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ABSTRACT: In the aurrent road tunneling projed in the entre of Prague, Czed Repulic, several tedonic faults
were encourtered. The joints are filled by fragments of shales in a silty to clayey matrix. In the laboratory, the
behaviour of the material was gudied using mixtures of sand a crushed rock with fines at diff erent mixing ratios.
Further laboratory tests were caried ou with the material from the joints, both onreconstituted and urdisturbed
triaxial spedmens. The laboratory data ae used in the numericd simulation d deformations of the rock massf
during the tunnel construction. A comparison d severa constitutive models for the fault materia is presented,
from alinea-elastic perfedly-plastic model to a stressand strain dependent stiff nessmodel, and advantages of the

stressand strain dependent model are demonstrated.

1 INTRODUCTION

Additional exploitation o urban areas is often passble
only by underground structures. However,
deformations during the @nstruction d tunnels are
inevitable and their impad on buldings must be taken
into acourt. Consequently, there is an increasing need
for redistic cdculations of surfacesettlements induced
by the mnstruction d shallow tunrels. Semiempirica
approaches of the settlement (e.g., Mair et a, 1993 are
usualy linked to spedfic soil and/or rock types and
may be of littl e benefit in ather geologicd condtions.
Then a numericd (FE) analysis remains the only tool
which can help in assessng expeded deformations.

Mrazovka tunrel in Prague is designed as a part of
the city highway system. The subsoil of the large
diameter, two to threelane twin tunrels, consists
mainly of clayey and silty shales of different age and
weahering degree The depth of the overburden varies
from 15 to 40 metres. However, in the most criticd
stretch, undx heavily developed urban environment
the typicd overburden is abou 20 m. The geologicd
site investigation reveded that weg zones (tectonic
faults - joints) intersed the tunrel profile a several
locations (Chmelar and Vorel, 2000.

The aim of the present paper is to show the
influence of the joints on the predicted settlement.
Since the properties of the filling of the joints were
expeded to play an important role, an extensive
laboratory investigation preceeled the numericd
analysis.

2 LABORATORY EXPERIMENTS

The filling of the joints consists of angular fragments
of the rock, ranging from a few milli metres up to afew
hundred millimetres, in a sty to clayey matrix
(Figure 1). Laboratory tests were caried ou on the
material from the joints, as well as onamodel material
prepared in the laboratory by mixing coarse-grained
and fine-grained soils at different mixing ratios
(Masin, 2001).

1.1 Tests on fragments within fine-grained matrix

Two types of coarse-grained admixture were used in
the study, an aluvia sand a crushed rock, bath having
grains larger than 0.125mm. They were used to model
the influence of sphericd and angular coarse-grained
particles, respedively. A clayey soil with a content of
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Figure 1. Grading curves of thefilli ng of threetectonic faults
DPM1, DPM2 and DPM3.
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Figure 2. Grading curves of tested model mixtures of clayey
soil and crushed rock.

fines FC (clay and silt particles, i.e., particles smaller
than 0.063mm) of about 70 % was used as the second
constituent. An example of the particle size
distribution o tested mixturesisin Figure 2.

The mixtures may be epeded to behave & a
coarse-grained constituent itself if the voidsratio of the
coarse-grained fradion e, is less than its maximum
voids ratio &,,,. On the mntrary, when the voids ratio
€€, the mixture may behave & a fine-grained soil.
From this smple assumption a transition voids ratio
andor transition FC can be etimated (eg.,
Thevanayagam and Mohan, 2000.

Voids ratios of triaxial spedmens after
consolidation, for both sphericd and angular grains,
are plotted against the mntent of fines FC in Figure 3.
The lines correspondng to the maximum density of the
two coarse-grained fradions are dso shown. The
transition FC can be roughly estimated as 15% and
25% for sand and crushed rock admixture,
respedively.

Data in Figure 4 suggest that the transition zone
with resped to FC corresponds reasonably well in the
case of the aiticd state strength. The pegk strength
seams to be influenced even by avery small admixture
of fines, the friction angle droppng gadudly in a
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Figure 4. Strength of mixtures of crushed rock with resped
to FC.
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Figure 3. Voids ratios of consolidated triaxial spedmens
and transition voids ratios.

much broader interval of FC. Generdly, in the aiticd
state the mixtures semed to comply with the simple
structural theory reasonably well. The pe&k parameters,
on the other hand, changed even after a small
percentage of fines was added. It is suggested that the
small amourts of fines were sufficient to influence the
structure of the laboratory spedmens by ading in the
contads of sand-sized grains, and therefore deaeasing
the shea resistance and/or other quantities. Only after
a substantial sheaing, when approacing the aiticd
state, the fines were moved from the grains' contads
into the pores of the low FC spedmens.

