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MODALNA ANALYZA TUNELOVEHO OSTENIA
POMOCOU FOURIEROVEJ TRANSFORMACIE
MODAL ANALYSIS OF TUNNEL LINING
USING FOURIER TRANSFORM

JURAJ ORTUTA, JOZEF SIMICEK, BIBIANA BRIXOVA, RENE PUTISKA

ABSTRAKT

Pri navrhovani tunelového ostenia je doleZité poznat jeho sprdvanie sa pri dynamickom zatazZent, ktorym je technickd pripadne prirodnd
seizmicita. Z rieSenia dynamicky zataZenych konStrukcit je zndma skutocnost, Ze ak sa budend frekvencia zataZenia rovnd, alebo priblizne
rovnd vlastnej frekvencii, dochddza k neZiaducim rezonancnym javom. Spolahlivym ndstrojom na vySetrenie dynamickych viastnosti kon-
Strukcie tunelového ostenia je moddlna analyza, ktord na ndjdenie viastnych frekvencii pouziva jej tuhostné a hmotnostné vilastnosti. Mo-
ddlna analyza, ktord bola vyvinutd v leteckom inZinierstve v 40-tych rokoch dvadsiateho storocia, nasla praktické vyuZitie aZ s dostupnostou
vypoctovej techniky a ndstupom rychlej Fourierovej transformdcie v 60-tych rokoch. DdleZitou siicastou moddlnej analyzy je Fourierovd
transformdcia vyvinutd franciizskym matematikom Jeanom Baptiste Joseph Fourierom, ktory na zdklade skiimani termodynamickych javov
sa zacal zaoberat myslienkou uvaZovat casovy priebeh meranej funkcie ako sicet harmonickych zloZiek. Povodnd ,,diskrétna“ Fouriero-
vd transformdcia (DFT) casovej funkcie do frekvencnej oblasti nasla praktické vyuZitie aZ v roku 1965, kedy americki matematici James
William Cooley a John Tukey ju podstatne zefektivnili a prispdsobili ju moZnostiam vypoctovej techniky. Samotné rieSenie diferencidlnej
rovnice vlastného kmitania konstrukcie tunelového ostenia je tak mozné porovnat s experimentdlnou analyzou zaloZenou na meraniach, ich
ndslednym spracovanim a vyhodnotenim pomocou rychlej Fourierovej transformdcie (FFT).

ABSTRACT

When designing a tunnel lining, it is important to know its behavior under dynamic loading, which is induced or natural seismicity. It
is known from the solution of dynamically loaded structures that if the excited frequency of the load is equal to, or approximately equal
to, the natural frequency, undesirable resonance phenomena occur. A reliable tool for investigating the dynamic properties of the tunnel
lining structure is the modal analysis, which uses its stiffness and mass properties to find the natural frequencies. Modal analysis, which
was developed in aeronautical engineering in the 1940s, found practical use only with the availability of computer technology and the
development of the fast Fourier transform in the 1960s. An important part of the modal analysis is the Fourier transofrm developed by the
French mathematician Jean Baptiste Joseph Fourier, who, based on the investigation of thermodynamic phenomena, began to deal with the
idea of considering the time course of the measured function as a sum of harmonic components. The original “discrete” Fourier transform
(DFT) of the time function into the frequency domain found practical use only in 1965, when the American mathematicians James William
Cooley and John Tukey substantially made it more efficient and adapted it to the possibilities of computer technology. It is thus possible
to compare the solution of the differential equation of the natural oscillation of the tunnel lining structure with the experimental analysis
based on the measurements, their subsequent processing and evaluation using the fast Fourier transform (FFT).

uvoD

Ulohou kazdého projektanta je navrhniit spolahlivé stavebné
dielo. DoéleZitym vychodiskom pri navrhovani a posudzovani
podzemnych geotechnickych konstrukcii je poznanie, ktoré pre-
chadza dvomi Stadiami, to prvé spociva v konzervativnom mysle-
ni zaloZenom na empirickych poznatkoch, to druhé v intuitivnom
podchyteni vzdjomnych suvislosti a zavislosti skimaného celku
v analytickej a tieZ v numerickej forme. Zodpovednému projek-
tantovi, ktory navrhuje skuto¢ne fungujice dielo, neostdva nic
iné, ako prejst aj tou druhou cestou, kde svoje nadobudnuté po-
znatky popiSe matematicky so vSetkymi problémami, nevyhnut-
nou logikou i so stupfiom naroc¢nosti rieSenia, ktory je zvycajne
urCeny poziadavkou vypoctového modelu. Takyto model v urci-
tom rozsahu platnosti je mozné v§eobecne chapat ako isty objekt,
bud realny alebo virtudlny, ktory vykazuje vo svojom chovani istd
podobnost s objektom modelovanym. Model je vytvarany z dovo-
du ekonémie — jeho cielom je preskimat samotny objekt, pritom
ho ale neposkodit, ¢i uz z dévodov ekonomickych alebo etic-
kych. Je moZné rozliSovat dva extrémne pripady, medzi ktorymi
sa model moZe pohybovat. V prvom pripade ide o konceptualny

