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Discussion leader’s contribution: Some aspects of design and construction of deep
supported excavations

Contribution de I'animateur des débats: Quelques aspects du dimensionnement
et de la construction des fouilles profondes blindées

K. Karlsrud - Norwegian Geotechnical Institute, Norway

ABSTRACT

This presentation draws up topics for discussion in Session 3.1. It also discusses some selected issues related to the following topics: the
use of below-bottom strutting and ground improvement, the use of dewatering and cut-off methods to improve stability, the use of
continuum FEM models and discrete soil spring models in design, stability and displacements of soil-anchored walls, and the use of

temporary walls in permanent structures.

RESUME

Cette présentation encadre les sujets de discussion pour la session 3.1. Les sujets spécifiques suivants sont aussi abordés: I"utilisation de
butons enfouis et I’amélioration du sol, I'utilisation de rabattement de nappe et de parafouilles pour améliorer la stabilité, I’utilisation de
modéles d’éléments finis continus et de modéles discrets avec constantes élastiques pour le dimensionnement, la stabilité et les
déplacements des murs d’ancrages, et |’ utilisation de murs temporaires dans une structure permanente.

INTRODUCTION

A total of 18 papers have been submitted to this session, Table
1. Most of the submitted papers deal with specific case records
including back-analyses of the observations. There are also six
papers of more purely theoretical nature dealing with finite ele-
ment modelling, behaviour of soil anchors and use of limit state
design principles.

Table 1 Overview of papers to Session 3.1
Main topic Number of | Aspect dealt with
papers Theory Case records
Strutted walls 2 2 )
Anchored walls 6 2(3) 5
Anchor performance |2 2 2
Nailed walls 1 )] 1
Sheetpile vibrations |1 - 1
Plastic hinges 1 1
Hillside stabilization |3 - 3
Harbour structures |2 - 2
18 6(9) 14 (16)

In understanding with the Chairman and the panellists, the fol-
lowing topics for presentation and discussion were selected:

Use of pre-strutting and below-bottom ground improvement
to achieve stability and reduce ground movements

Use of dewatering and cut-off methods

Use of continuum finite element models versus beam-on
spring approaches in design

Overall stability of soil-anchored walls and required anchor
lengths

Effects of swelling on bottom stability and limiting earth
pressures in clay

Pull-out capacity and response of soil anchors

Use of temporary walls in the permanent structure.

Long-term effects on earth pressures.
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During the open discussion following the presentations by
myself and the panellists, comments and questions from the
floor should be directly related to these topics and presentations.

USE OF PRE-STRUTTING AND GROUND IMPROVEMENT

For excavations in deep and relatively soft clay deposits, bottom
heave stability is a critical issue. In addition, extensive field
evidence supported by finite element analyses have demon-
strated that expected loads and displacements are very sensitive
to the bottom heave stability safety factor, and how deep down
below the excavation bottom one has a net unbalanced resultant
earth pressure. Figure 1 from Mana and Clough (1981) illus-
trates this aspect.

How to limit displacements and avoid damage to adjacent
structures and utilities, has become a design issue of growing
importance. Below-bottom pre-strutting and ground improve-
ment may be effective ways of improving stability and reducing
displacements. This will be illustrated by a few examples.

o 30
é
w | T .
oy Rer Range of Field Data
b= - 20 |- |
Q| &
E|lS \
Sle
3|5 ¥
E g 10
®|®
3| %
x | W 5
2] -~
= . Y S g e
0
0 0 10 15 20 28 3.0 1.5
Factor safety against basal heave
Figure |  Relationship between displacements and bottom

heave safety factor (after Mana & Clough, 1981).



