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Theme lecture: Retaining structures and excavated slopes
Exposé sur le théme: Souténements et talus de déblais

M.Nussbaumer & P.-A.Von Wolftersdorff — Ed. Ziiblin AG, Stuttgart, Germany

ABSTRACT: The paper deals with retaining structures and excavated slopes in soil and rock. A number of examples from construction
practice are presented to illustrate the current development trends of different types of structures. Methods for analyzing the stability of
slopes and composite retaining structures are discussed. Also considered are aspects conceming the limit state analysis of structural systems
with a marked soil-structure interaction and the behaviour of retaining structures under seismic loading. Examples are presented to explain
the serviceability analysis of retaining structures and slopes. The focus here is on deformation prediction based on numerical methods and
the application of the observational method.

RESUME: Cette exposé s’occupe des ouvrages pour retenir soit des terres en remblai, c’est-2- dire rapportées, soit le terrain en place
et des talus, dans les sols meubles et rocheux. A I'aide de quelques types de constructions, un apergu sera presenté sur les tendances de
développement A I'heure actuelle, des divers constructions. Des méthodes de calcul de la stabilite des talus, des constructions composites
flexibles seront discutés. On va expliquer quelques points de vue sur la stabilité des systeme portants sous action reciproque entre ouvrages et
sol, ainsi le comportement a 1’ appui de ces ouvrages sous sollitation sismique. Des analyses d’utilit¢ de quelques ouvrages de soutenément
et des talus seront presentées 2 I'aide des exemples concrets. Les points principaux sont: les pronostics de déformation avec la méthode de
calcul numérique et I'utilsation de la méthode d’observation.

1 INTRODUCTION 2 TYPES OF STRUCTURES

. . . . . 2.1 Variety of retaining structures
This report gives an overview of the wide field of retaining struc-

tures and excavated slopes in soil and rock. The subject includes
unsupported slopes; gravity walls; embedded, anchored or strut-
ted retaining walls; different composite retaining structures — such
as reinforced soil, crib retaining walls, geotextile walls, retaining
structures of natural materials (gabions, soil reinforced with ve-

There is a great variety of retaining structures involving almost all
sectors of foundation engineering. The broad range of retaining
structures — including excavated slopes — becomes apparent, e.g.,
when one tries to group these structures according to the following

getation) — soil nailing and dowelling as well as combined struc- characteristics:
tures. Not included are retaining structures as part of underpinning a) Material:
systems, uplift-resistant structures for deep excavations in ground- Retalmpg walls of masonry, concrete, reinforced concrete; steel
water, and special problems in connection with the renovation of sheet piles; geotextile structures (reinforced earth); structures
historical retaining structures. of natural materials (vegetation-reinforced earth), etc.

Chapter 2 presents different types of retaining structures, but b) Structural system:
without attempting a classification. Instead, examples from con- Gravity walls; embedded, strutted or anchored retaining walls
struction practice have been selected in order to provide a repre- supported by passive earth pressure, composite structures; open
sentative picture of the current developments of modem retaining retaining walls, etc.
structures and to point out the present requirements with respect to ¢) Construction method:

methods of design and analysis, construction and quality assurance.

Chapter 3 initially gives an overview of the most important
methods for analyzing the stability of slopes. On this basis, the
principles of the limit design of composite structures are explained.
The limit state analysis and design methods for structures with a

Backfilled structures; driven structures; structures assembled
from precast elements; cast-in-place structures, etc.

d) Utilization:
Slope stabilization; quay structures; excavations, etc.

marked soil-structure interaction are discussed in relation to new Other classifications have been made by (Brandl, H. 1992, Lackner,
safety definitions. A practical example of a three-dimensional sta- E. & Miiller, J. 1992, Smoltczyk, U. 1992, Stocker, M. & Walz,
bility analysis of a projecting comer of a retaining wall is presented. B. 1992, WeiBienbach, A. 1992). In 1992 Gudehus published a
The calculation of a quay structure subsequent to destruction by summary of the various types of retaining structures. In particular,
an earthquake shows the framework for examining the dynamic he showed the range of possibilities arising from the combination
structural behaviour by numerical methods. of materials, structural systems and structural elements.

The displacements and deformations of retaining structures and Summarized presentations of quay structures have been pro-
slopes are dealt with in the last chapter. Recommendations are vided by (Lackner, E. & Miiller,J. 1992, Schenck, W. & Smoltczyk,
made for the consideration of serviceability, which is related to U. & Lichler, W. 1992) and specifically for deep harbour basins
displacements. It is demonstrated that deformation analyses for re- by (Stehn, H.-J. 1992, Diicker, H.P. & Miller, C. 1996).
taining structures are not yet sufficiently reliable, so that the use of The retaining structures here are distinguished according to ser-
monitoring equipment will often be necessary during construction. vice life, i.e., a distinction is made between temporary and per-
The example of an opencast mining slope and of an excavation manent structures (see Fig. 1). In this context, the following two
pit with neighbouring buildings shows the capabilities of the ob- sections present examples that are typical for the current develop-
servational method in conjunction with the application of modem ment trends, and at the same time particularly noticeable because
numerical methods. Finally, the paper examines the problems of of their unusually large dimensions.

3D deformation analysis of deep retaining walls.

2285



Temporary Structures

excavated slope retaining wall

+0.00m
R
I./‘
,—‘"‘/ \\»
350m BN
|M i ~|
~\

brown coal sgam |

Permanent Structures

“L-shaped” retaining wall tie-back diaphragm wall

> =

nailed slope

reinforced soil structure

composite structure

traffic route

quay wall

Figure 1. Examples of temporary and permanent retaining structures
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Figure 2. Rock cut at the intake tower

2.2 Permanent structures
— Rock slope

The Xiaolangdi multi-purpose dam in the Chinese Province of
Henan is the key project for regulating the lower reaches of the
Yellow River. The project also involved stabilization of a rock
slope up to a height of about 120 m, which was completed in 1996.
The about 300 m long slope section provides space for the intake
structure.

The rock consists of altemnating sedimentary brittle rock layers.
The rock joints dip between 70° to 80° (see Fig. 2). The very steep
cut, average inclination about 80°, had to be stabilized. Stabiliz-
ation measures were:

- Prestressed rock anchors 25 to 40 m long with a service load of
1000 to 2000 kN

- Rock dowels 5to 12 m long with a service load of 80 to 150 kN

- Rock bolts 4.5 to 10 m long with a service load of 100 to
150 kN,

- Shotcrete facing 10 cm thick.

The major stabilizing elements are the prestressed rock anchors,
which were installed on a grid of 6 m x 6 m and at an upward angle
of 15°, in view of the geological conditions. The unusually great
depth of the rock cut and the high safety requirements for the oper-
ation of the dam and the hydroelectric power station, made great
demands on design and construction work. It was hardly possible
to draw on experiences with rock cuts of similar dimensions. The
following stages were relevant for the stability analysis:

1. Construction stage after the 120 m deep cut

2. Construction stage after installation of the about 30 m thick
base structure, with a remaining rock slope about 90 m high
3. Final stage after impounding of reservoir

These three stages do not only differ in depth of cut and loading
assumptions, but also with respect to the water pressure in the
joints. Furthermore, the rock is penetrated by numerous large
tunnels. Since they were already driven into the rock before the
final cut depth was reached, the resulting disturbances had to be
taken into account in the stability analyses.