INTRODUCTION

The task of every designer is to design a reliable structure.
An important starting point for the design and assessment of
underground geotechnical structures is knowledge, which goes
through two stages, the first consists in conservative thinking
based on empirical knowledge, the second in intuitive grasping of
the interrelationships and dependencies of the investigated entity
in analytical and numerical form. The responsible designer, who
designs a truly functioning work, has no choice but to go the other
way, where he describes his acquired knowledge mathematically
with all the problems, the necessary logic and the level of complexity
of the solution, which is usually determined by the requirement of the
calculation model. Such a model in a certain range of validity can be
generally understood as a certain object, either real or virtual, which
shows a certain similarity in its behavior with the modeled object.
The model is created for reasons of economy — its goal is to examine
the object itself, but not to damage it, whether for economic or ethical
reasons. It is possible to distinguish two extreme cases between
which the model can move. In the first case, it is a conceptual model
that explains only the very principle of the investigated phenomenon,
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model, ktory vysvetluje iba samotny princip skimaného tkazu
a pri druhom pripade ide o simulacny model nepoZadujuci Ziadny
numericky relevantny popis reality.

TEORETICKE ZAKLADY

Stanovenie zataZenia ostenia podzemnych stavieb bolo a zaro-
ven je jednou zo zakladnych a najtazsich dloh geotechnika. Na
rozdiel od tloh, ktoré stoja pred statikom v rdmci pozemnych
stavieb a ich konstrukcii s relativne presne danymi vonkajSimi
zataZeniami, je tloha geotechnika v podzemnom stavitelstve ne-
porovnatelne obtiaznejSia.

Castym javom pri uZivani podzemného stavebného diela st dy-
namické otrasy ¢i uz prirodného alebo technického pdvodu. Nut-
nym prostriedkom, ako numericky popisat seizmickd udalost, je
zmerat a zaznamenat priebeh jej zrychleni v Case.

V oblastiach s malym vyskytom zemetraseni do vypoctu vstu-
puji odhadované vstupy zaloZené na dlhoro¢nych pozorovaniach
a pravdepodobnostnych vypoctoch. Pri razeni tunelovej stavby
je mozné vyuzit meranie odozvy prostredia na trhavinové roz-
pojovanie horniny a tym padom aj vytvaranie seizmickej odozvy
prostredia na vybudenu energiu. Toto meranie nie je potrebné vy-
konévat v pripade, Ze bansky drad rozhodne ind¢ a potom je to uz
na zhotovitelovi ¢i sa budui vykonavat.

INDUKOVANA ANTROPOGENNA SEIZMICITA

Ako uz nazov kapitoly hovori, ide o seizmicitu, ktord predsta-
vuji mensie otrasy, a je spdsobend Tudskou ¢innostou. Tato Cin-
nost meni napitie v zemskej kore a jej charakteristickym znakom
je, Ze mé nizku magnitiadu.

Seizmické nebezpecenstvo indukovanej seizmicity je mozné
posudit podobnymi technikami ako pri prirodzenej seizmicite, aj
ked sa zohladiiuje nestaciondrne vlnenie. Takto podané vysvetle-
nie navodzuje fakt, Ze otrasy spdsobené Tudskou ¢innostou su po-
dobné otrasom, ktoré spdsobuje zemetrasenie, aj ked je potrebné
vziat do dvahy rozdiel v hibke vzniku. To znamen4, Ze je moZné
pouzit modely vystavané na zaklade prirodnych zemetraseni, kto-
ré su zastipené v pocetnych databdzach. Nasledne by sa vykonalo

TufHel

and in the second case, it is a simulation model that does not require
any numerically relevant description of reality.

THEORETICAL FOUNDATIONS

Determining the load on the lining of underground structures was
and is one of the basic and most difficult tasks of a geotechnician.
In contrast to the tasks faced by the static engineer in the framework
of earthworks and their structures with relatively precisely given
external loads, the role of the geotechnician in underground
construction is incomparably more difficult.

Dynamic shocks, whether of natural or technical origin, are a
frequent phenomenon during operation of underground structure.
A necessary means of numerically describing a seismic event is to
measure and record the course of its acceleration over time.

In areas with a low incidence of earthquakes, estimated inputs
based on long-term observations and probability calculations
enter the calculation. When tunneling, it is possible to use the
measurement of the response of the environment to the explosive
loosening of the rock and thus also the creation of the seismic
response of the environment to the generated energy. However, these
measurements do not have to be carried out if the mining authority
decides otherwise, and then it is up to the contractor whether they
will be carried out.

INDUCED ANTHROPOGENIC SEISMICITY

As the title of the chapter already says, it is about seismicity,
which is represented by smaller tremors and is caused by human
activity. This activity changes the stress in the earth’s crust and its
characteristic feature is that it has a low magnitude.

Seismic hazard from induced seismicity can be assessed using
techniques similar to natural seismicity, although non-stationary
waves are taken into account. The explanation given in this way
suggests the fact that the tremors caused by human activity are similar
to the tremors that cause an earthquake, although the difference in
the depth of origin must be taken into account. This means that it
is possible to use models built on the basis of natural earthquakes,
which are represented in numerous databases. A risk assessment
would then be carried out, taking into account the seismic hazard
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Obr. 1 Situdcia zdpadného portdlu tunela Okruhliak (uloZenie geofonov v hlavnom meracom profile a na portdli oznacujii cervené body)
Fig. 1 Situation of the western portal of the Okruhliak tunnel (red points indicate the location of geophones in the main measuring profile and on the portal)
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posudenie rizik, priCom sa zohladni seizmické nebezpecenstvo
a vplyv na objekty v blizkosti epicentra. Napokon sa riziko teore-
ticky zmierni a to Gpravou nebezpecenstva.

