHWA “Geotechnical Risk Analysis User’s Guide”
(Baecher 1987), and two special MIT summer courses, “Geotechnical Error Analysis” (Baecher 1985)
and “Reliability Analysis of Stability of Embankments of Soft Clays” (Baecher and Ladd 1985).

The 1980s also saw a significant development in the applications of the stochastic FEM in geotechnics.
Baecher and Ingra (1981) used the stochastic FEM to predict uncertainties in total and differential
settlements under a large flexible footing. Righetti and Harrop-Williams (1988) modelled a structure
by a limited number of accessible stochastic data and computed the characteristics of the
displacement and stress random fields in the structure by the first-order second-moment
approximation. The authors considered the application of stochastic FEM for a soil profile with a
random distribution of the elastic modulus.

In the 1980s, the benefits of Bayesian methods in geotechnical engineering were further explored.
Notably, Baecher and Rackwitz (1982) suggested that the variability of the bearing capacity can be
divided into within-site and cross-site variabilities and illustrated how the cross-site variability can be
reduced through the Bayesian method. The above concept later initiated the development and
application of hierarchical Bayesian models for geotechnical engineering applications in the 2020s (e.g.,
Zhang et al. 2014, 2016; Bozorgzadeh and Bathurst 2020; Ching et al. 2021a; Xiao et al. 2021). Tang
and his co-works developed Bayesian methods for detecting anomalies through site investigation (e.g.,
Tang and Quek 1986; Tang 1987; Tang et al. 1988; Tang and Halim 1988).

As one can observe, the 1980s brought tremendous development of probabilistic approaches in
geotechnical engineering. For completeness, it is worthwhile to point out the work of Harr (1977, 1987),
which is somewhat outside the mainstream development but nonetheless influential on the U.S. Army
Corps of Engineers through the students he supervised at Purdue University and who later went on to
work there, especially Wolff (1985, 1994, 1995). A more complete summary of this body of work is
given elsewhere (Wolff 2008). As a derivative of this, the next decade brought a wider application of
probabilistic methods to geotechnical engineering.

1990-2000

An important aspect influencing the development of probabilistic methods in geotechnics in the 1990s
was the growing computing power of computers (especially personal computers). This made it possible,
for example, to use a combination of the Monte Carlo method and the finite element method (named
random FEM, or RFEM). Such an approach was intensively developed after the publication of the first
studies by Fenton and Griffiths. They investigated seepage beneath water retaining structures founded
on spatially random soil (Griffiths and Fenton 1993) and estimated the distribution of an equivalent
conductivity measure, the block conductivity, which characterizes the total flow rate through a two-
dimensional bounded domain and which is itself a random variable (Fenton and Griffiths 1993). In the
paper by Paice et al. (1996), RFEM was used for settlement modeling on spatially random soil.
Stochastic FEM was further developed in the 1990s (e.g., Spanos and Ghanem 1989) and used for other
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geotechnical applications, e.g., analysis of soil layers with random interfaces (Ghanem and Brzgkata
1996). Simpler perturbation-based stochastic FEM was explored by Phoon et al. (1990) and Quek et al.
(1991, 1992). Foundation settlements for layered soil were also studied using stochastic FEM by
Brzgkata and Puta (1996). In the 1990s, ICASP conferences continued and provided a platform for the
exchange of ideas in the geotechnical research community, in this decade three ICASP conferences
took place, i.e., Mexico City in 1991, Paris in 1995, and Sydney in 1999.

The increasing interest in using the random field for soil spatial variability description resulted in a
growing need for random field properties estimation and simulation. In response many important
studies on soil parameter variability were published in the 1990s, e.g., Fenton and Vanmarcke (1990),
Kulhawy et al. (1991), Jaksa (1995), Lacasse and Lamballerie (1995), Lacasse and Nadim (1996a), and
Fenton (1999a,b). In 1999, Phoon and Kulhawy (1999a,b) decomposed uncertainties into spatial
variability, measurement error, statistical uncertainty, and transformation uncertainty, which was of
great influence on how we currently model uncertainties. Jaksa et al. (1999) investigated
experimentally vertical and horizontal fluctuation scales by analyzing cone penetration tests (CPT)
carried out in a stiff, overconsolidated clay. The most up-to-date review of the scale of fluctuation in
random fields was conducted by Cami et al. (2020). Probabilistic descriptions of soil parameters
derived from field and laboratory data and their application in stability analysis were also investigated
by Christian et al. (1994), where the first-order second-moment (FOSM) approach was explored and
applied to the design of embankment dams. Uzielli et al. (2007) provided a state-of-the-art review of
approaches and methodologies for the quantification of soil variability, as well as selected examples
of its utilization in reliability-based geotechnical design.

A breakthrough in practical adoption was made in 1997 by Low and Tang (1997), who provided a
spreadsheet algorithm to implement the first-order reliability analysis method, which makes reliability
analysis much less painful to perform than before. Their spreadsheet algorithm has since found wide
applications in geotechnical engineering. Some of the research was published in the ASCE Proceedings
“Uncertainty in the Geologic Environment: from Theory to Practice” (Shackelford et al. 1996). The
body of work is presented elsewhere (Low 2021).