The stability analyses were carried out using non-linear 3D FEM
models, in addition to 2D FEM models. Fig. 3 presents such a
finite-element mesh with the maximum excavation depth as well as
calculated displacements. The complexity of the stability analyses
was increased by the need to consider seismic loadings.

Meanwhile the 30 m thick base structure has been completed,
i.e., the second construction stage has now been implemented. The
results of the monitoring, which was carried out as part of a com-
prehensive measuring program, indicated that the displacements of
the rock slope were acceptable during the first construction stage
involving the largest cut of 120 m.

- Bored pile wall

An impressive bored pile wall as a retaining structure for a slope
was installed for the construction of an office building in Stuttgart
(Seeger, H. 1992). The building had to be placed into a slope
consisting largely of Keuper marl. Facing the hill, the building has
8 storeys, which required a cut of 30 m depth and 85 m width. It had
to be taken into account that the building must not be permanently
loaded with earth pressure from the hillside.

The permanent slope stabilization was carried out by means
of an open bored pile wall with permanent tie-backs in up to 10
levels. Thereinforced concrete piles with a diameter of 90 cm were
installed with spacings of 1.50 m to 2.00 m. The interspaces were
filled with reinforced shotcrete. At the top, the bored pile wall is
capped by a reinforced concrete beam.

The length of the permanent tie-backs varies from 14 m in the
lower levels to 32 m in the upper levels of the retaining structure
(see Fig. 4).

There were no previous experiences with excavations of this
size in unweathered Stuttgart Keuper marl. In particular, swelling
pressures as aresult of gypsification could not be excluded. In such
a case one would have had to expect considerable earth-pressure
increases with additional forces acting on the anchors. For this rea-
son, the underground conditions were thoroughly investigated. The
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Figure 3. a) 2D finite-element mesh for the stability analysis of the rock
at the intake tower with maximum excavation depth b) calculated dis-
placements: settlements of slope crown (0.75 cm) and heave of slope toe
(4 cm)
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Figure 4. Cross

assumptions for the calculation of the permanent grouted anchors
took account of this influence.

- Increased earth pressure £ = 0,75 Eq + 0,25 - E, for design
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Figure 5. Horizontal deformations of the bored pile wall

of the anchors,

- Earth pressure with a coefficient of K, = 0, 2 as a lower limit
substituted for the earth pressure reduced by cohesion,

- Stability analysis along a deep block sliding surface and addi-
tionally analysis of overall stability on a circular sliding surface
with increased applied loads.

Furthermore, the following stipulations were made for the dimen-
sioning so as to provide additional safety:

- The tie-backs were only utilized for a maximum of 85% of the
permissible load

- Each anchor was tested with 1.5 times the permissible load.

- The length of grout bodies was not less than 6 m.

A comprehensive measuring program - involving anchoring force
and extensometer measurements and goedetic displacement meas-
urements — was an essential part of the safety concept. The meas-
ured results showed that the suspected increase in earth pressure
did not occur, the anchoring forces remained as expected and the
horizontal deformations were less than had been estimated (see
Fig. 5).

— Quay structure

The increasing depth of harbour basins requires new structural
solutions. Although quays with large construction heights are
still being built according to the conventional sheet pile system
(Conrad, P. 1992, Reinke, U. & Vollstedt, H.-W. & Rahtge, M.
1995, Wilde, F.-K. 1995), there is a definite trend towards new types
of construction. The use of diaphragm walls can have advantages,
e.g., in the case of difficult soil conditions with layers of bolders
and shingle (Diicker, HP. & Wilde, FK. & Scheele, J. & Hoppe,
H.J. 1992, Diicker, H.P. & Rodatz, W. & Timm, G. & Vellguth, L.
1996, Scherrer, P. & Baril, J.-C. & Heber, P. 1996, Van Celst, E. &
Reynaers, T. & Thibaut, W. & Vellemann, B.).

During the construction of the O’ Swald Quay in Hamburg Har-
bour, which involved a 190 m long section as a diaphragm wall
quay, it was possible to gather a large number of experiences about
this type of construction and about the behaviour of the total system.
Fig. 6 depicts a typical cross-section.

The completed quay structure has an overall height of 27 m.
The depth of the reinforced concrete diaphragm wall amounts to
25 m. It has a thickness of 1.20 m and was installed in 4.35 m wide
panels. The 18 m broad quay slab on top of the diaphragm wall is
founded landwards on in-situ concrete driven piles. The tie-back of
the diaphragm wall consists of about 30 m long prestressed grouted
anchor piles.

The soil profile in Fig. 6 is typical of the ground conditions in the
Hamburg Harbour. The layers of shingle in the transition zone from
Pleistocene sand and gravel layers to Tertiary silt and clay layers
pose special problems for the construction of quay structures.

As a result of comprehensive parameter studies and compara-
tive calculations for this project, it became clear that conventional
methods of analysis, which often employ empirical earth pressure
values and empirical additions/deductions for determining the in-
ternal forces of the quay wall, cannot be applied in the usual way.
This is generally valid for deep quay walls, i.e., both for sheet pile
and diaphragm systems. The structural analysis has to consider the
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and take account of the soil-structure interaction.

For investigating the diaphragm wall structure at O’ Swald Quay,
non-linear FE analyses were carried out in addition to the usual
calculations. Here too, an extensive monitoring program (Rodatz,
W. & Maybaum, G. 1995, Rodatz, W. & Maybaum, G. & Stahlhut,
0. 1996) was carried out. The earth-pressure development on the
diaphragm wall was the focus of monitoring.

Sheet pile walls are usually driven in the almost excavated har-
bour basin, and therefore the initial earth pressure does not occui
over the full wall height. One-sided earth pressures only act on the
sheet pile wall over the full height after soil-backfill.

With diaphragm walls, however, earth pressures — the size of
which is determined by the fluid which supports the trench — al-
ready occur over the full height during construction. The further
development of these pressures will initially be influenced by the
installation of the diaphragm wall and subsequently by the con-
struction of the anchor piles, the concrete piles and the quay slab.
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Figure 7. Measured and FEM calculated earth pressures behind the dia-
phragm wall for the loading case: completed excavation in conjunction
with low tide
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Fig. 7 shows the measured and calculated earth pressures for the
relevant service condition.

The main findings for the design of quay structures with dia-
phragm walls can be summarized as follows:
There is no restraint effect at the base, i.e., the required depth of
embedment must be determined as for a freely supported wall.
Despite the low degree of deformation of the rigid diaphragm
wall, active earth pressure is mobilized.
It is advisable to design the joint between the diaphragm wall
and the quay slab as a rigid frame connection.
The investigations of the quay wall installed at O’Swald Quay
did not indicate any overloading of individual elements of the
structure.

— Geosynthetic-reinforced soil structure

The following example of a permanent retaining structure consists
of two reinforced-soil walls stressed together with geosynthetic
straps, designed and constructed for a section of the Dutton Park to
port of Brisbane rail link in the Australian Province of Queensland
(Lo, S.CR. & Li, S.Q. & Gopalan, M. & Gao, Z. 1996). In view
of the high surcharge due to railway traffic, the structure had to
fulfill stringent requirements in terms of deformation and bearing
capacity.

