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Abstract. . Geotechnical engineering is one of the first technical and scientific fields to intervene in any infrastructure or
urban development project and, in many cases, it is the most important. In the course of time many methodological,
analytical, numerical and technological innovations have been discovered and used both in field and in laboratory
investigations in the analysis, design and construction of geotechnical structures. The fields in which geotechnical
engineering plays an important role and where these innovations have been introduced are very wide and spread out by
very different scales. The world globalization, the unsustainable use of resources, the climate changes caused by human
activities, the increase of natural disasters, the recognized lack of infrastructure to meet people’s needs and also to protect
against the consequences of climate changes, decisively condition the evolution of engineering and obviously also of
geotechnical engineering. These factors require the problems and their solutions to be addressed in a global, integrated and
multidisciplinary way. This lecture outlines a perspective on the future of geotechnics, starting by characterizing various
conditioning factors and society’s needs. The developed prospect is naturally fragmented and incomplete, and it could not
be otherwise, as it is a personal perspective conditioned by the interests and limitations of the author.
Keywords: future development of geotechnics, social, economic and environmental conditioning factors, geotechnical issues.

1. Introduction

In recent years the future development of geotechnics
has sparked the interest of many institutions and individu-
als (ASCE, 2007; IITG / IGS, 2012; NRC, 2006; Brandl,
2011; Breedeveld, 2012; Chowdhury & Flentje, 2007;
Clough, 2006; Francisca, 2011; Hajra, 2012; Long, 2006;
Matos Fernandes, 2010; Nelson, 2013; Reddy, 2011;
Shackelford, 2005; Simpson & Tatsuoka, 2008), adopting
very different perspectives: specific or global, local, re-
gional or worldwide, more or less related to economic and
social environment, etc.

Geotechnical engineering is one of the first technical
and scientific fields to intervene in any infrastructure or ur-
ban development project and, in many cases, it is the most
important. In the course of time many methodological, ana-
lytical, numerical and technological innovations have been
discovered and used both in field and in laboratory investi-
gations in the analysis, design and construction of geo-
technical structures.

The globalization of economic organization (produc-
tion and trade) and of information circulation, the unsus-
tainable use of resources, the environmental changes
caused by human activities, the increase of natural disas-
ters, in particular those caused by hydraulic reasons, the
recognized lack of infrastructure to meet people’s needs
and also to protect against the consequences of climate
changes, decisively condition the evolution of engineering
and obviously also of geotechnical engineering. These fac-
tors require problems and their solutions to be addressed in
a global, integrated and multidisciplinary way.

This text outlines a view over the future development
of geotechnical engineering, starting with the analysis of

some conditioning factors: social, economic and environ-
mental factors are considered in Chapter 2; geotechnical
conditioning factors are discussed in Chapter 3. In Chapter
4 a brief characterization of world’s infrastructure needs is
outlined, using data produced mainly by international orga-
nizations. Chapters 5 and 6 state the future trends of geo-
technical engineering, from a generic point of view.

2. General Conditioning Factors

2.1.Scope

This chapter addresses various factors that influence
the development of geotechnical engineering, both for soci-
etal and for technological reasons. The point of view pre-
sented here is partial and the argumentation is limited, as it
couldn’t be otherwise. It’s aim is basically to present some
of the major trends of the social evolution of the world
(population growth and urbanization, concern with envi-
ronment’s evolution, increasing social scrutiny) and some
general conditioning factors of that evolution: some natural
(climate change and natural disasters) and others techno-
logical. We should bear in mind that it is in the proper use of
technology that rests the possibility of finding the appropri-
ate responses to current difficulties, which must be condi-
tioned and limited by the relevant social factors, including
the need to ensure its sustainability.

2.2. Climate change and increasing natural disasters

Although the understanding of Earth’s climate con-
tinues to lack certainty, there is already a powerful and
credible body of evidence, obtained from multiple different
registration and research processes, proving that climate is
changing and that these changes are largely caused by hu-
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man activities (NRC, 2010). Scientific evidence also shows
that climate changes entail significant risks for many natu-
ral and human systems. Different studies have come to sim-
ilar conclusions, which are shared by many national and
international organizations (USGCRP, 2009; IPCC, 2007;
etc.) and have acquired a high degree of trust:
• Earth is warming. Detailed observations of surface tem-

perature (both in oceans and on land) show that the
Earth’s average surface temperature during the first de-
cade of this century was 0.8 °C higher than in the first de-
cade of the twentieth century, registering a more
pronounced warming in the past 3 decades.

• In recent decades most warming can be attributed to hu-
man activities that release carbon dioxide (CO2) and
other greenhouse gases (GHGs) into the atmosphere.
The burning of fossil fuels - coal, oil and natural gas - for
energy production is the main cause of climate change,
but agriculture, deforestation and some industrial activi-
ties also significantly contribute to that. Figure 1 shows
the evolution of global CO2 emissions since 1860.

• Other climate changes are closely associated with global
warming, such as increasing frequency of intense rain-
fall, reduction of snow and ice cover at the poles, more
frequent and intense heat waves, sea level rise and ocean
acidification. Individually and collectively, these chan-
ges jeopardize a broad spectrum of environmental and
human systems, including water resources, coastal envi-
ronment, ecosystems, agriculture, fisheries, human
health, etc.

• Current CO2 concentration in the atmosphere is about
380 ppm. Studies suggest that 550 ppm can be a thresh-
old which triggers severe weather effects (IPCC, 2000).
It is estimated that in 2050 CO2 concentration will
achieve 550 ppm, unless decisive actions are carried out
by the international community.

• The magnitude of climate changes and the severity of
their impacts depend decisively upon the actions under-
taken by human societies in response to the risks. But we
should bear in mind that, despite the international agree-
ment to stabilize the concentration of GHGs at levels that
prevent dangerous human interference with the climate
system (UNFCCC, 1992, 2009), global CO2 and other
GHGs emissions continue to increase.

The frequency of natural disasters appears to have
been increasing during the last decades, as can be seen in
Fig. 2. The sharp increase in the number of events is partly
explained by the increase of number and detail of observa-
tion and recording, since there is no reason why seismic ac-
tivity shouldn’t register a pattern of constant incidence. In
any case, it is clear that catastrophic events of hydrological
character have experienced continued growth. In addition
to a solid body of research on the causes and consequences
of climate change, there is a growing and more diverse
body of knowledge on policies, methodologies and tech-
nologies that can be used to limit / control future climate
change (Fragaszy et al., 2011).

As for the implementation of these measures, i.e., the
steps that must be taken, we are still moving at a snail’s
pace, but are improving. In fact, a key issue before the im-
plementation of the necessary actions, i.e. the recognition
that the climate changes should be considered in decisions
and actions that are taken in a wide range of sectors, has un-
doubtedly grow.

2.3. Population and cities growth

Based in documents of the United Nations and World
Bank (UN, 2010; WDR, 2009; WB / UN, 2010), crucial as-
pects of population and cities growth are described and it is
argued that past and predicted evolutions favor increased
vulnerability to natural phenomena.
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Figure 1 - Evolution of global CO2 emissions since 1860, in millions of tons. (Source: http://www.manicore.com/anglais/documenta-
tion_a/greenhouse/evolution.html).



Cities occupy only 1.5 percent of the world’s land
area but produce half of GDP. The prosperity of cities co-
mes from the high productivity provided by the division of
labor, a result of people and goods agglomeration, and from
the low cost acquisition of information and technology
(know-how) (WB / UN, 2010). On the other hand, the pros-
perity of cities is an economic magnet, attracting people
and investments.

Historically, production has grown by about 1-2 per-
centage points more than the population, explaining why
per capita income has increased almost everywhere. Much
of the growth occurred in the cities, where per capita in-
come is higher. This is not new: it is well known that cities
concentrate prosperity (WDR, 2009).

Population of cities has also continuously grown.
Current world population is around 7.3 billion, a little more
than half living in cities. In 2050 population is expected to
have reached 9.5 billion, when, according to UN estimates,
world’s urban population will increase to 70 per cent. Fig-
ure 3 summarizes the trends of the last few decades and

points to the current forecast for the next decades. In 2050
compared to 1950, i.e. in 100 years, the world, rural and ur-
ban populations are expected to increase 3.6, 1.6 and 8.6
times, respectively. Europe is the continent with less varia-
tions: only 30% of population growth as a result of the dou-
bling of urban population accompanied by a rural popula-
tion decrease to less than half. Africa is the continent
experiencing the most dramatic change: the total popula-
tion increases by about 9 times, rural population increases
about 4 times and urban population about 37 times.

