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HYPOPLASTICKY A MOHR-COULOMBUV MODEL
PRI SIMULACI TUNELU V JILECH
HYPOPLASTIC AND MOHR-COULOMB MODELS
IN SIMULATIONS OF A TUNNEL IN CLAY

TOMAS SVOBODA, DAVID MASIN, JAN BOHAC

1. OvOD

Predpovédi seddni zpusobené razbou tunell v jemnozrnnych zemi-
néch jsou v ramei Ceské republiky i v mezindrodnim méfitku aktudl-
nim tématem geotechnickych studii. Obsahem predklddaného ¢ldnku
je reSerSe soucasnych znalosti ohledné simulace tunelu v jem-
nozrnnych zemindch a jejich demonstrovani na prikladu simulac{
Krélovopolskych tunelt v Brné, které jsou v soucasné dobé raZeny.

V reSer$ni asti se shrnuji vlivy nékolika nejdulezitéjsich faktoru
ovliviyjicich vysledky simulaci NRTM tunelt, mezi néZ patii neline-
arita tuhosti a vysokd pocdtecni tuhost materidlu, anizotropie
a hodnota soucinitele zemniho tlaku v klidu K. V praktické ¢dsti pris-
pévku jsou srovndny predpovédi Kralovopolskych tunelt s vyuZitim
dvou raznych konstitu¢nich modeld, standardniho Mohr-Coulombova
modelu a pokrocilého nelinedrniho hypoplastického konstitu¢niho
modelu. Analyza byla provedena v nasledujicich krocich: (1) kalibra-
ce konstitu¢nich modelt na data z laboratornich experiment na brnén-
ském jilu; (2) simulace chovéni pruzkumné $toly; (3) optimalizace
sady parametru zpétnou analyzou pruzkumné 3toly, za Gcelem elimi-
nace méfitkového efektu, vstupujictho do kalibrace konstitu¢nich
modeld; (4) pfedpovéd chovani profilu tunelu s optimalizovanymi
parametry.

Predpovédi pomoci Mohr-Coulombova modelu byly vytvoreny
vyhradné pro tcely tohoto ¢lanku. Autofi upozornuji, Ze v ¢ldnku je
vyuzit Mohr-Coulombiv model v jeho zdkladni podobé. Vyuziti
pokrocilejsich verzi tohoto modelu, které zahrnuji vliv drah napéti
a velikosti pretvoreni na predpovidané napéto-deformacni vlastnosti
horninového masivu by vedlo k vyraznému zlepSeni predpovédi.
Takovato pokrocild verze Mohr-Coulombova modelu byla vyuzita
v analyzach Krdlovopolskych tunelt provddénych jeho projektanty.

1.1 Nelinearita pfi velmi malych pietvoienich
a vysoka podatecni tuhost

Vyvoj laboratornich metod pro zkoumdni mechanického chovani
zemin, ktery probehl v osmdesétych a devadesatych letech minulého
stoleti (napf. Jardine et al., 1984), umoznil dukladnéjsi studium cho-
véni zemin v oboru malych (0,001 % — 0,1 %) a velmi malych (méné
nez 0,001 %) pretvoreni. Prokdzalo se, Ze zemina se chova elasticky
pouze v oboru velmi malych pretvoreni a v oboru malych pretvoreni
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Obr. 1 Typickd zdvislost smykové tuhosti na pretvoreni (Viggiani a Atkinson, 1995)
Fig. 1 Typical dependence of shear stiffness on deformation (Viggiani & Atkin-
son, 1995)

1. INTRODUCTION

Predictions of settlement induced by driving tunnels through fine-
grained soils are a current topic of geotechnical studies both in the
Czech Republic and on an international scale. The paper presented to
readers deals with a review of current knowledge regarding simulati-
ons of tunnels in fine-grained soils and demonstrates them on the
example of simulations for the Krdlovo Pole tunnels in Brno, which
are currently being driven.

The part dealing with the information research contains a summary
of effects of several most important factors influencing results of simu-
lations of NATM tunnels; nonlinearity of stiftness and high initial stiff-
ness of the material, anisotropy and the value of the coefficient of earth
pressure at rest K, belong among them. The practical part of the paper
compares predictions for the Krdlovo Pole tunnels using two different
constitutive models: the standard Mohr-Coulomb model and an advan-
ced nonlinear hypoplastic constitutive model. The analysis was carri-
ed out in the following steps: (1) calibration of constitutive models to
the data obtained from laboratory experiments on the Brno Clay; (2)
simulation of the exploratory gallery behaviour; (3) optimisation of the
set of parameters by means of a back analysis of the exploratory gal-
lery with the aim of eliminating the scale effect, which enters the pro-
cess of the constitutive models calibration; (4) predictions of the beha-
viour of the tunnel using optimised parameters.

The predictions by means of the Mohr-Coulomb model were deve-
loped solely for the purpose of this paper. The authors call attention to
the fact that the Mohr-Coulomb model in its basic form has been used
in the paper. The application of more advanced versions of this model,
which incorporate the influence of stress paths and magnitudes of
deformations on stress-strain properties of the rock mass, would lead
to a significant improvement of predictions. Such an advanced version
of the Mohr-Coulomb model was used in the analyses of the Krdlovo
Pole tunnels which were conducted by the tunnel designers.

1.1 Nonlinearity at very small deformations
and high initial stiffness

The development of laboratory methods for examining mechanical
behaviour of soils, which took place in the 1980s and 1990s (e.g. Jardine
et al., 1984), made more thorough studies of the behaviour of soils wit-
hin the range of small strains (0,001 % - 0,1 %) and very small strains
(less than 0,001 %) possible. It was proved that soil behaves elastically
only within the range of very small strains, while stiffness significantly
nonlinearly decreases within the range of small strains. A typical depen-
dence of stiffness on deformation is presented on Figure 1. The elastic
shear modulus within the range of very small strains can be measured
through the propagation of shear waves, for example by means of bender
elements (Viggiani & Atkinson, 1995). For the measurement of stiffness
within the range of small strains it is necessaryto use local deformation
gauges (e.g. LVDT gauges), which are attached directly to a soil sample.

Despite the fact that marked nonlinearity of soil behaviour is today
considered to be clearly proved, it is mostly not taken into account in
geotechnical simulations carried out in a standard way. The reason is
that constitutive models in common use for soils (such as the Mohr-
Coulomb model or the Cam-clay model) predict linear dependence of
stress on deformation (i.e. a constant elastic modulus) within the range
of small deformations, while more advanced constitutive models have
not been sufficiently used yet in the geotechnical practice.
Comparisons of predictions of tunnelling problems by means of linear
and nonlinear models within the range of very small deformations has

been presented in several papers, available in literature.



se tuhost vyrazné nelinedrné sniZuje. Typickou zavislost tuhosti na pre-
tvofeni ukazuje obr. 1. Elasticky smykovy modul v oboru velmi
malych pfetvoreni muZe byt méfen pomoci propagace smykovych vin,
napr. tzv. ,.bender elementy* (Viggiani a Atkinson, 1995). Pro méfeni
tuhosti v oboru malych pretvorfeni je pak nutno vyuZivat lokdlni sni-
mace deformace (napf. LVDT snimace) pfipevnéné piimo na vzorek
zeminy.

