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Abstract. The paper corresponds to the Pacheco Silva Lecture delivered by the author in September 2014. In the first part
of the text, a general perspective of the movements induced by deep excavations in soft soils is outlined. The general report
presented by Ralph B. Peck to the 1969 ISSMFE México conference is taken as reference and the progress achieved since
then in the control of the movements is emphasized. It is pointed out that such progress permits that in very demanding
urban scenarios involving soft soils one should work towards a performance, with regard to induced movements, similar to
(or even better than) that is achieved in comparable excavations in stiff soils. Starting from this general framework, some
issues relevant to an effective control and to a reliable prediction of the movements are treated: the pre-stress of the strut
system, the methodologies for providing support to the retaining wall before the removal of the soil, the surface settlements
induced by the consolidation of the soil in the long-term and the influence of the non-linear behaviour of the reinforced
concrete wall. Results of research on these topics are presented and discussed and general conclusions are extracted.
Keywords: deep excavations, soft soils, induced movements, soil improvement, consolidation, nonlinear reinforced concrete.

1. Introduction
Deep excavations in thick deposits of soft soils have
been one of the major challenges that geotechnical engineers have faced in the last decades.
Literature contains a large number of references to
such works in cities like Oslo (Karlsrud, 1983), Lisbon
(Matos Fernandes, 1985, 2007), Chicago (Finno et al.,
1989), San Francisco (Clough & Reed, 1984; Koutsoftas et
al., 2000), Singapore (Wong et al., 1997), Shanghai (Wang
et al., 2005; Lui et al., 2011; Ng et al., 2012) and Taipei (Ou
et al., 2006; Hwang et al., 2007).
A major issue when dealing with excavations in thick
deposits of soft clayey soils is the magnitude of the movements induced in the vicinity. This subject has known, for
the first time, a consistent approach in the well-known General Report to the México ISSMFE conference by Peck
(1969). Since then an auspicious progress in the understanding and the control of the movements was achieved as
a result of the introduction of new construction technologies, new structural systems and new methods of analysis.
The fact that such excavations are becoming deeper
and are being done under more daring and demanding conditions is the motive to reanalyse this topic in the light of the
recent results published in the literature and of the new possibilities provided by the techniques currently available.

2. Moviments Induced by Excavations in Soft
Clayey Soils. General Perspective
2.1. Introduction. Some previous matters
Figure 1 shows the typical sequence of movements of
a strutted flexible retaining wall in a thick deposit of soft

clayey soils, with the wall tip embedded in a firm layer underlying the soft deposit. This sequence is selected from a
finite element simulation but it could correspond to real observed results. In the finite element analysis the struts were
pre-stressed.
It is possible to observe that with the progress of the
construction process the wall face at the excavated side exhibits an increasing convexity, with the point of maximum
displacement at increasing depth. Simultaneously, the
ground surface becomes concave, with the point of maximum settlement being situated at increasing distance in relation to the retaining wall. This concavity arises from the
upward tangential stresses applied by the wall to the supported ground through its back face, therefore ensuring
smaller settlements in the surface region adjacent to the excavation (Matos Fernandes, 2004).
Figure 2a is extracted from the sequence commented
above, distinguishing the lateral displacement of a given
point P of the wall face when the excavation platform
reaches the elevation of that point. So, this displacement
has occurred when P was underneath the base of the excavation. In Fig. 2b, the displacement of P at the completion
of the excavation is shown. It can be observed that this displacement practically coincides with the one shown in Fig.
2a. So, it can be concluded that the displacement of P when
this point was above the current excavation platform was
practically null.
This result illustrates an important characteristic of
this type of excavations with controlled construction
(avoiding overexcavation and with pre-stressed struts
having high axial effective stiffness). Basically, the observed lateral displacements at each point of the wall
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Figure 1 - Typical sequence of the movements of a strutted flexible retaining wall in a thick deposit of soft clayey soils.

Figure 2 - Displacements underneath the current excavation base (a) and at the final excavation stage (b) of a generic point of the wall
from the sequence illustrated in Fig. 1.

occur under the excavation base, that is, before an adequate structural support could be given to the wall at that
point. This fact is the key of the major difficulty in controlling the movements induced by deep excavations in
thick deposits of soft soils!
Obviously, the control of the lateral wall displacements is relevant because such displacements are the cause

192

of the ones of the ground surface during the excavation
phase. Assuming undrained soil behaviour during the excavation, that is null volumetric strains, the two areas marked
in Fig. 3, corresponding to the integral of the horizontal
wall displacements and to the integral of surface settlements at the completion of the excavation will be practically equal.
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Before closing this section, it should be noticed that in
most of the published case histories it is very difficult to
separate the surface settlements into the three components
referred above. In addition, the cases including observation
of a time period after the conclusion of the excavation are
relatively scarce. This turns difficult to interpret and to treat
those observed results in a general way.
2.2. General report of Peck (1969) - The founder document of the theme
Figure 3 - Integrals of the horizontal wall displacements and of
surface settlements at the end of the excavation from the simulation shown in the preceding figures.

However, it must be taken into account that the surface movements are not restricted to the ones discussed
above. As shown by Fig. 4, before the excavation, the wall
installation (and other preparatory constructive operations,
such as demolition of ancient foundations) will typically
cause non negligible surface settlements (Clough &
O’Rourke, 1990; Poh et al., 2001; Finno et al., 2002). In addition, the dissipation of excess pore pressures (mostly) after the excavation may originate further settlements by
consolidation of the soil, which may achieve a considerable
magnitude (Finno et al., 1989; Alves Costa et al., 2007;
Matos Fernandes, 2010; Matos Fernandes et al., 2012;
Borges & Pinto, 2013; Borges & Guerra, 2014).
In the present state of our understanding about the
phenomena involved in such works, and with the available
constructive solutions, the component of surface movements concomitant with the excavation (among the three
described above) seems easier to be minimized and, as
well, it is the one that our analytical models (particularly,
the finite element models) more faithfully capture. This
explains the relevance of analysing and discussing all the
issues that may contribute to minimize that component.
That challenge will be a major goal of this work, although
some attention will be focused on the third component, as
well.