Tunelovanie ovplyviiuje primarnu napitost okolitej horniny, ¢o
spOsobuje deformécie a seizmicku aktivitu. To je spojené s prob-
lémami pocas razenia a samozrejme aj s ohrozenim pracovnikov.
Proces je znamy ako ,,rock bursts®, ¢iZe spontanne zlyhanie me-
chanickych a stabiliza¢nych vlastnosti materidlu, v tomto pripade
horniny, spojené so seizmickymi otrasmi.

Toto je dovod, preco mnohé podzemné stavby prevadzku-
ju seizmické monitorovacie siete s cielom riadit riziko spojené
s umelymi otrasmi a naslednym usmeriiovanim postupov razby,
v pripade ohrozenia okolitej zastavby, o ale pri razeni tunela
v extravildne nie je podmienkou.

MERANIE SEIZMICKEJ ODOZVY PROSTREDIA POCAS
ODSTRELOV

Skuasky odstrelov sa vykonali priamo pocas raziacich prac tu-
nela Okruhliak. Razenie prebiehalo v ilovci a sidstava geofénov
bola rozlozena tak, aby bolo mozné zdokumentovat aj ttlm seiz-
mického vinenia.

Odstrely boli zaznamenavane automaticky v priebehu 48 hodin
na rozli¢nych miestach v ramci tunela (obr. 1):

BRS 46: hlavny meraci profil 5,140 km, vzdialenost
od celby 260 m;
lTava strana (smer k Celbe) — na zemi, zahrabané
Vv suti pri osteni;

BRS 16: hlavny meraci profil 5,140 km, vzdialenost
od ¢elby 260 m;
prava strana (smer k ¢elbe) — na zemi, zahraba-
né v suti pri osteni;

BRS 14: jednoduchy meraci profil (MP13) 5,280 km,
vzdialenost od celby 120 m;
lava strana (smer k celbe) — na zemi, zahrabané
v suti pri osteni (obr. 2);

BRS 56: portal — stred medzi rirami — pri geodetickom

bode na beténovom bloku cca 1 m nad zemou
(obr. 3), vzdialenost od ¢elby 350 m;

Obr. 2 Osadenie seismografu BRS 14 v tuneli
Fig. 2 Installation of the BRS 14 seismograph in the tunnel

34. rocnik - €. 1/2025

and the impact on objects near the epicenter. Finally, the risk is
theoretically mitigated by adjusting the hazard.

Tunneling affects the primary stress of the surrounding rock,
causing deformation and seismic activity. This is associated with
problems during underground excavation and, of course, with the
risk of workers. The process is known as “rock bursts”, i.e. the
spontaneous failure of the mechanical and stabilizing properties of
the material, in this case rock, associated with seismic shocks.

This is the reason why many underground structures operate
seismic monitoring networks in order to manage the risk associated
with artificial tremors and the subsequent guidance of excavation
procedures, in the event of a threat to the surrounding buildings,
which is not a condition for greenfield tunneling.

MEASUREMENT OF THE ENVIRONMENT SEISMIC
RESPONSE DURING BLASTING

The blasting tests were carried out directly during the excavation
work of the Okruhliak tunnel. Excavation took place in clay, and the
geophone system was laid out in such a way that the attenuation of
seismic waves could also be documented.

The blasts were recorded automatically within 48 hours at various
points within the tunnel (Fig. 1):

BRS 46: main measuring profile 5.140km, distance from
the face 260m;
left side (towards the face) — on the ground, buried
in the rubble near the lining;
main measuring profile 5.140km, distance from
the face 260m;
right side (toward the face) — on the ground,
buried in rubble near the lining;
simple measuring profile (MP13) 5.280km,
distance from the face 120m;
left side (toward the face) — on the ground, buried
in rubble near the lining (Fig. 2);
portal — center between the tunnels — at the
geodetic target on the concrete block approx. 1m
above the ground (Fig. 3), distance from the front
350m;
electricity pole (x: —263.54; y: —1203.81;

z: 279.131) — on the base, distance from the face
590m.

BRS 16:

BRS 14:

BRS 56:

BRS 48:

Obr. 3 Osadenie seismografu BRS 56 na portdli
Fig. 3 Installation of the BRS 56 seismograph on the portal
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BRS 48: stoZiar el. napitia (x: —263,54; y: —1203,81;
z: 279,131) — na podstavci, vzdialenost od celby
590 m.