PrestoZe je vyrazna nelinearita chovani zemin dnes povaZovana za
jasné prokdzanou, neni vétSinou uvazovédna ve standardné provadé-
nych geotechnickych simulacich. Je to z toho divodu, Ze béZné vyuZzi-
vané konstitu¢ni modely pro zeminy (jako Mohr-Coulombuv model &i
Cam model jilu) predpovidaji v oboru malych pretvoreni linedrni
zavislost napéti na pretvoreni (tedy konstantni elasticky modul)
a pokrocilejsi konstitu¢ni modely stdle nejsou v geotechnické praxi
dostate¢né vyuZzivany. Srovnéani predpovédi tunelovych probléma
pomoci linedrnich a nelinedrnich modeld v oboru velmi malych pre-

Addenbrooke a kol. (1997) provedli 2D MKP analyzy tunelu
v londynském jilu s Kj=1,5 s vyuzitim linedrné a nelinedrné elastického,
idedlné plastického modelu. Nelinearné elasticky model predikoval
z4vislost tuhosti na pretvoreni v oboru malych a velmi malych pretvore-
ni. Nelinedrni model, kalibrovany tak, aby vystihl pokles tuhosti zmére-
né snimaci LVDT, poskytl kvalitnéjsi vysledky ve srovndni s modelem
linedrnim. Linedrni model vyrazné nadhodnocoval §itku poklesové kot-
liny a podhodnocoval velikost deformaci. Nicméné byla poklesova kot-
lina, predikovand nelinedrnim modelem, i nadéle $ir§i a méI¢i neZ kotli-
na zméfend geotechnickym monitoringem. Zavérem byli autori nuceni
pripustit, Ze k ziskani lepSich pfedpovédi v podminkdch Ky>1 je treba
uvazovat neredlné vysokou tuhost zeminy.

Masin (2009) porovndval 3D predpovedi zkuSebniho tunelu pro
Heathrow Express v Londyné pomoci dvou konstitu¢nich modeld —
Cam modelu jilu, ktery v oboru malych pretvoreni predpovidd tuhost
zavislou pouze na drovni napéti a ne na pretvoreni, a pokrocilejsitho
hypoplastického modelu, ktery spravné predpovida nelinedrni chovani
zeminy. Cam model jilu ddval vzhledem k vysokému K, londynského
jilu nerealistické predpovédi s vertikdlnimi deformacemi povrchu vét-
§imi v ur¢ité vzddlenosti od osy tunelu, neZ pfimo nad tunelem.
Hypoplasticky model predpovidal sprdvné velikost deformaci
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Addenbrooke et al. (1997) carried out 2D FEM analyses of a tunnel
in the London Clay, with K,=1.5, using linear and nonlinear elastic
ideally plastic models. The nonlinear elastic model predicted the
dependency of stiffness on deformation within the range of small and
very small deformations. The nonlinear model, which was calibrated
to give a true picture of the decrease in stiffness measured by LVDT
gauges, yielded higher quality results compared with the linear model.
The linear model significantly overrated the settlement trough width
and underestimated the magnitude of deformations. Nevertheless, the
settlement trough which was predicted by the nonlinear model was still
wider and shallower than the trough measured by the geotechnical
monitoring. In the conclusion, the authors were compelled to admit
that, to be able to obtain better predictions in the case of Ky>1 condi-
tions, it is necessary to assume unrealistically high stiffness of soil.

Masin (2009) compared 3D predictions for a testing tunnel for the
Heathrow Express in London by means of two constitutive models —
the Clam-clay model, which predicts, within the range of small defor-
mations, the stiffness dependent only on the level of stress, not on
deformation, and a more advanced hypoplastic model, which correct-
ly predicts nonlinear behaviour of soil. Owing to the high K, of the
London Clay, the Cam-clay model provided unrealistic predictions,
with vertical deformations of the surface at a certain distance from the
tunnel axis larger than those directly above the tunnel. The hypoplas-
tic model correctly predicted the magnitude of deformations, and the
shape of the settlement trough was realistic, despite the fact that it was
still wider than the actually measured trough.

Similar results have been published even using linear models,
however, a more detailed study will reveal that the achieved predicti-
ons contain parameters which do not represent the soil behaviour. In
concrete, the elastic stiffness is unrealistically high, independent of
deformations. Such the results were presented by Tang et al. (2000);
Karakus & Fowell (2005) and Ng et al. (2004).

1.2 Soil anisotropy

Another aspect of soil behaviour which influences the magnitude of
deformations being predicted is anisotropy. Naturally deposited
fine-grained soils exhibit marked anisotropy of stiffness, where the
horizontal stiffness is higher than the vertical stiffness. For example,
Gasparre (2005) states that the proportion of the horizontal stiffness of

Obr. 2 Pruzkumné §toly situované v kaloté tunelu (a), levd $tola s hranici zdravého a navétralého jilu (b)
Fig. 2 Exploration galleries driven along the tunnel top heading (a); left-hand gallery with the fresh vs. slightly weathered clay interface (b)
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Obr. 3 Kalibrace parametrii N, A * a x* hypoplastického modelu na datech
edometrické zkousky neporuSeného vzorku

Fig. 3 Calibration of parameters N, A * a x* of the hypoplastic model to the
data obtained by an oedometer test on an undisturbed sample

a poklesova kotlina méla realisticky tvar, prestoZe byla stdle $irSi nez
kotlina méfend.

Obdobné vysledky byly publikovdny i s linedrnimi modely, avSak
podrobngjsi studium odhali, Ze predikce byly dosaZeny s parametry nere-
prezentujicimi chovani zeminy. Konkrétné se jednd o neredlné vysokou
a na pretvoreni nezavislou elastickou tuhost. Takové vysledky prezentuji
Tang a kol. (2000); Karakus a Fowell (2005) a Ng a kol. (2004).

1.2 Anisotropie zeminy

Dalsi aspekt chovéani zemin, jenZ md vliv na predpovidanou velikost
deformaci, je anisotropie. Jemnozrnné zeminy v prirozeném uloZeni
vykazuji vyraznou anisotropii tuhosti, pfi¢emz tuhost v horizontalnim
sméru je vy$$i neZ tuhost ve vertikdlnim sméru. Napr. Gasparre (2005)
udédvd, ze pomér horizontdlni a vertikdlni tuhosti londynského jilu je
priblizn€ roven 2.

Piimou studii vlivu anizotropie zeminy na predikce numerického
modelu provedli napf. Addenbrooke a kol. (1997). Autofi pouZili neli-
nedrni model prfi velmi malych pretvofenich s konstantnim pomérem
horizontaln{ a vertikdlni tuhosti. Bylo shledano, Ze zavedenf anizotro-
pie zlepsi predikce modelu ve smyslu ziZeni a prohloubeni poklesové
kotliny. Zaroven se ukdzalo, Ze tento vliv neni tak vyznamny jako
zavislost tuhosti na pretvoreni.

1.3 K, podminky
Pevné jily se vyznaluji vysokym zddnlivym stupném prekonsolida-
ce. Laboratorni studie ukazuji, Ze silné prekonsolidované jily mohou
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the London Clay to the vertical stiffness is roughly equal to 2.

Direct studies of the influence of soil anisotropy on predictions
according to a numerical model were carried out, for example, by
Addenbrooke et al. (1997). The authors used a nonlinear model at very
small deformations, with a constant proportion of horizontal and ver-
tical stiffness. It was found that the introduction of anisotropy impro-
ved predictions according to the model, in the meaning of narrowing
and deepening of the settlement trough. At the same time it turned out
that this influence is not as important as the dependency of stiffness on
deformation.

1.3 K, conditions

Stiff clays are characterised by a high apparent overconsolidation
degree. Laboratory studies have shown that heavily overconsolidated
clays can feature a high value of earth pressure at rest K, which may,
according to various sources, reach up to K,=2 (Hight et al, 2007).
Results of measurements in laboratory conditions were summarised by
Mayne and Kulhawy (1982), who found an empiric dependence of K,
on angle of internal friction and degree of overconsolidation (equation
(1)). Despite the studies, the magnitude of K, in ground mass, which
remains difficult to determine, influences the results of calculations.
The uncertainty of the magnitude of K, results from the fact that the in
situ measurement of K, is difficult and the extrapolation of results of
laboratory tests to the whole ground mass is uncertain due to long-term
effects, such as creep and relaxation.

A study of the influence of the coefficient of earth pressure at rest
KO on results of 3D analyses of a tunnel was carried out by Francius
et al. (2005), using the values of Ky,=1.5 and K,=0.5. The numerical
model using a low value of K, which seems to be unrealistic for the
London Clay, yielded a more satisfactory shape of the settlement
trough (deeper and narrower), but the magnitude of vertical movement
was 4 times overrated. The settlement trough which had been predic-
ted by the K,=1.5 analysis was too wide and vertical deformations
were 4 times underestimated. Similar conclusions, stating that the
diminishing value of K, closes the settlement trough and, at the same
time, increases vertical settlement values, have also been arrived at by
Dolezalova (2002) and other authors.