The width of the embankment amounts to only 6 m (see Fig.
8 a). For this reason, the two retaining walls were stressed together
by geosynthetic reinforcements and formed a “tied back-to-back
(TBB) wall”. The reinforcing elements consist of 90 mm broad
straps of high-strength polyester fibre bundles covered with poly-
ethylene. They have a nominal strength up to 100 kN.
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Figure 8. a) a) Cross-section of the railway embankment; b) arrangement

of straps, connection of strap to concrete element (according to. Lo, Li,
Gopalan & Gao)
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Figure 9. Distribution of longitudinal forces in the 7 reinforcement layers
over the width of the embankment (according to Lo, Li, Gopalan & Gao)

The vertical distance between 2 reinforcement layers amounts
to about 0.8 m. Horizontally, each strap runs in a zigzag line
connecting the T-shaped, precast concrete wall elements. The
arrangement of the reinforcement ties is presented in Fig. 8 b. The
ties are pulled as loops through the eyes on the precast elements
and tightened. This results in a more uniform tensile stress in the
ties.

The bearing capacity of the ground was sufficient.
weathered granite was available as fill material.

The behaviour of a TBB wall differs considerably from that of
a normal geosynthetic-reinforced wall. Conventional methods for
checking the pullout of the reinforcement, e.g., the design method
for the “Freysissol” system, cannot be used here. Initially an
improved conventional design method — but with a reduction factor
for the large railway load — was used for determining the maximum
tensile force Tonaz in the reinforcement straps.

The results of the conventional design method were checked
using non-linear FE calculations. The investigation concentrated
particularly on the effects of the high surcharge. As shownin Fig. 9,
the distribution of longitudinal forces along the geosynthetic straps
with maximum values in the soil is typical for soil reinforcement,
even though the straps are always firmly anchored to the opposite
wall.

Since the normal design criteria could not be applied to the TBB
structure, the input data for the FE calculations were varied as in
a sensitivity analysis. The calculations were carried out with two
different stiffness vatues for the reinforcement, two different sets
of soil parameters and two models for the soil. The analysis proved
that the values relevant for the design, such as the maximum tensile
force Trmaz, Were insensitive to the above variations. It was also
shown that the design values for the straps were on the safe side
with the method employed.

Fully

2.3 Temporary structures
~ Large opencast slope

The duration of construction states, i.e., temporary situations, can
vary considerably from a few hours to several years. Slopes in
opencast mining can be in service for a fairly long time, but they
still have a temporary character.

The opencast mines in the brown-coal area of North-Rhine
Westphalia are among the largest in the world in terms of depth,
groundwater lowering and volume. The stability of the slope sys-
tems, which reach up to 400 m, is analyzed with the most advanced
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methods (see section 3.1). Because of the great heights, even stable
slopes will be subject to considerable deformations within the slope
and the adjoining area.

Nommally the deformations due to opencast mining do not cause
any damage. For example, as a result of groundwater lowering,
there may be widespread settlements of the ground surface up to
3 m without any damaging effect on the buildings in the vicinity
(Pierschke, K. & Gudehus, G. & Hiigel, H. & Niemunis, A. 1996).
It can however not be excluded that the activation of tectonic faults
may lead to surface damage in individual cases (see Fig. 10). It
must therefore be part of safe opencast mining to keep deformations
under control and avoid damaging ground movements. For this
purpose, the known principles of the observational method are
adhered to (see section 4.3).

- Retaining wall in groundwater-saturated soil

In the centre of large cities, one increasingly finds excavation pits
with depths down to 20 m in the direct vicinity of existing buildings
(Simpson, B. 1992, Nubaumer, M. 1996). They often require
watertight retaining structures with a minimum of deformation
(Sanger, C. & Steinhagen, P.& Mayer, P.-M. 1994, Brem, G. &
Triantafyllidis, T. 1996, Triantafyllidis, T. 1996). The retaining
wall of the 13 m deep excavations (sector A) of the "Debis” site on
Potsdamer Platz in Berlin is presented here as an example (Giicker,
R. 1996).

Fig. 11 shows a typical cross-section of the retaining wall and the
local geological situation. The ground consists largely of Tertiary
and Pleistocene deposits. A particular feature in Berlin is the
uniform fine sand locally embedded with marl. The groundwater
level is 2 to 3 m below the ground surface.

A low level grout blanket was installed to ensure sealing and
safety against uplift of the pit bottom. The surrounding watertight
retaining walls consist of a slurry trench wall with inserted sheet
piles (Stadler, G. & Kudella, P. 1996). The 60 cm thick single
component slurry trench wall, which acts as a sealing element, was
sunk down to a depth of 29.5 m, so that its foot rests below the
grout blanket. Sheet piles of the required length were inserted into



the cut-off wall before hardening of the slurry. During excavation,
temporary grouted anchors were installed, one row also below the
groundwater table. The two-fold anchoring of sheet piling proved
to be an economically efficient solution (see Fig. 11).

A program to monitor wall movements and tie-back forces was
an integral part of quality assurance. Even without any neighbour-
ing buildings, monitoring of the retaining structures would have
been necessary because of

- the large excavation area with sides up to 180 m, and
- the differential water pressure of up to 100 kPa acting on the
retaining wall.
Inclinometer measurements were carried out to record wall move-
ments in the specified cross-sections. The head displacements of
the inclinometer tubes were measured geodetically. Load cells
were used for measuring the anchor forces.

Fig. 12 shows the wall deformation for four different stages. At
the height of the soft gel blanket it can clearly be seen that the base
point of the cut-off wall has shifted by about 1.5 cm towards the pit.
The horizontal displacements of the base points of the sheet piling
are about twice as much. Excessively large deformations occurred
during the final excavation. Due to an unsealed drill-hole in the
retaining wall, sand was entrained into the pit. Consequently, the
deflections increased to about 2 cm.

A number of other retaining structures of excavation pits in
Berlin also show extensive displacements at and below the bottom
of excavation (Gollub, P. & Klobe, B. 1995, Weilenbach, A.
& Gollub, P. 1995). This is particularly significant in the case
of tie-back structures where the wall members are relatively stiff
(reinforced diaphragm walls, bored pile walls). With this type of
structure, the horizontal displacements towards the pit will extend
below the level of the grout blanket. The consequently widespread
settlements and horizontal displacements on the ground surface
have in some cases affected the serviceability of the surrounding
buildings.

The causes for these widespread movements are assumed to
be:

- High differential water pressure acts on the retaining structure

horizontal displacement (cm)

]

v

21

~
~

depth (m)

1- excavation down to the anchor level B

2 - prestressing of the anchor level B
3- final excavation
4 - after 2 1/2 months, completion of ballasting

Figure 12. Horizontal wall displacements measured for a typical cross-
section (according to Giicker)
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Figure 13. Cross-section of the retaining structure and geological profile

down to the grout blanket.