This mecdhanism is aso believed to explain the
influence of fines on Young's moduus E of the triaxial
spedmens shown in Figure 5. The moddi of the
spedmens with FC 10% and 175% are almost equal,
being lower than E of crushed rock withou fines.
Apparently even at such small FC there was no dred
contact between coarse-grained particles. The soil
behaviour was however influenced by the
coarse-grained skeleton which still i ncreased Young's
moduus. The role of the marse-grained skeleton was
aso manifested by the dilatant behaviour of the
spedmens. This influence vanished ony at the FC of
35%.
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Figure 5. Dependence of the stiff nessof diff erent mixtures
of crushed rock onthe stresslevel.
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Figure 6. Tangent Young's moduus of filling DPM3.

1.2 Samples from the joints

The particle size distribution of the filling from the
threewedk zones that were studied by laboratory tests
is in Figure 1. In preparing reoonstituted triaxial
spedmens of the diameter of 38 mm, particles larger
than 4 mm were removed.

Further to the standard triaxial instrumentation,
locd axid LVDTs of the resolution d 10* mm were
used in testing the small strain stiffness on two
undsturbed spedmens of the materid DPM3. The
comparison d the tangent Young's moduus measured
using standard external and locd gauges is presented
in Figure 6. In this case the stiffnessmeasured by locd
axial gauges is about twice the stiffnessfrom externa
measurements.

Further to the triaxia testing on 38 mm diameter
spedmens, the rock material was aso tested in alarge
diameter shea box of the doss ®dion d 1 mx 1 m.
This enabled rock fragments of up to 150 mm to be
included in the recmnstituted spedmens. Therefore the
strength measured onthe original filli ng material could
be compared with the results from the spedmens with
particles smaller then 4 mm that were tested in the
triaxial apparatus.

Tests on the spedmens withou gravel and
cobbe-sized fragments yielded pradicdly the same

Table 1. Parameters of the constitutive models
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Figure 7. Strength of filli ng measured with and without
fracion> 4 mm.

friction angle & tests on the spedmens of the original
particle size distribution (Figure 7), provided the
content of fines FC was the same in bah samples.
Generdly, since asimple removal of coarse fradion
changes FC of the sail, the material must be treaed
prior testing to maintain the original FC. However,
the tests on mixtures proved that remova of coarse
fragments did nd have ay influence on the friction
angle for spedmens above the transition FC.

2 COMPUTATION OF SETTLEMENTS

2.1 Numerical model

Althouwgh the nonlineaity of the soil and rock
behaviour is obvious, most of the numericd
simulations of tunnel excavation are performed with
linea-elastic perfedly-plastic models. Only a few
studies on the influence of the nonlinear ground
behaviour on cdculated settlements above tunrels are
a disposa (Gunn 1993 Stalebrass et a, 1994
Addenbrooke & a., 1997).

Mode | E, Po o v (o8 C, O Cor ' K Y
MPa | kPa [°] kPa [°] kPa [°] Mgm?®
intact | 200 - - 0.27 36.5 50 - - 0 - 2.57
1 46 | - - 0.37 329 8 - - 21 - 2.37
2 31 200 0.6 0.37 329 8 - - 21 - 2.37
3 31 200 0.6 0.37 329 8 28.6 155 21 0.21 2.37
4 - 200 0.6 0.37 329 8 28.6 155 21 0.21 2.37
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In this paper, the intact rock mass was simulated by
the isotropic linear-elastic perfectly-plastic
(Mohr-Coulomb) model in the framework of small
strains. Additionally, several materiad models were
tested for the ground material in the weak zones with
the parameters according to Table 1. A hierarchical
development of the models was assumed, i.e., only
one model property was changed for each
enhancement.

2.1.1 Moddl 1

The linear-elastic perfectly-plastic model was assumed
as a reference one. It considers the following ground
parameters: elasticity modulus E,, Poisson ratio v, peak
friction angle ¢,, peak cohesion c, and dilatancy angle
v.

2.1.2 Modd 2
The stress-dependence of the elasticity modulus was
included through the relationship
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Figure 10. Calibration of E;, E;, E,..., E; from the outputs of
triaxial tests.
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Figure 9. Comparison of constitutive models 1 and 2 at two
different stresslevels.

The calibration of E, and a isin Figure 8 (the vaue of
the reference pressure p, was chosen to be
p, = 200 kPa). Figure 9 shows stress-strain curves from
the numerical simulations of plane-strain compression
tests at two different stress levels. A redlistic increase
of the stiffness with rising pressure can be observed for
Model 2.