The first published work presenting a scientific analysis of the movements induced by deep excavations, and particularly by excavations in thick deposits of soft soils, is the
general report presented by Ralph B. Peck to the VIIth Conference of the ISSMFE, in México City (Peck, 1969). The
report includes the famous settlement chart illustrated in
Fig. 5.
That chart is organized according to the type of soil.
In thick deposits of soft soils, the expected settlements may
achieve very high values: over 1% to 2% of the excavation
depth. This magnitude of the expected settlements mainly
arose from the dramatic limitations of the type of retaining
structures and construction employed until the sixties (and,
to some extent, from the limitations of the methods of analysis, as well). This mainly consisted of very flexible sheet
pile or soldier-pile walls with timber lagging associated
with cross-bracing (generally non pre-stressed).
The ability of such retaining structures to control induced movements, particularly in soft soils, was in fact
very modest. Then the statement of the author: “The most
important variable that determines the amount of movement is not the stiffness of the exterior wall or the vertical
spacing of the bracing but the characteristics of the surrounding soils. (...)”.
It is very stimulating to undertake a careful lecture of
the report today and to check the solution suggested by
Peck to control the movements induced by the excavations
in soft clayey soils. This sequence of thoughts is particularly lucid:

Figure 4 - Movements (a) before, (b) during and (c) after of the excavation.
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Figure 5 - Summary of settlements adjacent to open cuts in various soils, as function of distance from edge of excavation (Peck,
1969).

(...). While this excavation is going on, the
walls move. Whatever portion of the movement
takes place below the bottom of the excavation
cannot be prevented irrespective of the capacity of
the supports or the degree to which bracing is
pre-stressed.
In principle, the movements could be prevented if the entire supporting structure (...) and
even the base slab for the completed structure
could be constructed in their final positions before
the removal of the enclosed soil. (...). Such an idealized procedure can exist only in imagination. It
may be approached in practice, however (...).
The approach suggested by the author is the so-called
trench method, developed in Chicago in the very beginning
of the XXth century - period of very rapid and profound
transformation of the city - for the construction of the three
basements of the new Chicago Tribune Building in the
Madison Avenue (Fig. 6).
The three basements were required for housing the
presses of the journal, in order that the vibration from them
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did not affect the comfort in the rest of the building (Randall, 1999). The method adopted in the excavation, called
the trench method by Peck, is depicted in Fig. 7 (drawings
by Bárbara Rangel for the author of this paper), and is described as follows by Peck (1969):
According to this procedure, a trench was
excavated by hand around the periphery of a
building at the proposed locations of the permanent basement walls. The width of the trench was
as small as practicable. The sides were supported
by timber planks and large number of horizontal
trench braces or jacks extending from one side to
the other. The completely sheeted trenches were
carried to the full depth of the outside walls of the
structure. Reinforcement was then set in the trenches and the concrete placed directly against the
sheeting which served as the form.
Simultaneously with the wall construction,
cross-trenches were excavated, generally along
the column lines, and were similarly timbered and
braced to the same depth as the external walls.
Concrete struts, later forming part of the lowest
basement floor, were then cast in the bottoms of
the trenches. The building columns were established at the intersections of these struts (...). In
this manner, a complete system of cross-lot bracing was established while most of the soil within
the future basement area was still in place. As the
final step, the soil was excavated (...). Hence, the
settlements were minimized.
This ingenious solution may be, to some extent, considered pioneer in relation to the diaphragm wall technology. On the other hand, it is fully understandable that its use
had been relatively rare when urban excavations became
much more common by the middle of the century, due to
the high cost and execution time.
It is perhaps curious to observe that the best solution
pointed out by Peck to control the induced movements is a
procedure developed more than six decades before! And,
that the method for predicting the magnitude of the movements is a chart organized by type of soil, so independent
on the retaining structure. The same can be said about the
well-known diagrams of apparent earth pressures, discussed in the same general report, dependent just on the
type of soil, as well.
This permits to envisage the severe technological and
analytical limitations at the time of this brilliant document.
Fortunately, these limitations were about to be overcome!
2.3. The progress in the control of induced movements
in the last decades
After the late sixties and in the following decades
some remarkable new technologies were progressively introduced, such as reinforced concrete diaphragm walls and
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Figure 6 - Tribune building, Madison Avenue, Chicago: a) photo in 1910; b) scheme of the Trench Method applied in the excavation for
the three basements (drawing by Bárbara Rangel).

Figure 7 - Two stages of the Trench Method used in the excavation for the three basements of Tribune building, Chicago, 1901 (drawings by Bárbara Rangel).

continuous pile walls, capable of better controlling induced
movements.
These solutions and the understanding of the parameters affecting induced movements brought by the wide-
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spread use of finite element analyses - whose first applications to deep excavations were published in the seventies
(Bjerrum et al., 1972; Egger, 1972; Palmer & Kenney,
1972; Clough & Tsui, 1974; Clough & Mana, 1976) - al-
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lowed the execution of excavations in soft ground with
much better results in comparison with Peck’s chart.
This is well evidenced by the results presented two
decades later by Clough and O’Rourke (1990), represented
in Fig. 8. Additionally, the large scatter of the results collected proves that the specific parameters of the retaining
structure and of the construction are extremely relevant
with regard to the induced movements.
Clough & O’Rourke (1990) recognize this point, stating that: “Although the zones are helpful in delineating
broad trends of performance, it is evident that the scatter in
settlement magnitude places limitations on this type of empirical approach for making predictions about movement”.
Figure 9 is extracted from a database collected by
Moormann (2004) in which only a few case histories prior
to 1980 were introduced. It illustrates the maximum lateral
wall displacement, expressed as a percent of the excavation
depth, with the factor of safety against basal heave. This
factor is calculated by not considering the wall embedded
length, according to the Terzaghi definition. It is interesting
to observe that much better results appear in comparison
with the trend identified by Mana & Clough (1981). Nevertheless, the data is highly scattered: for the same value of
the safety factor, the displacements may vary more than ten
times.
The results presented above confirm that the behaviour of excavations in thick deposits of soft clay is very
complex, depending on a large set of features and parameters concerning the ground, the structure and the construction.
In spite of the enormous progress in the control of
movements revealed by Figs. 8 and 9, it should be recognized that the actual displacement values shown by these
figures are in many cases capable of inducing serious damage in the vicinity of the excavation. Many underground
works in soft clay recently carried out in our cities (some involving excavation depth over 20 m), would be intolerable
if the induced movements were in accordance with many of
the results shown above.