- The small remaining effective vertical stresses in the largely
saturated excavation base overlying the grout blanket together
with the reduced shear strength at the boundary surfaces below
the grout blanket, resulting from uplift forces, and the relative
softness of the gel, lead to a more flexible foot support.

- Due to the large size of the pit, appropriately large horizontal
displacements occur below the excavation base

These recent observations have so far apparently not been reported
elsewhere. The mechanisms for such widespread movements have
not yet been sufficiently researched.

— 20 m high soldier pile wall

The last example in this section demonstrates that 20 m high re-
taining walls can be constructed as anchored soldier pile walls
(Sonder, H.-H. 1994). The high-speed railway link Cologne —
Rhine/Main also involves a double-track railway tunnel under-
neath the Autobahn junction "Frankfurter Kreuz”. The retaining
structure consists of 20 m high soldier pile wall of 400 m length
(see Fig. 13).
The following criteria must be met for using tie-back soldier pile
walls as retaining structures in excavation pits of this depth:
- soil with sufficient shear strength for taking up the anchor
forces,
- no special requirements on the restriction of wall deformations,
- low groundwater levels either below or only slightly above the
pit bottom (lowering by open dewatering).

The ground south of Frankfurt consists of sand, coarse sand to
sandy gravel (friction angle: 40° < ¢ < 45°); the groundwater
was below the pit bottom. There was only construction traffic in
the vicinity of the excavation, so that increased surcharges did not
have to be considered.

The retaining structure was designed as an elastically bedded
beam, i.e., internal forces and moments, anchor forces and the ne-
cessary depth of embedment were calculated under the assumnption
of empirical earth-pressure redistributions and safety factors for
the passive earth pressure at the base.

Fig. 14 shows the earth pressure distribution for the final exca-
vation stage: trapezoidal redistribution of active earth pressure due
to weight of soil and surcharge of 10 kN/m?, rectangular additional
earth pressure due to increased surcharge of 40 kN/m?, elastic base
bedding under consideration of a reduced passive earth pressure
(safety factor 7 = 3.0). The calculation was carried out for each
excavation. The required tie-back lengths were determined on the
basis of the stability analysis with a deep sliding surface.

For the construction, 25 m long steel posts ][ 320 were chosen,
which were installed in 24 m deep boreholes of 90 cm dia. and
embedded in concrete below the excavation base. The spacing of
the posts was 2.75 m. Timber lagging of 14 cm thickness was used.
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Figure 14. Earth pressure distribution for the final excavation stage

The temporary grouted anchors were prestressed with 80% of the
calculated anchoring force applicable after realizing the subsequent
excavation. The ][ profiles permitted anchoring directly into the
steel posts, so that walings were not necessary.

The prestressing forces of the anchors were decisive forinfluenc-
ing and controlling the behaviour of this 5-fold anchored soldier
pile wall. The horizontal earth resistance at the base only played a
subordinate role here.

From a statical point of view, even deeper excavation pit struc-
tures with more than 5 anchor positions would certainly be poss-
ible as long as the vertical force components are supported by the
concrete-embedded post foot.

3 STABILITY ANALYSES AND DESIGN METHODS

3.1 Slope stability analysis

The stability analysis of soil slopes is largely based on the method of
limit equilibrium. The aim here is to find the relevant slip surface,
i.e., failure mechanism, so as to determine the smallest factor of
safety. Normally, the following safety definition (Fellenius rule) is
employed:

_ Shear strength of soil
"~ Shear stress required for equilibrium

Increasingly, computer-aided numerical methods are applied. The

availability of high-capacity computers has motivated many scien-

tists and engineers to develop more refined approaches and in-

corporate these into practicable methods of analysis, as reflected

by numerous publications (Espinoza, R.D. & Bourdeau, PL. &

Muhunthan, B. 1994, Fredlund, D.G. & Zhang, Z.M. & Lam, L.

1992, Leshchinsky, D. & San, K.-C. 1994,L0,S.-C.R. & Xu, D.-W.

1992).
There are two general categories of analysis:

Group I: Analysis with one rigid sliding body according to the
method of slices

Group II: Analysis with several rigid sliding bodies on the basis of
composite failure mechanisms.

The new developments of group I are generalizations of the ordi-

nary method of slices according to Fellenius or Bishop and can be

characterized as follow:

- Both the moment and the force equilibrium are fulfilled for
each slice. Various suggestions have been made with regard
to the necessary assumptions for the interslice side forces, e.g.,
(Espinoza, R.D. & Repetto, P.C. & Muhunthan, B. 1992).
- The above extended methods of slices are used for two- and

three-dimensional geometries. The critical slip surface can
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have any form desired (monotone curvature with homogeneous
soil) (Espinoza, R.D. & Bourdeau, PL. & Muhunthan, B.
1994).

- The search for the critical slip surface, which must not necess-
arily be circular or spherical, represents a complex mathemat-
ical problem for which several methods have been developed,
€.g., optimization methods, methods based on the calculus of
variations (Leshchinsky, D. & Huang, C.-C. 1992).

In 1996 Duncan published a comprehensive state-of-the-art report
on the analysis of slopes according to the limit equilibrium. He
found that safety factors F', which were determined using different
extended methods of slices, only differed by maximal 12%. If one
considers the inaccuracies of the input data for the calculation with
regard to slope geometry, soil structure, shear strengths and pore
waler pressures, computational accuracy with a scatter of +£6% is
quite sufficient.

The safety factors of a 3D analysis are larger than those of
a corresponding 2D analysis in the critical section, i.e., F3p >
Fp. Fig. 15 presents an example of a critical 3D slip surface in a
nonuniform slope. It was generated with the 3D-SLOPE program
(Lam, L. & Fredlund, D.G. 1993).

The available computer programs are becoming increasingly
more complex and user-friendly. However, the application of this
type of software does not automatically result in "more accurate”
slope analysis. The geotechnicalknowledge of the engineer and his
ability to assume realistic models are still of greatest importance.

The methods of group II are based upon kinematically possible
failure mechanisms. The rigid sliding bodies normally have plane
surfaces, thus only permitting translatory motions contrary to the
methods of group I. Systems with more than three sliding bodies
can only be dealt with numerically. Comparative calculations on
slopes resulted in somewhat higher safety factors F3p than those
calculated according to the ordinary method of slices (Weber, K.
& GuBmann, P. 1992, Navari, O. & Hartmann, R. & Lackner, R.
1997). An application example of a 3D multiple body mechanism
is provided by the modelling of a 208 m high opencast rim slope at
a mining "window"” in the Rhineland opencast mining region (see
Fig. 16).

The geological situation is characterized by a deep-seated clay
bed. Since there are so far no generally valid optimization methods
available for searching the critical 3D multiple body mechanism,
it was necessary to stipulate, as a start model, a realistic failure
mechanism for the above geological situation composed of alto-
gether 7 sliding solids. For determining the smallest safety factor
F, the failure mechanism was optimized without any difficulty
(Goldscheider & Lizcano).