2.1.3Modd 3

Further improvement of the modelled ground
behaviour was achieved by taking into account the
softening of the stress-strain curve. Peak friction angle
¢, and cohesion ¢, decrease to the critical state values
¢, and c, after a prescribed amount of the plastic
strain  k=v(0.5¢0¢?). The rate of softening was
estimated from standard triaxia compression tests.
Nevertheless, this phenomenon has probably only a
marginal effect on the calculated results since the limit
stress condition is reached only in a small area around
the tunnel (Figure 16).

2.1.4 Moded 4

The fina enhancement of the model (Model 4)
includes a strain-dependent stiffness using the
formulation (similarly to Gunn, 1993)
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Figure 11. Comparison of constitutive models 3 and 4 at
two different stress levels.



90

80 DPM1  +
crushed rock X
70 FC=35% %
60
& 50
=3
ur 40
30 —
20 v e —
10 FA4 —
0
0 200 400 600 800 1000
p’ [kPa]

Figure 12. Calibration of E, and a for various materials
from the weak zones.

Eo =E; +E,e! +E,e%+. +Ege® @)

for E, in EQ. (1) with

£ =,/ ©)

being the Euclidean norm of the deviatoric strain
tensor. The parameters E,, E,,... E; were obtained by
curve fitting of the results from triaxial tests with both
externaly and locdly measured axia deformation
(Figure 10). Undesired oscill ations resulting from the
poynomia formulation of E, can be observed in the
model curve for strains higher than 0.02. Nevertheless
these oscill ations have only minor influence on the
cdculated stressstrain curves and, moreover, the level
of strains in the analysed problem remains generally
low (Figure 16).

A comparison d the stressstrain curves cdculated
with Modds 3 and 4isin Figure 11. The shape of the
stressstrain curves produced by Model 4 is gill not in
a full agreament with experiments. Nevertheless the
improvement against Model 3 is obvious.

The oulined approach is cetainly a very simple
one. Severa other approximations for the decy of E
with strain have been propcsed (e.g., Jardine € al,

Table 2. Parameters of the material in the weak zones.

Figure 13. FE mesh.

1986 Bolton et a, 1994 Atkinson, 2000. However,
such models negled anisotropy, loading diredion and
reversals, shea-volumetric ocoupling etc. A
qualitatively better level can be readed by using
elasto-plastic models with kinematic hardening or
hypoplastic models which take into acourt the recent
deformation hstory and strain dredion (e.g.,
Stallebrass and Taylor, 1997 Niemunis and Herle,
1997). On the other hand, more sophisticated models
require a significantly larger effort for their calibration
and numericd implementation.

The material models and their parameters
summarized in Table 1 are based on experimental
results ohtained for the sample DPM1 from one of the
week zones. However, a pronourced variability of the
groundcondtions in tegonic faults can be observed at
the site of the Mrdzovka tunrel. Therefore, further sets
of ground @rameters were determined from laboratory
experiments (Table 2). Only Model 3 was considered
since na enough tests with small strain measurements
were available. The cdibration o the parameters E,
anda is shownin Figure 12

All cdculations were performed with the FE code
Tochnog (Roddeman, 2001). This open source ®de
enables modificdions, and implementation o
user-defined material models. The mesh consisted of

Material EO Po a v (Pp Cp Per Cor v K
MPa kPa [°] kPa [] kPa []

DPM1 31 200 0.6 0.27 34 0 30.5 0 21 0.21

crushed 31 200 0.6 0.27 451 0 38.3 0 21 0.21

rock

FC35% | 11 200 0.6 0.27 317 0 28.3 0 21 0.21
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Figure 14. Influence of the material model onthe cdculated
surfacesettlement.

680 constant strain triangular elements. Plane strain
condtionwas assumed and haizontal displacements at
the lateral boundiries and verticd displacaments at the
bottom were not alowed. The mesh is depicted in
Figure 13. The tunrdl is approximately 20 m below the
groundsurface it is 12 m high and 16m wide and the
wek zone has the thicknessof 3 m.

Initial stress condtions were geostatic. This
implies an increase of the initia stiffness with depth
for Models 2, 3 and 4 All stresss were dfedive since
there was no water considered in the computationd
model. Implicit time integration was performed and
inertia dfeds were not included.

The tunnel excavation was smulated by removing
soil elements inside the tunnel and repladng them with
equivalent noddl forces. These nodal forces a the
tunrel boundry were subsequently partially reduced
during severa cdculation steps. The gplied "release
fador" was 0.45. Finally, a concrete lining consisting
of beam elements was installed. A staged excavation
sequencewas smulated as well .

3 CALCULATIONRESULTS

There is ome influence of the material model on the
maximum cdculated settlement at the surface see

Figure 16. Distribution o the plastic strains (darker regions)
for Mode 4.

0
model 1 —+—
model 3 -
-0.02 model 4 %
= -0.04
)
= -0.06
g §\ e g %
S -008
(o]
G
-0.1 A
N T
-0.12 us

o 1 2 3 4 5 6 7 8 9 10
calculation time [-]

Figure 15. Influence of the material model onthe cdculated
settlement of the aown.