Figure 8 - Summary of measured settlements adjacent to excavations in soft to medium clay collected by Clough and O’Rourke
(1990) over Peck’s chart.
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Figure 9 - Maximum lateral wall displacement versus basal heave
safety factor, for excavations in soft to medium clay (data collected by Moormann, 2004).

The author of this paper pointed out that if such results are relatively common even nowadays this is possibly
related to the old idea - which is still widely accepted in
practice - that the level of achievable performance with regard to movement control mainly depends on the ground
conditions.
Due to this idea, the Profession has been, in fact, more
tolerant with excavation induced movements in soft
ground. However, ancient structures and services in soft
ground may probably be less tolerant to further movements
than similar constructions over stiff soils (Matos Fernandes, 2007).
2.4. Eight golden rules for movement control
This reflection recommends, in fact, a complete inversion of the perspective commonly adopted when dealing
with this critical matter. It should be pointed out that the experience of a number of works has shown that it is possible
to achieve in soft soils levels of performance typical of
more favourable geotechnical conditions, if appropriate
structural solutions and construction sequences are employed. Namely, it is possible nowadays to deal with surface settlements one order of magnitude lower than the
values considered in Peck’s chart (Wang et al., 2010).
Searching for case studies in the literature with small
induced movements, while attempting to identify the features related with the structure and the construction which
are more or less common to them, led to the formulation of
the eight golden rules summarized in Fig. 10 (Matos Fernandes, 2007).
It is interesting to observe that the first letters of these
eight rules form the word RELIABLE. In the thesaurus dic-
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Figure 10 - Golden rules for a reliable movement control induced by deep excavations in thick deposits of soft ground (Matos
Fernandes, 2007).

tionary (Collins, 1984) it is possible to find the following
synonymous for that word: safe, sound, stable and
PREDICTABLE!
In fact, these rules may be further considered as conditions for obtaining reliable predictions of the induced
movements: a retaining structure conceived and designed
according to these rules is capable of maintaining the major
part of the ground mass far from yielding. Thus, its performance shall be easier to predict because it will be mainly
dependent on structural and construction features, exhibiting small sensitivity to those issues whose accurate characterization is more difficult. In short, it will be a reliable
system.
In such cases, agreement between prediction and performance should be mainly credited to appropriate conception of the structure and to competent construction, and not
so much assigned to the sophistication of the design prediction analyses.
Geotechnical engineers very often state that the analyses performed by our structural colleagues are more reliable because they deal with materials whose mechanical
properties are carefully controlled. This is just one part
(probably the smaller) of the truth! The other is that the
safety factors and the design practice in Structural Engineering ensure that plastic yielding of structural elements is
typically incipient, so linear elastic behaviour is, in general,
a good approach. If a degree of plastic yielding similar to
that achieved in many geotechnical problems with soft soils
were allowed in conventional structures, the reliability of
structural analyses would become very questionable.
In the following sections, four issues related with
those golden rules will be discussed by reporting some recent research results. The key point is that in some very de-
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manding urban scenarios involving soft soils one should
work towards better or equal performance, with regard to
induced movements, than in a similar excavation in stiff
soils. This requires efforts and progresses in various fields,
such as, new construction technologies, structural conception and methods of analysis.

3. The Pre-Stress of the Strut System
This part will be devoted to a brief note on the prestressing of the strut system, since the scope of this work
corresponds to excavations in thick deposits of soft clayey
soils. Traditionally, the pre-stress was looked as a mere expedient of adjusting the strut to the wall, therefore permitting that the effective axial stiffness could reach a high
percentage of the theoretical axial stiffness (the one of the
structural member materializing the strut), as expressed by
Fig. 11.
In this context, the applied pre-stress was typically a
small fraction of the design load of the strut. This was based
on the following mental model: since the theoretical stiffness is very high, if the effective stiffness is not far from the
theoretical one, the wall displacements at that point will be
eradicated for the rest of the construction stages. This perspective neglects the very positive effect that a strong
pre-stress may induce on the stress state of the ground mass,
then, on the stiffness exhibited by the soil.
Figure 12 shows results from a finite element simulation of a multi-strutted excavation in soft soil, in terms of
the total stress path of a given point of the supported soil
mass. As shown in Fig. 12a, if struts are not pre-stressed the
total stress path moves progressively and almost monotonically towards the failure envelop (the active state, in the
context of classical Soil Mechanics). On the contrary, with
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Figure 11 - Axial load-displacement diagram of a strut and of its
interface with the wall and effect of the pre-stress on the effective
stiffness.

high pre-stressing applied on the struts, as shown by
Fig. 12b, the stress path corresponds to a cyclic loading: the
pre-stress applied on each level of supports compensates, in
a high degree, the decompression associated with the previous excavation stage. If the stress state of each point of the
ground is kept far from the failure envelop, that point will
respond with higher stiffness in the sequent excavation
stages.
Figures 13a and 13b represent, for the same analyses,
the shear stress levels in the ground mass at the end of the
excavation (the point whose stress path was mentioned
above is marked in black). It may be observed that in the
analysis with pre-stressed struts the stress levels are considerably smaller.