~
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g

Figure 15. 3D slip surface for a nonuniform slope (according to Lam &
Fredlund)
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Figure 16. 3D multiple body mechanism near a mining “window” of an
opencast mine (according to Goldscheider & Lizcano)

It should be pointed out that the stability analysis using finite
elements also employs the Fellinius rule for the determination of
F (Weber, K. & GuBmann, P. 1992). Here, F results from the
stepwise reduction of the given shear parameters ¢ and ¢, which is
continued in the course of the FE analysis up to the failure of the
structure. It is advisable to apply this procedure only in the case
of elastic ideal-plastic models for the soil, e.g., (Vermeer, PA. &
Brinkgreve, R.B.J. 1995).

3.2 Swability analysis of composite structures

There is a great variety of composite retaining structures, such as
reinforced earth, and their behaviour is the subject of fundamental
investigations both experimentally and by numerical methods (Ho,
S.K. & Rowe, R.K. 1994, Wang, Y.H. & Wang, M.C. 1994, Fish-
man, K.L. & Desai, C.S. & Sogge, R.L. 1993, Porbaha, A. &
Goodings, D.J. 1996, Huang, C.-C. & Tatsuoka, F & Sato, Y.
1994, San, K.-C. & Matsui, T. 1995, Helwany, M.B. & Tatsuoka,
F. & Tateyama, M. & Kojima, K.).
Generally, stability analyses are divided into:
- Analysis of the overall stability ("external” stability)

- Analysis of the load bearing capacity of components or struc-
tural elements ("internal” stability)

If the crtical failure mechanism lies outside the reinforcement
elements, the stability analysis should be regarded as a pure slope
calculation according to section 3.1. It is recommended that sliding
and bearing resistance also be analyzed according to classical meth-
ods in dependence on geometry and stiffness of the geotextile-
reinforced or nailed soil body (Mannsbart, G. 1996). Instead of
the Fellenius rule, one normally uses other safety definitions or
coefficients here.

For stability analyses where the critical failure modes encompass
the reinforcement elements, the methods of analysis for slopes are
extended by including the forces of the structural elements into the
analysis of the limit equilibrium, e.g., method of slices (Lo, S.-C.R.
& Xu, D.-W. 1992), multiple body mechanisms (Michalowski,
R.L. & Zhao, A. 1995, Edirsinghe, J. & Yagi, N. & Enoki, M.
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& Yatabe, R.). On the basis of the Fellenius rule, different partial
safety factors are used for the shear parameters of the soil tan ¢
und ¢ and for the pullout resistance of the structural elements.

The often complex pullout behaviour of structural elements for
the analysis of the "internal” stability is being studied intensively,
e.g., of geotextiles (Jewell, R.A. & Pedley, M.J. 1992, Ehrlich,
M. & Mitchell, J.K. 1994), of polymeric geogrids (Bauer, G.E.
& Shang, Q. 1993, Leshchinsky, D. & Kaliakin, V. & Bose, P. &
Collin, J. 1994, Wilson-Fahmy, R.F. & Koemer, R.M. & Harpur,
W.A. 1995). The investigations usually embrace the total system of
the composite structure, so as to be able to consider the interaction
between the structural element and the surrounding soil. For further
studies of this problem see Plenary Session S ""Soil Improvement
and Reinforcement” of the XI1Vth ICSMFE.

On the basis of deformation-related failure criteria it is generally
possible to take account of the strains in the structural elements,
in the design of the necessary soil-reinforcement by using partial
safety factors (San, K.-C. & Leshchinsky, D. & Matsui, T. 1994,
Mannsbart, G. 1996).

In the case of rock slopes stabilized with nails or rock anchors,
the stability is analyzed either with multiple body mechanisms or
using the finite-element method (Wittke, W. & Erichsen, C. 1990).
When applying rigid-body mechanisms, different safety definitions
are employed depending on the failure mode. The FEM also makes
it possible to model special rock-mechanical aspects, such as joints
or seepage flow. With sophisticated models one must however
expect a greater work input for creating the FE mesh and longer
computing times.

3.3 Design of retaining structures on the basis of ultimate limit
states

The structural systems of flexible excavation walls, e.g., tie-back
sheet-pile walls, soldier pile walls, deep tie-back diaphragm walls,
are nonlinear with a distinct interaction between soil and structure.

For such systems, it has proved useful in design practice to
choose models that are not based purely on plastic ultimate limit
states (Hartmann-Linden, R. & Sedlacek, G. & Schmitt, A. 1996).
Generally, an elastic beam is assumed for modelling, and not the to-
tal systern with the surrounding soil. For determining the necessary
depths of embedment and the design of the required cross-sections,
the approach uses redistributed active earth pressures and passive
earth pressures, the latter being reduced by safety factors (see Fig.
14). Increased active earth pressures are employed when the design
does notonly aim to ensure a stable,but also a deformation-resistant
structure.

With this semi-empirical method, the earth pressures and the
corresponding safety definitions are so adapted to each other, that
the associated soil displacements and beam deformations will be
approximately compatible. The soil-structure interaction is there-
fore indirectly taken into account. By comparison, kinematically
and statically plausible methods are theoretically better founded.
They have the advantage that the redistribution of forces takes place
as passive or active earth pressure depending on the direction of
displacement, for which different safety definitions can be employ-
ed (Mortensen, K. 1995). They are, however, at present only valid
for simple strutted or anchored systems.

The methods for verifying the overall stability or for designing
the necessary anchor lengths basically correspond to the procedures
described in sections 3.1 and 3.2.

The safety concept with partial safety factors, which was on-
ginally developed for steel and reinforced concrete structures, has
largely been tested on linear statical systems. The atternpt to apply
this concept to the nonlinear statical systems of geotechnical struc-
tures and to develop a harmonized European safety concept on
this basis, still produces certain inconsistencies. The subdivision
of ultimate limit states (ULS) into cases A, B, and C with differ-
ent associated partial safety factors, in order to overcome these
contradictions, is normally not applicable to retaining structures.
Especially where a marked soil-structure interaction occurs, it is
not possible to distinguish between ULS case B "failure of struc-
ture or structural elements” and ULS case C "failure in the ground”
(van Tol, A.F. 1994).



Experiences with transforming the harmonized safety concept
into practicable standards have shown that it is necessary to intro-
duce safety definitions that are not based upon the original partial
safety concept. It has been suggested to estimate first the nominal
internal forces and moments for designing the external and internal
dimensions of structural elements, and subsequently apply corre-
sponding partial safety coefficients to these internal forces and mo-
ments (Gudehus, G. & Weiflienbach, A. 1996, Becker, D.E. 1996).
Compared with the current EC7 concept, this has the following
advantages:

- The partial safety coefficients related to the internal forces and
moments can also be derived from the previous global safety
factors.

Semi-empirical design methods can generally be adapted.

- In relation to previous design practice, over- or underdimen-
sioning can be avoided, particularly with regard to temporary
retaining structures.

- The excessive work input for calculation is reduced.

3.4 Stability analysis of excavations with complex geometries

In the case of projecting comers of retaining walls it is advisable
to tumn tie-backs horizontally parallel to the bisector of the comer,
so0 as to avoid crossing. This type of tumed tie-back was used for
the "Hofgarten” excavation in Berlin for stabilizing a projecting
comer (Sanger, C. & Hahnig, F. 1994).

