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RESUME

V prispévku jsou shrnuty pouzivané metody statistické analyzy vlivu vstup-
nich parametri pfi modelovani podzemnich staveb (Monte Carlo, bodové
odhady moment( pravdépodobnosti, vybér vrstev, latinské hyperkrychle,
fuzzy technika) a zminény nepfesnosti v modelovani geotechnickych uloh.
V aplikacni ¢asti ¢lanku je ukazana statisticka analyza vstupnich dat meto-
dou latinskych hyperkrychli a jeji vysledky pfi numerickém modelovani
deformaci tunelu Mrazovka v km 5,160 zapadni tunelové trouby.

uvoD

Chovani geomechanického modelu a vystupy feSeni jsou zasadnim zpulso-
bem ovlivnény hodnotami vstupnich parametr(. Parametry pouZitych kon-
strukénich prvkl je mozné stanovit pomérné presné, hlavnim problémem je
urceni pevnostnich a deformacnich vlastnosti horninového masivu. V pro-
vedenych studiich byly vysledné deformace tunelového nadlozi vypoéteny
jako funkce péti nahodnych parametrd, které zahrnuji nepfresnosti vstupnich
charakteristik horninového masivu. K statistickému vyhodnoceni vysled-
nych deformaci se nejcastéji pouziva metoda Monte Carlo ¢i metoda bodo-
vych odhadl momentt pravdépodobnosti. Tyto metody jsou véak pomérné
naro¢né na Cas vypoCtl v pfipadé vyssiho poctu nahodnych parametrd.
Hlavnim cilem ¢lanku je predstavit jinou statistickou metodu - tzv. metodu
latinskych hyperkrychli. PFi pouziti této metody je pocet béhli programu
znac¢né redukovan, coz pfi véts§im poctu nahodnych parametri muize pfinést
zasadni Usporu vypocetniho ¢asu.

NEPRESNOSTI V MODELOVANI

PFi analyze geotechnickych dloh je obecné nutné rozlisit tfi zakladni druhy
nepresnosti:

1. Vnitfni neprfesnost, ktera je zplisobena nahodnymi aspekty fyzikalniho
chovani geotechnické konstrukce a horninového masivu.

2. Vnéjsi nepresnost, zptsobenou chybami ve stanoveni parametr(i material(,
které vstupuji do vypodétu.

3. Chyby v méfeni skutec¢nych veli¢in, napf. deformaci.

Treti druh nepfesnosti neni ve skutecnosti dllezity pfi prvotnim navrhu,
navrzena konstrukce jim nijak neni zatizena; jakmile je vSak provadéna zpét-
na analyza, mohou i tyto chyby ovlivnit kone¢nou konstrukci. Prvni typ
nepresnosti by mohl byt oSetfen jako nahodny proces v priibéhu vlastniho
vypoctu, coz je dosti komplikované. Z téchto divodl se vétSinou v geo-
technickych analyzach uvazuje nejcastéji o druhém typu nepresnosti, tedy
o nepfesnostech zplisobenych chybami ve stanoveni vstupnich parametrd
materiall, a to ¢asto pouze u material( horninového masivu, jejichz varia-
bilita je nejpodstatnéjsi. PoCet charakteristik je zavisly na pouzitém modelu
chovani masivu; napf. nejrozsifenéj$i Mohr-Coulombdv model vyzaduje pét
zakladnich charakteristik (Eges, v, €, @, v), které mGzeme oznadit jako ndhodné
veli¢iny gy, ..., gg; ( j je oznaCeni vrstvy horninového masivu).

POUZIVANE STATISTICKE METODY

Jestlize hodnoty parametr Q1js-+s Osj jSOU specifikovany pro vSechny vrst-
vy, deformace geotechnické konstrukce X(g;j) mohou byt vypotitany ve
formé béiné deterministické analyzy konstrukce Nejbéznéjsi metodou pro
statistické urceni X(q;) je simulace zaloZena na ndhodném vybéru vstupnich
parametrt qij dle jejich rozdéleni v kazdé vrstvé horninového masivu j
(metoda Monte Carlo). Pro kazdy nahodné vybrany vzorek g;j* (k=1,2,...,m) je
spoctena odezva X* a poté Ize vyhodnotit rozdéleni X* (na zakladé predpo-
kladu, Ze kazda odezva X* ma stejnou pravdépodobnost). Tato metoda v§ak
obecné vyzaduje vétsi pocCet vypoctd odezvy neZ jiné metody. Jeji dalsi
nevyhodou je problematické stanoveni relativni dualezitosti jednotlivych
vstupnich parametrd gj;.