The last decade in the 20™ century brought wider use of probabilistic approaches in geotechnical
standards. Some examples of such applications follow here. The first example concerns the
implementation of the reliability approach to geotechnical standards in Australia, e.g., Lo et al. (1992)
and Li et al. (1993). Becker (1996) proposed incorporating reliability analysis into ultimate limit states
of bearing capacity and sliding of shallow and deep foundations in an important study for the National
Building Code of Canada. Such an approach aimed to provide a consistent design approach between
geotechnical and structural engineers. Another example is a project of Eurocode 7 where reliability
methods were not directly used but many elements of these standards were based on them, e.g., Orr
and Farell (1999) and Orr (2000). The reliability-based design (RBD), whose goal is to calibrate the
resistance (ultimate limit state) or deformation (serviceability limit state) factors in simplified design
formats for a selected target reliability index, was also used in the AASHTO LRFD bridge design
specifications (AASHTO, 1994). RBD was also applied to foundations for transmission line structures by
Phoon et al. (1995, 2003a, 2003b). The application of reliability to calibrate a design guide to achieve
an explicit target reliability index was likely first adopted for bridge foundations (Barker et al. 1991).
The LRFD calibration approach has since been widely adopted in many AASHTO design problems (e.g.,
McVay et al. 1998, 2000; Rahman et al. 2002; Paikowsky et al. 2004, 2010; Allen 2005; Allen et al. 2005;
Nowak et al. 2007; Zhang and Chu 2009a,b; Abu-Farsakh et al. 2009, 2013; Yang et al. 2010; Abu-Hejleh
et al. 2011; Salgado et al. 2011; Smith et al. 2011; AbdelSalam et al. 2012; Ng and Fazia 2012; Penfield
et al. 2014; Seo et al. 2015; Motamed et al. 2016; Bathurst et al. 2017; Yu et al. 2017; Haque and Abu-
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Farsakh 2018; Tang and Phoon 2018; Kalmogo et al. 2019; Ng et al. 2019; Petek et al. 2020). Examples
of rigorous reliability theory-based LRFD calibration of internal stability limit states for mechanically
stabilized earth (MSE) walls can be found in the papers by Bathurst et al. (2019, 2021) and for soil nails
by Lin and Bathurst (2019). Najjar and Gilbert (2009) further examined the effect of a lower-bound
capacity in the LRFD design of deep foundations. Phoon et al. (1995) were the first to suggest using
multiple resistance factors to accommodate different site conditions. The need to cater for diverse
local site conditions and diverse local practices that grew and adapted over the years to suit these
conditions was recognized by 1S502394:2015 (International Organisation for Standardization 2015) and
the Canadian Highway Bridge Design Code (Canadian Standards Association 2014). A more detailed
review of the historical evolution in geotechnical design philosophy and reliability-based design is
provided by Phoon et al. (1995). This decade brought the general acceptance of RBD in geotechnical
engineering among the geotechnical community. The Committee on Reliability Methods for Risk
Mitigation in Geotechnical Engineering was convened by the National Research Council’s Geotechnical
Board in 1992 to examine the reasons for the seemingly slow acceptance of formal probabilistic
methods in geotechnical engineering practice and to explore the potential for their wider use. The
Committee’s efforts to bridge theory and practice are notable (National Research Council 1995).

In the 1990s, along with the wider application of numerical models in geotechnical engineering,
Bayesian methods were developed to calibrate the parameters of numerical models (e.g., Reddi and
Wu 1991; Ledesma et al. 1996a,b). Honjo and his co-workers developed the extended Bayesian
methods for calibrating geotechnical models using observed data from the field (e.g., Honjo et al. 1994,
Honjo and Kashiwagi 1999). Gilbert (1999) suggested a first-order second-moment Bayesian method
(FOSM) to help calibrate geotechnical models and geotechnical decision making, and the suggested
method was later applied for calibrating a numerical flow and transport model based on model test
data (Welker and Gilbert 2003). Angulo and Tang (1999) designed an optimal ground-water detection
monitoring system using the Bayesian preposterior analysis. Gilbert and Tang (1995) highlighted the
challenges in calibrating geotechnical model uncertainty when the model parameters are uncertain
and discussed how such uncertainties can be considered using Bayesian methods.