Na meranie a graficky zdznam seizmickych Gc¢inkov odstrelu
boli pouzité digitdlne seizmické aparatury — BRS32 firmy ARE-
NAL s.r.o. vybavené trojzloZkovym seizmickym snimacom SM6
(Sensor Nederlanden — Holandsko). Systém registrdcie so sni-
macom SM6 je atestovany Ceskym metrologickym institiitom
v Prahe. Aparatira BRS32 zaznamenava priebehy v pravouhlom
siradnicovom systéme (tri zlozky priebehu amplitid rychlosti
kmitania), ktorého dve osi leZia vo vodorovnej rovine (N — orien-
tovand smerom k miestu odpalu, E — kolmo na miesto odpalu)
a tretia (Z) je orientovand zvislo k zemi. Tato seizmickd apara-
tira ma dynamiku 80 dB a pri meraniach je nastavend na vzor-
kovaciu frekvenciu 250 Hz. Namerané hodnoty st zapisované
na interny pevny disk. Trojzlozkové snimace SM6 maju citlivost
v = 28,8 mV/mm.s’! s frekvenénym rozsahom 0,5-60 Hz. Caso-
vé udaje na seizmickych zaznamoch si v svetovom case UTC
(SELC = UTC+2 hodiny; SEC = UTC+1 hodina), ktory je regis-
trovany satelitnym prijimacom ¢asu Garmin pripojenym priamo
k aparature BRS32.

Pristroje BRS32 boli uloZené na meracich stanoviskach a spus-
tené pre nepretrzity automaticky zdznam. Na meracich stano-
viStiach bol zaznamenany priebeh jednotlivych zloZiek N (os
tunelovej rary), E (os kolma na tunelovu riru) a Z (zvisld os)
seizmického vlnenia pri odstrele. Dita zaznamenané seizmicky-
mi aparatirami boli automaticky uloZené do ich pamite, nasledne
boli dekdédované do formatu ASCII a spracované.

VYHODNOTENIE MERANI A URCENIE VLASTNYCH
TVAROV KMITANIA SEKUNDARNEHO OSTENIA

Tak ako bolo napisané v Gvode, pri numerickom popisani seiz-
mickej udalosti je nutny zaznam jeho rychlosti v Case.

Na vyhodnocovanie ¢asovych zdznamov a teda aj akcelero-
gramov sa pouziva Fourierova transformacia, kde sa zdznam
prevedie z ¢asovej oblasti do frekvencnych komponentov, ¢im sa
v iom zisti obsiahnuta periodicita.

Kazdu spojite diferencovatelnud funkciu s periddou 7 (plati: f(7)
= f(t + T)) je mozné rozvinut do goniometrického radu [1]:

—+2k 1(akcostt+b sin 271r__ktj (D

s koeficientmi

2 T
a==[ f(t

2T
b== f(t

T/
Vzhladom na vypoctovi naroc¢nost, ktord pri spracovani roz-
siahlych Casovych zdznamov vznika, je praktické uvazovat sys-
tém rovnic v komplexnom tvare a vyuZit niektoré vlastnosti

goniometrickych funkcii. Systém rovnic je moZné dalej uvazovat
V tvare:

{F}=(w,]-{f}. “

kde:

{ f} je Casovy zaznam v sekundach (s),

cos@dt k=0,1,23,. 2)

sjn@dt k=0123,. 3)

{f} st nezname frekvencie v hertzoch (Hz),

[Wn] je Vandermondeho matica n-tého rddu
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Digital seismic equipment — BRS32 from ARENAL s.r.0. was used
to measure and graphically record the seismic effects of blasting.
equipped with a three-component seismic sensor SM6 (Sensor
Nederlanden — Netherlands). The recording system with the SM6
sensor is certified by the Czech Metrological Institute in Prague. The
BRS32 apparatus records waveforms in a rectangular coordinate
system (three components of the waveform of the oscillation speed
amplitudes), two axes of which lie in the horizontal plane (N —
oriented towards the blast, E — perpendicular to the blast) and the
third (Z) is oriented vertically to the ground. This seismic apparatus
has a dynamics of 80 dB and is set to a sampling frequency of 250Hz
during measurements. The measured values are written to the internal
hard disk. Three-component SM6 sensors have a sensitivity of v =
28.8mV/mm.s! with a frequency range of 0.5-60Hz. The time data
on the seismic records are in UTC world time (SELC=UTC+2 hours;
CET=UTC+1 hour), which is registered by the Garmin satellite time
receiver connected directly to the BRS32 equipment.

BRS32 instruments were placed on measuring stations and
switched on for continuous automatic recording. The course of the
individual components N (axis of the tunnel), E (axis perpendicular
to the tunnel) and Z (vertical axis) of seismic waves during blasting
was recorded at the measuring stations. The data recorded by the
seismic equipment were automatically stored in their memory, then
decoded into ASCII format and processed.

EVALUATION OF MEASUREMENTS AND DETERMINATION
OF NATURAL OSCILLATION SHAPES OF SECONDARY
LINING

As it was written in the introduction, in the numerical description
of a seismic event, it is necessary to record its speed in time.

Fourier transform is used to evaluate time records and thus also
accelerograms, where the record is converted from the time domain
to frequency components, thereby determining the periodicity
contained in it.

