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ABSTRACT:' Some experiences of predicting ground settlement by using different two-dimensional numeri
cal models have been obtained from the project of Nuremberg subway extension and are presented in this 'pa
per. Using numerical models (PLAXIS and FLAC), the pre-design of a near-stuface twin-tube was modified
for the rehned consideration of the geological conditions and the stifliiess development of shotcrete during
construction. For controlling the stability, and deformation of the twin-tube and surface buildings, a lot of
measurements were carried outduring construction. Comparisons have been made between numerical calcu
lations and in-situ measurements.

1 INTRODUCTION
The ground settlement induced by tunneling in urban
districts can have large influence on the stability and
the deformation of existing sLu'face buildings, espe
cially when cover depth is relatively small _and bad
ground conditions are encountered. In addition, it is

more sensitive, if surface buildings are under pro
tection because of their historical values.
For the analysis of ground settlement during 121111

nel driving of Nuremberg subway extension, static
calculations by using ntunerical models, including
finite element method and finite difference method,
were carried out forithe twin-tube cross section of a
subway connection '_zone. Comparison was made
between calculation and measurement. This research
includes

a) the applicability of a two-dimensional model
for simulating construction stage
b) rational determination of input parameters

adaptation of the first prediction and design
to geological conditions and shotcret stifhiess
development.
In the following, some important results from this
investigation are presented.
C)

the extension of the existing system. A special fea
ture of the project is the construction of an under

ground connection zone (see Fig. l), where one

track and two-track timnels have to be excavated in
close proximity to one another (minimum 0,5 to 0,7
m, see Fig. 2). In this area of tunnel driving, there
are many existing residential buildings. The distance
between the bottom of building foundations and tun
nel crown is about 3 m (cover depth 7 m).
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Figure 1. Plan of subway connection zone and excavation se
quence.

2.2 Ground and loading conditions
2 DESCRIPTION OF THE PROJECT

2.1 General

The subway line U3 under construction in the
northwest and southwest area of city Nuremberg is

In the undergroimd of the project area, keuper sand
stone (trias) is mainly encountered. From the aspect
of engineering geology, keuper sandstone is gener
ally classified as variable crumbly rock and has high
tendency to weather under contact with water and
air. However, there are rarely open joints in keuper

sandstone. The site investigation, showed that the
predominately light to red-brown sandstone. is very
heterogeneous and composed of fine and medium
grained sands. Some irregular red, green or violet
clays and claystones are contained in the sandstone.
Depending on the bonding medium (clayey, carbo
naceous, or quartziferous), the sandstone shows very

heterogeneous shear strengths. The compressive

vation as well as crown excavation in small advance

of bench and invert were applied, depending on
cross section. The driving speed was limited to 1 m
per day, so that the loading transfer effect in the lon
gitudinal direction of tunnel could be mobilized.
This driving sequence showed a favorable influ
ence on the load redistribution and consequently on
the deformation in ground level.

strength lies between 1.5 and 25 MN/mz.
In addition to the dead weight of rocks and soils,

the loading from surface buildings has also contri
bution to the primary stress before driving of the
subway tunnels. In the calculation, a surface loading
of 20 kN/m2 has been taken into consideration.
/
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Figure 2. Tunnel cross section in the connection zone and the
construction stage simulated in numerical models.

2.3 Construction procedure and measuring;
program

For tunneling in keuper sandstone using the shot
crete technique, the crown is normally excavated
only in small advance of the remaining cross section.

Under consideration of the twin-tube system, the
large cross section and the small cover depth in the
connection zone of the subway extension, higher
technical requirement to the driving is necessary and
could be fulfilled by` choosing suitable excavation
sequence and. stabilizing measures.
The excavation sequence was as follows:

The adit in the two-track tunnel was first exca
vated (construction stage I + 11, see Fig. 2 and 3).
After a small advance of the crown driving (stage I),
the bench and the invert of the adit were simultane
ously excavated and the bottom was immediately
closed by applying reinforced concrete (stage II).

Then, the one-track tunnel was driven (construc
tion stage IH + IV). The procedure was similar to
that of the adit driving in the two-track tunnel.
In addition, steel carriers were used as immediate
support for the adit of the two-track trmnel as well as
for the one-track tunnel. The driving speed was lim
ited to 4 m per day.
Finally, the remaining part of the two-track tunnel
was excavated (construction stage V, see Fig. 2 and
3). In this construction stage, full cross section exca
356

Figure 3. Photo: two-track tunnel during construction.

The reinforced concrete (shotcrete) has a thick
ness of 25 cm and 30 cm in crown and bench, 35 cm
in invert. The shotcrete was reinforced using a dou
ble layer system. For minimizing the settlement of
crown foots, lining was widened in the area of vault
foots. Two types of shotcrete were used in the proj

ect (Type A and B). For the linings in crown and
bench, concrete type A was applied, whereas con
crete type B was used for the linings in invert as well

Table l. '

as for all linings in the remaining part of the two
track trurnel (stage V, see Fig. 2). The development
of their compressive strength with time is given in
Table 1. Development of shotcrete strength, MN/mz.