2. THE KRALOVO POLE TUNNELS

The Krédlovo Pole tunnels are parts of the northern section of the
Large City Circle Road (LCCR), which are, when completed, aimed to
improve traffic conditions in the historic centre of Brno in the future.
The tunnels consist of two parallel tubes with about 70m separation
and the lengths of 1237m (Dobrovského Tunnel I) and 1258m
(Dobrovského Tunnel II); the excavated cross-section height and
width are about 12m and 14m respectively. The tunnels are being dri-
ven by the NATM, with vertical division of the face into six separate
headings. The tunnel overburden height varies from 6m to 21m. Three
exploratory galleries were driven for the purpose of the engineering
geological investigation (to verify the selected excavation method and
the influence of tunnelling on existing buildings in the vicinity). The
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Obr. 4 Kalibrace parametru r hypoplastického modelu a simulace nedrénovanych drah neporusenych vzorki
Fig. 4 Calibration of parameter r of the hypoplastic model and simulation of undrained stress paths for undisturbed samples
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Obr. 5 Smykovd tuhost neporuseného brnénského jilu v rozsahu velmi malych (a) a malych (b) pretvorenich predikovand hypoplastickym modelem
Fig. 5 Shear stiffness of an undisturbed sample of the Brno Clay within the range of very small strains (a) and small strains (b), predicted by the hypoplastic model

mit vysokou hodnotu zemniho tlaku v klidu Ky, kterd podle raznych
prament muZe dosahovat aZ hodnot K,=2 (Hight et al, 2007).
Vysledky méfeni v laboratornich podminkdch shrnuli Mayne
a Kulhawy (1982), ktefi dospéli k empirické zévislosti K, na dhlu
vnitiniho tfeni a na stupni prekonsolidace (rovnice (1)). I pres tyto stu-
die zustdva velikost K, v zemnim masivu obtiZné stanovitelnou hod-
notou, ovliviiujici vysledky vypoctu. Jeji nejistota spo¢iva v obtizném

galleries are triangular in cross section and are located to pass along
footings of top headings of the tunnel tubes, with the aim of using them
during the construction of the final tunnel profile (see Fig. 2).

3. GEOLOGICAL CONDITIONS

From the stratigraphical point of view, the area of operations
belongs to the Lower Badenian Marine Miocene period of the
Carpathian Fore-Trough, the thickness of which reaches several hund-
red metres in this location.

The tunnels themselves are found in a developed area, therefore,

part of the tunnel cover consists of anthropogenic materials. The natu-
450 ral cover consists of secondary loess and clayey loams. The base of the
uaternary cover is formed by fluvial gravel-sand sediments, often
400 | y y g
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Fig. 6 Calibration of parameters E, c, @, (a), v, Y (c) of the Mohr-Coulomb model and simulation of the undrained stress path (b)
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Tab. 1 Parametry brnénského jilu pro hypoplasticky model kalibrované na
laboratornich zkouSkdch

Table 1 Parameters of the Brno Clay for the hypoplastic model, calibrated to
laboratory tests

. A K, N r m, m, R B x
199° 0.128 001 1506 045 1675 167500001 02 08

Tab. 2 Parametry brnénského jilu pro Mohr-Coulombiv model kalibrované
na laboratornich zkouskdch

Table 2 Parameters of the Brno Clay for the Mohr-Coulomb model, calibra-
ted to laboratory tests

(1) c Y E v
28.5° 0 MPa 3° 8 MPa 04

méfeni K, in situ a nejisté extrapolaci vysledka laboratornich experi-
mentu na cely zemni masiv z davodu dlouhodobych efektu, jako jsou
creep a relaxace.

Studii vlivu soucinitele zemniho tlaku v klidu K, na vysledky 3D
analyz tunelu provedli Francius a kol. (2005) s hodnotami K,=1,5
a Ky=0,5. Numericky model s nizkou hodnotou K, kterd se zda byt
neredlnd pro londynsky jil, poskytl uspokojivejsi tvar poklesové kotli-
ny (hlubsi a uZzsi), ale absolutni hodnota vertikdlntho sednuti byla 4x
prehodnocena. Poklesové kotlina predikovand analyzou K;=1.5 byla
prili§ Sirokd a vertikdlni deformace byly 4x podhodnoceny.
K obdobnym zdvéram, Ze sniZujici se hodnota K, uzavira poklesovou
kotlinu a soucasné navySuje vertikdlni sednuti, dospéla i Dolezalova
(2002) a dals{ autori.

2. KRALOVOPOLSKE TUNELY

Kralovopolské tunely jsou soucasti severni ¢dsti velkého méstského
okruhu (VMO), jehoZ realizace ma v budoucnu odleh¢it dopravni situ-
aci v historickém centru Brna. Tunely jsou tvoreny dvéma paralelnimi
tunelovymi troubami ve vzdélenosti cca 70 m o délkdch 1237 m
(Dobrovského tunel T) a 1258 m (Dobrovského tunel II), se svétlou
vyskou vyrubu pfiblizné 12 m a §itkou 14 m. Tunely jsou raZzeny
NRTM s vertikdlnim ¢lenénim vyrubu do Sesti jednotlivych Celeb.
NadloZi tunell se pohybuje od 6 do 21 m. Pro tely inZenyrsko-geo-
logického prazkumu, ovéfeni zvoleného zpusobu razby a vlivu stavby
na okolni budovy, byly vyraZeny tfi pruzkumné $toly trojihelnikové-
ho profilu, které jsou situovdny v patich kalot tunelovych trub
a ndsledné budou vyuZity pfi konstrukei findlntho profilu dila (obr. 2).

3. GEOLOGICKE PODMINKY

Ze stratigrafického hlediska ndlezi zdjmové tizemi do obdobi spod-
nobddenského marinniho miocénu karpatské predhlubné, ktery zde
dosahuje mocnosti nékolika stovek metru.

Samotné tunely jsou vedeny v zastavéném tdzemi, proto je Cést
pokryvnych tvari reprezentovdna antropogennimi materidly.
Prirozené pokryvné ttvary jsou zastoupeny spraSovymi hlinami
a jilovitymi hlinami. Bédze kvarterniho pokryvu je tvorena fluvidlnimi
StérkopisCitymi sedimenty, Casto s primési hliny ¢i zajilovanymi.

Tuoufel

means of thin-walled steel samplers, from two core holes located on
the centre line of the tunnels, from the depths of 15.5m and 19.5m.

Three undisturbed samples and one reconstituted sample were pre-
pared from each level of depth for undrained triaxial tests (CIUP). The
samples, 38mm in diameter, were provided by radial drainage and
standard plates. All undisturbed samples were fitted with local LVDT
gauges for the purpose of determining stiffness at small strains. With
the aim of determining initial stiffness, one undisturbed sample was
fitted with bender elements, i.e. piezoceramic sensors used for measu-
ring soil stiffness at small deformations through seismic shear wave
propagation. Prior to the deformation-controlled shear stages, the sam-
ples were isotropically consolidated to three levels of mean normal
stress (275, 500 and 750kPa); the reconstituted sample to the stress of
2600kPa.

In addition, oedometer tests on undisturbed samples and reconstitu-
ted samples were carried out, up to the axial stress of 13MPa. The
results made the determination of the position of the normal compres-
sion line (NCL) and the assessment of the overconsolidation degree
possible.

A package of tests on the reconstituted samples in a ring shear tes-
ting apparatus was conducted with the aim of assessing the angle of
internal friction in a critical state, which cannot be reliably determined
by a triaxial test on an undisturbed sample because of the localisation
of deformation on the shear plane. The peak angle from the ring shear
testing apparatus is considered as the resulting value of the critical
angle of internal friction (Najser & Bohac, 2005).