The excavation required a watertight retaining structure subject-
ed to only small deformations because of adjoining buildings and
a final excavation depth of 17 m. A reinforced concrete diaphragm
wall was chosen with 5-fold tie-backs in the area of the projecting
comer. Analogous to the "Debis” excavation, a soft gel grout
blanket was installed to ensure safety against uplift, as a horizontal
sealing element of the pit. The reinforced concrete diaphragm wall
was installed down to a depth of 32 m.

In the area of the projecting comer appropriate anchor lengths
could only be determined under consideration of 3D effects in
the context of which various failure modes were investigated.
Eventually, a corresponding sliding body with the following as-
sumptions was used to investigate the stability of the system for
each of the 5 anchor rows (see Fig. 17):

- The lateral slip surfaces of the sliding body are vertical in the
outer axes of the tie-backs

- The vertical slip surface at the back of the sliding body is plane
and runs orthogonally to the tie-backs.

- Both the lower slip surfaces are determined by the intersection
of the tie-back row and the slip surface at the back and run
horizontally along the diaphragms walls.

With these assumptions, the range of possible sliding bodies is
restricted to the variations of parameters H and L. The critical
sliding body results from the conventional safety definition for the
total of the anchors forces that can be taken up in the tie-back row
analysed (na = 1.9).

This 3D stability analysis made it possible to implement a very
economic and technically elegant solution for the projecting corner
of the retaining wall.

Assuming three-dimensional failure modes, also leads to lower
earth pressures at projecting comers. Hock-Berghaus 1995 pro-
poses a simple calculation method for active three-dimensional
earth pressure. He demonstrates that the load on a projecting
comer is smaller than in the case of a comparable plane earth-
pressure approach, which is of course favourable for the design of
comer elements.

Walz 1994 provides practical recommendations for earth-
pressure reduction in re-entering excavation comers on the basis
of theories or methods of analysis for three-dimensional earth
pressure.

3.5 Dynamic analysis

The selected FEM review of a sheet-pile quay structure destroyed
by seismic action (lai, S. & Kameoka, T. 1993) is a example
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Figure 17. Critical 3D sliding body for the 4th anchor row depth 8.30 m
(H =19.50m, L = 23.80m)

demonstrating the efficiency of dynamic stability analyses of re-
taining structures using numerical methods, see also, e.g., (Siller,
T.J. & Dolly, M.O. 1992, Yogendrakumar, M. & Bathurst, R.J. &
Finn, W.D.L. 1992).

The Nihonkai Chubu earthquake in 1983 destroyed part of the
quay walls in the harbour of the Japanese town of Akita. A section
of the quay wall is shown in Fig. 18. The deformed and partly de-
stroyed structure after the earthquake is drawn in dashed lines. The
horizontal displacements at the top of the sheet-pile wall amounted
to 1.1-1.8 m; behind the sheet-pile wall there were settlements up
to 1.4 m.

Damage only occurred in the quay-wall sections with sand back-
fill. The made-up sand was less dense than the natural sandy soil
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Figure 18. Quay cross-section before and after the earthquake (according
to Iai & Kameoka)
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Figure 19. Calculated displacement of quay wall damaged by earthquake
impact of 30 sec (according to lai & Kameoka)

in the other quay-wall sections. The seismic impact caused lique-
faction of the loose backfill, which finally destroyed the structure.

The elastoplastic model for sand, consisting of a multiple shear
mechanism, used in the dynamic FE analysis was specifically de-
veloped for cyclic loading. The 10 model parameters were deter-
mined on the basis of SPT-values and the results of undrained cyclic
triaxial tests for different degrees of density.

Before start of the dynamic FE analysis, a statical calculation
was carried out in order to produce the initial state under drained
conditions, but without considering the load history during instal-
lation of the structure. Fig. 19 shows the corresponding two-
dimensional FE model. The dynamic analysis assumed that the
supports at the edges and at the bottom are being viscously damped.

The dynamic analysis was carried out under undrained condi-
tions with effective stresses. The seismograms recorded in the
port of Akita served as a basis for the dynamic loading in the FE
analysis.

Fig. 19 shows the true dimensions of the calculated deforma-
tions of the sheet-pile quay wall and the surrounding soil due to a
30 sec earthquake impact. The calculated horizontal displacement
at the top of the sheet-pile wall amounted to about 1.3 m and thus
remained within the observed range of values. However, the calcu-
lated settlement of 0.7 m behind the sheet-pile wall was less than
the observed value.

The analysis assumed the sheet-pile wall to be linear-elastic
without yield point, so that the development of a plastic hinge in
the wall was not possible. However, the location of the calculated
maximum bending in the wall lies more or less at the height of the
observed failure and the stress exceeds the yield point of steel by
60% resulting in a failure of the wall. Liquefaction of the sand
could be shown by means of stress paths of selected soil elements.

An analogous dynamic FE analysis was carried out for a typical
cross-section of the undamaged quay-wall area in dense sandy soil.
Here too, the results of the analysis are in agreement with the ob-
servations: much smaller displacements at the top of the sheet-pile
wall, where the steel yield point was not exceeded.

4 SERVICEABILITY ANALYSIS

4.1 Serviceability of retaining structures

The term "serviceability” covers a wide range and therefore often
ieads to misunderstandings. In the case of retaining structures, ser-
viceability analysis usually refers to tolerable deformation values.
There are however also other serviceability requirements, e.g., the
tightness requirements for "watertight” retaining structures of ex-
cavations.

Contrary to many other structures, the serviceability of retaining
structures can usually not be verified solely analytically on the basis
of specified limit state conditions (von Wolffersdorff, P.-A. 1996).
The main reasons are:

- There are no generally applicable serviceability requirements
for retaining structures. They are normally laid down individ-
ually for each project.

- Deformation calculations for retaining structures are still not
reliable enough, especially in the case of flexible systems with
a marked soil-structure interaction.
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With massive retaining walls, it is usual to include the serviceability
(e.g., limitations on tilt) in the safety factors of the stability analyses
for the design of the structure (e.g., ground-failure verification).
The deformations are not checked separately.

The deformation analysis of many flexible composite structures
and retaining structures of deep excavations has to be based on the
total system and must take accountof the soil-structure interaction.
In such cases, it is essential to use numerical methods of analysis,
e.g., the finite-element method, which permits modelling of the
retaining structure including surrounding areas within the frame-
work of the continuum theory. Simpler models, e.g., the bedded
linear-elastic beam, allow estimating the relative deflections of a
sheet wall, but not the absolute displacements of the total system,
including surrounding soils and adjacent buildings.

High-instrumented monitoring of the above mentioned struc-
tures with marked soil-structure interaction is indispensable during
construction (Ulrichs, K.R. 1994). The serviceability of these
structures is normally verified according to the principles of the
observational method (von Wolffersdorff, P.-A. & Mayer, PM.
1996).

4.2 Deformationpredictions for retaining structures using numeri-
cal methods

FE analyses are nowadays a usual tool for determining deform-
ations and internal forces and moments of retaining structures.
The following are examples of their wide range of application:

Earth pressure analysis of angular retaining walls:  (Goh,
ATC. 1993)

Deformation analysis of quay structures: (Rodatz, W. & May-
baum, G. & Stahlhut, O. 1996, Van Celst, E. & Reynaers, T.
& Thibaut, W. & Vellemann, B., Zadroga, B. & Dembicki, E.
1996)

Deformation analysis of geosynthetic reinforced soil walls:
(Ho, S.K. & Rowe, RK. 1994, Ling, H.I. & Tatsuoka, F. &
Tateyama, M. 1995, Helwany, M.B. & Tatsuoka, F. & Tate-
yama, M. & Kojima, K.)