In the 1990s, researchers at NGI contributed to reliability and risk analysis for offshore structures.
Lacasse and Goulois (1989) investigated the uncertainty in the APl (American Petroleum Institute)
parameters for predictions of the axial capacity of driven piles in sand and collated the opinion of 40
international experts in assessing such uncertainties, providing a best-practice example of elicitation
of expert judgment. Lacasse and Nadim (1996b) further investigated model uncertainty in pile axial
capacity calculations from back-calculations of model tests and comparison of several methods of
analyses. Nadim and Lacasse (1992) provided comparative examples of geotechnical stability analyses
for offshore structures performed with the effective stress and total stress approaches on a
contractant and a dilatant soil. They highlighted the importance of the probabilistic approach, showing
that computed failure probability differed significantly for each approach, although the computed
factors of safety for the dilatant material were nearly the same. Nadim and Gudmestad (1994)
investigated the seismic reliability of a group of offshore platforms to quantify the probability that oil
production must be stopped completely given the occurrence of a specific seismic event. Lacasse and
Nadim (1994) highlighted the important role of reliability-based approaches and methods in the
strengthening of the dialogue between different specialty areas in offshore engineering. Lacasse and
Nadim (2007) provided an overview paper on probabilistic geotechnical analyses for offshore facilities,
which illustrated a wide range of quantitative methods including event tree analysis, fault tree analysis,
Bayesian updating, first-order second-moment (FOSM) method, Monte-Carlo simulations, Bayesian
networks, first- and second-order reliability method (FORM and SORM), and system reliability analysis.
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Nadim and Kvalstad (2007) contributed a keynote paper on risk assessment and management for
offshore geohazards. This paper provided a comprehensive set of guidelines and best-practice
approaches to identifying, quantifying, and managing geotechnical risks to offshore structures. Cassidy
et al. (2015) presented a state-of-the-art review of deterministic and probabilistic advances in the
analysis of spudcan foundation behaviour, highlighting the role of Bayesian reasoning in conjunction
with the observational method. Researchers at NGI also contributed to the risk assessment of dams.
Hgeg (1996) contributed a state-of-the-art on the status of risk assessment for dams and proposed a
simplified probabilistic risk analysis which was applied in the reevaluation and re-certification of rockfill
dams, and to set priority on remedial measures. Vick (1997) summarized risk analysis practice in 11
countries, based on a dedicated survey (e.g., Vick and Stewart 1996).

2000-2010

At the beginning of the 2000s, two Terzaghi Lectures were delivered by researchers from the field of
uncertainty quantification in geotechnical engineering. The first was given by Suzanne Lacasse in 2001,
titled “Protecting society from landslides - the role of the geotechnical engineer”. The second was given
by John T. Christian in 2003, titled “Geotechnical Engineering Reliability: How well do we know what
we are doing?”. Baecher and Christian (2003) published an important book on Reliability and Statistics
in Geotechnical Engineering, which covers the subject of risk and reliability in both practical and
research terms. Vick (2002) published a book on subjective probability and expert elicitation, which is
a relatively rare attempt to formalize engineering judgment within reliability and risk analysis.

In the 2000s, the RFEM method became a tool for many geotechnical problems. The use of RFEM for
the bearing capacity problems was initiated by Griffiths and Fenton (2001) in their study on the bearing
capacity of spatially random undrained clay. The study was later extended to cohesive-frictional soils
by Fenton and Griffiths (2003) and the evaluation of slope stability by Fenton and Griffiths (2004) and
Griffiths et al. (2009a). RFEM was later used for three-dimensional probabilistic settlement of a
foundation by Fenton and Griffiths (2005), where the authors modeled soil as a three-dimensional
medium with spatially random Young’s modulus (E) and estimated the reliability of shallow
foundations against serviceability-limit-state failure. In 2005, a stochastic approach to the problem of
bearing capacity by the method of characteristics was proposed by Przewtécki (2005). The author
modified the method of characteristics to consider the randomness of the soil medium in the bearing
capacity problem. Jaksa et al. (2005) simulated “virtual sites” using 3D random fields to investigate the
effectiveness of site investigation. This virtual site simulation was later extended to grounds with
multiple soil layers and lenses by Crisp et al. (2021). The spatial variability impact on three-dimensional
long slope failures using RFEM was investigated by Hicks et al. (2008) and Hicks and Spencer (2010).
They showed that three failure modes are possible, depending on the ratio of the horizontal scale of
fluctuation to the slope size. Griffiths et al. (2009b) showed that ignoring the spatial variability in the
third direction as assumed in two dimensional analyses may underestimate the probability of failure
of long slopes. One practical outcome of RFEM is the improved definition of a characteristic value.
Eurocode 7 (Comité Européen de Normalisation 2004) defines the characteristic value of a
geotechnical parameter as a “cautious estimate of the value affecting the occurrence of the limit state.”
“The value affecting the occurrence of the limit state” was originally thought to be the same as the
classical sample mean for independent data or a spatial average for correlated data defined by
Vanmarcke (1977a, 1977b). Hicks and Samy (2002) showed that RFEM is needed to simulate this
effective property (called for “reliability-based characteristic value”) for a spatially heterogeneous soil
mass. The reason is that the limit state is controlled by a critical failure path that is not the same as an
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arbitrarily prescribed path. After all, the critical path is identified as the one with the smallest factor of
safety. Tabarroki et al. (2020) provided a cheaper but approximate solution to the reliability-based
characteristic value. The authors called it the mobilization-based characteristic value. Griffiths and
Fenton (2007) and Fenton and Griffiths (2008) published two books on Probabilistic Methods in
Geotechnical Engineering and Risk Assessment in Geotechnical Engineering, which present a thorough
examination of the theories and methodologies available for probabilistic modelling and risk
assessment in geotechnical engineering, spanning the full range from established single-variable and
first-order reliability methods to random field finite element methods.

The 2000s decade brought further applications of reliability approaches to national standards and
engineering practice. A good example is Japanese Geocode 21 (Honjo 2005; Honjo et al. 2010; JGS
2006). The reliability approach in geotechnical engineering became more accessible to practitioners
(e.g., Duncan 2000) by some algorithm implementations in widely accessible software, e.g.,
spreadsheet algorithms developed by Low et al. (1998), Low and Tang (2007), Low et al. (2007), and
Wang et al. (2010a).