Age Type A Type B

1
14
25
3
31
3
28 - 658
[day]

As a further stabilizing measure, roof anchors
such as Type SWELLEX, partly also glass fiber an

chors, were applied as immediate support for the

tunnels.

For protecting existing buildings and also ob
serving the stability of the twin-tube in the connec

tion zone, in situ measurements were canied out
during construction. Measuring elements such as

leveling elements on the surface buildings and
ground surface, measuring elements of ttmnel con
vergence as well as extensometers, were installed,
see Fig. 4. Near the workingsurface of the excava
tions the_ displacement and convergence were meas
ured daily and compared to the ntunerical prediction.
In the case that the predicted displacements are ex
ceeded, necessary correction of driving speed and
additional measures could be made.

In the pre-calculation, three ground layers were
taken into consideration, see Table 2. The applied
parameters were assumed based on the laboratory re

sults of the same rocks in the region. During con
struction, a hard sandstone block directly over the
trmnel crown being of a thickness l m was encoun
tered, see Fig. 6. This hard layer can have a large in-_

fluence on the tunnel and grotmd deformation and
was therefore considered in the revised calculation.
In addition, the shotcrete in situ showed higher stiff
ness than assumed and was therefore also modified
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Table 2. Parameters used in the numerical calculations

-' ___,.- f-.__., :_ _____ _.Z ..... .....____ _ _ ._‘_=' I ~-,_ _f` Fill: y = 19 kN/m’; E = 20 MN/mz; v = 0.33;
_i_;f___ ,,,__

_`_'__ _“_. LL ,.__`_ i ff ___, _ ._.___`,“.__.___' Q '__' `-_` __"- ‘~_p - '= .__'._ _ """ c = 0; cp = 32.5°

_ __._.__ i"-.i` rf _______ _ ______ _ '__ _________ _,__' 5 "" "" = ""»_

`i"<`ii§_ _ Weathering belt: y = 20 kN/m’; E =30 MN/mzg v = 0.3;

-"' ' _"°i""' I '_f___F __________ f _____ ____________ ____ _ Q _______ _ _______ -- ‘_'_-f l' `i" ""` ` "" "" ' A _ F: 05 ‘P = 35°

f ig; _gf " 5 ' - _ _ _ ' ‘ .E -._ __ ~__ '-.___ --__ ~ --_p ~---~----~--»~- _ _________ _________ Keuper sandstone: ‘Y = 23 kN/m’; E = 150 MN/m’; v = 0.25;

"t'
'ir -1 e"" ;;:‘-r
_"°__i'--_ “ _,"-_= l s , .-" `

C = 50 KN/1112; <|> = 37.5°

__'=» I Shotcrete: y = 24 kN/nf; E = 30000 MN/m2; v = 0.2
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Figure 4. Measuring points of settlement in the subway con

nection zone.

3 APPLIED NUMERICAL MODELS
3.1 Finite element model (PLAXIS)

PLAPHS is a finite element package specially in
tended for the analysis of deformation and stability
in geotechnical engineering projects. It offers a con

venient `option to create circular and non-circular
ttmnels composed of .arcs. By activating and deacti
vating clusters of elements, it is possible to simulate
construction and excavation processes. In addition, a
special option exists for the analyses of prestressed
anchors and excavation supports.

In order to simulate the construction process of
tunnels with a sprayed concrete lining (shotcrete),
three-dimensional arching effect occurring within
the rock and the deformations occurring arotmd the
unsupported front of the tunnel should be accounted
for, if a two-dimensional model is applied. For this
purpose, PLAXIS offers the staged construction op
tion with a reduced ultimate level of EMstage, which
is in principle similar to the so-called [3-method (re

laxation factor) in the literature, e. g. Schikora &
Fink (1982). To consider the reached stiffness of
shotcrete for the following excavations, it was first
asstuned that 50% of fmal stiffness could be applied
for the calculation based on existing experience.

3.2 Finite dyfference model (FLAC)

FLAC (Fast Lagrangian Analysis of Continua) is a
explicit finite difference program for modelling soil,
rock and structural behaviour. The program was de
veloped for geotechnical and mining problems that
consist of several stages, such as sequential excava
tion, backfilling and loading. The explicit Lagran
gian scheme and the mixed-discretization zoning
technique used in FLAC ensure that plastic collapse
are modelled very accurately. The formulation ca_n
accommodate large displacements.
The same procedure as in section 3.1 was. used for
simulating the construction stage‘of the twin-tube by

using a two dimensional model. The material pa
rameters, loading and boundary conditions are iden
tical with those in Table 2.

4 SETTLEMENT ANALYSIS

The numerical calculation results and the measure
ments are put together in Figure 5 and 6. The calcu

lated displacement distributions around the twin
tube for the construction stage V are illustrated in
Figure 7 and 8 (the revised calculations).