B |
l.‘.ll T ORI

LONGITUDINAL SECTION

Figure 2 Layout of tunnels through Studenterlunden in Oslo
(from Eide et al., 1972)

The first example is from the two storey subway-and railway
tunnel constructed in the centre of Oslo in the early seventies,
presented by Eide et al. (1972), Fig. 2. This was at a site with
soft normally consolidated clay to 30-40 m depth. The excava-
tion depth was 16 m, which gave a safety factor well bellow 1.0
against bottom heave. Earlier strutted tunnel excavations in Oslo
had shown that failure would occur at 7 to 10 m excavation
depth. The tunnel passed the National Theatre building at a dis-
tance of only 5to 10 m.

The design adopted to prevent bottom heave as well as to
limit displacements was as follows, Fig. 2:

o First the longitudinal tunnel walls were constructed as in-situ
cast concrete diaphragm walls extending to 21 m depth or
5 m below bottom grade.

Then, every 4.5 m along the tunnel, cross-lot slurry trenches
were excavated to the same depth (21 m). These were cast
with concrete in the lower 5 m (below bottom grade of the
tunnel), and then backfilled with a very low-grade concrete
mix up to the surface, except just below the middle slab
where a high grade concrete also was placed to form a
temporary strut.

Excavation for and casting of the top slab was carried out
from the surface. Excavation for the two tunnels was then
carried out undemeath this slab.

The cross-lot wall panels create a form of "bottom shield" or
boxes below final grade, which effectively prevented bottom
heave. The cross-lot wall panels and "struts" also effectively
acted as pre-strutting. As these were placed prior to excavation,
this also reduced lateral displacements of the tunnel walls signi-
ficantly. The maximum lateral displacement was only 4 cm or
0.25% of the excavation depth, Fig. 3.

Figure 3 Measured lateral displacements, Studenterlunden
(from Karisrud, 1981)
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The use of cross-lot diaphragm walls may today be con-
sidered to be unduly expensive to prevent bottom heave and
limit displacements. Similar effects may be achieved by jet-
grouting panels across the excavation. The cost of jet-grouting
such panels may, however, not be much lower than diaphragm
walls. At NGI and in Norway we have more recently found that
use of deep ground improvement by cement/lime mixing is a
very cost effective way of improving stability and reducing dis-
placements in connection with excavations in soft clays.

Cement/lime columns normally used have a diameter of 60
to 80 centimetre and are set in an overlapping pattern to create
panels, Fig. 4. It is usually applied minimum two rows of
columns in a panel. The equipment cumrently commercially
available in Norway and Scandinavia is based on dry in-mixing
of lime/cement powder into the columns. Design shear strengths
commonly achieved are about 150 to 200 kPa, or 5-10 times the
original shear strength of the clays. The cost is about US$ 40-50
per cubic metre stabilized ground.

The first application of lime/cement panels in Norway was
for a 4 m deep excavation in Drammen with very soft quick-clay
just below the excavation, and old 2-3 story brick buildings nght
next to the excavation. In this case the cement/lime panels were
made prior to driving of the sheet pile walls. This was done in
order to ensure good contact between the sheetpile wall and the
stabilized panels. The driving of sheet piles through the stabi-
lized panels turned out to induce relatively significant vibrations,
and as a consequence, some damage to the neighbouring buil-
dings. Otherwise the solution worked very well, with very small
displacements induced during the excavation phase.

In more recent applications, the lime/cement panels to
support excavations have been set after driving of the sheetpile
wall. To ensure the best possible contact to the sheetpile wall
one normally sets some additional columns in the contact area
(Fig. 4). An altemative may be to set the columns first, but
ensure that the sheetpile wall is driven before significant curing
of the limecement columns have taken place. That may,
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Figure 4  Principle of deep ground improvement by cement/
line mixed panels



however, cause problems with the contractors phasing of the
different works.

A new scheme for excavation support and pre-strutting was
recently developed by NGI's Ove Eide in connection with a
planned 650 m long six-lane submerged road tunnel crossing
Oslo harbour. Eide was an exceptionally talented engineer and
designer who unfortunately passed away last year.