Z tohoto dlvodu je vyhodnejsi pouzivat metodu bodovych odhadi momentd

RESUME

This paper gives a summary of methods of statistical analysis of the impact
of input parameters used in modelling underground structures (Monte Carlo,
point estimations of probability moments, selection of layers, Latin hypercu-
bes, fuzzy technique), and touches on inaccuracies in the process of geo-
technical problems modelling. The application section of this paper contains
a statistical analysis of input data, using the Latin Cubes Method, and its
results in numerical modelling of the Mrazovka tunnel deformations at km
5.160 of the western tunnel tube.

INTRODUCTION

Behaviour of a geotechnical model, and outputs of its solution are crucially
affected by values of input parameters. Parameters of structural elements
applied can be determined in a relatively exact manner. The main problem is
in determination of rock mass strength and deformation properties. For the
studies carried out, resultant deformations of the tunnel cover were compu-
ted as a function of five random parameters, covering the inaccuracies in
input characteristics of the rock mass. The Monte Carlo method or the met-
hod of point estimations of probability moments is used most often.
Although, those methods are relatively time consuming in terms of the cal-
culations in a case of a higher number of random parameters. The main aim
of this paper is to introduce another statistical method, so called Latin
Hypercubes Method. Application of this method reduces the number of the
program runs considerably, which fact may mean radical savings in the time
of computation in case of higher number of random parameters.

INACCURACIES IN MODELLING

Three basic sorts of inaccuracies have to be distinguished in the analysis of
geotechnical problems:

1. Internal inaccuracy due to random aspects of physical behaviour of a geo-
technical structure and rock mass.

2.External inaccuracy due to errors in determination of parameters of mate-
rials, which enter the computation.

3.Errors in measurement of actual values, e.g. deformations.

The third sort of inaccuracies is not, as a matter of fact, important in the
phase of an initial proposal since the inaccuracy does not affect the propo-
sed structure at all. However, those errors may affect the final structure in
the course of the back analysis. The first sort of inaccuracies could be trea-
ted as a random process during the computation proper, but this is rather
complicated. For that reason, the second sort of inaccuracies, i.e. the ina-
ccuracies due to the errors in determination of input parameters of materi-
als, is mostly considered in geotechnical analyses, frequently of rock mass
materials only as their variability is essential. The number of characteristics
depends on the mass behaviour model utilised. For example Mohr-Coulomb
model requires five basic characteristics (Egey, v, ¢, ¢, y), which can be deno-
ted as random quantities gy, ..., qs; (j is denotation of a rock mass layer).

STATISTICAL METHODS APPLIED

If the values of the parameters qy;, . i are specified for all layers, the
deformations of a geotechnical stricture )5( qsj can be computed in a form of
a general deterministic analysis of a structure. The most usual method of
statistical determination of X(qj) is a simulation based on random sampling
of input parameters qij accordmg to their distribution within each rock mass
layer j (the Monte Carlo method). Response X* is calculated for each rando-
mly selected sample q;f (k=1,2,...,m), then the X* distribution can be evalua-
ted (based on an assumption that the probability of each response X* is iden-
tical). Although, this method generally requires a larger number of the res-
ponse calculations than other methods. Another disadvantage is the objecti-
onable determination of relative significance of individual input parameters