Figure 12 - Total stress paths in a generic point of a soft clay mass
supported by a multi-strutted wall: a) with no pre-stress of the strut
system; b) with pre-stress of the strut system.

So, the pre-stress of the strut system is capable of: i)
increasing effective axial strut stiffness; ii) recovering
some displacements occurred in the preceding excavation
stages; iii) last but not least, maintaining the state of stress
of the soil far from failure, then, ensuring a stiffer response
of the soil in the subsequent excavation stages.
It is therefore recommended to use high pre-stress to
control the lateral wall displacements above and below the
current excavation base. It should be noticed that this is fea-

Figure 13 - Shear stress levels in the ground mass at the end of the excavation: a) with no pre-stress of the strut system; b) with pre-stress
of the strut system.
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sible just with a pre-stress system well-conceived and executed and with a reinforced concrete wall with adequate
bending stiffness in order to get a reliable control of the
forces effectively installed (Matos Fernandes, 2010).

4. Ground Improvement. General
Perspective and Proposal
4.1. The “delay” in the installation of the retaining
structure
The author begs the tolerance of the reader to remind
this reflection of Peck (1969) on the question of the movements: “In principle, the movements could be prevented if
the entire supporting structure (...) and even the base slab
for the completed structure could be constructed in their final positions before the removal of the enclosed soil”.
This question about the delay of the installation of the
retention system in relation to the execution of the excavation as the source of the inevitability of the movements,
appears very clear, as well, in the first of the series of outstanding papers of Clough and co-workers with applications of finite element models to excavations (Clough &
Tsui, 1974).

Evaluating the most appropriate distribution of anchor pre-stressing forces in a tied-back diaphragm wall, the
authors find that the triangular at-rest diagram is not particularly effective (in comparison with trapezoidal diagrams)
in reducing movements (see Fig. 14). They add the following comment: “The results show that the old concept of restoring the initial soil pressure through pre-stress loads
and eliminating movement does not work since wall movements occur during each excavation segment before the
subsequent pre-stress load can “restore” the lost earth
pressure”.
By other words: due to the inelastic behaviour of
soils, restoring the state of stress does not ensure the restoration of the state of strain!
As it was already emphasized, a real turn point in the
field of deep urban excavations was the introduction of reinforced concrete diaphragm walls. With this technology, it
was possible to install the entire retaining wall - stiff, resistant, impermeable, beyond the excavation bottom, with minor or modest impact on the ground - before performing the
excavation. This fact was extremely relevant for the progress in the control of movements, as commented above.
The understanding of the deleterious effects of the
mentioned delay, soon encouraged attempts to provide sup-

Figure 14 - Parametric study on the effect of magnitude and distribution of anchor pre-stressing forces on soil and wall movements
(Clough & Tsui, 1974).
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port to the wall before the excavation is made, in complement with the previous installation of the concrete peripheral wall.
4.2. Historical overview of the solutions providing support to the wall before the execution of the excavation
The first solution, represented in Fig. 15, was applied
in the Oslo Metro at the beginning of the 1970 decade. It
consisted of cross diaphragm wall concrete panels, acting
as buttresses, under the bottom of the excavation (Eide et
al., 1972).
In this solution: i) the cross wall panels remain underneath the excavation bottom due to the difficulty involved
in their demolition; ii) difficulties arise due to imperfect
cleaning of the interface between the longitudinal walls and
the cross walls. This might explain why its application has
been very rare and restricted to Scandinavian countries
(Karlsrud & Andresen, 2007).
In the nineties, the application of various techniques
of soil treatment became frequent as complement of conventional retaining structure solutions, particularly in deep
excavations in soft soils (Karlsrud, 1997).
In most cases the treatment is applied in order to form
a continuous “slab” of improved soil under the bottom of
the excavation. This may be done by jet-grouting (Wang et
al., 2005; Matos Fernandes et al., 2007; Ng et al., 2012) or
by compaction grouting (Liu et al., 2011; Tan & Wei,
2012). Figure 16 illustrates the case of Cais do Sodré Station of the Lisbon Metro, concluded in 1994.
The use of isolated jet-grout columns in square mesh
plan distribution under the base of the final excavation can
also be found, as reported by Ou et al. (1996) and Hsieh et
al. (2003).
When the excavation is very deep and its base is close
to a firm layer, the slab of improved soil is placed above the
final excavation platform, being demolished together with
the excavated soil (Brito & Matos Fernandes, 2006; Matos
Fernandes, 2007). Cases with two slabs of treated soil,
above and below the final excavation level, can also be
found in the bibliography, as the one illustrated in Fig. 17
(Lui et al., 2005; Tan & Li, 2011).

Figure 15 - Cross diaphragm wall panels below the base of the excavation (Oslo Metro).
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Figure 16 - Cross section of the retaining structure of the excavation for the Cais do Sodré Station of Lisbon Metro, with a jet grout
slab below the base of the excavation (Matos Fernandes, 2007).

One of the limitations of the treatment by jet grouting
is that the control of the geometry of the columns is difficult, particularly in this context because they are executed
at great depth. Bearing in mind that soft soil must not remain between columns, these are executed by adopting distance between column axes smaller than the expected diameter. This can lead to outward wall displacements even
greater than the inward ones that are to be prevented with
the treatment (Wong & Poh, 2000).
In this context, the application of the Deep Mixing
Method (also known by Deep Soil Mixing) seems to present some advantages, with regard to the control of the geometry (diameter) of the treated soil columns, as well as
with regard to the magnitude of the grouting pressures, far
below jet-grouting ones. On the other hand, the strength of
the treated material is not lower than the one provided by
jet-grouting (Pinto, 2014).
O’Rourke & McGinn (2006) report the application of
Deep Mixing Method forming vertical transversal elements
working as buttresses in the large project of the Boston
Central Artery, as shown by the example depicted in
Fig. 18.
A very peculiar solution was conceived and constructed in London, in the nineties, in a very deep excavation (39 m) performed inside the old Westminster railway
Station (XIXth century), as part of the construction of the
new Jubilee Line of the London Metro (Glass & Stones,
1999; Mair & Harris, 2001). Even if the soil involved (London clay) is not a soft soil, the movement restrains were extremely severe, due to the presence of the Big Ben tower in
the vicinity of the excavation.
As shown by Fig. 19, the toe of the 1.0 m thick diaphragm walls was supported by cylindrical “tunnelled
struts” (1.8 m in diameter), built by hand-mining methods
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Figure 17 - Jet grout slabs below and above the base of the excavation in a station of the Shanghai Metro (adapted from Tan & Li, 2011).