Due to the strong and continuous urbanization in-
crease, in many cities roads capacity, water supply and
sewage treatment systems are sold out or on the way to be-
come exhausted. Services did not maintain adequate levels
largely because cities have not invested enough in infra-
structure. Congestion, pollution and frustration can eventu-
ally choke the continuous growth of such cities.

Urban concentration increases the risks of its inhabit-
ants to natural hazards. It is estimated that in 2050 the num-
ber of people exposed to tropical cyclones and earthquakes
in large cities is more than double, ascending from 310 mil-
lion in 2000 to 680 million in 2050 in the case of tropical
cyclones, and from 370 to 870 million in the case of earth-
quakes (WB / UN, 2010).

The reasons for increased vulnerability of societies to
natural disasters can be summed up as follows (WEF,
2011): a) population growth: between 1950 and 2010 the
world population grew from 2.5 to 6.9 billion, thereby in-
creasing the number of people living in vulnerable areas; b)
location: population growth occurred in areas more vulner-
able to natural disasters, as coastal areas and river banks; c)
urbanization: the lack of proper urban planning and the lack
of quality of the projects and constructions exacerbate the
effects of natural disasters; d) economic value: economic
development led to more valuable infrastructures, and
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Figure 2 - Number (average of 5 years) of events recorded each
year from 1910 to 2009 (Source: EM-DAT - OFDA / CRED Inter-
national Disasters Database).

Figure 3 - a) Urban population percentage in each continent; b) Change in the total, urban and rural population compared to 1950, in the
World, Europe and Africa.



therefore increased the risk of economic losses; e) climate
change.

2.4. Social scrutiny

2.4.1. Preamble

Hansford (2011) refers to the existing infrastructure
needs all over the world and emphasizes the role of engi-
neers in finding and implementing solutions to meet these
needs. Nevertheless, in his opinion, the current economic
environment has unprecedented conditioning factors,
which “(...) led to massive cuts in public sector spending
and inevitable scrutiny of infrastructure investment plans;
scrutiny to levels that our industry has never seen before
(...)”. Probably the growing social scrutiny of the construc-
tion sector is due to the concern about the uncontrolled
costs and execution times, particularly of the public works,
and to the perception of corruption in the sector.

2.4.2. Costs and timing of the works: discrepancy between
forecasts and reality

Lambe (1973) pointed out that “(...) predicting is a
key step in the process of creating and maintaining a con-
struction facility, i.e. the practice of civil engineering (...)”.
Decisions to proceed with more or less important invest-
ments are based in forecasts of costs and other impacts,
such as environmental, level of infrastructure usage (traffic,
etc.), direct and indirect economic benefits, etc. Inaccu-
racies in the estimation of cost, demand and other impacts
of projects are much more common and widespread than
one might think (Cardoso, 2013). Flyvbjerg (2006, 2014)
has been building an important database of works carried
out around the world, whose data confirms that either the
underestimation of costs as the optimistic estimation of us-
age levels of the built infrastructures are common.
Flyvbjerg (2006) also concluded that there has been no im-
provement of forecasts quality over time. The cost-benefit
ratios are often wrong, not just in a small degree, which im-
plies that the viability estimates are misleading in many

cases. So, the information on which investment decisions in
new projects are based can be highly inaccurate and biased,
leading to high-risk projects.

Sidebar 1 describes the Boston case as an example of
well-known international projects (other are e.g. the Chan-
nel Tunnel or the “Calle 30” project in Madrid) where the
predictions failed at a very high degree. There are several
distinct reasons for these, in some cases, major differences,
from economic, political and social causes (inflation, labor
problems, etc.) to technical reasons (shortcomings of the
primary studies, deficiencies of the designs, unforeseen sit-
uations, especially due to geotechnical reasons, etc).
Flyvbjerg and others (2005, 2006) have deeply studied the
subject (Cardoso, 2013, gave a brief summary of these
studies); they consider that, more than by technical reasons,
forecasts’ inaccuracies are explained by two main reasons:
1) psychological reasons - generally forecasts present an
optimistic bias, i.e. most people have a cognitive predispo-
sition that leads them to judge future events at a more posi-
tive light than what would be rationally justified by actual
experience; 2) political reasons - the inaccuracies are ex-
plained in terms of false strategic statements; according to
these explanations, when making the estimation of project
results, analysts and managers deliberately and strategi-
cally overestimate the benefits and underestimate the costs
in order to increase the likelihood of their projects to be ap-
proved and funded, rather than those of their competitors.
Optimistic behavior and strategic misrepresentation, both
involve deception, but as the later implies an intention the
first not; optimistic tendency lies in self-deception. Any-
way, the inaccuracies of the estimates entail additional
costs and revenue losses due to delays in the operation of
built infrastructure. Moreover, the extension of the con-
struction period is also quite common, a fact that can even-
tually lead to additional costs and / or result losses.

Direct and/or indirect costs that are regarded as exces-
sive and not sufficiently justified (Long, 2006) and espe-
cially the lack of control of these costs become increasingly
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Sidebar 1. Boston Central Artery

The construction of the Central Artery / Tunnel Project (Big
Dig Boston) included especially underground works: i) the exist-
ing Central Artery (Interstate 93), a motorway with six lanes
through the city center, has been replaced by an underground
highway (5.6 km) and by two bridges with 14 lanes for crossing
the Charles River; ii) Interstate 90 was extended, through a tunnel
under Boston Harbor, to the airport. The project started in 1982
and the construction in 1991; it was expected to end in 1998 with
a cost of US$ 2,800 million (1982 costs). In fact, the work was
completed in 2006 - that is, took twice the prescribed construction
time - with a cost of US$ 14,600 million (2006 prices, i.e. US$
8,080 million in 1982 prices), which means almost three times the
estimated cost.



less socially acceptable, diverging in relation to estimates
that had supported the decision to move forward. It is clear
that the awareness of the economic, social and political im-
portance of these issues has been increasing and that, since
the second half of the previous decade, states, especially the
European States and the USA, have been adopting mea-
sures to control this problem (Flyvbjerg, 2014).

2.4.3. Perception of corruption in the construction sector

At a summit meeting (ASCE, 2007) organized to dis-
cuss the future of civil engineering, the participants dis-
cussed the issues and trends that affect the sector and
identified, among others, “(...) occurrence of corruption in
the global engineering and construction industry (...)”. This
problem has been addressed in reports and studies con-
ducted by international agencies (e.g., Kenny, 2009,
WB/UN, 2010, and Hardoon & Heinrich, 2011).

Very recently there were two international surveys on
corruption. The first was prepared by Transparency Inter-
national (Hardoon & Heinrich, 2011) in order to assign, for
the fifth time, the Bribe Payers Index, see Table 1. The in-
dex ranks 28 of the world’s largest economies (distributed
across all regions of the world and representing almost 80
per cent of all products, services and investments circulat-
ing in the world) according to the perceived likelihood of
companies from these countries to pay bribes abroad. It is
based on the views of business executives as captured by
Transparency International’s 2011 Bribe Payers Survey.
The Bribe Payers Survey also captures perceptions of brib-
ery across business sectors, see Table 1. Public works con-
tracts and construction sector detain the worst values,
detached from the rest.

The second survey on corruption in construction in-
dustry, from the Chartered Institute of Building (CIOB,

2013), involved 701 construction professionals, about 60%
of whom were directors, senior managers and consultants
and about 30% were middle and base managers; almost all
worked in organizations / companies with over 200 em-
ployees. The main findings were: a) 49% of respondents
believe that corruption is widespread in the British con-
struction industry, 2% less than in the first survey published
in 2006; b) 42.5% of the participants suggest that corrup-
tion can occur at any stage of a building development, while
35% consider it more likely during the pre-qualification
and tender phases; c) virtually everybody considers impor-
tant or very important (more than 3/4) to face the problem
of corruption.

2.4.4. Challenge for engineers

Many projects similar to the ones criticized and ques-
tioned because they didn’t not fulfill what was expected
when released, will be needed in our cities. The question is
whether we will be able to do them if we don’t succeed in
significantly reduce costs, risks and construction time, not
to mention our ability to manage them properly, meaning to
fight against corruption. Long (2006) opines that if we do
not find better ways - more reliable, with lower costs and
shorter periods of social disturbance - to solve the tradi-
tional problems, especially in the cities, the social, eco-
nomic and environmental constraints will make the solu-
tions increasingly more inaccessible. In the same line of
reasoning Hansford (2011) states that “(...) the imperative
today is to deliver more for less (...)”.