gjj-

On this account, utilisation of the point estimations of probability moments
method is preferable. This method requires two values (points)only,
qjj=j = s;; (0.5 probability each), selected for each input parameter (q; mean
value s;i Standard deviation of q;;). The response is identified for 2n combi-
nations of the input values. The probablllt/es of the identified responses are
identical, therefore there is no problem simply to calculate the mean value
and scatter of resultant values. In addition, there is no problem in determi-
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pravdépodobnosti. Tato metoda vyZaduje pouze dvé hodnoty (body)
dij =q_ij: sjj (kazdou s pravdépodobnosti 0,5), které jsou vybrany pro kazdy
vstupni parametr (qj; stfedni hodnota, s;; smérodatna odchylka gy). Odezva
je zjistovana pro 2" kombinaci vstupnich hodnot. Zji§téné odezvy maiji stej-
nou pravdépodobnost, a proto neni problém jednoduse vypocitat stiedni
hodnotu a rozptyl vyslednych hodnot. Navic neni problémem stanoveni
relativni dileZitosti vstupnich parametra.
Odlisnou cestou pro snizeni poctu béhl programu je pouziti metody vybé-
ru vrstev. Tato metoda je zaloZzena na zndmém rozdéleni vstupnich para-
metrd q;;. Rozmezi téchto parametrd je rozdéleno na N intervald yqyy, (vrst-
vy) se stejnou pravdépodobnosti a poté je provedeno m nahodnych vybérd
intervall (stejné tak jako nahodnych hodnot uvnitf interval().
VylepSenim tohoto pfiblizeni je metoda latinskych hyperkrychli. V této
metodé je rozmezi vstupnich parametr(i q;j rozdéleno na N intervall *ijh
(h=1,2,...,N), které maji stejnou pravdépodobnost 1/N. Pocet intervall
N metody latinskych hyperkrychli je stanoven shodné s celkovym pocétem
béhu programu. Z kazdého intervalu je hodnota parametru vybrana pouze
jednou (tj. je pouZita v jednom a pouze v jednom béhu programu). Jestlize
je N vysoké, neni nutné tuto hodnotu vybirat ndhodné (dle rozdéleni prav-
dépodobnosti uvnitf intervalu), ale je moZné ji stanovit jako tézisté intervalu.
Specialni forma metody latinskych hyperkrychli obsahuje nasledujici
nahodny vybér intervald X testovanych pro jednotlivé béhy programu -
pro kazdy nahodny parametr pro kazdou vrstvu mulze byt posloupnost
celych ¢isel, reprezentujicich ndhodnou permutaci ¢isel 1,2,...,N, asociovana
s nahodnou permutaci vstupnich parametrl. Ke generaci téchto nahodnych
permutaci lze vyuzit béZnou poéitatovou knihovnu. Vysledkem k-tého béhu
programu je velikost deformace X~
Ukazalo se, Ze metoda latinskych hyperkrychli dava podstatné mensi rozptyl
odhadu nez ostatni metody pfi stejném poctu béhl pocitace N. Experimenty
ukazuji, Ze obycejné by mél stacit vybér N = n (pocet béhli programu rovny
poc¢tu nahodnych parametrl). Vyhodou metody latinskych hyperkrychli je
vS8ak to, Ze vstupni rozsah kazdého parametru je zcela pokryt, coz umoziuje
komplexnéjsi predstavu o chovani odezvy.
Na rozdil od této metody vyZaduje metoda bodovych odhadli moment
pravdépodobnosti 2" béh, jeji vyhodou vsak je pomérné jednoduché hod-
noceni relativni dilezitosti kazdého parametru, coZ je v metodé latinskych
hyperkrychli ponékud komplikovanéjsi.
Jiny pfistup pro ohodnoceni vlivu vstupnich parametrd je pouZziti fuzzy tech-
niky. Pokud budeme parametry chovéni horniny brét jako fuzzy (neurgité,
rozmazané) hodnoty, mGzeme pfi pouziti fuzzy techniky a kombinace para-
metrd vygenerovat Cisla, ktera docela vérné predstavuji proménlivost cho-
vani horninového masivu a mohou byt pouzita jako vstupni parametry feseni.
Z davodu, Ze fuzzy technika pfipousti jistou ,neurditost” zahrnutou
v urceni parametru, nabizi se jeji pouziti v aplikaci na indexové klasifikace
horninovych masivd. Jako pfiklad mizeme uvést norskou klasifikaci podle
indexu Q, ktery ocenuje kvalitu horninového masivu empirickym systémem
s péti parametry (vSechny parametry jsou vyjadfeny poctem klasifikacnich
bod:
+ J,, - pocet puklinovych systému
+ J, — zvétrani ploch diskontinuity ¢i vyplini
+ J, - drsnost puklin
+ J,, — vodni tlak
* RQD - hodnoceni masivu dle klasifikace RQD
+ SRF - podminky tlakového projevu horninového masivu.