Each continuously differentiable function with period T (valid:

Jf(t)=f(t+T)) can be developed into a trigonometric series [1]:

21 2kt
f+2k1(akcos?+bs & ) (D
with coefficients
2T 2kt
—?IO f(t) cos—dt k=0,1,2,3,. 2
2T . 27rkt
bk—?‘[o f(t)sin=——dt,k=0,1,2.3,. 3)

Due to the computational complexity that arises when processing
extensive time records, it is practical to consider a system of equations
in a complex form and use some properties of trigonometric
functions. The system of equations can be further considered in the
form:

{t3=[w,]-{f}, 4)
where:

{ f} is the time record in seconds (s),

{f} are the unknown frequencies in hertz (Hz),

[Wn] is the Vandermonde matrix of the n order
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wooowp W w;
0 ~1
wyooww w,
0 2 4 2(n-1)
[Wn ] = W, W, W, .o W, ) 5)
W[(]) V\é]n—l) Ws( n-1) ) VVE]n_l)( n-1)

Pre prvky Stvorcovej matice, ktord je v komplexnom tvare, pla-
ti:

WAKZCOS(ZHWJ+i -S.I’](Zﬂ'&n(k_l)j, (6)

kde:

i je imaginarna jednotka: i> = —1.

Mechanickymi vlastnostami stavebnej konstrukcie st jej okra-
jové podmienky, tuhost uréend pruznostou materidlu a hribkou
konstrukcie a s iou spojend hmotnost. Vypoctom ziskané velici-
ny vlastného kmitania, pomocou ktorych je mozné pochopit spra-
vanie sa konStrukcie, su vlastné frekvencie, vlastné deformacie
a modalne hmoty.

Existuje viacero metdéd, pomocou ktorych je mozné vypocitat
vlastné kmitanie konStrukcie. Pri praktickych vypoctoch sanajcas-
tejSie pouziva metdda iteracie podpriestoru vyvinutd nemeckym
stavebnym inZinierom Klausom Jiirgenom Bathem, ¢i Lanczo-
sova metdda, ktord vyvinul madarsky matematik Cornelius
Lanczos.

Vlastné kmitanie sekundarneho ostenia tunela je mozné popi-
sat pomocou diferencidlnej rovnice dosky uloZenej na pruznom
podlozi [2]:

9w o'W, *'w,
d- LW og. O We 4 g 0 Ve
toox? LoxPoy: t ooyt
o’w,
+kw, +Ku, +K v, —p- pre =0, @)
kde:
. En
d,= '12(1_ /JZ) je doskova tuhost v ohybe, (8)

w_, u, v je rieSenie diferencialnej rovnice (obr. 4),
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A A W,
wyoow, W W,
0 2 4 2(n-1)
[Wn ] = Wi Wy Wy W, . )
Wr? VV£] n-1) Ws( n-1) \Nr(1 n-1)(n-1)

For the elements of a square matrix, which is in complex form, the
following applies:

ngzcos(an}ri -én[an), (6)

where:

i is an imaginary unit: 2= —1.

The mechanical properties of the civil structure are its boundary
conditions, stiffness determined by the elasticity of the material and
the thickness of the structure, and the weight associated with it. The
quantities of self-oscillation obtained by calculation, with the help of
which it is possible to understand the behavior of the structure, are
natural frequencies, natural deformations and modal masses.

There are several methods that can be used to calculate the natural
oscillation of a structure. In practical calculations, the subspace
iteration method developed by the German civil engineer Klaus
Jiirgen Bath, or the Lanczos method, developed by the Hungarian
mathematician Cornelius Lanczos, is most often used.

The self-oscillation of the secondary lining of the tunnel can be
described using the differential equation of a plate on an elastic
foundation [2]:

d'w, J'w, d'w,

d, - 2+2d,- Z+d,- z

1 aX4 1 aXZ ayZ 1 ay4

o’w,

+kw, + K u, +K v, —p- e =0, (7
where:
d= Eh®

1T 12(1_ #2) is the plate bending stiffness ®)

W,V is the solution of the differential equation (Fig. 4),
E is the modulus of elasticity of the material,
h is the thickness of the plate,

Obr. 4 Doskovy element — posunutia uzlov doskového elementu a orientdcia
pruZnych podpier hmotného bodu

Fig. 4 Plate element — displacements of plate element nodes and orientation of
elastic supports of mass point

Obr. 5 Model sekunddrneho ostenia v programe MIDAS CIVIL a orientdcia
globdlneho suradnicového systému

Fig. 5 Model of the secondary lining in the MIDAS CIVIL program and the
orientation of the global coordinate system
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E je modul pruznosti materiélu,

h je hribka dosky,

U je Poissonovo ¢islo,

p je mernd hmotnost materialu,

kxy je modul reakcie prostredia pre obor seizmickych pretvoreni
v Smyku,

k, je modul reakcie prostredia pre obor seizmickych pretvoreni
v rovnomernom tlaku (obr. 4).

Sekundérne ostenie tunela je uvazované ako samostatny dila-
taény celok, modelovany doskovymi elementmi podla Kirchhof-
fovej ohybovej tedrie, ktoré st uloZené na pruZnom podlozi.
Zotrvacné ucinky st vo vypocte vlastného kmitania aproximova-
né konzistentnou maticou hmotnosti.

V modeli je uvazovany betén C30/37:

h = premenna hrabka (0,3-1,121 m),

TufHel

1 is Poisson number,

p is specific gravity of the material,

k., is modulus of subgrade reaction for the domain of seismic
deformations in shear,

k. is modulus of subgrade reaction for the domain of seismic
deformations in uniform pressure (Fig. 4).

The secondary lining of the tunnel is considered as a separate
dilation unit, modeled by plate elements according to Kirchhoff‘s
bending theory, which are placed on an elastic foundation. Inertia
effects are approximated by a consistent mass matrix in the natural
oscillation calculation.