2.5. Computers performance and computing costs

The powerful evolution of informatics and computers
decisively affected all human activities and also the evolu-
tion of geotechnics. Much of the progress made in under-
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Table 1 - Adapted from Hardoon & Heinrich (2011).

Bribe Payers Index 2011 Perceptions of foreign bribery by sector

Country / Territory Score Sector Score

Netherlands, Switzerland, Belgium, Germany,
Japan, Australia, Canada

8.5-8.8 Agriculture, Light manufacturing, Civilian aero-
space, Information technology

7.0-7.1

Singapore, United Kingdom,
United States, France, Spain

8.0-8.3 Banking and finance, Forestry, Consumer services 6.8-6.9

S. Korea, Brazil, Hong Kong, Italy, Malaysia,
S. Africa, Taiwan, India, Turkey

7.5-7.9 Telecommunications, Transport. and storage, Arms, de-
fense and military, Fisheries

6.6-6.7

Saudi Arabia, Argentina, United Arab Emirates,
Indonesia, Mexico

7.0-7.4 Heavy manufacturing, Pharmac. and healthcare, Power
generation and transmission

6.4-6.5

China 6.5 Mining, Oil and gas, Real estate, property, legal and
business services, Utilities

6.1-6.3

Russia 6.1 Public works contracts and construction 5.3

Average 7.8 Average 6.6

Note: [Countries / Territories] [Sectors] are scored on a scale of 0-10, where a maximum score of 10 corresponds with the view that com-
panies [from that country] [in that sector] never bribe [abroad] and a 0 corresponds to the view that they always do.



standing the behavior of geomaterials would not have been
possible without the use of numerical methods. The current
capacity to analyze and predict the behavior of geotech-
nical structures, in operating conditions, in ultimate states
or even in post-failure situations, is based on the develop-
ment of methods of analysis with universal character
(meaning that any geometric or boundary initial conditions
may be considered). This analysis is obligatorily numeric
and therefore dependent on the available computation ca-
pacity.

Figure 4 briefly tells the history of computer evolu-
tion, which can be summarized as follows: 1) the number of
transistors (transistor count) of microprocessors has in-
creased more than 30 times every 10 years; the increasing
of GPUs (Graphics Processing Unit) transistors count has
been even greater, about 100 times every 10 years; 2) the
processing speed, measured in FLOPS (Floating-Point Op-
erations Per Second), has grown about 600 times every 10
years; 3) the operation cost of supercomputers has de-
creased about 400 times every 10 years.

Since the 90s, the growing computer performance
and the advances in the development of very powerful pro-
grams for geotechnical design provided the possibility to
carry out advanced numerical analysis, including 3D calcu-
lations, at an ever lower cost. The development of
“friendly” interfaces further facilitated the use of numerical
analysis.

Nevertheless, we should bear in mind that to carry out
complex calculations and achieve good results we undoubt-
edly need a good knowledge of numerical methods, but also
of mechanics and other areas of physics (and possibly,
chemistry) and, above all, of soil and / or rock mechanics.
This is sometimes forgotten in practice. This issue is per-
haps even more relevant in geotechnics than in any other

area, given the complex and uncertain character of the
properties of geomaterials and of the processes to evaluate
them.

2.6. Complexity

The increasingly globalized world, where informa-
tion on whatever occurs wherever it may be, is available al-
most immediately, is also characterized by a permanent
growth in complexity. That is, procedures and actions are
conditioned by increasingly diverse factors and growing in-
terdependencies. Complexity also results from the fact that
humans face increasingly difficult and global challenges
that, years ago, were simply not considered.

Traditional methodologies for the study of systems’
behavior based on independent component analysis can no
longer be used when complexity level rises. The difficulty
of a complex system is that often the parts interact with
each other in time and space, making it non-linear. The best
example of a non-linear system is a living organism, in
which molecular processes occurring within the cells can-
not be clearly separated from processes occurring at a mac-
roscopic level; other examples of complex systems are the
climate and the economy.

Geotechnics is genetically a complex discipline,
since geotechnical engineering practice requires working
with a very limited set of information on complex materials
whose state can radically change over short distances and
over time (Marr, 2006). Therefore, the collaboration of ex-
perts from different disciplinary sub-areas is often required.

Social and economic environment, that affect meth-
ods and options, also contribute to the complexity of geo-
technics. The increasing number of factors - economic,
social and environmental - that must be taken into account
in all construction activities and the growing social concern
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Figure 4 - Evolution of computers: number of transistors, processing speed of supercomputers and costs (Sources:
http://en.wikipedia.org/wiki/History_of_ supercomputing; http://en.wikipedia.org/wiki/Transistor_count; http://en.wikipedia.org/wi-
ki/FLOPS).



with the consequences of works (including the environ-
mental ones) imply higher and higher complexity levels,
making it essential to have a multidisciplinary approach.

The best strategy to survive and thrive under complex
conditions is to develop adaptability to conditions that are
perpetually changing (Rzevski & Skobelev, 2014). This
type of strategy is not strange to geotechnical engineers; the
Observational Method was conceived to enhance the adapt-
ability to conditions that are complex and therefore not
completely known in advance. Indeed, according to
Nicholson et al. (1999), “(...) the Observational Method in
ground engineering is a continuous, managed, integrated,
process of design, construction control, monitoring and re-
view that enables previously defined modifications to be
incorporated during or after construction as appropriate.
All these aspects have to be demonstrably robust. The ob-
jective is to achieve greater overall economy without com-
promising safety (...)”.

Complex systems are characterized by the fact that
they frequently change, being therefore necessary, when
trying to study and manage them, to have methodologies
able to react quickly and positively to changes permanently
and in real time (Rzevski & Skobelev, 2014).

2.7. Conclusion

The acceleration of global population growth and of
the intensive use of perishable resources happened rela-
tively recently, and led to major imbalances. Indeed, the
data collected by historical economists show that until
around 1750 both the population and the means available
for people to live had a very slow evolution over time, as
shown in Fig. 5. That is, until the advent of the Industrial
Revolution, population and income per capita remained al-
most stationary over hundreds of years, progressing very
slowly, and the income did not show major differences be-
tween regions (see Fig. 5).

Since the Industrial Revolution (Industrial Revolu-
tion was the introduction of new manufacturing processes
during the period from 1760 to sometime between 1820 and

1840 and began in Britain) it is observed that: 1) global
population starts to grow exponentially; 2) GDP per capita
begins to grow fast in certain regions of the world; 3) in
other regions evolution is much slower or occurs after a cer-
tain interval relative to the first, so the differentiation be-
tween countries and regions of the world gradually
increases.

The crucial factor for the sharp and rapid growth of
GDP per capita was the technological progress (Clark,
2007). The Industrial Revolution consisted of the first ap-
pearance of fast economic growth fueled by a production
efficiency made possible by advances in knowledge. The
pace of that technological and cultural revolution is no lon-
ger related with the natural rhythms, with the biological ad-
aptation and even less with the geological evolution.

Today’s world still has enormous needs - briefly char-
acterized in Chapter 4 - which are more acutely felt in less
developed countries, but these insufficiencies need to be
addressed using methodologies and processes different
from those employed in previous periods, much more con-
ditioned by factors of sustainability. In any case, if technol-
ogy was what allowed the progress achieved since the
Industrial Revolution, it will also be technology - now de-
veloped to ensure sustainability - to find solutions to cur-
rent problems. Technologies and scientific knowledge are
of inestimable value to the identification and solving of
problems, to the development of robust and low-cost pro-
jects, to the efficient and safe execution of buildings, to
guarantee long-term maintenance, to protect against natural
hazards and to a continued respect for the environment
(NRC, 2006).

3. Background. Geotechnical Issues

3.1. Subjects covered

The central objective of this chapter is to describe
what are meant to be the current gaps in geotechnical
knowledge and practice, despite the fact that many and no-
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Figure 5 - E volution of population and GDP per capita worldwide (GDP: 1990 Int. GK$ - 1990 International Geary-Khamis dollars)
(Source: Maddison, 2014).



table progress were already achieved. That description is
done in the last section of the chapter.

In the next section it is noted that, although from the
theoretical point of view many phenomena are well mas-
tered and appropriate procedures are well known, in the
practice, accidents continue to occur in various types of
geotechnical structures, some with very serious conse-
quences. Some examples of recent accidents are presented.