using pre-cast concrete segments, filled with in situ reinforced concrete. These were installed along the critical
zone (in plan), underneath the base of the excavation (about
40 m in depth) and before the removal of the soil. The construction utilized, as access, vertical wells (diameter of
3.0 m) situated on the axis of the excavation. Within each
strut, a 2.44 m diameter jacking chamber was constructed,
housing five pairs of hydraulic flat jacks with a total capacity of 7640 kN. This allowed the pre-stressing of the struts,
ensuring a good connection to the peripheral wall. One can
imagine the difficulty of such an operation!
Over the last decade, in a number of large buildings in
Taipei, the capital of Taiwan, the Oslo Metro solution was
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reinvented with an interesting particularity: the cross walls
are constructed up to the surface, being filled by plain
(unreinforced) concrete above the final excavation base
(Ou et al., 2006; Hsieh et al., 2008; Wu et al., 2013). In the
pioneer example represented in Fig. 20, one can observe
that the reinforcement philosophy is to some extent distinct
of the works previously reported, in which the length of the
excavation is much greater than its width. In fact, the use of
cross walls subdivides the wide excavation (width and
length of the same order of magnitude) in thinner excavations. Then, the efficacy in the control of the movements
mainly arises from exploring the so-called corner effect
(3D effect), which reduces the movements in the concave
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Figure 18 - Buttress of soil treated with Deep Mixing Method in the excavations for the Boston Central Artery and Tunnel Project
(O’Rourke & McGinn, 2006).

Figure 19 - Cross section of the solution applied in Westminster Station, London, showing the tunnelled struts underneath the excavation bottom (Mair & Harris, 2001).

corners of the excavation. Obviously, that effect will be potentiated if the excavation and the construction of the permanent buried structure are carried out, for each elemental
area, in different phases over time. Some useful suggestions can be found in these works with regard to the execution of the joints between the peripheral wall and the cross
wall in order to eliminate the lime (Hsieh et al., 2008).
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4.3. Application of buttresses of soil treated by cutter
soil mixing
One recent and promising technology of ground treatment is the so-called cutter-soil-mixing (CSM). This
method is similar to the deep mixing method/deep soil mixing (DMM/DSM) but the device that performs the mixture
is inspired in diaphragm wall cutter wheels rotating around
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Figure 20 - Excavation with cross walls of concrete up to the ground surface: a) plan scheme; b) detail of a joint cross wall-peripheral
wall (Ou et al., 2006, Ou et al., 2011).

a horizontal axis. This means that the geometry of treated
mass corresponds to panels of rectangular section in plan.
With this technique a continuous wall may be formed by
the construction, in an alternating sequence, of overlapping
primary and secondary panels. Secondary panels can be
constructed immediately after completion of primary panels or by cutting into panels that have already hardened.
Panels can be constructed in lengths ranging from 2.2 m to
2.8 m and wall thicknesses of 0.5 m to 1.0 m (Fiorotto et al.,
2003, 2005).
In the Manuel Rocha Lecture 2009, the author of this
work pointed out this methodology as a very convenient solution to support the wall before the excavation (Matos
Fernandes, 2010).

Figure 21 compares: i) the continuous horizontal support, obtained by jet-grouting, compaction grouting or by
other method, which can already be considered a classic solution; ii) the proposed support by cross vertical (buttresses) elements, disposed at given intervals in the longitudinal direction, obtained by cutter-soil-mixing. The figure
includes, for the two systems, the treatment ratio, TRr, that
is, the ratio of the volumes of the treated soil and the excavated soil. It should be noted that, in the case of buttresses,
their top may rest at the elevation of the base of the first excavation stage, since above that elevation their effect is
null.
As suggested by Fig. 21, it would be convenient to install the CSM panels coinciding with the joints of the pe-

Figure 21 - Comparative structural systems of the soil treatment and expressions of the treatment ratio: a) slab of jet-grout; b) buttresses
of soil treated by CSM.
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ripheral wall, whose interval is generally 5-6 m. For this
range, and bearing in mind the diaphragm wall thickness
commonly adopted in this type of excavations, it may be
anticipated that the 3D effects (that is, the differences between the wall displacements and stresses in the supported
sections and in the sections midway between supports)
would be negligible.
Figure 22 illustrates the typical sequence of a deep
excavation with the proposed treatment applied before excavation starts. The treated material is removed together
with the soil, stage by stage, in conjugation with the installation and pre-stressing of the temporary struts.
The experience available suggests that this technique
could fulfil the following five essential requirements in
comparison with other treatment technologies:
• small impact associated with installation, avoiding
over-compression or stress relief of the surrounding soil;
• constituent material easy to excavate but with good
strength and stiffness, as well;
• very accurate installation position, namely with regard to
verticality, position in plan and geometry of the treated
soil;
• confidence regarding continuity in the transverse direction;
• confidence regarding the connection to the peripheral
concrete wall.
Beyond these points, already confirmed by actual experience (Pinto et al., 2012), there are other very important
advantages, namely:
• the CSM panels remaining underneath the final excavation level may provide a foundation for the bottom slab
of the permanent structure;
• the CSM treatment can seal a hole resulting from a serious defect at a wall joint;

• the CSM panels may be used, while they are fluid, to install vertical soldier piles for support of the bracing system;
• in comparison with the other solutions, full advantage of
the constructive operations is taken, since practically all
the penetration of the device is used to improve the
ground mass.
There is already a substantial amount of data concerning the mechanical parameters of the treated soil achieved
by CSM, as resumed by Fig. 23 (Denis et al., 2012). For
soft soils, the Portuguese experience, which is very significant, permits to indicate the following values: qu = 2.5 3.0 MPa and Eu /qu = 400 - 500 (Matos Fernandes et al.,
2010; Peixoto et al., 2012; Pinto, 2014).
Numerical finite element simulations comparing the
performance of the two systems illustrated by Fig. 21, as-

Figure 23 - Values of the uniaxial compressive strength and of the
deformation modulus of soil treated by Cutter Soil Mixing and
values derived from the Portuguese experience (adapted from
Denis et al., 2012).