RQD J, J,

O==7 7. SRF

Pro konkrétni aplikaci, kterou uvadi HUDSON - HARRISON (1997), paramet-

Vztah pro index Q:

1 RQD
0
40 60 80
o o Jn
0
8 9 10 11 12

0

0.0 1,0 20 3,0 40 50 60 7,0

nation of relative significance of the input parameters.

Application of the method of selection of layers is a different way how to
reduce the number of the program runs. This method is based on a known
distribution of input parameters qij. The range of those parameters is divi-
ded into N intervals xqjy, (layers) with identical probability, then m random
samplﬁ)s of intervals are selected (and random samples inside the intervals
as well).

The Latin hypercubes method is an upgrade of this approximation. In this
method, the range of input parameters q;; is divided into N intervals xqjp
(h=1,2,...,N), having identical probability of 1/N. The number N of the inter-
vals at the Latin hypercubes method is determined identically with the ove-
rall number of the program runs. A parameter value is selected from each
interval once only (it is used in one and only one program run). If the N is
high, this value does not have to be selected randomly (according to the pro-
bability distribution within the interval). It can be determined as a gravity
centre of the interval.

Special form of the Latin hypercubes method contains the following random
sampling of the intervals yqjy, tested for particular program runs. i.e. for
each random parameter, for each layer the sequence of integer numbers
representing a random permutation of numbers 1,2,...,3,N can be associated
with a random permutation of the input parameters. Common computer pro-
gram library can be used for generation of these random permutations. The
result of a kth run of the program is the magnitude of deformation X-.

It turned out that the Latin hypercubes method provides substantially lower
spread in assessments than the other methods at the same number N of
computer runs. Experiments prove that usually a selection N=n (the number
of the program runs identical with the number of random parameters)
should be sufficient. The advantage of the Latin hypercubes method is the
fact that the entry range of each parameter is fully covered. This makes cre-
ation of a more complex idea of the response behaviour possible.

In contrast to this method, the method of point estimations of probability
moments requires 2" runs. Although, its advantage is comparatively simple
assessment of the relative significance of each parameter, which is a little bit
more difficult at the Latin hypercubes method.

Another attitude towards the assessment of the effect of the input parame-
ters consists in application of the fuzzy technique. If we consider the rock
mass parameters to be fuzzy values, we can use the fuzzy technique and a
combination of the parameters to generate figures, which represent the rock
mass variability quite truly, and can be used as input parameters of the solu-
tion. Because of the fact that the fuzzy technique allows certain vagueness in
the parameters determination, the idea of its application suggests itself in
the field of rock mass index classification. As an example, we can mention
Norwegian classification according the Q index, which assesses the rock
mass quality by means of an empirical system comprising five parameters
(all the parameters are defined by a number of classification points):

* J, - number of joint systems
* J, - weathering of discontinuity planes or filling
* J, - joints roughness
* J,, — water pressure
. ggg - rock mass assessment according to the RQD classification
0-f Jr

J, J; SRF
For the specific application referred to by HUDSON - HARRISON (1997), the
RQD and J, parameters fluctuate within certain range, the J,, parameter
mostly assumes its maximum value, and similarly the Jn parameter assu-
mes its minimum value. Remaining two parameters SRF and J, can assume
one value only (they are considered to be constants). We apply the fuzzy
technique on the basic relationship for determination of the Q index (Fig. 1).
The result will be a fuzzy classification value (in the case of our example the
value of 5.8, which originated by means of a combination of individual para-
meters), and a probability distribution of remaining values. It follows from
the non-linear distribution (convex shape) that the Q index will probably
assume values less than 5.8, which fact signals an increase in the probabili-

Relationship for the index Q:

I o Jr 1 Jw

o
5
w
IS

:

8,0 9,0 10,0

Obr. 1 Uziti fuzzy techniky pfi uréeni indexu Q (dle HUDSON-HARRISON, 1997)
Fig. 1 Application of the fuzzy technique in assessment of the Q index
(by HUDSON-HARRISON, 1997)
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ry RQD a J, kolisaji v urcitém rozsahu, parametr J,, vétsinou nabyva své
maximalni hodnoty a podobné parametr J,, své minimalni hodnoty, zbyva-
jici dva parametry SRF a J, mohou nabyvat jen jedné hodnoty (povazuiji se
za konstantu). Na zakladni vztah pro urceni indexu Q aplikujeme fuzzy tech-
niku (obr. 1) a vysledkem bude fuzzy klasifikaéni hodnota (v nasem pfikladé
hodnota 5,8, ktera vznikla kombinaci jednotlivych parametr(i) a pravdépo-
dobnostni rozdéleni zbylych hodnot. Z nelinearniho rozdéleni (konvexni
tvar) vyplyva, Zze index Q bude pravdépodobné nabyvat hodnoty mensi nez
5,8, coz signalizuje zvétSeni pravdépodobnosti, Ze podminky v horninovém
masivu budou horsi, nez by se dalo usuzovat na zékladé samostatné hod-
noty indexu Q.

Mrazovka
Mrazovka hill

Letenské souvrstvi
Letna series

_______------------------_____-..-
oy
-y
-
~
-~
]
k]
L
-

Prizkumna Stola - Exploratory gallery

ty that the conditions in the rock mass will be worse than it could be expec-
ted on the basis of an isolated value of the Q index.

APPLICATION OF THE LATIN HYPERCUBES ON THE MRAZOVKA
TUNNEL

The excavation of the western tube of the Mrazovka tunnel started towards
the end of the year 1999, from the northern portal, towards the south (Fig.2).
The western tunnel tube was driven in very difficult geological conditions,
mostly in heavily fractured massif of Ordovician clayey and clayey-silty sha-
les, locally replaced by hard quartziferous shales and quartzites.

Horizontal face division was designed (top heading-side wall areas-invert).
This generally represents a rather simple sequential excavation with prima-
ry support by vault, side walls lining and invert. As we know today, this pro-
cedure was applied within an about 120m long section from the northern
portal only, just under Mrazovka Hill, with not too much good results.

(]
ho tunelu v km 5,185

Injektaze 30 m
Grouting 30 m

_,
Posuzovany profil
razenél
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Portal razeného tunelu
Mined tunnel portal
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Obr. 2 Podélny fez tunelem Mrazovka v oblasti severniho portalu

>

Fig. 2 Longitudinal section through the Mrazovka tunnel, in the North portal area
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APLIKACE METODY LATINSKYCH HYPERKRYCHLI NA TUNEL
MRAZOVKA

Razba zapadni trouby tunelu Mrazovka zapocala ke konci roku 1999 od
severniho portalu smérem k jihu (obr. 2). Zapadni tunel byl razen ve velmi
obtiznych geologickych pomérech, pfevainé v silné poruSeném masivu
ordovickych jilovitych a jilovito-prachovitych bfidlic, misty vystfidanych tvr-
dymi prokiemenélymi bfidlicemi a kfemenci.

Clenéni gelby bylo navrieno horizontalni (kalota-jadro-dno), co? obecné
znamenda pomérné jednoduchou postupnou razbu s primarnim vystrojova-
nim horni klenbou, opérovymi ¢astmi osténi a spodni klenbou. Jak je jiz
dnes zndmo, byl tento postup razby aplikovan pouze v useku délky asi 120 m
od severniho portalu pfimo pod vrchem Mrazovka, a to s nepfili§ dobrymi
vysledky.

V posuzovaném profilu km 5,160 (viz. obr. 2) nebyl sice pfimo zpracovan sta-
ticky vypocet, nechalo se vsak divodné predpokladat, Zze deformace osténi
a horninového masivu nebudou v Zadném pfipadé horsi, nez vykazaly vysled-
ky stanovené nékolika alternativami matematickych modeld, provedenymi
renomovanymi odborniky (s jejich vlastnim uvazenim vstupnich parametr
a specifickych predpokladi vypoctu) pro velmi nepfiznivy a obavany profil
pod Ostrovského ulici v km 4,850. V tomto profilu byly osmi matematickymi
modely deformace terénu vypoétem stanoveny v rozmezi 42 ai 115 mm,
primérna hodnota Cinila 68,5 mm.

