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STANOVENI VAROVNYCH STAVU PRO OSTENI TUNELU ZE
STRIKANEHO BETONU V PRVNICH 28 DNECH VYPOCTEM
DETERMINATION OF WARNING LEVELS FOR SHOTCRETE TUNNEL
LINING IN THE FIRST 28 DAYS BY CALCULATION

JAROMIR ZLAMAL

ABSTRAKT

Soucdsti vystavby podzemnich staveb je mimo jiné rovnéz geotechnicky monitoring. V projektové dokumentaci je obvykle uveden rozsah
a ndpln monitoringu, ddle jsou stanoveny varovné stavy a projektant urci zonu ovlivnéni a zonu sledovdni. Zemina nebo hornina v okoli
podzemni stavby neni ani homogenni ani izotropni. Do vypoctii pro stanoveni meznich stavii iinosnosti definovanych deformacnimi vivaha-
mi vstupuji pretvdrné charakteristiky horninového prostredi, reprezentované modulem pruznosti E, Poissonovym cislem v a smykovym mo-
dulem G a rovnéZ pretvdrné charakteristiky osténi podzemni stavby. Cldnek se zaméruje na osténi ze stitkaného betonu v prvnich 28 dnech
po jeho instalaci. Modul pruznosti E, Poissonovo ¢islo v a smykovy modul G se v prvnich 28 dnech méni, a tim se méni i mezni stavy.
Cldnek popisuje na piikladu tunelu Hrebec ndvrh metody jak v pritbéhu tuhnuti betonu (28 dni) stanovit mezni stav deformace a odtud
pak navrhnout bezpecné varovné stavy. VyuZivd se numerické modelovdni obecnou polygondlni metodou (OPM) vychdzejici z deformacni
metody.

ABSTRACT

Geotechnical monitoring is part of the construction of underground structures, among other things. In the project documentation, the
scope and contents of the monitoring are usually stated, warning levels are also established, and the designer determines the zone of
influence and the monitoring zone. The soil or rock around an underground structure is neither homogeneous nor isotropic. The deformation
characteristics of the rock environment, represented by the modulus of elasticity E, Poisson’s number v and the shear modulus G, as well
as the deformation characteristics of the lining of the underground structure, enter into the calculations for determining the ultimate
limit states and calculations defined by deformation considerations. The article focuses on shotcrete lining in the first 28 days after its
installation. The modulus of elasticity E, Poisson’s number v and shear modulus G change in the first 28 days, and thus the limit states also
change. Using the example of the Hrebec tunnel, the article describes a method proposal to determine the limit state of deformation during
concrete hardening (28 days) and to design safe warning levels. Numerical modeling by the general bedded-beam-spring method (OPM),
based on the deformation method, is used.

1. UvVoD

Masiv obklopujici podzemni stavbu je tvofen zeminovym nebo
horninovym prostfedim, které neni ani homogenni, ani izotropni
a jehoZz pretvareni je vyrazné ovlivnéno také faktorem Casu. Proto
se v oborech, nazyvanych aplikovana geologie, inZenyrskd geo-
logie a geotechnika, uplatnily rizné metody laboratornich a pol-
nich zkousek, jimiz se pretvarné charakteristiky tohoto prostiedi
vySetiuji.

Soucasti kazdé vystavby podzemnich staveb je geotechnicky
monitoring sestivajici z na sebe navazujicich ¢innosti, které jsou
podkladem pro uziti tfidy vystrojeni. Postup monitoringu upres-
nuji napt. Technické podminky — Geotechnicky monitoring tunelil
pozemnich komunikaci TP 237.

Pfi konvenénim tunelovani se vyuzivd observac¢ni metoda, sle-
dujici chovani horninového masivu, na jejimz zakladé lze upravo-
vat postup vystavby. V prvnich 28 dnech se navic méni pretvarné
charakteristiky stfikaného betonu, postup vystavby se tedy podle
vysledkd monitoringu upravuje.

2. VAROVNE STAVY OSTENI ZE STRIKANEHO BETONU

Rychlé vyhodnoceni vysledkd méfeni vyzaduji pfedem stano-
vené varovné stavy, jako dileZity nastroj monitoringu. Vysledna
opatfeni prijatd pfi navrhu technologickych postupi maji za cil
dodrzet technické, kvalitativni, ekonomické a bezpec¢nostni para-
metry projektu [1].

1. INTRODUCTION

The massif surrounding the underground structure is made of a
soil or rock environment that is neither homogeneous nor isotropic
and whose deformation is also significantly influenced by the time
factor. Therefore, in the fields called applied geology, engineering
geology and geotechnics, various methods of laboratory and
field tests have been applied to investigate the deformation
characteristics of this environment.

Geotechnical monitoring is part of every underground construc-
tion, and is consisting of consecutive activities, which are the basis
for the use of the tunnel support class. The monitoring procedure
is specified in e.g. Technical specifications — Geotechnical
monitoring of road tunnels TP 237.