5. CONSTITUTIVE MODELS AND CALIBRATION OF THE MODELS

The first model which was used was the standard Mohr-Coulomb
(MC) model, which represents the most used model in the geotechni-
cal practice in the Czech Republic. The second one was the hypoplas-
tic model for clay (Masin, 2005; Masin, 2008) using a concept of inter-
granular deformation (Niemunis & Herle, 1997). This model was
selected as a representative of advanced constitutive models, which is
capable of giving a true picture of nonlinearity, high stiffness at very
small deformations and a nonlinear decrease in stiffness with increa-
sing deformations. The implementation of the hypoplastic model for
various FEM programs (Plaxis, ABAQUS, Tochnog Professional) is
freely available on the Internet (Gudehus et al., 2008).

The basic version of the hypoplastic model requires five parameters
of soil, which correspond to parameters of the Modified Cam-Clay
model: N, A%, ¥, ¢, r. Parameters N and A’ define the position and
inclination of the NCL within the transformation of In p vs. In (/+e),
where p is the mean normal stress and e is the void ratio. Parameter
K’ defines the gradient of the isotropic unloading path within the same
transformation. The calibration of the above-mentioned three parame-
ters using the results of the oedometer test of an undisturbed sample of
the Brno Clay is presented on Figure 3.

Parameter ¢ is a critical state internal friction angle, which was cali-
brated to the results of tests in a ring shear apparatus and verified by
a triaxial test of the reconstituted sample. Parameter r, controlling the
soil shear stiffness, was derived from CIUP triaxial tests of undistur-
bed samples (see Fig. 4). Figure 4a shows the deviator stress versus
axial deformation; Figure 4b presents undrained stress paths.

The basic hypoplastic model predicts well soil behaviour for
medium to large deformations. A concept of

@) Ol

intergranular deformation was introduced. It
allowed us to predict high stiffness and

(3y
2}

(1)

130m

T lm a decrease in stiffness at very small defor-
T mations. The concept requires additional
:_ﬂ m five parameters (mg, my, R, f3,, and ). These
parameters were derived from measure-
ments of shear stiffness by means of LVDT
277 m gauges (see Fig. 5b) and bender elements

(see Fig. 5a). Table 1 presents parameters of
the hypoplastic model obtained by the cali-
. bration to experimental data.

o The standard MC model is a repre-
sentative of a linearly elastic, ideally plastic

Obr. 7 Geometrie a sit’pouzitd pro simulaci prizkumné $toly. (1) brnénsky jil; (2) piscity stérk; (3) spras;
(4) navdzka; (5) umisténi bodit monitoringu pro analyzu senzitivity a inverzni analyzu

Fig. 7 Geometry and the FE mesh used for the simulation of the exploratory gallery. (1) Brno Clay;
(2) sandy gravel; (3) loess; (4) made ground; (5) locations of monitoring points for the sensitivity analysis

and inverse analysis

constitutive model with the Mohr-Coulomb
plasticity condition. The constitutive model
is defined by an isotropically elastic stiff-
ness matrix, the condition of plasticity and
the plastic potential surface. The model
requires five parameters (£, ¢, ¢, v, ). The

vvvvvv
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Tab. 3 Hodnoty parametru f3 pro jednotlivé konstitucni modely a K, podminky parameters were calibrated to identical undrained triaxial tests (CIUP),
Table 3 Parameter f; values for individual constitutive models and K, conditions as used for calibration of the hypoplastic model. The calibration of
Konstituéni model K, podm. 8 Young’s ‘m.odulus E is presented on Elgure §a. Pe’lfame.ter Yis dilatan-
Constitutive model K. cond. 8 cy angle; its callbratlpn, together with Poisson’s ratio, is showp on

0 Figure 6¢. Zero cohesion was assumed for the purpose of the calibra-

hyp. model / hyp. model 1,25 0,495 tion of parameters ¢ and ¢, and the value of the peak angle of internal
hyp. model / hyp. model 0.66 0.467 friction was calibrated on the basis of an experiment, at the stress of

MC model / MC model 1.25 0,598 275kPa. This calibration method appeared to be more suitable than the

DTG il IC el 0.66 0551 calibration based on all of the three shear tests shown on Figure 4b.
Tab. 4 Parametry geologickych vrstev nad brnénskym jilem The linearisation of the strength envelope based on the threq exper?—
Table 4 Parameters of geological layers overlying the Brno Clay ments presgnted On'F%gure. 4!) would result in a high value of cohesi-

on, which is unrealistic within the range of lower stresses because of

. : 5 o the strength envelope nonlinearity. The final parameters of the Mohr-

cemina S0l PUL B W B Coulomb model are presented in Table 2. Figure 6b shows a simulation
navazka / Made ground 20 10 4 10 0,35 of an undrained stress path.

spraSovd hlina / Second. loess 28 2 2 45 04

pisgity $térk / Sandy gravel 30 5 8 60 035 6. SIMULATIONS OF THE EXPLORATORY GALLERY

Simulations of the exploratory gallery were conducted using
L . . ) Tochnog Professional program. They represent 2D plain strain undra-
Tab. 5 Parametry primdrniho osténi pruzkumné Stoly a findintho profilu tunelu ined analyses solved by the FEM. The geometry, the mesh (consisting
Tjable s Paramet'ers of the primary lining of the exploratory gallery and the of 336 9-node rectangular elements) and the geological profile are dis-
final tunnel profile played on Figure 7; they correspond to Tunnel 2 chainage of 0.840km.
osténi e Ekv. diika hustota The g'allery, -with its side about :5m long, is located 21.2m under the ter-
Firriry R TR operr — rain surface; the wate_r table is bound to th_e gravel-sand base. 3D
[GPa] [m] [ke/m’] effects of the excavation were allowed for in 2D by means of the
S-method (Karakus, 2007). Values of parameter ; were determined for
Stola / gallery 246 0.1 2970 ipdiviflual constitqtive moFlels and. for the assgmed various K, condi-
- 246 035 2970 tions in a way designed with the aim of reaching results of 2D analy-
ses identical with the results of full 3D numerical analyses of the
exploratory gallery (Table 3). This paper does not contain a description
Predkvarterni podklad, ve kterém je tunel z velké ¢asti raZen, je budo- of the 3D calculations.

vdn vdpnitym prachovitym jilem ,téglem” vySe zminéného stafi. The layers overlying the Brno Clay were simulated by means of the
Zdravé jily maji zelenoSedou barvu, v piipovrchové z6né jsou zbarve- Mohr-Coulomb model; their parameters were selected according to the
ny rezavohnédé, coz je zplsobeno pronikdnim limonitickych roztokl results of available shear box tests (Pavlik et al., 2003) (Table 4.). The
systémy diskontinuit. Konzistence neogennich jili je tuhd aZ pevnd, lining was modelled as linearly elastic, by means of beam elements

plasticita vysokd. Maji blokovity az drobné tilomkovity rozpad, hlav- with the parameters presented in Table 5.
ni tektonické plochy jsou ohlazené a nerovné. Hladina podzemni vody The initial conditions of the simulation comprised the determination
je vdzdna na Stérkopis¢ité sedimenty. of vertical stresses, the void ratio and the coefficient of earth pressure
~ at rest K. The vertical stress was calculated from the unit weight
4. LABORATORNI EXPERIMENTY of soil: y=18.8 kN/m? for clay, 19.5 kN/m? for secondary loess,

Pro stanoveni mechanického chovéni brnénskych jila byla provede- 196 KN/ m3 fo'r sandy gravels 3Qd 18.0kN/m’ for madg g%round. The
na fada laboratornich zkousek na neporusenych a rekonstituovanych initial void ratio e:O.$3 was derived from results of trl‘ax1al‘tests on
vzorcich. Neporusené vzorky byly odebrany tenkosténnymi ocelovy- undistl}rbed sarpples from thh boreholes. The value of K, for over-
mi odbériky ze dvou jadrovych vrtd umisténych v ose razby tunelii, | consolidated soil was determined from a Mayne and Kulhawy (1982)
z hloubky 15,5 a 19,5 m. empiric relationship:

Z kaZdé hloubkové trovné byly pfipravepy .tfi neporusené a jeden Koy = (1 — sin @)OC Roin¥ (1)
rekonstituovany vzorek pro nedrénované triaxidlni zkousky (CIUP). o ) ) )
Vzorky o priméru 38 mm byly opatfeny radidlni drendzi ‘The overconsolidation stress of 1800kPa was estlmatgd on thq basis
a standardnimi desti¢kami. VSechny neporusené vzorky byly osazeny of oedometer tests on undisturbed samples of clay (see Fig. 3), with the
lokdlnimi snimaci LVDT pro stanoveni tuhosti pfi malych pretvore- corresponding  overconsolidation ratio (OCR) of 6.5, leading to
nich. Pro stanoveni po&atecni tuhosti byl jeden neporuseny vzorek | Ko¢=1.25.The calculation of K, according to the equation (1) assumes
vybaven ,,bender elementy*, piezokeramickymi snima&i, pouzivanymi that the soil overconsolidation Whlch was reglstergd dqung oedomgter
pro mé&fenf tuhosti zeminy pfi velmi malych tests was caused by the actual soil unloading resulting from the erosion

pretvofenich propagaci seismickych smy-

kovych vin. Pfed smykem fizenou deforma-

ci byly vzorky izotropné konsolidovany na 0.09 —— T
tfi drovné stfedniho napéti (275, 500 a 750 T 0.08 ]
kPa), rekonstituovany na 2600 kPa. e
Dile byly realizovany edometrické zkous- “g 0.07 1 1
ky na neporuSenych a rekonstituovanych 'go' 0.06 - ]
vzorcich do axidlntho napéti 13 MPa. o
Vysledky umoznily stanoveni pozice &4 0.05 | 1
ysledky y p dry 3
norméln{ konsolidace a vyhodnoceni stupné w 0.04 | 1
prekonsolidace. § 0.03 | ]
Sada zkousek rekonstituovanych vzorku T
v rotaénim smykovém piistroji byla prove- é- 0.02 | 1
dena za i¢elem vyhodnoceni thlu vnitfniho S 0.01 } i
tfeni v kritickém stavu, ktery nelze davéry- e

hodné stanovit z triaxidlni zkousky na nepo- 0 B 6 % x N
ruseném vzorku, kvuli lokalizaci pretvorent ?
na smykové plose. Jako vyslednd hodnota

r Rmg B x e Ko Ogr Cgr Egr Var War ®is Cis Eis Vis Wis
Parametr nebo stavova proménnd / Parameter or state variable

kritického thlu vnitfniho tfeni je uvaZovan
vrcholovy uhel z rotaéniho pristroje (Najser — Obr. 8 ,,Composite scaled sensitivities pro simulaci priizkumné $toly
a Bohac, 2005). Fig. 8 Composite scaled sensitivities for simulation of the exploratory gallery
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Obr. 9 Predikce poklesové kotliny nad $tolou: vliv optimalizace parametrii a modelu
Fig. 9 Prediction of the settlement trough above the gallery: influence of the optimisation of the parameters and the model

5. KONSTITUCNI MODELY A JEJICH KALIBRACE

Prvnim pouZitym modelem je standardni Mohr-Coulombiv (MC)
model, ktery v Ceské republice predstavuje nejpouZivanéjsi model
v geotechnické praxi. Druhym je hypoplasticky model pro jily (Masin,
2005, Masin 2008) s konceptem intergranuldrniho pretvoreni
(Niemunis a Herle, 1997). Tento model byl vybrdn jako zdstupce
pokrocilych konstitu¢nich modelu, ktery je schopny vystihnout neli-
nearitu, vysokou tuhost pri velmi malych pretvorenich i nelinedrni
pokles tuhosti s rostoucim pretvorenim. Implementace hypoplastické-
ho modelu pro rtizné programy MKP (Plaxis, ABAQUS, Tochnog
Professional) je volné dostupnd na internetu (Gudehus et al., 2007).

Zékladni verze hypoplastického modelu vyZaduje pét parametrt
zeminy, které odpovidaji parametrim Modifikovaného Cam clay
modelu: N, A*, k¥, ¢c, r. Parametry N a A’ definuji pozici a sklon NCL
v zobrazeni In p vs. In (I+e¢), kde p je stfedni napéti a e ¢islo porovi-
tosti. Parametr k” definuje smérnici ¢dry izotropniho odleh&ent ve stej-
ném zobrazeni. Kalibrace téchto tii parametri na vysledcich edome-
trické zkousky neporuseného vzorku brnénského jilu je na obr. 3.

Parametr ¢ je thel vnitfntho tfen{ v kritickém stavu, ktery byl kalib-
rovan na vysledcich zkousek v rotaénim smykovém pfistroji a ovéren
triaxidlni zkouSkou rekonstituovaného vzorku. Parametr r, fidici smy-
kovou tuhost zeminy, je stanoven z triaxidlnich zkouSek CIUP na
neporusenych vzorcich (obr. 4). Obr. 4a znazornuje devidtorové napé-
ti vidi axidlnimu pretvoreni, obr. 4b predstavuje neodvodnéné drahy
napéti.

Zékladni hypoplasticky model dobre predikuje chovan{ zeminy pro
strednf az velkd pretvoreni. Abychom byli schopni predikovat vysokou
tuhost a pokles tuhosti pri velmi malych pretvorenich je zaveden kon-
cept intergranuldrniho pretvorent, ktery vyZzaduje dalSich pét paramet-
ra (mg, my, R, f3,, a x). Tyto parametry byly odvozeny z méfeni smy-
kové tuhosti prostiednictvim snimacu LVDT (obr. 5b) a ,,bender ele-
mentu* (obr. 5a). V tab.1 jsou uvedeny parametry hypoplastického
modelu ziskané kalibraci na experimentdlnich datech.

Standardni MC model je predstavitelem linearné elastického, idedlné
plastického konstitu¢nitho modelu s Mohr-Coulombovou podminkou
plasticity. Konstitu¢ni model je definovén izotropné elastickou matici
tuhosti, podminkou plasticity a plochou plastického potencidlu. Model
vyZzaduje 5 parametra (E, @, ¢, v, V), jejichz kalibrace probéhly na

Tab. 6 Pocdtecni a optimalizované hodnoty parametri. r a mR hypoplastic-
kého modelu

Table 6 Initial values and optimised values of parameters r and my of the
hypoplastic model

sada parametru / Set of parameters r my

original. param. / original. param. 045 16,75
opt. r, K;=1,25 0,51 16,75
opt. mg, Kj=1,25 045 12.79
opt. r, K;=0,66 049 16,75
opt. mg, K;=0,66 045 14,56

of overlying geological layers. The other possible interpretation of the
overconsolidation being registered assumes that the overconsolidation
is apparent, resulting from soil creep. This interpretation would lead to
a K, value calculated from the Jaky relationship (1944):

g = (1 —siny) (2)

which leads to K;=0.66. Because there are no in situ measurements
of K, available in the Dobrovského location, both extreme values of
Ky, calculated according to the equations (1) and (2), were considered
in the analyses.

7. SENSITIVITY ANALYSIS

With the aim of clarifying the influence of individual geological lay-
ers on results of the simulations, we carried out a sensitivity analysis
by the UCODE program (Poeter & Hill, 1997). The subject of the ana-
lysis was a comparison of simulation results with measurements of
vertical deformations at three selected points, which are marked on
Figure 7. The points are located on the terrain surface; they are moni-
tored by levelling. The difference between the data obtained from the
simulations and from the observation is expressed by means of the
objective function S(b) (Finno & Calvello, 2005):

S5(b) = |y - -'J"In'.-!_"_';_-',- — i'(b)] G)

where b; is for a vector containing values of parameters, y’; is for an
observation values vector, dy’/db; is for a vector of calculated values
corresponding to the observation values, and w is for a weight matrix.
The matrix expresses the importance of each measurement and is con-
sidered, as a standard, as an inversion value of the measurement error
variance. In our case, where the number of observation points is small,
the weight is considered equal to one. The sensitivity of results on
changes of each parameter is expressed by a composite scaled sensiti-
vity quantity, css;, which is defined as:

532 () ue)]”

i [.\'."J*”—f ab; J )

where b; is for a jth studied parameter, y'; is for an ith calculated value,
Oy’/db; is for the sensitivity of an ith calculated value compared with

the jth parameter, w;; is for the weight of an ith observation value, and
ND is the number of observation values.