The water depth at the site is about 11 m, which also corre-
sponds to the required base level of the bottom slab. The ground
consists of soft normally consolidated clays to large depths. The
basic original design was a pre-cast submerged tunnel. The
alternative concept developed by Eide was based on building the
tunnel in a dry cofferdam containing the following main
elements, Figs 5 and 6:

e The cofferdam itself consists of flat-webbed sheetpile walls
as used in cellular cofferdams, and which "hangs" in
between-, and is supported by,- heavy steel frames spaced at
10 m distance along the tunnel.

o The steel frames consist of special vertical box stenders with
three levels of heavy duty crossbeams or intemnal struts. The
steel frames will be jacked down from barges so that the
lowest strut will be 7m below the seabed or base of the
cofferdam.

e The stenders and flat-webbed sheetpiles will extend another
2 m into the seabed or 20 m below sea level.
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Figure 5 Illustration of proposed design concept for the
Bjorvika 6-line harbour tunnel in Oslo
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Figure 6  Details of proposed support system for the Bjorvika
cofferdam

This deep below-bottom pre-braced structure forces the potential
bottom heave failure surface to go down below the tip of the
sheetpiles. This of course, provided that it is properly supported
below seabed. With a linearly increasing shear strength with
depth, this means that the safety factor also increase linearly
with the selected penetration depth of the sheetpile wall, Fig. 7.

It is intended to build the cofferdam and tunnel in 5 sections,
so that all sheetpile walls and most of the supporting frames are
reused at least twice. The steel supporting frames actually have
some couplings which upon their retrieval only leaves the lowest
part of the frame and the below-bottom strut left in the ground
after completion of the works.

This solution looks very favourable compared to the sunk-in-
place tunnel alternative. It has also been compared favourably to
other dry cofferdam alternatives like use of a traditional sheet-
pile wall structures and concreting of the bottom slab under
water.

USE OF DEWATERING AND CUT-OFF METHODS

Excavations in granular soils well below the water table repre-
sents maybe as much of a design challenge as excavations in soft
clays. The key to achieving an acceptable an economical design
is to keep control of the pore pressures below the base of the
excavation. The three main principles used to control the pore
pressure and effective stresses below the excavation base are:

o Installing cut-off walls to sufficient depth below the base.
e Reducing pore pressures by installation of various forms of
wells.
e Grouting of the soils to reduce the permeability in a blanket
r "plug" at sufficient depth below the excavation to also
ensure that uplift does not take place.

From my perspective, I believe designers in general are too
reluctant to make use of well drainage solutions, and that one
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Figure 7 Bottom heave stability in relation to depth of
sheetpile wall, Bjorvika cofferdam
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does not see all the potential benefits of that. I will illustrate this
by a very simple dreamed-up example. Consider a 12 m deep
and relatively narrow excavation in layered silts and sands with
the ground water table at 4 m depth, or 8 m above the base (Fig.
8). Due to the layering it is assumed that the horizontal mass
permeability is at least an order of magnitude larger than the
vertical. Thus, one may assume that with no well drainage and
only a cut-off wall, the pore pressure at the level of the tip of the
wall will correspond to the original in-situ value.

For the assumptions made, and without any wells, a cut-off
wall must penetrate to a depth of about 9.5 m below the base.
This is actually governed by the toe kick-in stability about the
lowest strut and not by seepage gradients.

Assume now that by some form of well pumping the pore
pressure below the base is reduced to hydrostatic. For that case
the required toe penetration that gives zero moment about the
lowest strut is reduced to 6.0 m, and if the ground water level
inside the excavation is reduced further to 2 m below the base,
the required toe penetration is only 3.6 m.

An additional and very positive effect of well drainage inside
an excavation, is that it will also significantly reduce the depth
and magnitude of wall displacements, bending moments in the
wall and loads in struts or anchors.

To what extent use of well drainage in reality is feasible and
acceptable must of course carefully assessed. In particular, how
it may influence the pore pressure outside the excavation, and
if,- or to what extent,- that may induce consolidation settlements.