Deformation analysis of strutted and anchored retaining struc-
tures (Whittle, A J. & Hashash, YM. & Whitman, R.V. 1993,
Ng, CW.W. & Lings, M.L. 1995, Young, D.K. & Ho, EW.L.
1994)

Most of the above applications use commercial FE programs with
the following nonlinear models for soils: elastic, ideal-plastic
model with yield condition according to Mohr-Coulomb; hyper-
bolic pseudo-elastic model according to Duncan/Chang. FE ana-
lyses with more sophisticated constitutive models for soils are still
the exception for project-specific deformation predictions or back-
analyses, e.g, (Hsi, I.P. & Small, J.C. 1993). By comparison,
numerical methods, developed from bedding, were more often
employed in practice for the deformation analysis of retaining
structures  (Simpson, B. 1992, Vaziri, H.H. & Troughton, V.M.
1992, Vaziri, H.H. 1996, Triantafyllidis, T. 1996).

It is sometimes not realized that calculated deformation predic-
tions also play a central role for the application of the observational
method, since

- they are essential for understanding the deformation behaviour
of the total system "retaining structure with soil and possible
neighbouring buildings”, and

- their results permit systematic and safer planning of measuring
programs.

The application of modern numerical methods of analysis has been
an important step forward permitting more reliable deformation
predictions for retaining structures (Nova, R. & Boulon, M. &
Gens, A. 1995). Nevertheless, there are certain limitations here as
demonstrated by a German-Dutch project. Within the framework
of a large-scale field test with a single-strutted, freely supported
sheet-pile wall in sandy soil, various geotechnical experts had been
asked to calculate and predict the earth pressures on the sheet-pile
wall, the bending moments, deflections and displacements of the
sheet-pile wall, the settlement of the adjoining ground surface as
well as the strut forces (von Wolffersdorff, P.-A. 1994).
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Figure 20. Range of 43 predictions (grey) for the sheet-pile wall field test compared with measured earth pressures, bending moments and deformations

Altogether 43 predictions were received from 14 countries, al-
most all of them in Western Europe. The predicting experts had
been asked to select their own input data for their preferred method
of analysis on the basis of extensive soil data and test results handed
out to them. Generally, the following methods of analysis were ap-
plied:

- Finite-element method with different models for the soil and
different interface models

- Bedding module method with different linear and nonlinear
springs, in parts also coupled

The grey area in Fig. 20 indicates the range of earth pressures,
bending moments and deformations predicted for the service state
(completed excavation and water surcharge). Comparison with the
test results reveals that the predictions were often too high for all
three values, i.e. earth pressure, bending moment and displacement.

This project confirmed that it is currently often not possible to
predict the behaviour of retaining structures with sufficient accu-
racy and reliability, not even with the aid of modemn numerical
methods.

4.3 Application of the observational method for the control of soil
deformations due to opencast mining

To enable better definition of the extent of deformations in large
slope systems and in the adjoining area of the opencast mines de-
scribed under 2.3, a special method of prediction has been develop-
ed in addition to the usual monitoring (Pierschke, K. & Gudehus,
G. & Higel, H. & Niemunis, A. 1996).

The unusually large dimensions of cuts in opencast mining result
in very complicated models, despite generalization of the geo-
logical situation (see Fig. 10). It is necessary here to separate
the calculation of settlement due to groundwater lowering and the
calculation of deformations due to excavation.

Settlement due to groundwater lowering was calculated on the
basis of a one-dimensional model (soil strata with representative
profile). Constitutive models implemented in commercial geo-
technical FE programs are not sufficient for determining the time-
dependent behaviour of the clay interstratifications. The new visco-
hypoplastic model used here contains the void ratio as a second state
variable in addition to granular stress (Hugel, H.M. 1995). Fig.
21 shows the corresponding calculation of time-settlement curves
compared with the measured settlements of the ground surface.

A realistic 2D strata model was defined for calculating deform-
ations due to excavation. This model incorporates the relevant
strata profiles and faults. Thinner layers and smaller fault zones
are summarized in packages with mean state variables and material
parameters (see Fig. 22a). The FE mesh used for the numerical

2295

0 =3
0.5 - ey measured —o—
. >
Nz calculated ---
—_ 1} e o T -
E " o
o 1.5 Ho o
o
& 2
R
325
3
@ -
3
35
4
0 5 10 15 20 25 30

time [Years]

Figure 21. Measured and calculated time-settlement curves of the ground
surface due to groundwater lowering

analysis is depicted in Fig. 22b.

Fig. 22 ¢ shows the calculated displacements at the top of the
slope. In accordance with observations, the excavation bottom lifts
upward and the slope edge is being displaced toward the toe of
the slope. The adjoining area is subjected to gradually decreasing
distortions and settlements, with particular concentrations at the
faults (not included in Fig. 22 a).

The improved deformation predictions allow a more systematic
control of ground deformations in opencast mining. Suitably dif-
ferentiated monitoring has long been of great importance in the
opencast brown-coal mines of North-Rhine Westphalia.

4.4 Application of the observational method for complex
excavation-building systems

The example of the "GSW excavation” in Berlin — a pilot project
with very extensive monitoring — serves to explain special aspects
of the serviceability analysis in the case of complex excavation-
building systems (Sénger, C. 1994, Sanger, C. & Hihnig, F. 1994).

The section shown in Fig. 23 gives an overview of the typical
geological situation (see section 2.3) and the two excavation pits.
Here, a maximal 20 m deep, triple-strutted excavation pit with a
size of 57 m x 19 m was produced within a large shallow excavation
measuring 119 m x 75 m. The watertight retaining structure consist-
ed of a slurry cut-off wall with inserted sheet-piling as described in
section 2.3. The 60 cm thick single component slurry cut-off wall
is embedded at a depth of about 40 m into the sufficiently dense
brown-coal horizon.

The existing 16-storey building surrounded by the shallow exca-
vation, which was assumed to be on a rigid foundation, is located
at a distance of about 18 m from the deep pit. The maximum
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Figure 22. a) Geometrical strata model for calculating deformations with
numbered layer packages b) FE mesh of the opencast mining cut c) calcu-
lated slope deformations in the opencast mine due to excavation (graphically
magnified 15x)

permissible settlement during construction, when several different
activities were being carried out, often at the same time, was laid
down as 40 mm, while the tilt of the building was not allowed
to exceed 1/1500. For construction of the deep excavation, more
stringent serviceability requirements were made, because, due to
the other activities, settlement of the high-rise building was also
expected. In order to meet these serviceability requirements, a
deformation-resistant retaining structure with three layers of brac-
ing was installed. A special feature of this design was that parts of
the temporary retaining structure were later integrated into the new
building as permanent components. The struts of the two upper
rows consist of precast reinforced concrete beams in conjunction
with cast-in-place walings.