The following section presents two specific cases il-
lustrating the difficulty geotechnical engineers experience
while making quantitatively reliable forecasts. If qualita-
tively the behavior of geotechnical structures is or may be
(there are powerful numerical tools to make this possible)
well known, regarding to quantitative aspects, the ability to
predict values that reasonably fit the real ones, for many
types of geotechnical structures, is still rather poor, as
shown by the examples presented.

3.2. State of the practice and state of the art. Accidents

3.2.1. Preamble

In many respects, geotechnics is a mature scientific
field. In addition to an already well-developed understand-
ing of the fundamental behavior of soils and rocks, techno-
logical advances enabled the finding of solutions to many
important and complex problems (Long, 2006): 1) we
know how to build proper foundations, safe dams, stable
roads and tunnels; 2) we have a reasonable knowledge of
groundwater behavior, how to extract oil resources and
how to develop a geothermal field; 3) we understand quite
well which factors lead to soil liquefaction during earth-
quakes or to the occurrence of landslides; 4) etc. The big-
gest problem that remains is that “(...) the state of the
practice worldwide does not match the state of the art (...)”
(Long, 2006). Even when the knowledge exists, reasons of
economic and financial policy or ignorance lead, quite fre-
quently to dangerous practices.

3.2.2. Examples of some collapses occurred recently

Figure 6 shows the collapse of a 13-floor building oc-
curred in Shanghai on June 27, 2009. Part c) of the figure
outlines the explanation provided for such spectacular and
unusual collapse. Anyway observing parts a) and b) it is
possible to conclude that the piles had no reinforcements or
were insufficiently reinforced.

Figure 7 relates to the collapse of an anchored dia-
phragm wall that took place on March 3, 2009, in Cologne.
The collapse of the wall caused the overthrow of the
7-storey building that housed one of the most important
German historical archives, evacuated before the accident,
and of two adjacent buildings, in one of which (n. 230)
lived the two fatalities. The rupture occurred during the fi-
nal phase of a 28 m deep excavation and has been due to the
inflow of water and loose materials in the excavation,

which caused differential settlements of building founda-
tions and, subsequently, its collapse.

Figure 8 refers to a landslide occurred in March 2014
in Oso, USA. This landslide had dramatic consequences -
caused 43 deaths, the deadliest in the history of the USA.
Note the clear signs of slope instability, clearly visible in
the photo taken before the accident.

The latter case (Fig. 9) refers to the tailing dam rup-
ture at Mount Polley mine, explored by Imperial Metals. It
is a copper and gold open pit, located in British Columbia,
Canada. In August 4 2014 the dam suffered a large rupture,
causing the release of 25 million m3 of contaminated water
and mine waste into the existing system of natural lakes
nearby.

3.2.3. Causes of collapse

Delatte (2006) studied some well-documented cases
of structural ruptures and concluded that there are aspects
common to many of them, which are: 1) to reach knowl-
edge and good practice limits at the time; 2) not paying
enough attention to early signs of misbehavior; 3) supervi-
sion problems during construction; 4) lack of robustness
and redundancy of the project; 5) maintenance and inspec-
tion problems.

Day (2009) studied several historical cases of col-
lapse of geotechnical structures published in the special-
ized literature and concluded that the main causes of the
failure or deficient behavior are those shown in Table 2; of-
ten inadequate behavior is due to a combination of two or
more of these reasons. In any case, water and / or water
pressure are the factors that most often contribute to the oc-
currence of bad behavior of geotechnical structures.

3.3. Prediction of geotechnical structures behavior

3.3.1.Preamble

Despite the very significant developments already
achieved, given the difficulties involved, behavior predict-
ability of geotechnical actual works remains relatively lim-
ited. Indeed, most of the benchmarking processes that have
been carried out have led to relatively poor results. Two
very different illustrative examples are presented below.

3.3.2. Piles constructed on residual soils

The International Event Prediction - Behaviour of
Bored, CFA and Driven Piles in Residual Soils was orga-
nized in association with ISC’2 (2nd International Confer-
ence on Site Characterization), held at the Faculty of Engi-
neering, University of Porto, in 2004, in order to estimate
the load capacities of piles installed in granite residual soils
using different methods. All details of the event as well as
some later interpretations were collected in a volume pub-
lished in 2008 (Viana da Fonseca & Santos, 2008).

The characterization of the experimental site was
carefully done using field (SPT, DPSH, CPT, DMT, PMT,

102 Soils and Rocks, São Paulo, 38(2): 95-118, May-August, 2015.

Cardoso



SP, crosshole seismic testing) and laboratory tests (triaxial,
resonant column and oedometric tests). 3 pairs of 6 m-long
piles were installed: 1 pair of prefabricated driven piles (C1
and C2) with a 350 mm-side square section, 1 pair of bored
piles (E0 and E9) with 600 mm diameter and 1 pair of con-
tinuous flight auger (CFA) piles (T1 and T2) with the same
diameter. Piles C1, E9 and T1 were tested statically (verti-
cal). In order to study the lateral resistance mobilization,
the last two piles were instrumented with 6 gauges placed in
their centers at 1.02 m intervals. A load cell was installed on
the basis of pile E9.

32 international teams, nine of which were Portu-
guese, participated in the event. Table 3 shows the number
of forecasts presented.

RQ = Q / QSPLT (s/b = 10%) is the ratio between the re-
sistance estimated by the different participants, Q, and the
resistance measured on the trial for a settlement equal to
10% of pile diameter, QSPLT (s/b = 10%). Predictions made
for piles T1 and E9, in terms of their RQ values, are gathered
in Fig. 10. Figure 11 presents RQ values for C1 pile resis-
tance.

Concerning piles T1 and E9 the following may be
concluded: a) pile resistance estimates are located mostly in
the non-secure side, i.e. they are too optimistic; b) in both

cases, total resistance estimates result from a “strange
combination” of two completely wrong estimates; indeed,
almost all methods very distinctly overestimate (mostly on
pile E9 case) the tip resistance and, less unanimously and
not so distinctly, underestimate (mostly on pile E9 case) lat-
eral resistance; c) therefore, in general terms, the resistance
mobilization mechanism was not adequately captured by
the methodologies employed by the participants in the
event. With regard to the driven pile it appears that most
forecasts underestimate its resistance.

The general conclusion of the careful forecasting ex-
ercise briefly described is that the methods used - probably
most of them developed for sedimentary soils - cannot cap-
ture the specific characteristics of residual soils. Indeed,
one can argue that the general poor quality of the forecasts
is due to the fact that soils are residual soils. Despite the
careful characterization of the experimental site, the com-
plexity of residual soils behavior, the ignorance that still ex-
ists of the characteristics of this behavior and the lack of
experience in the application of methodologies mainly de-
veloped for sedimentary soils to residual soils without the
necessary adjustments - which are only likely to become
appropriate after obtaining sufficient experience - do not al-
low achieving further encouraging results.
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Figure 6 - Building collapse in Shanghai in June 2009.



3.3.3. Excavation supported by a curtain anchored in
sand

The second case (Schweiger, 2002) is a completely
different situation and refers to the behavior in service of an
anchored excavation in Berlin sandy soils, whose proper-
ties were relatively well-known by the teams who partici-
pated in the forecast. The forecast exercise tries to emulate,
as far as possible, the methodologies commonly used in
practical engineering projects of the same type. Thus, the

exercise had the following characteristics (Fig. 12): a) as, in
practice, geotechnical reports hardly provide all the data re-
quired by the numerical analyzes, only limited data on
Berlin sands properties was provided, such as reference
values of deformation and resistance parameters often used
in the design of excavations in Berlin sands; b) some
oedometric and triaxial tests results were supplied, how-
ever the participants had to evaluate the deformability val-
ues to be used in calculations, based on their experience; c)
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Figure 7 - a) The archive and adjacent buildings; b) Photograph after the collapse; c) Interpretation of the causes of the collapse (Haack,
2009).

Figure 8 - Landslide occurred in March 2014 in Oso, USA. The photo on the left was taken before the landslide and the one on the right
after.



normal values (linear elastic) were proposed for the proper-

ties of the concrete reinforced wall ; d) the problem actually

emulated a real work, horizontal displacements of the wall

were measured; prestressing forces applied to the anchors

and data on construction sequence were provided; e) it was

assumed that the problem was plane strain, that the effect of

wall construction could be neglected and that the hydraulic

“cut off” installed at 33 m-depth (Fig. 12) was not a struc-

tural support; f) it was imposed any restriction on the con-

stitutive model, the discretization, the type of elements, etc
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Figure 9 - The tailing dam rupture at Mount Polley mine (Canada), held in 4/8/2014.