USE OF CONTINUUM FEM MODELS AND SPRING
MODELS IN DESIGN

Both in Norway and internationally it is my clear impression that
computer programs based on the beam- on -spring concept have
become a widely used design tool, and have to a large extent
replaced the use of limit equilibrium methods and use of
empirical apparent earth pressure diagrams.

Many voices have been raised at previous conferences
waming against the use and shortcomings of beam-on-spring
type models. To quote freely from a statement by Gudehus
(1991) at the European conference in Florence in 1991: "These
programs seem to come from nowhere and are frequently used
by inexperienced engineers who thinks that a Winkler spring is a
soil constant ".

Nevertheless I believe that these programs are here to stay,
and that our challenge as professional geotechnical engineers is
to give guidance to their use and development. The main fea-
tures of the available beam-on-spring programs are:

e Most of these programs can model the structural elements
well, including struts, anchors and preloading of these.
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The programs generally allow a stepwise excavation and
strutting or anchoring sequence,

and removal of such elements.

The soil response at both sides of the wall are modelled as
spring supports at the nodal points.

In most programs the springs are modelled as linear elastic-
perfectly plastic, but for instance in the two such programs
that have been developed and used in Norway, the springs are
non-linear and can be given a higher stiffness in unloading/
reloading than virgin loading.

The limiting earth pressures or yield level in the springs can
in most programs be adjusted at each excavation step in
accordance with classical earth pressure theory. Some pro-
grams are even more flexible and allow the user to indepen-
dently define the limit pressures. Thus, one can in principle
take into account special geometry effects, arching effects etc.
on the limit pressures. For an effective stress based model for
excavation under the groundwater, the pore pressures at each
step of the excavation must be assessed and input separately.

Although many of the programs seem to have the same features
and build-up, there may be differences in how they handle some
important aspects which the user cannot see. For instance, how it
physically handles the earth pressure loading involved in exca-
vation from one level to the next. Many programs seem to only
put on a load on the nodes exposed by the excavation in accord-
ance with the earth pressures or loads in the springs just before
this excavation step. In reality, an excavation will, without any
wall movements, also reduce earth pressures below the bottom
of the excavation. If this aspect is not appropriately modelled,
stress changes and displacements will be underpredicted, in
particular at early stages of the excavation.

Provided that the limiting pressures have been carefully
assessed at each excavation step, the major issue and difficulty
with the use of such programs lies in the assessment of appro-
priate spring stiffnesses. The guidelines given in the manuals [
have seen are at best incomplete and often irrelevant and mis-
leading. They are often based on the classical beam on elastic
spring concept which is completely out of line for modelling a
braced or anchored wall structure.

The spring constant depends primarily on the soil modulus
and the size of the stress field mobilized on both sides of the
wall. This stress field will of course increase as the excavation
depth increases. Thus, even in a purely elastic soil, the spring
stiffness will change (reduce) during excavation. I am not aware
of any programs that allow the spring stiffness to change during
a stepwise excavation process. The user must therefore, assess
what he regards as a representative average situation. In any case
the spring stiffness should reflect the geometry of the excava-
tion, both its depth and width. The stiffness of the wall and the
support system can only have a marginal effect on the spring
stiffnesses.

A few years ago [ had the pleasure of working with Sinotech
Engineering Consultants in Taipei on the design of deep cut and
cover stations for the Taipei subway as well as for new railway
tunnels. These where 18 to 24 m deep excavations in soils
consisting of layered sands, clays and silts with a high ground-
water table. The design analyses where to a large extent based
on use of a spring model program using bi-linear soil springs.
An approximate expression I developed for the soil springs for
these cases were:

& o 3E
D/3+B/2
Ese= secant modulus at 50% strength mobilization
D = depth of excavation
B = width of excavation (limited to 2xD)



Performance data later suggest that this lead to quite reasonable
predictions of lateral soil displacements and overall behaviour of
the diaphragm wall structures.

In general it is recommended, however, that spring constants
are selected based on backcalculation of well documented case
records relevant for the problem at hand, or calibrated against
continuum type finite element modelling.