The 2000s experienced a surge in the application of Bayesian methods in geotechnical engineering. For
soil liquefaction potential assessment problems, the Bayesian methods have been widely used to
develop new generation liquefaction potential assessment models considering both the aleatory and
epistemic uncertainties (e.g., Cetin et al. 2002; Moss et al. 2006). Juang et al. (2002) suggested a
Bayesian mapping method to estimate the liquefaction probability based on case histories more
realistically. Zhang (2004) illustrated how to use pile proof load tests to verify the reliability of the
design of pile foundations. Goh et. al. (2005) used the Bayesian neural network algorithm to model the
relationship between the soil undrained shear strength, the effective overburden stress, and the
undrained side resistance alpha factor for drilled shafts. Wu (2011) and Wu et al. (2007) illustrated
how the Bayesian method can be used as a formal tool to implement the observational method in
geotechnical engineering through an embankment construction problem. Other applications are
presented in a book edited by Phoon (2008). Zhang et al. (2009) developed a Bayesian framework in
which the geotechnical model uncertainty can be calibrated considering the presence of parameter
and model uncertainties. The framework also provides the basis for probabilistic back-analysis (Zhang
etal. 20104, b), from which the distributions of several sets of material parameters can be updated. In
a deterministic framework, only a limited number of parameters can be back-calculated depending on
the number of constraints available. In the study by Yan et al. (2009), the Bayesian probabilistic
approach for model class selection was used to revisit the empirical multivariate linear regression
formula of the compression index. In 2010, Wang et al. (2010) developed the Bayesian framework in
conjunction with cone penetration tests (CPT) to estimate the sand effective friction angle and with
random field theory to model the inherent spatial variability. Traditionally, the application of Bayesian
methods in geotechnical engineering heavily relied on the conjugate priors where the analytical
solution to the posterior distribution is available. Along with the increase of processing power of
personal computers, many efficient algorithms have been developed for solving complex Bayesian
problems in statistics (e.g., Gelman et al. 2004; Givens and Hoeting 2005). Zhang (2009) reviewed
different algorithms for Bayesian computation, clarified the relationships among different algorithms,
and assessed the potential of different algorithms for application in geotechnical engineering. With
Markov chain Monte Carlo (MCMC) methods, the posterior distribution can be obtained even without
the conjugate prior assumption. Ching and Chen (2007) developed the transitional Markov chain
Monte Carlo (TMCMC) method that can solve complex Bayesian problems without specifying the
proposal distribution. MCMC methods later become one of the main algorithms for solving complex
Bayesian problems in the 2010s.
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The 2000s is also a decade with wider application of artificial neural networks to geotechnical
applications, e.g., Shahin et al. (2001), Shahin et al. (2008), and Jaksa et al. (2008). In the 2000s, the
use of more and more sophisticated numerical methods in conjunction with the estimation of
uncertainty in geotechnics increased the demand for data from geotechnical surveys and led to the
fact that there were more and more of these data, but the possibility of using them was very limited.
This problem became even more acute in the next decade. Mitchell and Kopmann (2013) spoke of the
availability of big data sets and the challenge to make sense of this wealth of information: “In fact the
easy access to such vast amounts of information about most of the topics included in this report, the
evaluation of its validity and importance, and deciding which of it should be included was one of the
major challenges faced by the authors, and it provided an excellent example of the ‘information
overload’ problem.”

It is worthwhile to point out that the Geotechnical Safety Network (GEOSNet) was established in 2006
with the intent to: (1) expand the base of participation in industry and government agencies, (2) raise
awareness in practice/education and expedite the transfer of knowledge between research and
practice/education, (3) promote sharing of information on the development of geotechnical design
codes between countries, (4) promote liaison with related committees within and without the
geotechnical engineering community, (5) promote research and practice on assurance of geotechnical
safety to keep pace with advancements in numerical methods, risk management methods,
materials/equipment, and construction methods, (6) stimulate more discussions on safety issues in
complex projects at design, construction, maintenance, and other stages, and (7) encourage engineers
to embrace uncertainties and risks more explicitly and more systematically in practice and education.
Seven international symposiums (International Symposium on Geotechnical Safety and Reliability;
ISGSR) have been organized thus far in Shanghai, Gifu, Munich, Hong Kong, Rotterdam, Denver, and
Taipei (https://geosnet.geoengineer.org/).

At around the same time, the first international journal dedicated to geotechnical risk and reliability
entitled “Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards” was
established in 2007. As pointed out in its first Editorial (Phoon et al. 2007), this journal was motivated
by the recognition that “uncertainties associated with geomaterials (soils, rocks, snow), geologic
processes and anthropogenic actions can be large and complex. These uncertainties play an important
role in the assessment of hazard and risk and in the management of risk” and research needs to be
promoted and communicated because “significant theoretical and practical challenges remain for
guantifying the uncertainties and developing sustainable risk management methodologies that are
attractive to decision-makers and stakeholders.” Georisk has since published 15 volumes, 13 special
issues, and 5 spotlight articles. It was accepted by SCl in 2020 and received an impact factor of 3.868
in 2021.