C30/37 concrete is considered in the model:

h = variable thickness (0.3—-1.121m),

p = unit weight of the secondary lining (2.5t/m?),

1 =Poisson number (0.2),
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Obr. 6 Zrychlenie (m/s?) v smere X a spektrdlne zrychlenie (m/s?) v smere X ziskané pomocou Fourierovej transformdcie (0% ttlm) v programe MIDAS CIVIL
Fig. 6 Acceleration (m/s?) in the X direction and spectral acceleration (m/s?) in the X direction obtained using the Fourier transform (0% attenuation) in the

MIDAS CIVIL program
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Obr. 7 Zrychlenie (m/s?) v smere Y a spektrdlne zrychlenie (m/s?) v smere X ziskané pomocou Fourierovej transformdcie (0% iitlm) v programe MIDAS CIVIL
Fig. 7 Acceleration (m/s*) in the Y direction and spectral acceleration (m/s?) in the X direction obtained using the Fourier transform (0% attenuation) in the

MIDAS CIVIL program
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Obr. 8 Zrychlenie (m/s?) v smere Z a spektrdlne zrychlenie (m/s?) v smere X ziskané pomocou Fourierovej transformdcie (0% titlm) v programe MIDAS CIVIL
Fig. 8 Acceleration (m/s?) in the Z direction and spectral acceleration (m/s?) in the X direction obtained using Fourier transform (0% damping) in the MIDAS

CIVIL program
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p = objemova hmotnost sekundarneho ostenia (2,5 t/m3), Tab. 1 Vlastné frekvencie vypocitané metodou iterdcie podpriestoru v progra-

# = Poissonovo &islo (0,2), ';l;bf‘lllgiitflllgi]uencies calculated by the subspace iteration method in the

E = modul pruZnosti materialu ostenia (3,283E’ kPa), MIDAS CIVIL program

k_= modul reakcie prostredia pre obor seizmickych pretvoreni Vlastny i i )
v rovnomernom tlaku (560E? KN/m?), tvar e (asia K ‘(';‘:,‘;:) frek“f;f;a(l_lz) Perioda viastného

k_ = modul reakcie prostredia pre obor seizmickych pretvoreni Ef'gfnr: Angular frequency | Natural frequency Ei Ie(nmlteurig)sc)l (s)
v $myku (0.5 kz = 280E* kN/m?) [3], obr. 5. o, (rads) (Hz) Ll

Na zaklade dét zachytenych pomocou geofénov a nasledne vy- 1 353.0 56.2 1 78E-02
hodnotenych a spracovanych pomocou Fourierovej transformécie 2 373.6 59.5 1.68E-02
bolo mozné urcit vlastné tvary a k nim prislichajice vlastné frek- 3 384.7 61.2 1.63E-02
vencie (obr. 6-8). 4 486.8 775 1.29E-02

V tabulke 1 je zhrnutie tychto merani a smerovych vypoctov. 5 498.6 79.4 1.96E-02
Obr. 9 a 10 predstavuju vystupy z vypoctu s viditelnym vplyvom 6 547.6 870 1.15E-02
seizmického zatazenia, zhodnoteného na zdklade merani induko- 7 557.6 88.7 113E-02
vanej seizmicity. 8 569.8 907 1.10E-02

V tabulke 2 je sumarizicia vypocitanych hodnot, ktoré boli 9 605.9 96.4 1 04E-02
vysledkom postidenia sekundarneho ostenia pomocou programu 10 610.8 972 1.03E-02
MIDAS CIVIL. Tento prepocet uz prebehol na redlne namera- 1 614.9 979 102E-02
nych a analyzovanych datach seizmického zrychlenia. Obr. 9 a 10 12 6164 98 1 1.02E-02
zobrazuji hlavné naméhanie sekundarneho ostenia. 13 628.4 1000 1 00E-02
ZAVER 14 646.5 102.9 9.72E-03

V ¢lanku st spomenuté matematické metddy, prostrednictvom 12 222? 1822 zizggg
ktorych je moZné numericky vyhodnotit a nasledne popisat javy 17 6845 1090 9.18E03
spojené so seizmickou udalostou. Je pouZity konceptudlny model 18 2070 1125 e
tunelového ostenia s tuhostami podlozia, ktoré priblizne zodpo-
vedaju spektralnej analyze nameraného akcelerogramu ziskaného 19 709.0 2 E55E 0
pri razent tunela. 20 722.0 114.9 8.70E-03

Z vypoctu vlastného kmitania, kde dopocitanymi veli¢inami £ et o2 8.68E-05
st modalne hmoty, je mozné predpokladat vyznamné kmitanie 2 2%, ik, LagEL
sekundarneho ostenia v priecnom smere takzvanym ovalova- e 745.3 5 Az
nim, ktoré v tomto pouZitom priklade pohlcuje az 71% percent 24 768.7 122.3 8.17E-03
uvolnenej kinetickej energie v prie¢nom smere dilatacného celku 25 769.8 122.5 8.16E-03
(v smere Y). 26 793.7 126.3 7.92E-03