Projektant spravné na zékladé provedenych rozborta navrhl fadu antipokle-
sovych opatfeni pro tunelovani pomoci NRTM (sanacni injektéaze, jehlovani,
mikropilotové ,destniky", mikropiloty pod patou kaloty, vyjimeéné kompen-
zaéni injektaz). Kombinaci téchto opatfeni dle konkrétnich podminek razby
méla byt zajisténa limitni deformace povrchu Gzemi ve velikosti 60 mm.
Brzy po zadatku razby ze severu s horizontalnim élenénim se zacaly v obtiz-
nych geologickych pomérech (fada za sebou probihajicich tektonickych
poruch, v nichz bylo realizovano nékolik podptrnych opatfeni véetné sanacni
injektdze) projevovat nadmérné deformace primarniho osténi tunelu
a povrchu uzemi nad tunelem, které prekracovaly o¢ekavané hodnoty defor-
maci stanovené projektem. V km 5,160 se méfené poklesy terénu ustalily na
hodnoté 166 mm, poklesy masivu ve vrcholu vyrubu (zjisténo extenzome-
trickym méfenim v daném profilu) na hodnoté 194 mm.

Vystupy dodate¢ného matematického modelovani tunelu Mrézovka v km
5,160 byly provéreny metodou latinskych hyperkrychli. K vypoctdm byl pou-
zit program PLAXIS, ktery je zaloieny na metodé konecnych prvka.
Vzhledem k razbé tunelu pomoci NRTM byl vlastni vypocet rozdélen do
nékolika fazi, které vystihuji pribéh pobirani ¢elby. Prostorové chovani cela
vyrubu a jeho vliv na deformace a napjatost masivu bylo v roviné simulo-
vano specialnim postupem pfi zatéZzovani vyrubu a osténi (tzv. f - metodou)
- v kazdém stavu budovani konstrukce byl nevystrojeny vyrub zatizen tfeti-
nou celkového zatiZeni, zbylé dvé tietiny byly pfisouzeny osténi. Pro simu-
laci chovani horninového masivu byl pouzit Mohr-Coulombv konstitutivni
vztah. Intervaly vstupnich parametrd horninového masivu (Eyg, v, C, @, ¥)
byly voleny zcela v souladu se zavéry inzenyrskogeologického prizkumu.

VYSLEDKY

Z vysledku statistické studie (tab. 1) vyplyva, ze v profilu km 5,160 celkové
sedani terénu mélo s pravdépodobnosti 95 % lezet mezi hodnotami 50 mm
a 167 mm, celkové poklesy tunelového vyrubu ve vrcholu klenby mély
s pravdépodobnosti 95 % lezet mezi hodnotami 71 mm a 213 mm. Interval
sedani terénu bez poklest zplsobenych prizkumnou stolou je 41 az 136
mm, u stropu vyrubu 65 mm az 198 mm.

Z porovnani véech vysledkd (deterministické statické vypocty, mérené hod-
noty, pravdépodobnostni anylyza) je zfejmé, Ze pravdépodobnostni analyza
Iépe prognoézuje mozné deformace horninového masivu, které jsou podstatné
zévislé na nahodné promeénlivosti vstupnich geotechnickych parametr(,
specifickych pro pouzité konstitutivni vztahy matematického modelu.
Nutno konstatovat, ze zvétSené deformace, provazejici razbu s horizontalné
¢lenénou ¢elbou, nikde nevedly ke ztraté stability horninového masivu, $ko-
dam na objektech v nadloZi a na povrchu Uzemi. Lokalni vice nez patnacti-
centimetrové poklesy terénu v lesoparku Mrézovka nebyly prakticky vizualné
patrné a po asi 120 m razby byly trvale snizeny vlivem pfechodu na verti-
kalni ¢lenéni razby pod pfipustnou deformaci terénu 60 mm.