2010-present

In the 2010s, researchers at NG| contributed several review/keynote papers regarding geotechnical
risk and reliability. In her Rankine Lecture, Lacasse (2015) investigated the conceptual and operational
connection between geotechnical practice and risk management and highlighted the importance of
implementing concepts of hazard, risk, and reliability in routine analyses. Lacasse (2016) illustrated the
use of the reliability and risk concepts with "real life" case studies, specifically for situations
encountered in Nordic environments. The paper provided calculation examples from a wide realm of
geotechnical problems, including avalanche, railroad safety, mine slopes, and soil investigations. In the
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Third Suzanne Lacasse Honour Lecture, Nadim (2017) contributed a state-of-the-art paper focusing on
concepts such as hazard, exposure, vulnerability, risk, risk management, acceptable risk, and reliability-
based geotechnical design. Researchers at NGI also contributed to the risk and reliability of dams.
Lacasse et al. (2019) provided an updated overview of basic concepts of reliability-based approaches
applied to dams and illustrated their use with three case studies. This recent state-of-the-art paper
discussed the strengths of reliability-based analyses and key issues such as tolerable and acceptable
risk, the meaning of factor of safety, the targets for margins of safety, and the selection of
characteristic values for analysis.

Mechanics-based methods for quantitative risk assessment of slope failure attracted a lot of attention
in this decade. Huang et al. (2013) proposed a quantitative risk assessment approach of landslide in
spatially variable soils wherein the consequences were assessed individually for each potential failure
mode. Zhang et al. (2016) published a monograph titled Rainfall-Induced Soil Slope Failure: Stability
Analysis and Probabilistic Assessment, which systematically introduced the deterministic and
probabilistic methods for analysis of rainfall-induced slope failures as well as their applications in
quantitative risk assessment. Wang et al. (2016a) used the random material point method (RMPM) for
guantitative risk assessment of slopes where post-failure behaviour can be considered. Their results
showed that RMPM provides a much wider range of solutions, in general increasing the volume of
material in the failure compared to RFEM solutions. Methods have been developed for assessing the
annual failure probability of slopes subjected to seismic shaking (e.g., Wang and Rathje 2018; Huang
et al. 2018; Macedo et al. 2018; Zhang et al. 2021), which is essential for risk assessment. Zhang et al.
(2021) developed a mechanics-based method to estimate the annual probability of slope failure caused
by rainfall infiltration. Moreover, some efficient approaches for three-dimensional bearing capacity
estimation for spatially variable soils were proposed, e.g., Chwata (2019) and Li et al. (2021). In the
meantime, works on estimating scales of fluctuation remained active, e.g., Lloret-Cabot et al. (2014),
Pieczynska-Koztowska et al. (2017), Ching et al. (2018), and Cami et al. (2020). The decade brings also
some effort to optimization of site investigation programs that maximize robustness and minimize site
investigation effort or propose the optimal location of soil soundings (e.g., Li et al. 2016a; Gong et. al
2017; Chwata, 2020; Jiang et al. 2020; Crisp et al. 2020). Recently, some researchers turned towards
the application of probabilistic methods in conjunction with more complex subsoil models than the
Coulomb-Mohr constitutive soil model. These studies used the Hardening-Soil model (e.g., Sert et al.
2016; Luo et al. 2018; Kawa et al. 2021), or the modified Cam Clay model (e.g., Savvides and
Papadrakakis 2021).

The 2010s is also a decade with wider application of risk assessment and management combining the
reliability and the consequence evaluation in particular with the fields of underground infrastructure
system (e.g., tunnels). The International Tunnelling Association ITA (Eskesen et al. 2004) has published
a guideline for tunnelling risk management. A notable example of national codes was published in
China which is edited by Zhang and Huang (2010). The quantitative risk analysis (QRA) of a tunnel and
cut-slope as a system was proposed by Li et al. (2010) considering the failure probability of a risk event
occurring in a space domain at a specific time using quantitative vulnerability analysis. Wireless sensor
network (WSN)-based risk sensing and monitoring was developed and applied to the real-time risk
control in tunnel engineering (Huang et al. 2017). It is followed by a national code of the WSN based
risk sensing for infrastructure published in China (Huang 2021). The real time risk sensing along a
20.4km-long metro tunnel lining was applied to the Shanghai metro since 2015. The project is still on-
going with at least 6 years continuous monitoring of the operational risk of the metro tunnel (Huang
et al. 2017). The next step for risk management of this underground tunnel is to enhance the resilience
of the infrastructure (Huang and Zhang, 2016; Zhang et al. 2018).
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Due to the continuing increase in computational power, random field geotechnical numerical analyses
became increasingly feasible in the 2010s. With the consideration of spatial variability, the failure path
and failure mechanisms became more complex and can be correctly treated as unknown prior to the
analysis. To address different potential failure modes, system reliability problems are drawing
attention in geotechnical reliability and risk, particularly for slope reliability analysis (e.g., Ching et al.
2009; Huang et al. 2010; Griffiths et al. 2011; Wang et al. 2011; Zhang et al. 2011; Li et al. 2011).
Significant challenge encountered in slope system reliability analysis is the prohibitive computational
cost when a large number of potential slip surfaces are considered. To address the computational issue,
it has been found that the system reliability of a slope is often controlled by a small number of
representative slip surfaces (Zhang et al. 2011), and a sub-system comprised of representative slip
surfaces can be identified and used to approximate the original and complete system (Zhang et al.
2011; Li et al., 2013). The accuracy of slope system reliability based on representative slip surfaces
depends on the correlation of performance functions of different failure modes, which is problem
dependent and unknown. This limitation can be alleviated using multiple response surface methods
(MRSM) (e.g., Li et al. 2015), where each component performance function is represent by a user-
defined response surface. After the response surfaces of all components are constructed, it is trivial to
perform system reliability analysis with negligible extra computational cost. Li et al. (2016b) reviewed
response surface methods for slope problems. Alternatively, advanced Monte Carlo simulation
methods were also developed to tackle computational difficulties in geotechnical system reliability
analysis and risk assessment, such as importance sampling (e.g., Ching et al. 2009), subset simulation
(e.g., Wang et al. 2011; Li et al. 2016c; Huang et al. 2017), and adaptive Monte Carlo simulation (Liu et
al. 2020). These advanced Monte Carlo simulation methods were shown to provide efficient and robust
solutions to geotechnical system reliability problems. Luo and Bathurst (2018a,b) extended the RFEM
to include reinforced slopes and embankments with spatial variability of soil strength. Javankhoshdel
et al. (2017) coined the term random limit equilibrium method (RLEM) as an alternative approach to
RFEM for probabilistic slope stability analysis of slopes with spatial variability.