The comparison shows that until construction
stage Ill the settlements of buildings and tunnel
crown are generally well predicted by the pre

calculations of PLAXIS and FLAC. In the construc

tion stage IV, however, the settlements determined

\
I
40 ‘I I I I ` I I \\ ` //////-U
\ ' "’ 1 ; ,’§§5ssssss==
`
\
\
\
'”
E
\
,I
.III
`5 \ . _ . _ _ _
35 - - Pre-Calculation by using FLAC

l Revised Calculation by using FLAC

‘I

~ I ix -I 'I ll _ ' ' /////.///
I II III IV _
V \\\
__ __`-._
~ %l}lI‘.II'_I\I__llll|It__lI%%
Agjjjjjj

Construction stage §\\ _ _ _.f _.I . I _ //1/,ru 1:

"\\` C I .I.lIIiilil,iIf"f“ll‘f'.1MINI” ff i I "- I ei. 1 ~' -' J I. I. ' 'NH ' ¢,2.i_

“E °f°“ °f“‘”“e1~ = liiltI?IiI.i_2f¥_1 l

Figure 5. Comparison of calculated and measured settlement on §~~i§:,_;_;.,;;:§;:ef_ggi;_-;;-.‘j-_'_E_;'_;‘iFT-i-:_.';I .'.ItMi-:Illl!lllIl[II'rlfI!I_ I !`._fIZ=!:§'=i.l "

,---_
' . gl, -'
'EIL'-II.
4-H1
I-,L
,.-,
0 '::s~f-H'-IE-11-1:;.'
'I
"\
:=:::
-::22F=t
»-'-.
I
r
vm:
,::~'.<f=1¢_,
'
:~
*
si,
=:.\2::::=
fr E215 fri" ===;::::::

\ _ _ ____ _____ _,.__ . _ ‘_'I'I'I I~I~ .I Iv._ __

E \*EEEEZEM
fzassasg
\I'I;¥ea2assIs=.lIl
II EEIE
.ssssssasz--~
._.
\
__.::::::;
lk;-;¢--;;;;;~_
In
_II
§::::::::-
on
§,l‘;=.._q;¥Ig
';':5!I
"ZZ
:EEESEE
.E
15
_
\\
_
2552222
'
"
I
att
In
:EEEEEEE
:E »»»lilllffffyrflfr"1`lll'|l\\\\\\\\\\\\\\\sins;»s..

_D _

E
V \\ Figure
8. Distribution
displacement
arotmdcalculation.
the twin-tube
E 20
‘_ \_ tunnel,
calculation
results of
using
FLAC, revised

"3 ~ A Measurement on Building (MP 458) \\

'I I I I I - 

°” 25 ` " ' P'e'°?'°"'“"°" bY"S'"9 l’L'°‘X'S Q in the numerical calculations has improved the nu
'-* Revised C@'°U'@“°" bv “Sing P'-AXIS Q merical results significantly. Nevertheless, they are

:Io - - - Prwalwlation bv using FLAC I still larger than measured. `

L Revised Calculation by using FLAC Comparing the excavation speed in the construc

35 ' tion stage V ( 1 m per day) to those in other stages

I H HI IV V ( 4 rn per day ) shotcrete
and consldering
the development of
strength (see Table 1), we can estimate that
Construction stage

Larger differences were computationally deter
mined between the ntunerical calculations and the
measurements in construction stage V. This was first
put down to the hard sandstone block which has not
been taken into consideration in the pre-calculation.
The consideration of this relatively hard rock layer

the reached stiffness of shotcrete in the crown and
bench of the two-track tunnel (construction stage V)
is higher than those in the preceding stages, so that
the additional displacements resulting Hom the fol
lowing excavation can be significantly smaller than
the calculation by using [3 = 50%. Therefore, ftuther
calculations were done by using the relaxation factor

of [3 = 80% in the simulation of the construction
stage V.

In Table 3, the calculation results are put together
with those of [5 = 50% and the measurements. The
comparison indicates that the ntunerical calculations
using [3 = 80% and the measurements are in good
agreement, 'see also Fig. 5 and 6.
Table 3. Comparison of the revised calculations with the

measured settlement, in mm.

[3 5 0%“ 80% measurement
crown 21.5 " 8.0
of tunnel (25.0) (9.2) 8.0
surface 16.0 / 6.2
buildings (18.0) (6.9) 7.0
*calculations by PLAXIS and FLAC
values in bracket by FLAC

5 CONCLUSIONS

The investigation by comparing the numerical cal
culation with the measured settlement of the subway
extension project Nuremberg indicated that two
dimensional model, as an engineering solution, can
be applied for the prediction of groundsettlement
induced by ttmnel driving. The prediction is gener
ally on the safe side.

For a correct prediction, however, it is of large
importance, to determine exactly the ground condi
tion and rock mechanical parameters. In addition, it
is necessary, to adapt the relaxation factor [3 to the

drivnig speed of the tunnel as well as the time

dependent stiffness of shotcrete for the consideration

of three-dimensional loading transfer effect near
working surface. The modification of design be
comes necessary when significant deviation is fotmd
during construction.
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