Figure 14, athough the difference may seem smaller
than expeded. The linea elastic Model 1 predicts the
smallest surface settlement whereas the stress and
strain-dependent  stiffness yields abou 10% higher
values. It should be reminded that the "intad" rock
masswas modell ed with a linea elastic model and the
enhanced constitutive model was applied only in the
week zone. It can be expeded that a strain-dependent
stiffness of the entire ground would produce larger
differences.

Much larger settlement differences due to the
applied material models are obtained at the tunrel
crown (Figure 15), which is locaed in the wes zone.
The settlement of the aown predicted by Model 4 is
by more than 50% larger than the deformationin linea
elastic ground (Model 1). A dlight deaease of the
crown settlement at the final stage is due to the dastic
heave of the ground poduced by the excavation d the
tunrel invert.

The distribution d the plastic strains is depicted in
Figurel6. They are concentrated mainly in the wegk
zore close to the tunrel. The magnitude of plastic
strains remains rather low which explains the
negligible effed of the post-pesk softening on the
cdculation results.

The role of the ground parameters (Model 3) and
the excavation sequence @n be observed in Figure 17.
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Figure 17. Influence of the ground @rameters and the
excavation sequenceon the cdculated settlement of the
crown (full li ne: verticd, dashed: horizontal sequencing).



The aown settlement may be douled when the tunrel
interseds a wedk zone of a high clay content and thus
of a low stiffness (horizontal sequencing, i.e., top
heading and bench excavation). On the other hand,
even a dramatic increase of the friction angle (cf.
DPM1 and crushed rock) does not substantialy
diminish the deformations.

4 COMPARISON WITH MEASURED VALUES

A dramatic efed of the excavation sequence on the
tunnel deformation is known. It was confirmed at the
Mrazovka site. During the first 120 metres of
excavation, verticd settlements of the overburden
readied upto 209mm, whil e the design limiting value
was 60 mm. Such excesdve deformations on
excavating by horizontal sequencing indicated a danger
of falure (Eisenstein et al, 2000 and forced the
contractor to switch to the side drift method (verticd
sequencing with side wall partial drifts foll owed by top
healing and invert excavation).

The cdculation results in Figure 17 suggest that in
the we& zone with filling of higher FC (35%) the
crown settlements can be reduced by more than 50% if
the ecavations squence is changed. This is in
acordance with numericd analyses by Bartdk et a
(2000, who suggested that adopting the verticd
sequencing shoud limit the vertical deformations at
the surfaceby abou 35%.

In further construction, the change of excavation
sequence was acompanied with other ground control
measures, such as grouting and forepding by the
Bodex technique. Therefore the maximum measured
settlement of the surface was up to orly 55 mm
(Eisenstein et al, 2000).

5 CONCLUSIONS

For criticd state strength, the tests on mixtures of
coarse-grained and fine-grained fradions confirmed
the existence of a distinct transition zone with resped
to the content of fines. For the tested angular material
the transition zone isin the interval of the fines content
FC of 15% to 35%.

The decyy of the parameters that depend onthe soil
structure, such as the pe& strength or stiffness starts
a very smal FC, and the behaviour does not comply
with the simple structural concept. Further, the process
does nat have to be mntinuous, as was demonstrated
for Young's moduus.

It has been concluded that the presence of finesin
the marse-grains contads, even at smal FCs below
the transition threshold, was resporsible for the
ohserved behaviour. Only after substantial strains, on
the verge of the aiticd state, the fine-grained particles
are forced to move from the cntads into the pores of
the marse-grained skeleton.

The strength of the fillings can be tested on
spedmens without the warse fradion over

4 milli metres even for low FC. The comparison d data
from a large aosssedion shea box and standard
38 mm diameter triaxial apparatus $owed that the
strength of the spedmens did not change, provided
FCs of the samples were kept identicd.

Numericd moddling showed that for the present
problem deformation parameters were more important
than the strength charaderistics. Modelling of post
pe& softening did na change the results significantly
and even the dramatic increase of the friction angle
from 34° to 45° could not diminish deformations.

Deformations of the tunnel and its overburden were
studied using three material models: with E constant, E
dependent on stress and E dependent on stress and
strain. The influence of the material model on surface
settlement was rather small, about 10 %, since the
enhanced model was used only for joints, while rock
mass was modelled as linear - elastic.

The model with stress and strain  dependent
stiffness yielded by about 50 % larger deformation of
the crown in comparison with the linear elastic model.

A dramatic influence of particle size distribution of
the filling of the tectonic joint has been demonstrated.
Predicted crown settlement for filling of FC above the
transition zone was by about 50% larger than for
material with low percentage of fines.
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