Figure 22 - Simplified sequence of a multi-strutted deep excavation with buttress of soil treated by CSM (Matos Fernandes, 2010).
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suming the same mechanical properties for the treated soil
and similar treatment ratios, led to the following conclusions (Matos Fernandes, 2010):
i) both solutions revealed similar efficacy with regard to the
control of the soil and wall movements;
ii) the solution employing CSM panels takes large advantage as far as the wall bending moments and shear
forces are concerned; this is probably due to the fact
that the vertical buttresses provide to the peripheral
wall a more distributed support along the vertical direction, the one where the structural generalized forces are predominant.
A final comment on the effect of soil treatment in advance of the excavation may be presented with the help of
Fig. 24, which collects results from a series of finite element simulations of a deep excavation in soft clay in order
to evaluate: i) the effect of the level of the total pre-stress
force applied by the struts without any soil treatment in advance; ii) the effect of strut pre-stressing combined with
soil treatment by CSM cross panels. The total pre-stress
force is expressed as a percentage of the integral of the
at-rest total horizontal stresses computed from the surface
to the base of the excavation.
The figure presents the soil displaced volume (that is,
the integral of surface settlements) for all the analyses performed, at the completion of the excavation. As a reference,
the figure also includes the volume from Peck’s chart for
maximum settlement of 1% of the excavation depth.
The exam of the figure permits to observe that, for the
analyses with no treated soil, the strut pre-stress is capable
of reducing the displaced volume up to about 1/2 of that obtained when no pre-stress is applied, whereas a reduction to
about 1/3 is obtained with similar pre-stress for the series of
analyses with the soil treated by CSM. This result is very

inspiring: it suggests that there is a synergetic effect (that is,
a virtuous combination) between pre-stressing and soil improvement in the control of the movements. This had been
already identified by Matos Fernandes et al. (2008) with the
soil improvement by a jet-grout slab.

5. The Long-Term Hydraulic Conditions and
the Settlements by Consolidation
5.1. Introduction
As it was emphasized above, the consolidation induced by the excavation may originate surface settlements.
Note that in many cases the soft soil consists of organic
clayey silt, whose (not very small) permeability allows a
consolidation process during a relatively short period after
the conclusion of the excavation.
For very thick soft deposits, extending the wall in
depth to the bedrock is a recommendable but expensive solution. An alternative solution consists of limiting the embedded wall length to the value required by a comfortable
safety factor against bottom heave. In general, the bottom
slab of the permanent buried structure incorporates a drain
in order to avoid uplift pressures in the long-term.
When comparing the two solutions, depicted in
Fig. 25, a relevant issue is related to the differences of the
consolidation process during and, mostly, after the completion of the excavation, as will be highlighted below through
finite element analyses (Matos Fernandes et al., 2012).
5.2. Assumptions for the numerical study
The selected problem corresponds to an excavation
with an infinite length, 10 m deep and 12 m wide, performed in soft clayey silt 30 m thick, overlying a hard and
practically impermeable substratum (Fig. 25). The soft soil

Figure 24 - Synergetic effect between pre-stressing and soil treatment in the control of the movements.
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Figure 25 - Cross section of the excavations considered for studying the influence of the long-term hydraulic conditions on the settlements by consolidation: a) case A; b) case B.

is lightly over-consolidated from the surface down to a
depth of 4 m and normally consolidated for larger depths.
The retaining structure consists of a 1.0 m thick reinforced concrete diaphragm wall and three levels of crosslot steel struts. Two solutions were considered for the retaining wall, as shown in Fig. 25: embedded length of 7.0 m
(case A); embedded length of 20 m, which means that the
wall is extended down to the substratum (case B). The
safety factor against bottom heave for case A, calculated by
the method of Bjerrum & Eide (1956), is 1.42.
In order that both retaining structures could ensure
comparable control of the movements during the excavation phase, it was assumed a 2 m thick jet-grout slab, executed prior to the soil removal and placed immediately
below the base of the excavation.

The excavation is carried out in a total time of 25 days
at a uniform rate. A fully coupled analysis is performed
both during and after the excavation period.
5.3. Discussion of the results
5.3.1. Excavation period
During the excavation period, because of the low permeability of the soft soil, the behaviour is approximately
undrained.
Figure 26 illustrates the distribution of the excess
pore pressure at the end of excavation for solutions A and