S ovalovanim sekunddrneho ostenia tunela vyznamne stvi- 27 796.2 126.7 7.89E-03
si Stvrty vlastny tvar, ktory pohlcuje 42.5 % uvolnenej energie 28 799.1 127.2 7.86E-03
kinetickej energie v zvislom smere (v smere Z). Druhy a treti 29 820.5 1306 7.66E-03
vlastny tvar sdvisia s rotaénym kmitanim dilata¢ného bloku ako 30 844.7 134.4 7.44E-03

Obr. 9 Vilavo - vlastny tvar (56,2 Hz), ovalovanie sekunddrneho ostenia vypocitané metiodou iterdcie podpriestoru, vpravo — vlastny tvar (59,5 Hz), rotacné kmitanie
sekunddrneho ostenia ako celku okolo Y vypocitané metodou iterdcie podpriestoru

Fig. 9 Left — eigenform (56.2Hz), ovalization of the secondary lining calculated by the subspace iteration method, right — eigenform (59.5Hz), rotational oscillation
of the secondary lining as a whole around Y calculated by the subspace iteration method
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Obr. 10 Viavo - viastny tvar (61,2 Hz), rotacné kmitanie sekunddrneho ostenia ako celku okolo Z vypocitané metodou iterdcie podpriestoru, vpravo - vlastny tvar
(77,5 Hz), ovalovanie sekunddrneho ostenia vypocitané metodou iterdcie podpriestoru
Fig. 10 Left — eigenform (61.2Hz), rotational oscillation of the secondary lining as a whole around Z calculated by the subspace iteration method, right — eigen-

form (77.5Hz), ovalization of the secondary lining calculated by the subspace iteration method

Tab. 2 Moddlne hmoty v relativnej mierke, vypocitané metodou iterdcie podpriestoru v pro-

grame MIDAS CIVIL
Tab. 2 Modal masses in relative scale, calculated by the subspace iteration method in the
MIDAS CIVIL program
ss |8gie| 8570 | 85he| Base| Banz| Bnn
Be |ESSC|ESeT|EN S| B8 | EqEs | ERES
~>._§ c QT «ssg.g «seg_g «s’é_-c ¢u>‘;_-c oN = 5
Ee |S2E3|Soig|Seig 2858 S25E( 5888
£5 |B-55|8758|g555| 8825|8888 8328
SW | =>9x|=> 2°|=>2° = c|l= - ©
1 0 70.99 0 9.83 0 0
2 77.3 0 0 0 16.32 0
3 0 0 0 0 0 77.11
4 0 0 42.52 0 0 0
& 3.65 0 0 0 24.89 0
6 0 1.95 0 24.9 0 0
7 0 0 0.21 0 0 0
8 0 0 0 0 0 9.76
9 0 26.62 0 43.77 0 0
10 0 0 24.92 0 0 0
11 11.02 0 0 0 38.73 0
12 0 0 0 0 0 6.27
13 0 0 0 0.06 0 0
14 6.95 0 0 0 8.51 0
15 0 0 0 0 0 5.39
16 0 0.15 0 14.97 0 0
17 0.07 0 14.31 0 2.27 0
18 0.11 0 9.19 0 3.03 0
19 0 0.01 0.01 0.01 0 0
20 0 0.22 0 413 0 0
21 0 0 0 0 0 0.48
22 0 0 0 0 0 0.04
23 0.03 0 0 0 0.4 0
24 0 0 0 0 0 0.45
25 0 0 0 0.02 0 0
26 0 0.02 0 0.08 0 0
27 0 0 0 0 0 0.17
28 0 0.01 0 0.22 0 0
29 0 0 0 0 0 0.07
30 0 0 0 0 0.01 0
Sucet 99.13 99.94 91.16 97.69 94.15 99.5

E = modulus of elasticity of the lining material
(3.283E7kPa),

k, = modulus of subgrade reaction for the domain
of seismic deformation in uniform pressure (560E3
kN/m?),

k’w = modulus of subgrade reaction for the domain of
seismic deformations in shear (0.5 kz = 280E3kN/m?)
[3], Fig. 5.

On the basis of the data recorded by geophones and
subsequently evaluated and processed using the Fourier
transform, it was possible to determine the eigenforms
and the corresponding natural frequencies (Figs. 6-8).

Table 1 summarizes these measurements and di-
rectional calculations. The Fig. 9 and 10 represent the
outputs of the calculation with the visible influence of
the seismic load, evaluated on the basis of measurements
of induced seismicity.

Table 2 summarizes the calculated values that
resulted from the assessment of the secondary lining
using the MIDAS CIVIL program. This recalculation
has already been carried out with using insitu measured
and analyzed seismic acceleration data. Fig. 9 and 10
show the principal stresses of the secondary lining.

CONCLUSION

The article mentions mathematical methods through
which it is possible to numerically evaluate and then
describe the phenomena associated with a seismic event.
A conceptual model of the tunnel lining is used with
subgrade stiffnesses that approximately correspond to
the spectral analysis of the measured accelerogram
obtained during tunnel excavation.

From the calculation of self-oscillation, where the
calculated quantities are modal masses, it is possible to
assume a significant oscillation of the secondary lining
in the transverse direction by the so-called ovaling,
which in this used example absorbs up to 71% of the
released kinetic energy in the transverse direction of the
dilation unit (in the Y direction).
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celku a nemaju za nasledok ohybové namahanie sekundarneho
ostenia.

Zakladna frekvencia modelovaného sekundarneho tunelového
ostenia je 56,2 Hz.