In order to be always aware of the impacts on the high-rise
building, particularly due to the 20 m deep excavation, the high-
instrumented program was designed to provide continuous moni-
toring of the

- horizontal and vertical displacements of the retaining structure
of the deep excavation,

- horizontal and vertical ground movements in the area of the
high-rise building and between the high-rise building and the
deep excavation,

- heave within the excavation,
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Figure 23. Cross-section of GSW excavation with geological situation and
measuring installations
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Figure 24. Measured and FEM predicted settlement and tilt of the high-rise
building during excavation before installation of the second level of struts

- settlements of the high-rise building,
- forces in the three levels of struts,
- ground water levels.

The movements of the high-rise building, which were particularly
important, were recorded with a geodetic on-line measuring sys-
tem. The measuring installations employed are presented in Fig,
23. Since all the measured data, apart from the inclinometer meas-
urements, were recorded on-line, it was possible — with the aid of
an electronic data acquisition and evaluation system — to carry out
permanent monitoring of the major values in order to be able to
respond immediately to a critical situation (Sanger, C. & Mayer,
P.-M., 1996).

One of the main objectives of the deformation predictions was
to determine the values due to the deep excavation with respect to
settlement and tilt of the neighbouring high-rise building. For the
linear-elastic, ideal-plastic FE analysis it was necessary to perform
2D modelling of the total system — encompassing shallow excava-
tion, deep excavation and high-rise building — and of the geological
situation down to the brown-coal horizon. The FE calculations also
took account of the different stages of excavation in the deep pit.

Fig. 24 shows the FEM predicted settlement and tilt of the high-
rise building due to the deep excavation before installation of the
second level of struts as well as the corresponding measured data.
The good agreement between the calculated and experimental re-
sults proves that it is possible to describe the deformation processes
of complex excavation-structure systems. However, monitoring
during construction and systematic application of the observational
method must be regarded as indispensable here (von Wolffersdorff,
P.-A. & Mayer, P.M. 1996).

4.5 Three-dimensional deformation problems in the case of deep
excavations

The vibrating-in of steel sheet piles prior to excavating causes con-
siderable stress changes and compactions in the adjoining ground.
This can have an important influence on the behaviour of the wall
(von Wolffersdorff, P.-A. 1994). During the installation of dia-
phragm walls, by comparison, stress redistributions will occur in
connection with the unavoidable contraction of trench panels. The
study of installation effects both for vibrated and excavated walls
requires three-dimensional approaches.

At present, it is not yet possible to determine and predict stresses
caused by vibrating-in of sheet-piles.

By contrast, several studies have been carried out about the
installation effects of diaphragm walls, e.g., (De Moor, EK. 1994,
Ng, CW.W. & Lings, M.L. & Simpson, B. & Nash, D.ET. 1995,
Mayer, PM., & Kudella, P. 1996). The authors preferred the
following simplified method with two separate nonlinear 2D finite-
element analyses:

- Horizontal plan analysis (HPA):
HPA modelling is used to calculate horizontal soil displace-
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Figure 25. Finite-element mesh used for the excavation corner (according
to Ou, Chiou & Wu)

ments due to diaphragm wall installation at different levels. It
is possible to model several neighbouring panels in succession
and to increase the stiffnesses of the panels depending on the
degree of hardening of the diaphragm wall material.
Vertical section analysis (VSA):
In the VSA model — which includes, the total retaining structure
and the adjacent area for a typical cross-section — the mean
displacements resulting from HPA are introduced as horizontal
initial contractions of the wall panels.
The following interesting example of a 20 m deep diaphragm wall
with a re-entering comer demonstrates the necessity for three-
dimensional FE models to describe the deformation behaviour of
retaining structures in comer regions (Ou, C.-Y. & Chiou, D.-C.
& Wuy, T.-S. 1996). The 1.10 m thick diaphragm wall of the 20 m
deep excavation for the Hai-Hua Building in Taipei was installed
to a depth of 42 m. The excavation was implemented according to
the top-down method of construction with the following stages:
- Excavation down to 1.60 m below ground level
Installation of the reinforced concrete slab for the ground floor
and excavation down to 5.40 m
Installation of the reinforced concrete slab for the 1st basement
at a depth of 3.80 m and excavation down to 8.55 m
Installation of the reinforced concrete slab for the 2nd basement
at a depth of 6.95 m and excavation down to 11.70 m
Installation of the reinforced concrete slab for the 3rd basement
at a depth of 10.10 m and excavation down to 14.60 m
Installation of the reinforced concrete slab for the 4th basement
at a depth of 13.25 m and excavation down to 17.90 m
Installation of the reinforced concrete slab for the Sth basement
at a depth of 16.40 m and excavation down to 20.30 m

The ground largely consists of interstratified silty sand and silty
clay. There is a thick gravel layer below a depth of 50 m.

The preparations included extensive studies to generate suitable
3D finite-element meshes with optimum reduction of the degrees
of freedom. Fig. 25 shows the three-dimensional FE mesh used
for the comer. The nonlinear pseudo-elastic model according to
Duncan/Chang was employed for the soil. The concrete diaphragm
wall was modelled with linear-elastic 3D elements. The concrete
slabs were regarded as rigid supports.

The measured and FEM predicted wall displacements in the sec-
tion of inclinometer I4 close to the excavation comer are represen-
ted in Fig. 26. The wall displacements of the 3D FE analysis are in
good agreement with the results of the inclinometer measurements.
By contrast, the wall displacements calculated by corresponding
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Figure 26. Measured and FEM predicted wall displacements in the section
of inclinometer 14 close to the excavation comer (according to Ou, Chiou
& Wu)

2D FE modelling were about twice as high. These differences are
solely due to inappropriate application of 2D modelling, because
the wall displacements of the 2D model are in good agreement with
the data of the inclinometers arranged in the middle of the about
80 m long excavation walls.

5 CONCLUSION

The above examples have demonstrated that measurements on large
retaining structures and in adjacent areas are normally an integral
part of design and implementation.

Even with the most sophisticated methods of numerical analy-
sis, the deformation behaviour of retaining structures can only be
predicted up to a certain point, especially where deformations due
to the installation of the wall and the tie-backs cannot be neglect-
ed. Deformations as a result of cyclic or dynamic loading, e.g.,
the vibrating-in of steel sheet piles or tuning movements during
anchor boring, cannot be determined with the models available
today

Despite great advances in computer technology and the devel-
opment of efficient software, the work input for 3D deformation
analysis is still too high for practical applications.

The tools for the realistic modelling of systems with a mar-
ked soil-structure interaction still need to be improved. This also
applies to the modelling of certain elements, such as grouted anchor
bodies, nails and geotextiles.

Pressure grouting which is increasingly used in deep excavations
to stabilize the bottom or to act as sealing elements, cannot be
adequately modelled with the current methods of analysis.

The application of modermn numerical methods for stability and
deformation analysis is becoming easier due to more complex and
user-friendly computer programs. However, these aids will only be
useful if the engineer dealing with retaining structures or excavated
slopes possesses the necessary geotechnical knowledge, is familiar
with the mechanical models on which the computer programs are
based and is able to judge their capability.
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