Basically, the finite element code uses a fully coupled
formulation of the flow and equilibrium equations with soil
constitutive relations in effective stresses, according to the
Biot consolidation theory (Britto & Gunn, 1987; Borges,
1995) and the p - q - q critical state model (Lewis &
Schrefler, 1987; Borges, 1995; Borges & Pinto, 2013; Borges & Guerra, 2014).
As for the hydraulic boundary conditions, it is assumed that: i) in the supported side, the water table remains
at the ground surface (which is a conservative option, assuming that there is a flow providing water to the ground
surface); ii) in the excavated side, the water level coincides
with the current excavation base; iii) the diaphragm wall
and the substratum are impermeable; iv) the long-term conditions correspond to null pore pressures at the top of the
jet-grout slab.
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Figure 26 - Excess pore pressure at the end of excavation: a) case
A; b) case B.
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B. Excess pore pressure is defined as the difference between pore pressure at a particular moment and its initial
hydrostatic value.
The results reveal that negative values are generated
by the excavation in both cases. As could be expected,
highest negative values of excess pore pressure occur below the excavation base, in association with the very pronounced decrease of the total mean stress in that zone. On
the supported side of the ground mass a tendency for generating negative excess pore pressures is also observed, although with much smaller values than at the opposite side.
This is mainly explained by the effective restraint provided
by the jet-grout slab, which decisively contributes to avoid
a ground decompression with much larger magnitude.
Maximum values of negative excess pore pressure on the
supported side are around 55 kPa for case A (in a region below the wall tip) and 13 kPa for case B.
5.3.2. Post-excavation period
Figure 27 represents the distribution of pore pressure
at the end of consolidation. It should be noted that, as said
above, excess pore pressure is considered herein (as defined in the computer code) the difference between pore
pressure at a particular moment and its initial hydrostatic
value (before excavation), and not its final value (at the end
of consolidation).
In case A long-term steady flow contouring the wall
tip takes place, whereas in solution B hydrostatic states on
both sides of the wall are obtained at end of consolidation.
Due to the distinct long-term pore pressure conditions, the most significant conclusion extracted from the
comparison of results is that the consolidation process is
qualitatively quite different in the two cases. As could be
expected, the most significant variations of pore pressure
are observed on the excavated side. However, on that side

Figure 27 - Distribution of pore pressure at the end of consolidation: a) case A; b) case B.
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water pressure increases in solution A whereas in solution
B it decreases in a part of the ground (at larger depths) and
increases in another (close to the excavation bottom). On
the supported side, the evolution is contrary, although of
lower magnitude: there is a decrease of pore pressure in
case A, related with downward water flow, while an increase takes place in case B.
Horizontal displacements of the wall at the completion of the excavation and at the end of consolidation, for
both cases, are shown in Fig. 28. As could be expected, the
displacements are larger in case A. This is obviously due to
the shorter embedded length, which allows a somewhat
larger rotation of the wall around the contact with the
jet-grout slab (between -10 m and -12 m in depth).
In overall terms, the wall displacements above the excavation base level do not significantly change with the
consolidation. The most expressive variation is observed
below that level, where displacements reduce in case A and
increase in case B. For case A this evolution may be explained by the swelling effect of the soil underneath the excavation (associated to the decrease of mean effective
stress, as seen above) as consolidation takes place in that
zone. In case B the evolution is the opposite: since the mean
effective stress increases (at larger depths) as the consolidation evolves, a shrinking on the soil underneath the excavation occurs, which permits a movement of the wall towards
that side. The slight increase in the pore pressure on the

Figure 28 - Wall horizontal displacements at the completion of
the excavation and at the end of the consolidation.
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other side of the wall also contributes for the observed
movement evolution.
The distribution of the surface settlements is illustrated in Fig. 29. In case A, there are pronounced downward
displacements on the supported ground with the consolidation, while in case B upward displacements are observed,
although with much less magnitude.
The evolution in case A is mainly justified by the reduction of volume on the supported soil, as discussed
above. In case B there are two contrary effects: incremental
horizontal displacements of the wall (below the excavation
base) occur - which, by themselves, tend to increment surface settlements; however, the supported soil swells as the
consolidation takes place - which tends to upraise the
ground surface. This second effect is stronger, provoking
upward displacements after the excavation period.
As a final comment, it is interesting to observe that
the considered solutions provide similar lateral wall displacements, both at the completion of the excavation and at
the end of the consolidation. As well, they ensure very resembling surface settlements at the end of the excavation.
Nevertheless, the corresponding surface settlements at the
end of the consolidation process are very discrepant (maximum settlement for case A is about six times greater than
the one for case B).
This highlights the great convenience of preventing,
for the long-term conditions, a steady flow of water towards
the excavation. The settlements induced by the new distribution of effective stresses in the supported ground associated to this flow may cause serious damage in ancient
constructions that in some urban areas are founded on the
desiccated crust.

6. The Influence of the Nonlinear Behaviour
of the Reinforced Concrete
6.1. Introduction
In flexible retaining structures the deformations by
bending play a critical role in the distribution of earth pressures and of the structural stresses. The ability to experience deformation without stiffness reduction is quite

Figure 29 - Surface settlement distribution at the completion of
the excavation and at the end of the consolidation.
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different in steel and in reinforced concrete walls. For the
bending strain level commonly attained by concrete retaining walls, the behaviour is no longer linear elastic. In spite
of this fact, the geotechnical finite element models commonly used in design practice assume a linear elastic behaviour for the structural components, while offering many
non-linear constitutive laws for the soil, some of them
highly sophisticated. It is interesting to observe that the opposite occurs with regard to the soil-structure interaction
analyses performed by structural engineers: more or less
complex non-linear constitutive laws are used for the reinforced concrete whereas the foundation soil is assumed to
be linear elastic!
Figure 30 resumes this analytical gap, as this bizarre
situation was classified by the author (Matos Fernandes,
2010). In that paper it was stated that to overcome this gap
would probably be the most challenging and critical task
for the near future in the field of the computational methods
applied in design. Fortunately, some progress in this field
may be presented in this occasion.
6.2. Numerical model
The solution found consists of an interaction between
the geotechnical computational code (Code G) and the reinforced concrete (nonlinear) computational code (Code
RC), as illustrated in Fig. 31.
For each stage of construction, the bending moment
and axial stress diagrams in the wall, computed by Code G,
are applied to the structure modelled by Code RC, which
accounts for the actual steel reinforcement at each section.
This code then calculates the strains and cracking in the reinforced concrete wall and the corresponding adjusted stiffness at each section, which is introduced in Code G for
being used in the next construction stage.
This idea was implemented using as the geotechnical
code FEMEP, developed at the Universities of Porto and
Coimbra (Cardoso et al., 2006; Almeida e Sousa et al.,
2011) and as the structural code EVOLUTION, developed
at the University of Porto (Ferraz, 2010).
With the purpose of exemplifying the application of
the procedure described it was taken the example illustrated
in Fig. 32: an excavation 18 m deep and 24 m wide in a deposit of soft clay 27 m thick, supported by a diaphragm wall

Figure 30 - The “analytical gap” between structural and geotechnical analyses (Matos Fernandes, 2010).
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Figure 31 - The interaction between the geotechnical code (code G) and the structural code (code RC) to account for the nonlinear behaviour of the reinforced concrete retaining wall.