Although spring models can give a reasonable prediction of
lateral wall movements, it is ground settlements and their conse-
quences that are the main design concemn. Figure 9 presents a
proposed method for assessing settlements from predicted lateral
wall displacements. This is based on data I have gone through
from deep excavations in Oslo and Taipei. Note that the lateral
extent of settlements is related to the depth of predicted lateral
wall movements rather than the depth of excavation. This is in
contrast to the empirical diagrams originating with Peck (1969),
which relate the settlement profile to the excavation depth. The
proposed diagrams differentiate between predominantly soft clay
conditions and sandy soil conditions.

Settlements induced by other effects like wall installation and
pore pressure changes or consolidation, must be added to those
resulting from wall displacements alone.

In his excellent paper and theme lecture to this conference,
Dr. Nussbaumer showed us many examples of application of
continuum finite element models to strutted and anchored exca-
vations. My own personal experiences and use of such programs
go back to the early 70's. I am a therefore, a bit surprised that it
has taken such a long time to develop programs that are well
suited for actual design work. But, there is light in the tunnel,
and I feel convinced that with the interactive windows-based
programs now coming into the market we will in the next few
years see that such programs gradually will take over from the
beam-on-spring type models, especially so for more complex
problems.

That continuum finite element or difference approaches are
necessary and can provide valuable insight to design problems is
quite clear to me. [ will illustrate this by analyses we carried out
for the harbour crossing tunnel described earlier in my lecture.

This problem was analysed by use of the PLAXIS program.
The analysis showed that the net resultant earth pressure, and as
a consequence the load in the lowest pre-installed strut, was on
average almost a factor of two larger than the Rankine earth
pressure, Fig. 10. From the displacement pattern in the soil, Fig.
11, it is evident that the tendency for deep-seated displacements
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Figure 11 Displacements predicted with PLAXIS, Bjorvika
cofferdam

below and up into the cofferdam are incompatible with the mob-
ilization of classical limiting earth pressures. This as a typical
arching phenomenon, which has been well recognised for
several decades. It can also be seen in Fig. 10, that reducing the
stiffness of the struts to half of the original value dramatically
reduced the net unbalanced pressure, and made it approach the
classical values.

Nobody with any experience with use of continuum finite
element programs, and with sufficient practical experience, will
claim that even with the most advanced programs can we cap-
ture all aspects of such complex soil structure interaction
correctly. There is also enough of room for going astray when
you also try to couple 3-dimensional effects and transient con-
ditions into such programs. I believe such complex effects for
the time being may be best assessed and accounted for by de-
coupled and simplified approaches, which also allows the
designer a better understanding of the different aspects.
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STABILITY AND DISPLACEMENTS OF SOIL-ANCHORED
WALLS

There exist a number of national codes for design of anchored
walls, many of them originating with the methods developed by
Kranz (1953). I have personally limited experience with this
topic, but have a distinct impression that insufficient attention to
overall stability of the anchored wall structure has caused wall
displacements significantly larger than expected or desired. It
would be interesting to hear Dr. Nussbaumer's view if this could
not have been a contributing cause at the "Dedis" site and other
cases referred to in his theme lecture.

USE OF TEMPORARY WALLS IN PERMANENT
STRUCTURE

In relation to use of diaphragm walls in the permanent structure |
have noted a wide difference in international practice and also
within countries. Some designers let the diaphragm walls
support all external soil and water pressures. Others disregard
them completely, partly due to concerns about water tightness
and concrete quality. I believe diaphragm walls deserve to be
more widely used as part of the permanent structure, but
recognise that it to some extent depends on the type and use of
the permanent structure, and not the least, the local construction
practice and quality control.

In Norway and other European countries we have also seen a
clear trend to more widely use of steel sheet pile walls as the
only permanent supporting wall, especially in road tunnels and
underpasses, but also in deep basement structures. It seems like
the steel industry has taken this issue seriously and provide
special joint sealing concepts to prevent water leakage. Thus, the
corrosion aspect may be the primary remaining concern in the
future.
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