The importance of spatial variability, measurement error, statistical uncertainty, and transformation
uncertainty for several geotechnical problems in reliability-based design (RBD) was discussed by Honjo
(2011). The 2010s decade brought further migration of RBD knowledge and experiences to national
standards, e.g., the Canadian Highway Bridge Design Code (Fenton et al. 2016; CAN/CSA-S6-14 2014).
In 2015, the 4™ edition of the ISO international standard was published, i.e., “General Principles on
Reliability for Structures” (ISO 2394:2015), where Annex D was dedicated to the reliability of
geotechnical structures (Phoon and Retief 2016). Reviews of semi-probabilistic reliability-based design
and direct probability-based design methods are provided by Phoon and Ching (2016) and Wang et al.
(2016b), respectively. Uzielli et al. (2012) proposed a simple probabilistic, design code-format
correlation for assigning design values of effective friction angle of clean sands from in-situ tests
incorporating all sources of geotechnical uncertainty, including transformation uncertainty. Cao et al.
(2019a) provided a review of Monte Carlo simulation-based methods for full probabilistic design and
emphasized values of Monte Carlo samples for geotechnical reliability-based design. CPT-based
reliability-based methods were also contributed. Uzielli and Mayne (2011) developed a CPT-based
method for the design of vertically loaded shallow footings on sand at the serviceability limit state. In
2014, Juang et al. (2013a) and Juang and Wang (2013) proposed the idea of robust geotechnical design,
where the robust design of a braced excavation system (including soil, wall, and support) was
formulated as a multi-objective optimization problem, in which the variation of the maximum wall
deflection (a signal of the design robustness) and the cost were optimized with the strict safety
constraints. In the 2010s further development of opensource software that can be used for uncertainty
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guantification continued. A good example is OpenCossan software (Patelli et al. 2014). The software
was successfully used in a variety of geotechnical applications (e.g., He et al. 2020).

In the study by Christian and Baecher (2011), ten unresolved problems in geotechnical risk and
reliability were identified. Among them was the connection between the observational method and
Bayesian updating. In the 2010s, probabilistic back-analysis of slope failure based on Bayesian methods
found wide application (i.e., Zhang et al. 201043, b; Ering and Sivakumar Babu 2016; Jahanfar et al. 2017).
The Bayesian method solved with MCMC simulation was also used to implement the observational
method for the design and construction of deep excavation problems (e.g., Juang et al. 2013b),
embankments built on soft soils (Zheng et al. 2018), and for the prediction of peak resistance of a
spudcan penetrating stiff-over-soft clay (Uzielli et al. 2017) and sand-over-clay (Li et al. 2018).
Traditionally, the Bayesian method is often used in geotechnical engineering to back-analyze random
variables. Yang et al. (2018) developed Bayesian methods such that random fields can also be back-
analyzed using monitored data. The Bayesian method has been recognized as the main tool for
interpreting site investigation data (e.g., Wang et al. 2016c; Juang et al. 2019). It allows for systematic
accumulation and updating of site knowledge with increasing data and quantifies site uncertainty to
reflect the state of knowledge on site (e.g., Cao et al. 2016). Huang et al. (2018) used Bayesian updating
to integrate cone penetration test (CPT) with multi-channel analysis of surface wave (MASW) data for
geotechnical site characterisation. It has been noted since the work by Baecher and Rackwitz (1982)
that geotechnical data can contain within-site and cross-site variabilities. Extending such an idea,
geotechnical data of different groups may also have inter-group and intra-group variability. Recent
studies have focused on how to model such variabilities using hierarchical Bayesian models which
improve knowledge for one group from data from other groups (e.g., Zhang et al. 2014, 2016;
Bozorgzadeh and Bathurst 2020; Ching et al. 2021a; Xiao et al. 2021). The Bayesian approach was
recently used by Chen et al. (2020) to update knowledge about the design model uncertainties for
fixed steel offshore platforms by using data obtained for large soil-structure systems during and after
major hurricanes in the Gulf of Mexico. Bayesian methods were also adopted to the purpose of
geotechnical design.