ZAVER

Aplikace metody latinskych hyperkrychli vychazela ze ti zakladnich predpo-
kladd, jejichZ platnost mize byt diskutabilni (stejna zavislost parametr(i hor-
niny na zakladni charakteristice jednotlivych vrstev horninového masivu,
normalni rozdéleni pravdépodobnosti vyskytu parametri horninového
masivu, normalni rozdéleni vypoétenych deformaci). V pfipadé nezavislosti
parametru vSak stoupne pocet nahodnych proménnych, a tim také potiebny
pocet vypoCtl (napf. v pfipadé provedenych vypoétd by u jednotlivych
modell pocet potfebnych spusténi vypoctového programu stoupl z puvod-
nich 5 na 5*8=40).

Although the statical analysis had not been carried out directly for the asses-
sed profile at km 5.160, it was possible to reasonably expect that the lining
and rock mass deformations would on no account be worse than the defor-
mations proved by the results determined by several alternatives of mathe-
matical models carried out by renowned experts (with the input parameters
and specific assumptions of the calculation adopted by their own) for very
adverse and feared profile under Ostrovskeho Street at km 4.850. Eight mat-
hematical models were used for this profile, resulting into the surface defor-
mations computed within a range of 42 to 115 mm, with an average value
amounting to 68.5 mm.

The design engineer correctly proposed, on the basis of the analyses carried
out, a series of anti-subsidence measures for tunnelling by the NATM (saving
grouting, spiles, micropile umbrellas, micropiles under the top heading foo-
tings, exceptionally compensation grouting). The limiting deformation of the
area surface of 60 mm was to be ensured through a combination of those
measures, depending on specific conditions of the excavation.

Soon after the beginning of the excavation from the north with the horizon-
tal sequencing, excess deformations of the tunnel primary lining and the
ground surface above the tunnel started to appear in difficult geological con-
ditions (a series of successive tectonic faults for which several supporting
measures were applied, including saving grouting), crossing the expected
values of deformations set out by the design. At km 5.160, the measured
subsidence of the ground surface stabilised at a value of 166 mm, the rock
mass subsidence at the opening crown (determined by extensometer mea-
surement at the given profile) at a value of 194 mm.

Outputs of the additional mathematical modelling of the Mrazovka tunnel at
km 5.160 were crosschecked by the Latin hypercubes method. Computations
were carried out by PLAXIS software, which is based on the finite element
method. Because of the NATM tunnel excavation, the computation was divi-
ded into several phases corresponding to the face excavation phases. Spatial
behaviour of the tunnel face and its effect on deformations and state of
stress of the rock mass was simulated in plane by a special procedure at the
excavation and the liner loading (so-called p-method) - the unsupported
excavation in each stage of the structure development was loaded by one
third of the total loading, remaining two thirds of the loading were assigned
to the liner. Mohr-Coulomb constitutive relationship was used for simulation
of the rock mass behaviour. Intervals of the rock mass input parameters (E 4,
v, ¢, @, y) were selected in a full compliance with the conclusions of engine-
ering and geological investigation.

RESULTS

It follows from the results of the statistical study (Tab. 1) that there was a
probability of 95% that the values of total ground surface settlement at km
5.160 would lie between 50mm and 167mm, and a probability of 95% that the
values of total settlement of the tunnel excavation at the vault crown would
lie between 71mm and 213mm. The interval of the ground surface settle-
ment, with the settlement caused by the exploration gallery excavation
deduced, is 41 to 136 mm, at the excavation roof it is 65 mm to 198 mm.

It is obvious from a comparison of all results (deterministic statical calcula-
tions, measured values, probabilistic analysis) that the probabilistic analysis
provides better prognoses of rock mass deformations possible, which
depend substantially on random variability of input geotechnical parameters
specific for the applied constitutive relationships of the mathematical model.
It must be stated that the increased deformations going along with the hori-
zontally sequenced excavation have never caused a loss of rock mass stabi-
lity, damage to buildings or structures at the overburden and on the ground
surface. Local cases of subsidence in Mrazovka forest park exceeding fifteen
centimetres were practically visually unperceivable, and they were, after
about 120 m of excavation, permanently reduced under an allowable terrain
deformation of 60 mm as a result of transition to the vertical excavation
sequence.