Table 2 - Most common causes of geotechnical failures (Day, 2009).

Cause Description

Inadequate geotechnical investigation Budgetary or programme restraints can result in insufficient investiga-tion to adequately
model the conditions on the site. Nevertheless, even the most comprehensive investiga-
tions may fail to reveal critical conditions that affect the geotechnical behavior of the
profile.

Incorrect parameters Many reasons, including: i) poor sampling and testing procedures; ii) selection of inap-
propriate parameters for particular design situation (e.g. mean values, lower characteris-
tic values or upper characteristic values); iii) underestimation of the variability of soil
properties.

Inappropriate analysis model Failure to recognize the critical failure mechanism, e.g. drained v. undrained failure of
slopes or foundations, internal v. external stability of reinforced fills.

Underestimation of actions The inaccurate assessment of magnitude, distribution or combination of actions (forces
or displacements), the disregard of particular load case or the change of the use of the
structure over time.

Unexpected groundwater regimes or
changes in moisture content

Shifts in ground water levels can increase structure loads and decrease soil shearing re-
sistance. Seepage forces can also have an adverse effect on stability. Changes in the
moisture content of partially saturated soils can cause softening, heave or collapse set-
tlements.

Substandard workmanship or materials Not following the required construction procedures (including sequence and tim-
ing), not meeting the specification requirements, the employment of inappropriate con-
struction techniques, non-compliance of material properties with design assumptions.

Non consideration of abnormal events in
design

Extreme meteorological events (including temperature, precipitation or wind), acciden-
tal impact, errors in construction or use of structure.
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Table 3 - Forecasts presented by the participants.

Methods Bored pile (E9) CFA pile (T1) Precast driven pile (C1)

Analytical based on load capacity formulas using the basic
parameters, c’, �’, etc.

15 15 16

Empirical based on results of tests “in situ”: - SPT 19 11 18

- CPT 35 18 54

- PMT 8 8 6

Figure 10 - RQ values of: a) pile resistance; b) shaft resistance; c) base resistance; piles T1 (side 1, left) and E9 (side 2, right).



.; the use of soil-wall interface elements and the calculation
domain size shown in Fig. 12 were suggested.

Twenty wall behavior forecasts were presented by
geotechnical engineers or teams from universities and con-
sulting firms. A wide variety of computer programs and
constitutive laws was used; most participants used perfect
(8) and hardening (6) elastic-plastic models; hypoplastic
formulations were still used (3 participants).

The various participants did not significantly differ in
the values of the ground strength parameters admitted but
differed in the dilatancy values, between 0 and 15 degrees.
As expected, there was a wider range of options in regard to

deformability, and most analysts adopted values based on
their own experience.

The options relating to the interfaces, the elements
type, the analyzed area size, the anchors modeling process,
the constituent model implementation details and the reso-
lution process of the nonlinear system were also several.

Parts a) and b) of Fig. 13 show the final displacements
obtained in some of the twenty calculations: i) the esti-
mated maximum wall horizontal displacement varies be-
tween 8 and 67 mm; ii) the foreseen maximum soil settle-
ment varies between -16 (uplift) and 45 mm. Six of the
twenty calculations were discharged because (Schweiger,
2002) they yielded much higher or unreasonable displace-
ments.

There are two estimates (mostly B15 and B11) that
very reasonably fit the measured wall horizontal displace-
ments. Other calculation (B9) estimates displacements
about 40% higher than the measured ones in the central
area, but deviates too much at the top and at the bottom of
the wall. The remaining calculations deviate too much from
the measured values - the estimated horizontal displace-
ments are higher (1.5 to 2.5 x) or much higher (up to 8 x)
than the measured ones. On the other hand, some calcula-
tions predict much lower wall displacements (less than
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Figure 11 - RQ values of all forecasts of pile C1 resistance.

Figure 12 - Characteristics of the anchored excavation in Berlin sands (Schweiger, 2002).



half) than the measured values. Also with regard to the an-
chors forces (Fig. 13 c) the forecasts fluctuation is very
marked. The same is true with regard to the prediction of
the wall bending moments.

This wide discrepancy in the calculations results is
due, among other reasons, to the fact that participants use
different numerical models. So, it may be argued that be-
cause of this diversity it doesn’t make sense to compare the
results. However, as Schweiger (2002) points out, one can-
not ignore the fact that this is what happens in practice and
that the aim of the exercise was to test the methodologies
applied in professional practice. Moreover, according to
Schweiger (2002), most analysts made reasonable choices,
whether in relation to the values assumed for the basic pa-
rameters and as regarding to the modeling details. Since it
doesn’t seem reasonable that the results of analyzes carried
out by able and experienced people show a variation “de-
pendent on the author” of 100% or more, it is concluded
that the complexity of geotechnical problems requires a
deepening of knowledge and methodologies, which also in-
volves the establishment of recommendations and stan-
dards when possible.

3.4. Knowledge gaps

The difficulties determining the appropriate geote-
chnical parameters, particularly those featuring the defor-

mability, constitute an undesirable situation but represent
what happens in current practice. As illustrated by the first
case reported in the previous section, this is not only due to
the fact that, in most practical cases, geotechnical investi-
gations and reports do not have the necessary depth essen-
tial to feed properly the most sophisticated numerical mod-
els. Indeed, in the present state of knowledge and practice,
deficiencies in the following areas are unequivocally clear:

• Ability to adequately explore and characterize soil mas-
ses; actually the most important current need of geo-
engineering is perhaps to improve the capacity to see
inside the Earth, whatever the specific problem to be
solved may be; faster underground characterization tech-
niques are needed, more accurate and less invasive and
with better cost-benefit ratios, (NRC, 2006);

• Methodologies for proper consideration of heteroge-
neities and discontinuities;

• Ability to determine the spatial variability of soil and
rock properties, the uncertainty of these properties and of
soil and rock masses behavior and, hence, the reliability
of systems;

• Characterization and understanding of the behavior of
geomaterials that do not fit the classical Soil and Rocks
Mechanics paradigms; characterization of materials that
are between hard soils and soft rocks;
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Figure 13 - Calculated final values: a) wall horizontal displacements; b) surface settlements; c) forces on the three anchor rows
(Schweiger, 2002).



• Knowing the effects of non-saturation on the behavior of
soil masses and its relevancy for the performance of
geotechnical structures;

• Understanding geotechnical structures behavior taking
into account the actual stress paths on the involved soil
masses;

• Establishing procedures and standards for the reliable
application of numerical models in geotechnical engi-
neering practice (Schweiger, 2002).

Apart from these, the following weaknesses are also
identified (NRC, 2006):

Improved methods of detection and monitoring, in-
cluding best geophysical and remote control technologies,
most reliable and precise instrumentation, more advanced
techniques of data collection, processing and storage.
• Understand and predict long-term behavior of geotech-

nical structures; properties and other conditioning fac-
tors change over time, but the ability to accurately
predict what will happen is limited, even for short peri-
ods of time.

• Understand the biogeochemical processes of soils and
rocks with two purposes: (1) a better understanding of
the composition and properties of soils and rocks and
how they may change over time; (2) this improved
knowledge may lead to the development of new reme-
diation processes for environmental applications and of
innovative and sustainable applications of existing tech-
niques for stabilization and improvement of earth mas-
ses.

• Better methods and techniques for soil stabilization and
improvement; now, more than ever before, it is neces-
sary to deal with inadequate subsoil conditions, espe-
cially in urban areas and in megacities, both in developed
and developing countries.

• Improve the prediction capacity of geomaterials’ behav-
ior under extreme loads and in extreme environments;
understanding the behavior of geomaterials in extreme
environments, including the ocean floor, the polar re-
gions, the Moon or Mars provides new opportunities and
both technical and scientific challenges.

Develop databases and models for the underground
space, including geological and geotechnical data, informa-
tion about the built environment (eg, location of under-
ground utilities), issues related to natural resources, envi-
ronmental data and monitoring results of natural hazards
and environmental conditions.
• Application of advanced computing technologies, infor-

mation and communication systems; these technologies
will condition what can be investigated and how.