Tab. 7 Pocdtecni a optimalizovany parametr E Mohr-Coulombova modelu
pro ruzné hodnoty K,

Table 7 Initial and optimised parameter E of the Mohr-Coulomb model for
various K, values

sada parametrt / Set of parameters E [MPa]
original. param. / original. param. 8
opt. E, K;=125 18,88

opt. E, K;=0,66 56.23
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totoznych nedrénovanych triaxidlnich
zkouskdch (CIUP) jako pro model hypoplas- (4],
ticky. Kalibrace Youngova modulu E je znd- (3)

zornéna na obr. 6a. Parametr 1 je thel dila-
tance a jeho kalibrace spolu s Poissonovym
&islem v je predmétem obr. 6¢. Pri kalibraci
parametrt ¢ a ¢ byla uvazovéna nulova sou-
drznost a hodnota vrcholového thlu vnitrni-
ho tfen{ byla kalibrovéna na zdkladé experi- (1}
mentu pii napéti 275 kPa. Tento zpusob
kalibrace se jevil jako vhodné&jsi neZ kalibra-
ce na zdkladé vsech tff smykovych zkousek
z obr. 4b. Linearizace obalky pevnosti na
zékladé tif experimenti z obr. 4b by vedla P
k vysoké hodnoté soudrznosti, kterd je

(2)

{5)

137.7m

140 m

z duvodu nelinearity obédlky pevnosti
v oboru niz§ich napéti nerealistickd. Findlni
parametry Mohr-Coulombova modelu jsou
uvedeny v tab. 2. Obr. 6b ukazuje simulaci

neodvodnéné drdhy napéti.

(5) prizkumnd $tola

6. SIMULACE PRUZKUMNE STOLY

Simulace pruzkumné $toly probéhly v programu Tochnog Professional
a predstavuji 2D plane strain nedrénované analyzy feSené MKP.
Geometrie, sit’ (tvofena 336 uzlovymi &tyfihelniky) a geologicky fez
jsou zobrazeny na obr. 7 a odpovidajf staniceni tunelu T2 0,840 m. Stola
s délkou strany priblizné 5 m je situovéna 21,2 m pod drovni terénu
a hladina podzemni vody je vdzdna na bazi §térkopisku. 3D efekty razby
byly zohlednény ve 2D pomoci f-metody (Karakus, 2007). Hodnoty
parametru 3 pro jednotlivé konstitu¢ni modely a pro uvazované rizné K
podminky byly stanoveny tim zpisobem, aby se predpovédi 2D analyz
shodovaly s vysledky pIné 3D numerickych analyz pruzkumné $toly
(tab. 3). Popis téchto 3D vypoctu neni obsahem tohoto ¢ldnku.

Vrstvy nasedajici na brnénsky jil byly simulovdany Mohr-
Coulombovym modelem a jejich parametry byly zvoleny dle vysledku
dostupnych zkousek ve smykové krabici (Pavlik et al., 2003, tab. 4.).
Osténi bylo modelovéno jako linedrné elastické pomoci nosnikovych
elementl s parametry uvedenymi v tab. 5.

Pocéte¢ni podminky simulace predstavovaly stanoveni vertikdlnich
napéti, ¢isla pérovitosti a soulinitele zemniho tlaku v klidu K.
Vertikdlni napéti bylo vypoéteno z jednotkové tihy zeminy y=18.8
kN/m? pro jil, 19,5 kN/m? pro spraSové hliny, 19,6 kN/m? pro pis¢ité
Stérky a 18,0 kN/m?® pro navédzky. Pocate¢ni &islo porovitosti e=0,83
bylo odvozeno z vysledku triaxidlnich zkousSek na neporusenych vzor-
cich z obou vrtu. Hodnota K, pro pfekonsolidovanou zeminu byla sta-
novena z empirického vztahu Mayne a Kulhawy (1982):

Kp = (1 — sin ) OCR™"¥ D

Z edometrickych zkousek na neporuSenych vzorcich jilu bylo
odhadnuto prekonsolidadni napéti hodnoty 1800 kPa (obr. 3), jemuz
odpovidd stupen prekonsolidace (OCR) 6,5, ktery vede ke Ky,=1,25.
Vypocet K, podle rovnice (1) predpokladd, Ze prekonsolidace zeminy
pozorovand pii edometrickych zkouskdch je zpusobena skute¢nym
odleh¢enim zeminy v dusledku eroze nadloZnich geologickych vrstev.
Druhd moZnd interpretace pozorované prekonsolidace predpokladd, ze
se jednd o zdénlivou piekonsolidaci zpusobenou creepem zeminy.
Této interpretaci by odpovidala hodnota K, vypoctend ze vztahu
Jakyho (1944):

Ky = (1—sinyp) @
kterd vede na K;=0,66. ProtoZe na lokalité Dobrovského nejsou

k disposici polni méfeni K, byly v analyzdch uvazovany obé extrém-
ni hodnoty K, poc¢itané podle rovnic (1) a (2).

vvvvvv

Fig. 10 Geometry and FE mesh for simulation of the whole tunnel. (1) Brno Clay; (2) sandy gravel;
(3) loess; made ground; (5) exploration gallery

Figure 8 presents the resulting composite scaled sensitivities for the
simulation of the exploratory gallery, using the values of the monitoring
at the selected points (see Fig. 7). The parameters without an inferior
index refer to hypoplastic parameters of the Brno Clay, while the para-
meters with an inferior index characterise the Mohr-Coulomb constitu-
tive model. The /s and gr indexes mark a loess layer and a gravel-sand
layer, respectively. In addition, the calculation sensitivities for state
variables e, K, and for a change in factor f are presented. It is obvious
from the picture that the simulation results are sensitive above all to
changes in parameters of the clay layer. Parameters of the other layers
do not any significantly influence the simulation results, therefore
mechanical properties of the parameters were not a subject of a more
detailed study. In other simulations, these layers are modelled by means
of the Mohr-Coulomb model, with the parameters contained in Table 4.

8. INVERSION ANALYSIS OF PARAMETERS USING DATA
FROM THE EXPLORATORY GALLERY

A common problem of the geotechnical practice when studying
behaviour of soils is the fact that, because of the effect of the size of
a sample, laboratory results do not exactly represent the behaviour of
ground mass in its entirety. This is why we decided to carry out an
inversion analysis of the exploratory gallery and optimised the selec-
ted parameters, which had been calibrated during laboratory tests. The
UCODE program was applied to the inversion analysis. This analysis
principle consists of correcting parameters and other model aspects,
until the simulation agrees with the behaviour of the geotechnical
works. The UCODE carries out optimisation on the basis of minimi-
sation of the objective function S(b) (equation (3)) using the Modified
Gauss-Newton Method. Values of vertical deformations at three points
were used in the analysis for the purpose of calculating the objective
function S(b) (see Fig. 7).