Possible data-centric future

Bayesian thinking (e.g., Baecher 2017) has been suggested as a foundation for data-driven approaches
developed in the 2010s. In 2017, to promote the use of Bayesian methods in geotechnical engineering,
the joint working group of TC205 and TC304 published a report to summarize the techniques,
advantages, and the application examples of Bayesian methods in geotechnical engineering. Juang and
Zhang (2017) provided a practical guide with detailed illustrative examples to learn Bayesian methods
in the context of geotechnical engineering. In 2021, Gregory Baecher delivered the Terzaghi Lecture
titled “Geotechnical systems, uncertainty, and risk”, where he addressed the importance of the
Bayesian approach in geotechnical engineering. Gregory Baecher, Herbert Einstein, Wilson Tang, and
TH Wu were among the early Bayesianists in geotechnical engineering. Bayesian methods are now
important for machine learning (Phoon and Zhang 2022).

The end of the 2010s decade brought new interest in data itself. Attempts were made to collect
characterization of geotechnical data from worldwide surveys and research. Phoon et al. (2019) coined
the term Big Indirect Data (BID) to refer to any data that are potentially useful but not directly
applicable to the decision at hand. Databases containing property or load test data from multiple sites
would belong to BID. Recent reviews on uncertainty representation of geotechnical design parameters
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and statistical characterization of multivariate geotechnical data were provided by Phoon et al. (2016)
and Ching et al. (2016), respectively. Such a database (Project 304 dB, TC304, 2019) is open to the
public and is still being updated. Although the main attention was focused on soil properties, significant
progress was made in compiling performance data, particularly foundation load test databases (Phoon
and Tang 2019; Tang and Phoon 2021). Tang and Phoon (2021) compiled the largest load test database
to date, covering various foundation types (shallow foundation, offshore spudcan in layered soils,
driven and drilled shaft, and helical pile) in a wide range of ground conditions (clay, silt, sand, gravel
and rock) and presented a comprehensive survey of the performance databases for other geo-
structures (e.g., soil nail/mechanically stabilized earth walls, slope, plate/anchor, braced excavation).

With the increasing availability of data and the advent of digital transformation, the 2010s decade also
brought further usage and development of machine learning approaches in geotechnical reliability and
risk analysis, e.g., for slope reliability analysis by Kang et al. (2016), approach for rational and objective
interpretation of the soil property profile with quantification of the associated statistical uncertainty
(Wang and Zhao, 2017), underground stratification and soil classification (e.g., Cao and Wang, 2013;
Depina et al. 2016; Cao et al. 2019b; Wang et al. 2019; Xiao et al. 2021), and landslide susceptibility
assessment (Wang et al. 2021a,b). A short review of deep learning is presented by Zhang et al. (2021).
Jong et al. (2021) reviewed application of Al techniques to underground soil-structure interaction
problems such as characterization of soils and rocks, pile foundations, deep excavations and tunnelling.
One major challenge (termed “site recognition challenge”) is to quantify “site uniqueness”, directly or
indirectly, so that big indirect data (BIDs) can be combined with sparse site-specific (local) data in a
manner sensitive to site differences (Phoon et al. 2021; Ching et al. 2021a). It is likely that geotechnical
data and its role in decision making will be broadened and deepened in the near future in light of rapid
advancements in machine learning and artificial intelligence in the past 5 or so years.