Finally, it should be noted that to improve the predic-
tive abilities of real works behavior, the benchmarking of
models and methodologies acquires a significant impor-
tance in geotechnical engineering, probably greater than in
other areas of engineering, because (adapted from Schwei-
ger, 2002): i) the domain to analyze is generally not well

defined; ii) it is not always clear whether to use continuous
or discontinuous models; iii) there are many constitutive
models but there is no approved model for each type of soil;
iv) in many cases, the construction details cannot be mod-
eled very closely in space and time; v) in general, soil-
structure interaction is important and requires adoption of
special treatments; vi) implementation details and solution
methodologies (of nonlinear problems, which in general
terms constitute the geotechnical ones) may affect the re-
sults of certain types of problems.

4. Needs

4.1. Introduction. The importance of infrastructures

Infrastructures are essential to the functioning of mo-
dern societies. Infrastructures ensure, on the one hand, the
distribution of goods and services, essential for the promo-
tion of prosperity and growth and, consequently, quality of
life, health and safety of citizens, and, on the other hand, the
quality of environments. Infrastructures played in the past
and will continue to play in the future a vital role on eco-
nomic and social development. Furthermore, the various
infrastructure systems increasingly interact with each
other, generating interdependencies and complementari-
ties, as well as increasing vulnerabilities, presenting new
challenges of interoperability and reliability (OECD,
2007).

Infrastructures provide the foundations underpinning
the prosperity and well-being of nations: they facilitate
movement and contacts, promote communications, provide
energy and water, contribute to people’s health and educa-
tion and enable the economy as a whole to thrive. Infra-
structure construction and maintenance costs are high, but
the costs of not conducting the essential investments are in-
calculable; quality infrastructures may yield benefits for
the economy, the environment and the social progress
(WEF, 2012). So it is not surprising that, as shown in
Fig. 14, countries with the higher quality of infrastructures
are also more competitive (OECD, 2011).

However, many countries, developed and develop-
ing, face significant infrastructure deficits, due to popula-
tion growth, urbanization, new needs and aging of existing
infrastructures. Brief specific references to global needs of
drinking water, energy and transport are made in the fol-
lowing sections and some relevant data on the importance
of investments in infrastructures in the developing - mainly
new infrastructures - and developed - mainly renovation of
existing ones - countries is summarized.

4.2. Brief characterization of the needs in some sectors

4.2.1. Water

Water and sanitation is a key sector to human life,
public health and the economy, the use of which requires
appropriate infrastructures. Table 4 shows the distribution
of water in the world and Table 5 the daily water consump-
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tion per capita in several countries. Note that consumption
is extraordinarily variable, between the high consumption
of Americans and Australians and the low consumption of
most African countries inhabitants.

In El País Semanal report (March 15, 2014) the fol-
lowing data characterizing the current situation is also re-
ferred: a) 20% of the world’s aquifers are over-exploited; b)
the collected water is consumed 70% in irrigation (agricul-
ture), 20% in industry and 10% in household; c) the per-
centage of population with access to safe water is 100% in
industrialized countries, 57% in sub-Saharan Africa and
between 76 and 87% in the other world’s regions; d) it is
predicted that by 2030 water shortages may affect half the
world’s population; e) 1/3 of the population has no access
to sanitation; f) 80% of waste water is not treated and is
dumped into rivers and lakes; g) 70% of industrial waste is
poured into water courses.

4.2.2. Energy

Energy and quality of life (child mortality, education,
life expectancy, etc.) are closely linked, as demonstrated by
the correlation between HDI (Human Development Index)
and per capita energy consumption, shown in Fig. 15. HDI
index is the average of three indices: life expectancy index,

education index and GDP index. Data shows that human
development is closely related to energy consumption, but
also shows that similar life quality levels can be achieved
with huge differences in energy consumption levels, which
allows anticipating an increased efficiency in the use of en-
ergy.

A significant increase in energy demand over the next
25 years due to economic development and population
growth is expected. According to Fragaszy et al. (2011) the
growth will be of 17% if consumption and population grow
at current pace, but it will reach 66% if consumption in de-
veloping countries increases to the level necessary for an
adequate standard of living. This will exacerbate current
environmental, political and social problems caused by de-
pendence on fossil combustibles. Indeed, currently, over
80% of all energy consumed in the world is obtained from
fossil fuels, mainly due to its low cost in current market
conditions.

As stated above, burning fossil fuels releases carbon
dioxide into the atmosphere, which is the main cause of
greenhouse effect. Thus, the reduction of CO2 emissions in
the coming decades is a pressing need and a central task of
applied research for years to come. The contribution of
geotechnical engineers in finding innovative solutions that
meet this overall objective can be and certainly is very
broad and diverse. As examples, refer to geothermal energy
and CO2 capture and storage.

4.2.3. Transport

A recent OECD (2011) study states that global GDP
is expected to double by 2030; the highest economic
growth should occur in the Asia / Pacific region, with the
leadership of China and India; in developed regions, US
GDP should grow 50% and Europe GDP 40% by 2030.

The growth of economy, international trade and pop-
ulation (particularly urban) are important drivers of the in-
crease in passenger and goods flow. With the doubling of
world GDP by 2030, OECD expectations for the period
2010-30 are that, worldwide, the following annual in-
creases should occur: i) around 4.7% in air traffic; ii)
around 5.9% in air cargo; iii) more than 6% in maritime
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Figure 14 - Correlation between quality of infrastructure index
and competitiveness index; both indices are set by the WEF -
World Economic Forum (OECD, 2011).

Table 4 - Distribution of water in the world (106 km3).

Atmosphere and soil moisture 0.9% 0.3

Rivers and lakes 0.3% 0.1

Groundwater 30.1% 9.8

Ice and snow perpetual 68.7% 22.3

Freshwater 2.5% 32.5

Saltwater 97.5% 1267.5

Total 1300.0

Source: El País Semanal No. 1955, March 15, 2014.

Table 5 - Water consumption per day per capita (in liters).

Angola, Cambodia, Ethiopia, Haiti, Rwanda 15

Ghana, Nigeria 35

China 85

United Kingdom, Brazil, India 135-150

Portugal 170

Italy, Japan, Mexico 365-385

Australia 495

USA 575

Source: El País Semanal No. 1955, March 15, 2014.



traffic of containers; iv) 2-3% in railway passenger and
freight. These growths will lead to the doubling of air trans-
portation of passengers in 15 years, the tripling of air freight
within 20 years and the multiplication by 4 of shipping con-
tainers by 2030. Current infrastructures are not able to sup-
port growths with this magnitude, so major investments
will be essential.

4.3. Estimates of future investments in infrastructures
worldwide

In report “Infrastructure to 2030” (OECD, 2007) it is
estimated that infrastructure needs (additional and renew-
als) worldwide by 2030 imply a cumulative total invest-
ment of US$ 71 x 1012, between 2007 and 2030 (Table 6),
not including airports and ports. A later report (OECD,
2011) concludes that it will be necessary an amount of US$
11 x 1012 from 2009 to 2030 to meet global needs in trans-
port infrastructures. Therefore, the average global annual

investment should be around US$ 3.4 x 1012, similar to the
value pointed out by the McKinsey Global Institute (2013).
Bearing in mind that the world GDP in 2013 was
US$ 73.9 x 1012, it is concluded that the aforementioned
amount is greater than 4% of world GDP. This means that
investments in infrastructures may reach high percentages
of the GDP in countries with economies in strong develop-
ment and lacking infrastructures.

A very recent document from the United Nations
(UN, 2013) collects various estimates that have been made
about overall annual investment needs worldwide, most of
it to finance investments in infrastructures (Fig. 16). In each
sector or cluster the variation of published estimates is very
large, ranging from simple to 3-10 times more. This wide
variation reflects (UN, 2013) differences of date, scope,
methodology, references and other factors, including the
uncertainty inherent to this type of exercises. With regard to
infrastructures, probably the value estimated by OECD
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Figure 15 - Relationship between HDI and per capita primary energy consumption.

Table 6 - Estimated investment in infrastructures until 2030, according to OECD.

OECD (2007) - Infrastructures to 2030 2007-2030

Rail, road, telecoms, electricity transmission & distribution, water 53 x 1012 US$

Electricity generation 12 x 1012 US$

Other energy-related investments (e.g. oil, gas, coal) 6 x 1012 US$

Airports and ports -

71 x 1012 US$

OECD (2011) - Strategic Transport Infrastructure Needs to 2030 2009-2030

Airports capital expenditure 2 . x 1012 US$

Port infrastructure facilities capital expenditure 0.8 x 1012 US$

Rail “new construction” (including maintenance) 5 x 1012 US$

Oil and Gas - transport & distribution 3.3 x 1012 US$

11.3 x 1012 US$



(2007, 2011), intermediate between the extreme values in-
cluded in Fig. 16, is a reasonable estimate. This means that
the average annual investment in infrastructures in the
world by 2030 will be something above 4% of the global
GDP.