Pri vypoctoch dcinkov prirodnej seizmicity je v slovenskych,
a tiez aj v zahrani¢nych technickych normach (STN EN 1998-1,
STN 730036, DIN 4149, ASCE 7-16, SNIP 7/81), potrebné uva-
zit vlastné tvary s frekvenciou nizSou ako 33 Hz a sicasne zoh-
ladnit tie vlastné tvary, ktoré v celku pohlcuji minimalne 90 %
uvolnenej kinetickej energie. Z vlastnych tvarov je mozné urcit
iba tvar deformécie. Velkost deformdcie je tu ur¢ena mnozstvom
uvolnenej energie, ktoré je v technickych norméch pre prirodnd
seizmicitu vy&islené takzvanym $pi¢kovym zrychlenim. Spicko-
vé zrychlenie je uréené predovSetkym lokalitou prirodnej seiz-
mickej udalosti, typom podloZzia a spektrom odozvy. Pri vypocte
zotrvaénych sil, ktoré sposobuji namahanie konStrukcie, sa tu
vypocitaju statické zataZovacie stavy, ktoré sa kombinuji pomo-
cou SRSS (Square Root Sum of the Squares), alebo CQC (Com-
plete Quadratic Combination) metdd. S takouto ,,kombinaciou*
od jednotlivych vyznamnych vlastnych tvarov sa v statickom po-
sudku nardba ako s mimoriadnym zataZovacim stavom. V tomto
pouZzitom priklade by pri prirodnej seizmickej udalosti zotrvacné
sily nevznikli z dévodu dostatocnej tuhosti konStrukcie, kedZe
56,2 Hz > 33 Hz, ¢o je zabezpecCené dostato¢nou tuhosfou pod-
lozia, tvarom konstrukcie, hribkou ostenia a kvalitou pouZitého
materilu.

Spolo¢nost Amberg Engineering Slovakia, s.r.o. sa momental-
ne podiela na vypracovani dokumentécii na vykonania prac troch
tunelov, a to Vistiové, Okruhliak na Slovensku a Homole v Ceskej
republike. Poznatky z realizédcie razenia a rozpojovania hornino-
vého masivu trhavinami u jednotlivych tunelov boli podkladom
k teoretickym tvahdm a prvym zaverom, ktoré su publikované
v tomto ¢lanku.

Vzhladom na aktudlnost tejto problematiky prebiehaju samo-
zrejme dalSie merania, ktoré by mali dopomdct k mozZnosti
vytvarania konkrétnych akcelerogramov, ktoré by prispeli k spét-
nym analyzam uZ postavenych stavieb a dokézali by presnejSie
popisovat dynamicki odozvu aj novoprojektovanych. V spojeni
s Prirodovedeckou fakultou Univerzity Komenského a Ustavom
vied o Zemi SAV, a ich oddelenim seizmolégie, je cielom autorov
prispiet k lepSiemu pochopeniu spravania sa konStrukcii pocas
dynamickych ucinkov a jeho vplyvu na ich celkovu stabilitu.
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The fourth eigenform is significantly related to the ovalization
of the secondary lining of the tunnel, which absorbs 42.5% of the
released kinetic energy in the vertical direction (in the Z direction).
The second and third eigenforms are related to the rotational
oscillation of the expansion block as a whole and do not result in
bending stress of the secondary lining.

The fundamental frequency of the modeled secondary tunnel
lining is 56.2Hz.

When calculating the effects of natural seismicity, it is necessary
to consider eigenforms with a frequency lower than 33Hz and
at the same time take into account those eigenforms that in total
absorb at least 90% of the released kinetic energy. Only the shape
of the deformation can be determined from the eigenforms. The
size of the deformation here is determined by the amount of energy
released, which is quantified in the technical standards for natural
seismicity by the so-called peak acceleration. The peak acceleration
is primarily determined by the location of the natural seismic event,
the type of subsoil and the response spectrum. When calculating
the inertial forces that cause stress on the structure, static loading is
calculated here, which is combined using the SRSS (Square Root
Sum of the Squares) or CQC (Complete Quadratic Combination)
methods. Such a “combination” of individual significant eigenforms
is treated as an extraordinary load condition in the static assessment.
In the example used, inertial forces would not arise during a natural
seismic event due to the sufficient stiffness of the structure, since
56.2Hz > 33Hz, which is ensured by the sufficient stiffness of the
subsoil, the shape of the structure, the thickness of the lining and
the quality of the material used.

The company Amberg Engineering Slovakia, s.r.o. is currently
participating in the development of detailed documentation for
construction of three tunnels, namely ViSiové, Okruhliak in
Slovakia and Homole in the Czech Republic. Knowledge from
the excavation and rock mass disintegration with explosives in the
individual tunnels was the basis for the theoretical considerations
and the first conclusions that are published in this article.

Due to the topicality of this issue, of course, further measurements
are underway, which should help to create specific accelerograms,
which would contribute to retrospective analyzes of already built
structures and would be able to more accurately describe the
dynamic response of newly designed ones as well. In conjunction
with the Faculty of Natural Sciences of the Comenius University
and the Institute of Earth Sciences of the SAS, and their department
of seismology, the authors would like to contribute to a better
understanding of the behavior of structures loaded by dynamic
effects and their influence on the overall stability.
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