Figure 32 - Cross section of the excavation considered for studying the influence of the non linear behaviour of the reinforced concrete
wall.
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(1.0 m thick and the toe sealed 1.0 m into the substratum)
and by three levels of cross-lot non pre-stressed steel struts.
6.3. Discussion of results
Firstly, it was performed an analysis assuming the reinforced concrete wall as linear elastic. This analysis: i)
served as comparison for the analysis in which the numerical model described above was applied; ii) on the other
hand, its results concerning the structural stresses in the
wall were the basis for calculating the steel reinforcement,
using the conventional procedures of concrete structures. In
particular, the bending moments obtained from the finite element analysis were multiplied by 1.35. This is illustrated
in Fig. 33.
Figures 34 and 35 compare the results in terms of wall
bending moments and lateral wall displacements provided
by the analysis just mentioned above (linear elastic wall)
and by the analysis which considers the nonlinear behaviour of reinforced concrete, with the steel reinforcement
shown in Fig. 33b.
As expected, the nonlinear behaviour of reinforced
concrete, implying a decrease of the wall bending stiffness,
leads to a reduction of the maximum bending moments and
to an increase of wall displacements. The influence regarding the bending moments is extremely relevant; as far as the
wall movements are concerned, an increase of the order of

25% in the maximum displacement was obtained, which is
rather expressive.
Figure 36 collects, for the final excavation stage, the
results from the analysis with the nonlinear concrete behaviour, showing in its central part (Fig. 36b) the ratio, for each
horizontal wall section, between the effective bending stiffness and the elastic bending stiffness. It can be observed
that, in the region where bending moments and displacements are more pronounced, along more than 10 m, the effective stiffness ratio is about 1/3 of the elastic one.
These preliminary results seem to confirm the relevance of considering the nonlinear behaviour of reinforced
concrete in the geotechnical finite element analyses for this
type of excavations.

7. Conclusions
Deep excavations in thick deposits of soft soils have
known, along the last decades, an outstanding evolution.
We now accomplish, in that domain, works that a few decades ago were unimaginable or that would require cost,
execution time and nearby impact of intolerable magnitude.
Such evolution is hardly replicable in other fields of Civil
and Geotechnical Engineering.
The interaction between a flexible retaining structure
and the adjacent soil mass is what is called, in Structural
Engineering, a highly hyper-static problem. Then, before

Figure 33 - Design of the reinforced concrete wall: a) bending moment diagrams assuming linear elastic behaviour of the concrete; b)
steel reinforcement.
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Figure 34 - Wall bending moments: a) linear elastic concrete wall; b) nonlinear concrete wall.

Figure 35 - Lateral wall displacements: a) linear elastic concrete wall; b) nonlinear concrete wall.
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Figure 36 - Results of the analysis considering the nonlinearity of the concrete wall at the completion of the excavation: a) wall bending
moments; b) ratio between the effective and the elastic bending stiffness; c) lateral wall displacements.

the application of finite element models to these problems,
the available design methods were very limited and of empirical or semi-empirical nature. Contrarily to various geotechnical fields - such as spread and deep foundations,
natural slopes, etc. - modern deep excavations in soft soils
would not be possible without the profit of an analytical
tool as powerful as the finite element method.
In spite of such a brilliant progress, the Profession is
tacitly more tolerant with excavation induced movements
in soft ground. However, in soft ground ancient structures
and services might probably be less tolerant with regard to
further movements than similar constructions over stiff
soils.
More robust and reliable solutions, exploiting the
best the technology and the experience have convened, are
highly recommendable. These solutions are not just a condition for minimizing the induced movements. They
strongly increment the reliability of our prediction analyses!
Like in the sixties the introduction of diaphragm
walls, permitting to install the entire reinforced concrete
wall before performing the excavation, was a paramount
technical advance, a number of solutions have been tested
in order to provide support to the wall before the removal of
the soil. The combination of these two expedients has permitted an auspicious progress in the control of the move-
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ments induced by the excavations. Particularly in soft soils,
it is possible today to achieve values of the surface settlements one order of magnitude below the most favourable
results reported by Peck (1969) in his splendid general report.
The use of cutter-soil-mixing to construct vertical
cross buttresses of treated soil at given intervals presents a
remarkable set of advantages - concerning the conception,
the execution and the structural performance - in comparison with other well-known solutions involving soil treatment.
The combination, in the retaining structure, of high
level of strut pre-stressing with the treatment of the soft soil
produces a synergetic effect for the minimization of the
movements.
The settlements developed by consolidation of the
soil after the conclusion of the excavation are a topic deserving more attention. The results presented show the
great convenience of preventing, for the long-term conditions, a steady flow of water towards the bottom slab of the
permanent buried structure. The settlements induced by the
new distribution of effective stresses in the supported
ground associated to this flow may achieve various times
the ones prevailing at the conclusion of the excavation.
The consideration in finite element analyses of the
nonlinear behaviour of reinforced concrete wall may have a
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non negligible influence on the computed wall displacements and a strong influence on the values of the structural
stresses in the wall.
The author would like to conclude by emphasizing
that a sustainable progress in this area depends on an ingenious exploitation and combination of the advances in the
three following fields: construction technologies, conception of the retaining structures and methods of analysis.
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