CONCLUSION

The application of the Latin hypecubes method was based on three basic
assumptions, whose validity can be disputable (identical relationship bet-
ween rock parameters and the basic characteristics of individual rock mass
layers, normal distribution of the rock mass parameters occurrence proba-
bility, normal distribution of computed deformations). But should the rock
parameters be independent, the number of random variables as well as the
number of computations required would increase (e.g. in the case of the
performed computations, the number of runs of the computation program
required for individual models would rise from the original 5 to 5*8=40).

It is useful for a qualified statistical evaluation of modelling results to apply
the Latin supercubes method, which allows, compared to other common
statistical methods (the Monte Carlo method, the point estimations of pro-
bability moments method, etc.), to achieve substantial savings in the com-
putation time.

A more general conclusion can be made on the basis of a comparison of
the results obtained by application of the Latin hypercubes method on the
Mrazovka tunnel western tube at km 5.160 with the values measured and
obtained by the deterministic computation that it is desirable to carry out
at least a partial study of the effect of the rock mass parameters variability
on the resulting behaviour of the structure. If the probability of achieving
unfavourable values of deformations (or other monitored variables) is high,
it is desirable to consider application of other adequate techniques (e.g.
another type of the excavation sequencing, grouting, pre-lining systems)
already in the designing phase.

This paper was elaborated in the framework of the solution of the research
project MSM:210000003 “Development of algorithms of computer mecha-
nics and their application in engineering”.
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Ke kvalifikovanému statistickému vyhodnoceni vysledki modelovani je
vyhodné vyuzit metodu latinskych hyperkrychli, ktera vzhledem k ostatnim
bézné uzivanym statistickym metoddm (metoda Monte Carlo, metoda bodo-
vych odhadd momentl pravdépodobnosti atd.) umoznuje zasadni Usporu
vypocetniho ¢asu.

Z porovnani vysledku, které byly ziskany aplikaci metody latinskych hyperk-
rychli na zépadni troubu tunelu Mrazovka v km 5,160, s hodnotami méfenymi
a ziskanymi deterministickym vypoctem lze uinit obecnéjsi zavér, ze pfi
vypoctu podobné naroénych geotechnickych konstrukei je Zadouci provést
aspon ¢astecnou studii vlivu proménlivosti parametri horninového masivu
na vysledné chovani konstrukce. Pfi vysoké pravdépodobnosti dosazeni
nepfiznivych hodnot deformaci (nebo jinych sledovanych veli¢in) je Zadouci
zvéiit jiz pfi ndvrhu pouziti adekvatnich technologii (napf. jiny typ élenéni
vyrubu, injektaze, PL- systémy).

Prispévek byl zpracovan v ramci feSeni vyzkumného zaméru MSM:
210000003 ,Rozvoj algoritm pocitacové mechaniky a jejich aplikace v inze-
nyrstvi”.
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Celkové poklesy Poklesy stoly Poklesy bez vlivu stoly
Total settlement Gallery settlement Settlement without the gallery effect
Viypocet Povrch (mm) Tunel (mm) Povrch (mm) Stola (mm) Povrch (mm) Tunel (mm)
Computation Surface level Tunnel Surface level Gallery Surface level Tunnel
1 79 107 15 8 64 99
2 153 197 29 14 124 183
3 92 125 18 10 74 115
4 85 m 15 8 70 103
5 134 171 25 12 109 159
Xprbmer) 108,60 142,20 20,40 10,40 88,20 131,80
(average)
(:tg,”;:;d"jg\t‘g't'l‘;)’ ] 29,41 35,61 5,64 233 23,80 33,31
X+ 25 (0=95,45%) 167,42 213,42 31,69 15,06 135,81 198,43
X- 25 (p=95,45%) 49,78 70,98 91N 5,74 40,59 65,17
X+ 25 (p=68,27%) 138,01 177,81 26,04 12,73 112,00 165,11
X- 25 (p=68,27%) 79,19 106,59 14,76 8,07 64,40 98,49
(stg’:g;r( Jgﬂgn ) 5,69 6,22 2,65 175 5,15 6,02

Tab. 1 Vysledky pro ZTT km 5,160
Table 1 Results for the WTT km 5,160