When tunnels are being driven through fine-grained soils by the
NATM, deformations due to excavation are affected above all by the
stiffness of soil and its nonlinearity (see the introduction). For that rea-
son the shear stiffness controlling parameters were optimised, i.e. r
and mR for the hypoplastic model and Young’s modulus E for the
Mohr-Coulomb model. The settlement trough due to the gallery exca-
vation is compared with the hypoplastic model predictions on Figure
9a. It is obvious that the hypoplastic model with parameters calibrated
to laboratory tests underestimates the magnitude of settlement appro-
ximately by 20 per cent, but the geometry of the trough is predicted

Obr. 11 Sekvence razby a vertikdlni deformace predikované hypoplastickym modelem s optimalizovanym r
Fig. 11 The excavation sequence and vertical deformations, predicted by the hypoplastic model with optimised r
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7. ANALYZA SENSITIVITY

Abychom objasnili vliv jednotlivych geologickych vrstev na vysled-
ky simulaci, byla provedena analyza sensitivity pomoci programu

UCODE (Poeter a Hill, 1997). Pfedmétem analyzy je porovndni

vysledku simulaci s méfenim vertikdlnich deformaci ve tiech zvole-
nych bodech vyznacenych na obr. 7. Body jsou situovdny na povrchu
terénu a sledovdny geodetickou nivelaci. Rozdil mezi daty ze simula-
ci a z monitoringu je vyjadien pomoci ,,0bjective function S(b)“
(Finno & Calvello, 2005):

) wly —y/(0)] @

SO =ly-y'b

kde b je vektor obsahujici hodnoty parametrt, y vektor observa¢nich
hodnot, y'(b) vektor vypoctenych hodnot, odpovidajicich observa¢nim
hodnotdm, a @ je vdhovéa matice. Ta vyjadfuje vyznam kazdého méte-
ni a standardné je brdna jako inverzni hodnota rozptylu chyby méfent.
V naSem piipadé, s nizkym poctem observacnich bodu je vdha uvazo-
vdna rovna jedné. Sensitivita vysledki na zménu kazdého parametru je
vyjddrena veli¢inou ,,composite scaled sensitivity cs5j“ definovanou

jako: /2
1 524 ()y 1;2 ” (4)
%= |ND ; ((()b ) )

kde bj je j-ty studovany parametr, y'i je i-td vypoctend hodnota,
8y’/0bj je sensitivita i-té¢ vypoctené hodnoty vzhledem k j-tému para-
metru, w;; je vaha i-té observacni hodnoty a ND je pocet observacnich
hodnot.

Na obr. 8 jsou zndzornény vysledné ,,composite scaled sensitivities*
pro simulaci prazkumné $toly vyuZivajici hodnoty z monitoringu ve
zvolenych bodech (obr. 7). Parametry bez dolniho indexu odkazuji na
hypoplastické parametry brnénského jilu, parametry s indexem cha-
rakterizuji Mohr-Coulombuv konstitu¢ni model, Is index oznaluje
vrstvu sprasi, gr vrstvu §térkopiskd. Doplnéna je i sensitivita vypoctu
pro stavové proménné e, K, a zménu faktoru 3. Z obréazku je zfejmé,
Ze vysledky simulace jsou citlivé predev§im na zménu parametrti vrst-
vy jilu. Parametry ostatnich vrstev vyrazné neovliviiuji vysledky simu-
lace, a proto nebyly jejich mechanické vlastnosti predmétem podrob-
néjstho studia. V dalSich simulacich jsou tyto vrstvy modelovany
Mohr-Coulombovym modelem s parametry uvedenymi v tab. 4.

8. INVERZNI ANALYZA PARAMETRU S VYUZITIM DAT
Z PRUZKUMNE STOLY

BéZznym problémem geotechnické praxe pfi studiu chovani zemin
je, Ze vzhledem k efektu velikosti vzorku laboratorni vysledky nere-
prezentuji exaktné chovani horninového masivu jako celku. Proto jsme
pristoupili k inverzni analyze pruzkumné $toly a vybrané parametry,
kalibrované na laboratornich zkouSkédch, jsme optimalizovali. Pro
inverzni analyzu byl pouZit program UCODE. Principem analyzy je
korigovéni parametrt a dalSich aspekti modelu, dokud se simulace
neshoduje s chovanim geotechnického dila. UCODE provadi optima-
lizaci na zdkladé minimalizace ,,objective function S(b)* (rovnice (3))
vyuzitim modifikované Gauss-Newtonovy metody. V analyze byly pro
vypocet ,,objective function S(b)*“ pouZity hodnoty vertikdlnich defor-
maci ve tiech bodech (obr. 7).

Pri realizaci tuneld NRTM v jemnozrnnych zeminach jsou deforma-
ce zpusobené razbou ovlivnény predevsim tuhosti zeminy a jeji neli-
neritou (viz dvod). Z tohoto duvodu byly optimalizovdny parametry
kontrolujici smykovou tuhost, u hypoplastického modelu r a my,
u Mohr-Coulombova modelu Youngiv modul E. Na obr. 9a je pokle-
sovd kotlina, zpusobena raZbou §toly, porovndna s predikcemi hypo-
plastického modelu. Je patrné, Ze hypoplasticky model s parametry
kalibrovanymi na laboratorni zkousky podhodnocuje velikost sednut{
priblizné o 20 %, avsak tvar kotliny predikuje spravné. Dile je zfejmé,
Ze poklesovi kotlina predikovand hypoplastickym modelem nenf pii-
li§ zdvisld na hodnoté K,. Na rozdil od hypoplastického modelu,
vysledky MC modelu jsou velmi citlivé na velikost K,. MC model
nadhodnocuje pro vysoké K, sednuti priblizné o 60 % a predpovida
neredlné Sirokou poklesovou kotlinu. Pro nizké K, jsou hodnoty sed-
nuti nadhodnoceny na 330 %, nicméné tvar Kotliny je pfijatelny.

Na obr. 9 jsou poklesové kotliny predikované obéma modely
s optimalizovanymi parametry (tab. 6 a 7). Optimalizace hypoplastic-
kych parametra r a my ma obdobny vliv na vysledky, obr. 9a ukazuje
pouze vysledky s optimalizovanym parameterm r. Tvar poklesové
kotliny odpovidé datim z monitoringu (i s vysokym K) a vypo&tené
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Obr. 12 Poklesovd kotlina tunelu predikovand studovanymi modely
Fig. 12 The settlement trough above the tunnel predicted by the models being
studied

correctly. It is further obvious that the settlement trough predicted by
the hypoplastic model is not too much dependent on K, value. In con-
trast with the hypoplastic model, results of the MC model are highly
sensitive to the magnitude of K,,. For high K, the MC model overra-
tes settlement approximately by 60 per cent and predicts an unrealisti-
cally wide settlement trough. For low K, the settlement values are
overestimated to 330 per cent, nevertheless, the shape of the trough is
acceptable.

Figure 9 presents the settlement troughs predicted by both models
with optimised parameters (Table 6 and Table 7). The optimisation of
hypoplastic » and my has a similar effect on the results; Figure 9a
shows only the results with the optimised parameter 7. The shape of the
settlement trough corresponds to the monitoring data (even with the
high K;) and the calculated settlement agrees with real values. The
settlement trough resulting from the optimised MC model is again too
wide in the case of high K,. With low K, the MC model predicts
a correct shape of the trough and correct magnitude of settlement;
however, the satisfactory predictions were achieved only by means of
unrealistically high Young’s modulus E (see Table 7). It is obvious
that the Mohr-Coulomb model cannot be used for predictions of sett-
lement caused by tunnelling if realistic data obtained by laboratory tes-
ting is used as the basis. As far as the hypoplastic model for clay with
intergranular strains is concerned, a matching settlement trough with
reasonable settlement values was predicted already when parameters
calibrated to results of laboratory experiments were used.

9. CALCULATION OF SETTLEMENT DUE TO THE TUNNEL
EXCAVATION

The predictions of the full tunnel profile behaviour (Svoboda and
Masin, 2008) were carried out using both sets of parameters, the ori-
ginal parameters calibrated to results of laboratory experiments and the
optimised parameters obtained by the inverse analysis of the explora-
tory gallery. The final ground mass deformations due to the tunnel
excavation represent “Class A” predictions because the full profile
excavation had not arrived at the selected chainage by the time of the
work on the analysis. Similar to the exploration gallery, the tunnel was
simulated using the f-method, in a 2D analysis. The £ values used in
the simulations were obtained on the basis of 3D simulations of the
exploratory gallery (Table 3). The geometry and situation of the pro-
blem being studied are presented on Figure 10. The tunnel has been
driven by a sequential method the procedure of which is presented,
together with the development of vertical deformations predicted by
the hypoplastic model with the optimised parameter r, on Figure 11.