Phoon and Ching (2021) and Phoon et al. (2022a) referred to the growing body of research on
databases and data-driven methods as “data-centric geotechnics”. The central tenet in data-centric
geotechnics is that data has value as long as it is not fake. The challenge is to draw useful inferences
for decision-making from real world data over the entire lifecycle covering design, construction,
operation, maintenance, and decommissioning. Phoon et al. (2021) termed real world data as “ugly
data” to contrast with high quality data demanded by the existing deterministic design paradigm. In
the 4th Suzanne Lacasse Lecture, Phoon et al. (2019) suggested that the ugly attributes of real world
site investigation data can be summarized using the mnemonic MUSIC-X (Multivariate, Uncertain,
Unique, Sparse, Incomplete, potentially Corrupted, and spatially variable X). Phoon et al. (2021)
pointed that there are other ugly or uglier attributes in rock engineering, because of mixed data types
(nominal/ordinal/interval/ratio). The genetic group — sedimentary, igneous, and metamorphic —is an
example of nominal data. The joint set number (J,) in the Q-system is an example of ordinal data. More
research is needed to understand data and develop appropriate data-driven methods for rock
engineering. The ability to draw useful engineering insights from ugly data (“ugly data challenge”) is
considered a fundamental problem in data-centric geotechnics. One problem that has attracted
attention is site characterization because it is a cornerstone of geotechnical engineering. Ching and
Phoon (2019) applied a variant of the powerful Gaussian Process Regression (GPR) method to construct
a multivariate probability density function for MUSIC data. This is the first time a probability density
function can be constructed in a multivariate setting where the data is both incomplete and sparse,
although this setting is commonly encountered in site investigation for a routine project. The Bayesian
approach is necessary. This GPR-MUSIC method has since been extended to cover 1D spatial variability
(GPR-MUSIC-X, Ching and Phoon 2020) and 3D spatial variability (GPR-MUSIC-3X, Ching et al. 2021b).
Wang et al. (2021c) presented a non-parametric approach based on Bayesian compressive sampling.
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Compressive sampling is distinct from the classical Fourier transform. It can represent a signal with
frequencies beyond what is permissible by the sampling interval (Nyquist—-Shannon sampling theorem).
This is highly advantageous for sparse site-specific data. Shuku et a. (2020) focused on the detection
of stratigraphic boundaries using a sparse Bayesian lasso method. The lasso method is by far the best
in detecting sudden changes in the sounding profile, which is exactly what is needed for mapping
stratigraphy. The key practical purpose of these data-driven methods is to estimate the properties
and/or stratigraphic boundaries at unobserved locations based on the typical MUSIC-3X data
measured at highly limited locations at a single site. Hu et al. (2021) suggested a method to assess the
effectiveness of geotechnical site investigation programs for design of slopes. Phoon et al. (2021)
termed this exercise as “data-driven site characterization” (DDSC) and defined DDSC as “any site
characterization methodology that relies solely on measured data, both site-specific data collected for
the current project and existing data of any type collected from past stages of the same project or past
projects at the same site, neighbouring sites, or beyond.” Another challenge embedded in DDSC that
is distinct from the “ugly data challenge” is the “site recognition challenge”. The purpose of this
challenge is to improve the estimation at unobserved locations using both site-specific data and data
from “similar” sites. The latter data is not sparse as it is assembled from multiple sites (termed “Big
Indirect Data” or BID in Phoon et al. 2019). An engineer regularly combines site-specific data with data
from other relevant sources through an appreciation of regional geology and experiences gathered
from past projects, but there is no data-driven method that can do this comprehensively and
satisfactorily to date. The Hierarchical Bayesian model was found to be promising (Ching et al. 2021a).
Shi and Wang (2021) proposed a novel iterative convolution eXtreme Gradient Boosting model (IC-
XGBoost) that can interpolate a subsurface geological cross-section from limited site-specific borehole
data and a training geological cross-section obtained from previous projects with similar geological
profiles. Phoon and Ching (2021) summarized progress to date on DDSC and postulated that “DDSC
may one day evolve into an artificial intelligence (Al) that can emulate human learning and experience
building”. Phoon (2020) called this longer term project AlphaGeo. Phoon et al. (2021) imagined an
artificial intelligence that can mimic human learning to be equivalent to a ‘super engineer’ that has
gained and continues to gain from the pooled experiences of all human engineers around the world.
Since it is already known that an experienced engineer makes better judgment than a novice with no
experience, one can speculate that such a ‘super engineer’ with access to extensive databases, capable
of detecting site differences through data-driven methods ... and capable of moderating its predictions
by drawing upon relevant past human experiences will be making better site-specific predictions than
those from classical statistical methods moderated by ‘reality checks’ from a single engineer.”

Recognising the potential and growing importance of modern data-driven methods, the journal
Georisk has expanded its aim and scope to embrace the rapid advancements in machine learning,
artificial intelligence, and other data-driven methods and their applications to enhance our design,
construction, and decision-making abilities.

To meet the increasing educational need to train professionals with expertise on geotechnical
reliability, Zhang et al. (2021) developed a textbook titled “Geotechnical Reliability Analysis: Theories,
Methods, and Algorithms”. A MOOC (Massive Open Online Courses) on Probability Analysis in Civil
Engineering has been launched by TC304 in the ISSMGE Virtual University to teach reliability theory
online.

Remarks
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What seems very interesting, in each decade there was a struggle to increase the realism, generality,
and numerical efficiency of proposed approaches, regardless of how fast computers we had. It looks
like it will stay that way in the future. Nevertheless, with the progress we made, we are capable of
solving more and more complex geotechnical reliability problems, making a greater impact in the
profession. As Phoon (2020) exhorted in the 10" Lumb Lecture, “the value of geotechnical data is
significantly under-appreciated and not fully exploited for decision making. Our data is ‘dark’ in the
sense that it is stored primarily for compliance purposes, rather than shared and actively mined for
insights that can inform future decision making. The world is being revolutionised by new and powerful
ways of collecting, sharing, analysing, and monetizing data. Clearly, there is a pressing need for the
geotechnical engineering community to engage in this digital transformation”. The current state of
play was discussed in the ISSMGE TC309/TC304/TC222 Third Machine Learning in Geotechnics
Dialogue (3MLIGD) (Phoon et al. 2022b). A review of machine learning in geotechnics is presented by
Phoon and Zhang (2022).

The ground is complex, because of its natural origin. Important gaps in our knowledge such as geologic
history, ground water flow, and possibly recent man-made disturbances from construction or other
sources are present in all geotechnical projects. Geotechnical engineering decision making remains a
“calculated” risk informed by limited data, incomplete knowledge, and imperfect theories. There is no
doubt that insights provided by mechanical, probabilistic, or other analyses need to be moderated by
engineering judgment, but it is unclear how engineering judgment should evolve as the capabilities of
computational tools and digital technologies continue to grow in power rapidly.
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