5. Global Outlook

5.1. Introduction

Shaping geotechnical engineering future is both a
challenge and a problem. The size of this challenge stems
from the fact that geotechnics, perhaps more than any other
engineering branch, being a technical and scientific field
which has a major contribution in developing the infra-
structures necessary to human progress, is strongly affected
and conditioned by the societal factors briefly stated in the
previous chapters. Moreover, despite the fact that geo-
technics is, in many aspects, a mature technical and scien-
tific field, able to address and solve many serious and com-
plex problems, there are still many problems / difficulties of
various kinds to face, resulting from the specificity and ex-
treme variability of natural materials, the very wide range
of issues with which geotechnics deals and the constant ap-
pearance of new challenges (more complex problems, new
materials, new technologies, etc.).

On the other hand, geotechnical engineers must have
a perception, as clear as possible, of the economic, social
and environmental implications of their actions.

In what the definition of prospects for geotechnics fu-
ture evolution is concerned, there are global / societal per-
spectives, which are directly related to the economic, social
and environmental constraints (described in Chapter 2), as
well as to the infrastructural needs generated by these con-
straints (summarily set out in Chapter 4), and there are more
particular / professional perspectives, specific of geo-

technics, dependent on its state of development, but also
conditioned by some of the societal factors.

In any case, there is one factor that will certainly af-
fect all future developments. As stated in a NRC (2006) re-
port, there are no activities isolated in this rapidly changing
world; decision-making in a given place has repercussions
elsewhere, sometimes even dramatic and unforeseen con-
sequences; many practical decisions at all scales are having
a strong impact on the environment. In order to effectively
respond to the problems caused by human interactions with
Earth systems, it is necessary to extend the scope of geo-
engineering: sustainable development is a new paradigm
for the practice of geo-engineering. Geo-engineering has
made significant progress in response to societal needs;
however, it is necessary to change perspectives, from the
national to the global point of view, and to include the so-
cial, economic and environmental dimensions in the devel-
opment of robust solutions to meet those needs. Greater
attention to anthropogenic effects on the environment and
to sustainable development are important manifestations of
this change in perspective.

Therefore, all engineering projects and more gener-
ally all infrastructure planning actions, should bear in mind
the issue of sustainability (Sterling, 2012; Nelson, 2013;
etc.), whose overall objective, defined as broadly as possi-
ble, is to ensure the satisfaction of society’s current needs
without compromising the ability of future generations to
meet their own needs (Brundtland, 1987).

Sustainability and also resilience - some consider this
concept integrated in the first - are two key concepts to en-
sure a safer future for human development. Ensuring the
sustainability of all activities undertaken and the resilience
of the designed solutions implies that such desiderata are
taken into account in the conceptual and constructive meth-
ods, procedures and processes to be applied.
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Figure 16 - Order of magnitude of annual investment needs - literature search (adapted from UN, 2013, Chapter 1).



In the remainder of this chapter global / societal per-
spectives are discussed. The specific perspectives of geo-
technical engineering development are treated in the next
chapter.

5.2. Global perspectives

As stated previously, the general prospects of the fu-
ture development of geotechnical engineering derived from
reflections discussed in Chapters 2 and 4. They are the fol-
lowing, among others: i) growth and urbanization of the
population as well as economic and social development
generate major infrastructures needs, therefore geotech-
nical engineers will be heavily involved in its planning, de-
sign and construction; ii) human activities and needs put
enormous pressure on natural systems, posing new prob-
lems for the solving of which engineering involvement is
essential; iii) the solutions will have to be defined bearing
in mind the perishability of resources, the imbalances that
human actions can cause - these imbalances can have seri-
ous consequences, for instance the increase of natural di-
sasters that can seriously affect human populations - and
the need to ensure that future generations have the re-
sources essential to them, that is, in a word, the solutions
will have to be sustainable; iv) new technologies will be a
valuable aid in finding the best solutions, since they provide
forecasts of increased quality (increased capacity of data
collection and processing and of phenomena modeling,
etc.) and the advent of innovative and environmentally
more appropriate solutions; v) interventions should be en-
vironmentally responsible and economically beneficial,
seeking holistic solutions to problems.

Humanity depends on natural resources in order to
survive. They support the functioning of the global econ-
omy and our quality of living depends on them. Natural re-
sources include raw materials such as fossil fuels and
minerals but also food, soil, water, air, biomass and ecosys-
tems. However, resources are limited and, according to
some experts, some of the natural basic resources are on the
way to exhaustion. Demand growth and competition for
natural resources put pressure on the environmental and
ecological balances. Hence the need to improve the effi-
ciency of resource usage, such as, for example, water or
certain minerals, essential for life (see, for example,
Rijnaarts, 2010). The efficient use of limited resources
means using them in a sustainable way, i.e., taking into ac-
count the capacity of resources regeneration (Breedeveld,
2012).

The contributions to design the appropriate solutions
that engineers and, in particular, geotechnical engineers
have to make, should (Long, 2006): i) take into account
new technologies and new approaches to solve problems
better, quicker and in a cheaper way.; ii) bear in mind that
the problems whose solution they seek, such as the conse-
quences of global change, supply of energy free of environ-
mentally aggressive emissions, water supply and urban

systems are socially and economically very important for
human populations and involve issues that require multi-
and interdisciplinary approaches.

6. Specific Perspectives for Geotechnical
Engineering Development

6.1. Fundamental basic areas

Geotechnical fundamental basic areas are addressed
in this section. Subsequently, perspectives concerning
other areas more directly related to problem solving are an-
alyzed, not trying to be exhaustive, which given the vast
fields covered by geotechnics, would in fact be impossible.

In 1936 Terzaghi wrote: “In soil mechanics the accu-
racy of computed results never exceeds that of a crude esti-
mate, and the principal function of the theory consists in
teaching us what and how to observe in the field”. 80 years
later it is obvious that some of the conditioning factors that,
to date, contributed to make this judgment a reality have
been overcome, but others have not. Indeed, although since
then there has been a huge development of geotechnical
concepts and theories and of calculation capabilities, the
fundamental difficulty of characterizing ground variability
remains, which justifies why geotechnical engineers con-
tinue to suffer from lack of information. Therefore, even
the results of calculations using very sophisticated numeri-
cal models still remain more or less rough estimates of real-
ity.

Thus, with the aim of improving compliance between
forecasts and reality, it is easy for a geotechnical engineer
to outline the key challenges of his technical-scientific
work field:
1) Geotechnical ground characterization, including its spa-

tial variability; the characterization should include all
variables important to the problem addressed;

2) Better understanding of the complex behavior of soils
and rocks, including the influence of time; to a com-
plete and comprehensive understanding of soils and
rocks characteristics and behavior as well as to the de-
velopment of new effective, efficient and economic
solutions for geotechnical problems it’s important to
consider not only mechanical but also thermal, chemi-
cal and electrical interactions (NRC, 2006); within
this scope are the soils that do not fit the traditional
paradigms (residual soils, unsaturated soils, etc.) and
local soil (Terzariol, 2009; Francisca, 2011); in some
circumstances it is essential to acknowledge the be-
havior of geomaterials under extreme environments
(NRC, 2006);

3) Improving uncertainty estimations (taking into account
the spatial distribution and time effects) that affect the
decision process and developing better methods to as-
sess the potential impact of these uncertainties on the
engineering decisions, i.e., on the risk analysis that
support engineering decisions; indeed, it is still diffi-
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cult to translate fundamental knowledge of soils and
rocks physics and chemistry and of certain systems be-
havior in methodologies and processes that allow to
quantify the properties required for engineering analy-
sis; in face of these constraints, the paradigms to deal
with the resulting uncertainties are poorly understood
and even more poorly practiced.
I personally believe that there is nowadays already the

possibility of finding good answers to these three problems
based on:
• the use of geophysical methods in field and laboratory;
• the use of laboratory tests with ability to control different

paths and to measure with high precision what is going
on, with a minimum interference of measuring equip-
ment;

• the use of methods of analysis that allow modeling parti-
cles set, enabling a better study of phenomena at local
level and with consequent repercussions at macroscopic
level; for now these studies are mostly theoretical, aim-
ing for a better understanding of phenomena;

• the development of methodologies to assess variability
in analysis and design procedures;

• the incorporation of risk analysis in the project develop-
ment processes.