The settlement troughs predicted by the constitutive models being
studied are presented on Figure 12; the distribution of vertical defor-
mations in the tunnel surroundings is shown on Figure 13. The hypo-
plastic model, similar as in the case of the exploratory gallery, predicts
a satisfactory shape of the settlement trough. The trough is slightly
deeper and narrower in the case of the model with lower KO, nevert-
heless, the difference is not much significant. Completely different
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sednuti se shoduje s redlnymi hodnotami. Poklesova kotlina optimali-
zovaného MC modelu je pro vysoké K, opét prili§ Sirokd. S nizkym
K, predikuje MC spravny tvar kotliny a velikost sednuti, av§ak uspo-
kojivé predpovédi MC modelu byly dosazeny pouze pomoci neredlné
vysokého Youngova modulu E (viz tab. 7). Mohr-Coulombuv model
nelze zjevné pouZit pro predikce sednuti zpusobenych razbou, pokud
se vychézi z realistickych dat laboratornich experimenti. V pripadé
hypoplastického modelu pro jily s intergranuldrnim pfetvorenim byla
predikovdna odpovidajici poklesovd kotlina s rozumnou hodnotou
sednuti jiz s parametry kalibrovanymi na vysledky laboratornich
experimentu.

9. VYPOCET SEDNUTI ZPUSOBENEHO TUNELEM

Pro predikce chovéani plného profilu tunelu (Svoboda a Masin,
2008) byly pouzity obé sady parametru, jak origindlni, kalibrované na
vysledky laboratornich experimentu, tak i optimalizované parametry,
které jsou vystupem inverzni analyzy pruzkumné Stoly. Konecné
deformace horninového masivu, zpusobené razbou tunelu, predstavuji
»class A“ predikce, nebot’ plny profil ve zvoleném staniCeni nebyl
v dobé analyzy realizovan. Podobné jako pruzkumnd Stola byl tunel
simulovan f3-metodou ve 2D analyze. V simulacich byly vyuzity hod-
noty f3 ziskané na zékladé 3D simulaci prizkumné $toly (tab. 3).
Geometrie a situace studovaného problému je na obr. 10. RaZba tune-
lu je realizovana sekvencni metodou, jejiZ postup spolu s vyvojem ver-
tikdlnich deformaci predikovanych hypoplastickym modelem
s optimalizovanym parametrem r je na obr. 11.

Poklesové kotliny tunelu predikované studovanymi konstitu¢nimi
modely jsou na obr. 12, rozloZenf vertikalnich deformaci v okoli vyru-
bu na obr. 13. Hypoplasticky model, obdobné jako v ptipadé $toly, pre-
dikuje uspokojivy tvar poklesové kotliny. V pripadé modelu s niz§im
K, je kotlina nepatrné hlubs{ a uzsi, nicméné rozdil nenf nijak vyraz-
ny. Zcela odlisné vysledky byly ziskany Mohr-Coulombovym mode-
lem. Pro vysoké K, pfedpovidd MC model neredlnou poklesovou kot-
linu. Pro nizké K, predikuje tento model deformace blizké stavu poru-
Seni, kdy dochdzi k pohybu bloku horniny smérem do vyrubu.

10. SHRNUTI POZNATKU

V prispévku jsme demonstrovali, Ze vybér konstitu¢niho modelu pro
numerickou analyzu vyznamné ovliviiuje predikce modelu. Srovnany
byly dva modely — standardni Mohr-Coulombiv model a pokrocily
hypoplasticky model. PouZity Mohr-Coulombuv model odpovidé jeho
zékladni podobé&, vysledky vypoctu tedy nijak nekompromituji moz-
nosti jeho pokrocilejSich verzi, které byly vyuzity pii projektovan{
Krélovopolskych tuneld.

Vyuzitim monitoringu realizace prizkumné Stoly jsme ukazali, Ze
hypoplasticky model predpovidd rozumny tvar poklesové kotliny, a to
i s parametry kalibrovanymi na vysledcich laboratornich experimentu.
Je tedy vhodny i pro pouZiti v tivodnich fazich projektu, kdy jsou pre-
dikce zaloZené pouze na laboratornim vyzkumu a nenf moZno vyuZzit
moznosti zpétné analyzy. Mohr-Coulombav model predpovidd sprdv-
né velikost deformace zpusobené razbou §toly vyhradné s neredlnymi
parametry z inverzni analyzy (vysoké E a nizké K;). Zajimavym
poznatkem je, Ze dva konstitu¢ni modely, optimalizované na datech
z pruzkumné §toly a ddvajici pro tento pripad obdobné predikce (hypo-
plasticky model a MC model pro nizké K, a optimalizované E), nepo-
skytuji shodné predikce poklesové kotliny pro plny profil tunelu.
Predpovédi hypoplastického modelu se zdaji byt divéryhodnéjsi.

PODEKOVANI(

Autofi dékuji za finan¢ni podporu vyzkumnym grantim GACR
205/08/0732, GAUK 137907 a MSM 0021620855. Firme¢ Geotest
Brno, a. s., za spolupréci a poskytnutou dokumentaci.

Mgr. TOMAS SVOBODA, tsvoboda@centrum.cz,
RNDr. DAVID MASIN, Ph.D., masin@natur.cuni.cz,
Ing. JAN BOHAC, CSc., Prirodovedeckd fakulta UK

Recenzoval: doc. Dr. Ing. Jan Pruska

LITERATURA /7 REFERENCES

Viz: http://www.natur.cuni.cz/uhigug/masin/references

18. rocnik - €. 4/2009

|

585
EI'fl
i

Sl |
ﬁﬁ
=
S§Ee

Obr. 13 Vertikdlni deformace v okoli tunelu predikované optimalizovanym
hypoplastickym a Mohr-Coulomb del

Fig. 13 Vertical deformations in the vicinity of the tunnel, predicted by the
optimised hypoplastic model and the Mohr-Coulomb model

vym

results were obtained by the Mohr-Coulomb model. For high K, the
MC model predicts an unrealistic settlement trough. For low K, this
model predicts deformations close to the failure state, where a ground
block moves toward the excavated opening.

10. SUMMARY OF LESSONS LEARNT

In our paper we demonstrated that the selection of a constitutive
model for a numerical analysis significantly affects model predictions.
Two models were compared: a standard Mohr-Coulomb model and an
advanced hypoplastic model. The Mohr-Coulomb model which was
used corresponds to its basic form, the results of calculations therefo-
re by no means compromise the abilities of the more advanced versi-
ons of the model which were used in the process of designing for the
Krélovo Pole tunnels.

By using results of the monitoring of the exploratory gallery we pro-
ved that a hypoplastic model predicts reasonable geometry of
a settlement trough even with parameters calibrated to results of labo-
ratory experiments. It is therefore suitable even for using in initial
design stages during which predictions are based only on laboratory
investigation and possibilities of a back analysis cannot be used. The
Mohr-Coulomb model predicts correctly the magnitude of deformati-
ons due to driving the gallery solely with non-realistic parameters
obtained by an inverse analysis (high E and low K;). An interesting
finding is the fact that two constitutive models which were optimised
on the data from the exploratory gallery and which yield similar pre-
dictions for this case (the hypoplastic model and the MC model for low
K, and optimised E) do not yield identical predictions for the settle-
ment trough in the case of the full tunnel profile. The hypoplastic
model predictions seem to be more credible.

ACKNOWLEDGEMENTS
The authors thank for financial support to research grants GACR

205/08/0732, GAUK 137907 and MSM 0021620855 and to Geotest
Brno a.s. for collaborating and providing documentation.

Mgr. T OMAS SVYOBODA, tsvoboda@centrum.cz,
RNDr. DAVID MASIN, Ph.D., masin@natur.cuni.cz,
Ing. JAN BOHAC, CSc., Faculty of Science Charles University