6.3. Other areas

The future of geotechnical engineering is not con-
fined to the key areas mentioned in the previous section. In-
deed, other diversified perspectives appear when examin-
ing the gaps that remain and continue to challenge the
practice of geotechnical engineering.

In a text entitled Geotechnics: the next 60 years,
Simpson & Tatsuoka (2008) predict that the future of geo-
technical construction will be very active, addressing the
application of processes and methodologies currently in
use and many developments and innovations, with the com-
mon and primary objective of reducing energy consump-
tion and dioxide carbon emissions. More specifically they
indicate that: 1) advances in all types of geotechnical works
are to be expected, including underground and foundation
works; 2) soil improvement and reinforcement techniques
should have a particularly important development, together
with more advanced techniques to reuse land that was pre-
viously used (NRC, 2006), including bio-nano-geotech-
nical technologies (Nelson, 2013); 3) developments in
computing, communications and instrumentation will pro-
vide new opportunities for improving existing procedures
(NRC, 2006; ASCE, 2007).

There is a coincidence of views (NRC, 2006; Chow-
dhury & Flentje, 2007; Simpson & Tatsuoka, 2008; Fran-
cisca, 2011; Brandl, 2011; Misra & Basu, 2011; Nelson,
2013; etc.) regarding the promising future of ground im-
provement and reinforcement technologies. It should be re-
ferred that 3 of the 5 French geotechnical research projects
presented at the 18th ICSMFE (Schlosser et al., 2013) re-

late to soil improvement and reinforcement techniques -
soil nailing (CLOUTERRE), micropiling (FOREVER) and
strengthening of foundations with rigid inclusions - and the
fourth, on dynamic pile driving (VIBROFONÇAGE), also
has applications in sandy soils improvement, although its
scope is wider.

Clough (2006) draws attention to the fact that ad-
vances in technology allow addressing fundamental prob-
lems that could not be addressed before because there were
no means to do it. Some examples: i) improving the under-
standing of complex multiphase systems such as soils
through molecular simulation of components, water, air,
solid particles, clay minerals, organic matter, etc.; ii) study-
ing the behavior of complex geotechnical structures at dif-
ferent scales, from basic nanostructure, through micro-
scopic scale (for example, to understand how earth masses
mobilize resistance in some areas while in others resistance
decreases to residual levels) until macro scale (for example,
to visualize how deformations are mobilized by the differ-
ent construction methods); iii) advances in computing
power allows for the creation of online systems for collec-
tion and processing of information in order to improve the
ability to adjust the projects to local conditions, totally ex-
posed only during implementation (observational method).

With respect to underground structures, Nelson
(2013) reports the necessity for: i) computational models
alternative to expensive tests in order to study the effect of
scale present in most rock formations and to better under-
stand the mechanics of fracture; ii) advances in the under-
standing of underground structures behavior over time, a
key aspect for evaluating sustainability and resiliency,
which necessarily involves long term; iii) the behavior of
underground works waterproofing systems need to be
better understood, including the long-term (life cycle); iv)
use of new materials and technologies for the rehabilitation
and life extension of existing underground infrastructure;
v) development of probabilistic models for the design of
underground structures contemplating the lifespan and in-
corporating costs, impacts, necessary resources, contingen-
cies and risks.

In the future, world will be characterized by a social
and environmental situation with high levels of risks of var-
ious kinds. Civil engineers are called to be in the forefront
of the development of appropriate methodologies and pro-
cedures to manage and mitigate risks (ASCE, 2007). It is a
complex and deeply multidisciplinary task for, on the one
hand, it requires the development of robust methodologies
for determining probability of occurrence of adverse events
- which implies, in particular, to improve ability to charac-
terize soils and rocks spatial and temporal uncertainties,
that condition catastrophic ruptures caused by extreme nat-
ural events such as earthquakes, storms, etc. (Chowdhury &
Flentje, 2007). On the other hand, it requires the establish-
ment of reliable and robust procedures for evaluating con-
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sequences of any nature - social, economic, technological,
etc.

Francisca (2011) points out that geotechnical engi-
neering will have to make major contributions to solve cen-
tral problems of current civilization: i) urban population
increase poses complex environmental problems as a result
of land-use change, increasing air, water and soil pollution
and waste generation and accumulation; ii) congestion in
urban areas makes it necessary to design and build geo-
technical structures in difficult conditions (unstable soils,
steep and unstable slopes, erosion problems, ground water-
proofing, flood risk, etc.) and to recycle materials resulting
from demolitions; iii) in short, the scope of geotechnical en-
gineering profession will be expanding in the near future to
meet demand generated by new problems such as climate
change, demand for drinking water and energy, population
growth and the need for rational and optimized use of re-
sources in order to achieve sustainable development.

NRC (2006) believes that geoengineering should fo-
cus on the problems associated with the recovery of global
resources and the global effects of their use. In addition to
those already mentioned, the following are also questions
raised by sustainability (NRC, 2006; Misra & Basu, 2011):
i) application of alternative materials; ii) re-use and recy-
cling of materials (Nelson, 2013); iii) development of “en-
vironment-friendly” ground improvement techniques ; iv)
efficient use of underground space; v) re-use of founda-
tions; vi) energy geotechnology.

Energy geotechnology is a sub-area of geotechnics
recently proposed in order to aggregate all issues that have
to do with energy, thus constituting an essential component
of a strategy to energy sustainable development. The topics
included are (Santamarina & Cho, 2011; Fragaszy et al.,
2011):
a) Energy production: 1) exploration and exploitation of

fossil fuels (oil, gas and coal); 2) geotechnical issues
associated with the use of nuclear energy; 3) develop-
ing structures for production of renewable energy
(mainly wind); 4) geothermal energy (drilling, fractur-
ing, heat transfer, energy piles, optimization, etc.);
Nelson (2013) suggests the integration of geothermal
heat pumps in the foundations and lining of tunnels
and other underground structures; 5) in this context,
offshore geotechnical engineering becomes relevant
(Randolph 2005; Randolph et al., 2011; Jardine,
2014);

b) Geological storage: 1) CO2 sequestration; 2) energy stor-
age (compressed air contained in underground tanks to
meet peak demands, etc.); 3) waste, including radioac-
tive waste;

c) Geo-environmental remediation (bio-chemo-geological
phenomena and methods);

d) Efficiency and conservation: 1) energy efficient building
technologies; methods to reduce energy involved in
engineering projects development (life cycle assess-

ment); 2) bio-mimetic (tree roots, processes used by
plants and animals, etc.).
The technical issues involved in this field require

analysis at very different scales, considera-tion of large
spatial and temporal dimensions and consideration of cou-
pled hydro-bio-chemo-thermo-mechanical processes (San-
tamarina & Cho, 2011; Santamarina, 2012 and 2014).

Shackelford (2005) lists some geotechnical problems
associated with environmental issues: i) long-term behav-
ior of waste containment systems (landfills); ii) application
of alternative materials in impermeable barriers; iii) devel-
opment of innovative materials and barriers; iv) new waste
profiles; v) biological processes (landfills with improved
conditions for waste decomposition, bio-remediation, etc.);
vi) modeling and forecasting capacity.

The list of what Brandl (2011) regards as key chal-
lenges for civil and geotechnical engineering is vast and in-
cludes many of the issues already mentioned above: i)
transport and traffic infrastructures (construction and main-
tenance); ii) water management; iii) resource management;
iv) waste management (solid and liquid); v) prevention and
risk mitigation; vi) management of watercourses; vii) en-
ergy production; viii) irrigation systems; ix) urban and in-
dustrial ecology; x) land regeneration; xi) remediation of
derelict and contaminated land; xii) renaturation of mining
areas; xiii) environmentally sound underground construc-
tion technologies; xiv) marine engineering (port, coastal,
etc.).

The contributions to the design of appropriate solu-
tions that engineers and, in particular, geotechnical engi-
neers have to make, should take into account new
technologies and new approaches to solve problems better,
quicker and in a cheaper way. . Nevertheless, as well
pointed out by Long (2006), despite the new contexts and
conditions, we should not forget that traditional problems
solved in the past still need to be solved and that many of
the techniques and technologies used then retain their va-
lidity. This should be properly addressed in engineer’s edu-
cation programs.

It is also engineer’s responsibility to inform / educate
society about the limitations of new technologies, contrib-
uting to the proper management of expectations and to well
support decisions about the way infrastructures can be built
(ASCE, 2007).
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