In conventional tunneling, the observation method is used,
monitoring the behavior of the rock massif, on the basis of which
the construction procedure can be adjusted. In addition, during
the first 28 days, the deformation characteristics of the sprayed
concrete change, so the construction process is adjusted according
to the results of the monitoring.

2. WARNING LEVELS OF SHOTCRETE LINING

Quick evaluation of measurement results requires predetermined
warning levels, as an important monitoring tool. The resulting
measures taken during the design of tunneling sequences aim
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V pritbéhu vystavby se definice jednotlivych
stupriii varovnych stavii upresiiuji na zdkladé
souhrnného priibéZného hodnoceni poznatkii
ziskdvanych monitoringem.

Kritéria pro varovné stavy se stanovuji pouze pro nejdiileZitéjsi
sledované veliciny, jejich? vyvoj je pro posouzeni Zddouciho cho-
vdni sledovaného systému nejvyznamnéjsi. Zpravidla jde o findlni
(celkové) velikosti svislych a vodorovnych posuvii mérickych bodii
na primdrnim osténi (konvergencni méreni) a veliciny ukazuji-
ci pritbéh poklesové kotliny na povrchu terénu a ddle o velikos-
ti posuvil staticky diileZitych stavebnich prvkii objektii nadzemni
zdstavby nad raZenym tunelem. Pro kritéria varovnych stavii se
obvykle pouZivaji:

e absolutni hodnoty sledovanych velicin;

* vyvoj hodnot sledovanych velicin v case.

Pro méfené veliCiny se doporucuje stanovit nanejvys pét urovni
stupiitt varovnych stavi (obr. 1):

* stav vysoké miry bezpecnosti;

e stav pfipustnych zmén;

* stav mezni pfijatelnosti;

o kriticky stav;

* havarijni stav.

3. HAVARIJNI STAV
KdyZ meétené veliciny zacCinaji vyrazné rust, nebo kdyz nastala
mimoradna situace, pak se tento stav nazyva havarijni:

e velikosti sledovanych hodnot vykazuji zretelné zrychlovdni
(obr. 2);

pretvoreni
deformation
125 A - — — 7(:__: i
A
zadatek porusovani ztréta stability
the beginning of failure loss of stability
|I -
B havarijni stav Gas|t
emergency level time [t)

Obr. 2 Havarijni stav [1]
Fig. 2 Level of emergency [1]

Obr. 1 Charakteristiky varovnych stavii éervené — pribéh deformace, modie — mira varovného stavu [1]
Fig. 1 Characteristics of warning levels, in red — course of deformation, in blue —warning level [1]

to comply with the technical, qualitative, economic and safety
parameters of the project [1].

A warning level when monitoring the behavior of the tunnel
lining and the rock massif around the tunnel is described as
a change in the behavior of the system, which is assessed as a
fundamental increase in the level of risk undertaken. The following
terms are defined in connection with warning levels:

e warning level,

e warning level criterion.

The degree (level) of the warning level is a certain degree in
the behavior of the rock massif or the civil engineering structure,
which is related to the goal of monitoring, a certain defined level
of risk and is associated with the adoption of certain measures.
The higher the level of warning, the greater the risk. This means
that the rock massif or the monitored structure is closer to a loss
of stability or to another undesirable condition defined in the
project. In the course of construction, the definitions of individual
warning levels are refined on the basis of a comprehensive
continuous evaluation of knowledge obtained through moni-
toring.

Criteria for warning levels are set only for the most important
monitored variables, the development of which is the most
significant for assessing the desired behavior of the monitored
system. As a rule, these are the final (total) magnitudes of the
vertical and horizontal displacements of the measuring nodes
on the primary lining (convergence measurement) and quantities
showing the course of the settlement trough on the terrain surface,
as well as the magnitudes of the displacements of statically
important structure elements of the above-ground construction
objects above the excavated tunnel. The criteria for warning levels
are usually:

* absolute values of monitored quantities;

e development rate of the values of monitored variables over

time.

It is recommended to set a maximum of five warning levels for
measured quantities (Fig. 1):

* high safety level;

* permissible changes level,
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e sledované hodnoty vyraznym zpiisobem prekrocily stanove-
nou hodnotu a sledované veliciny predpoklddané pro danou
Jdzi vystavby prekonaly hodnotu druhého mezniho stavu podle
Eurokodu 7 pro dotcenou stavebni konstrukci.

Na zdkladé monitoringu jsou pfijimana opatieni tak, aby byla
zajiSténa bezpecnost a ekonomické feseni vzniklé situace. Pfijima-
na opatfeni maji zamezit vzniku mimoradné udalosti s prioritnim
dirazem na ochranu Zivota pracovnikl. Ddle maji minimalizovat
mozné Skody na hmotném majetku a umoZznit uspésné zmahani
pfipadné ztraty stability systému osténi — hornina.

4. VYPOCET MEZNICH STAVU UNOSNOSTI
A DEFORMACE

Pti statickych vypoctech osténi tunelt budovanych Novou ra-
kouskou tunelovaci metodou (NRTM) se navrhuje stanovit bez-
pecnost projektované konstrukce vypoctem vnitinich sil obecnou
polygondlni metodou (dédle jen OPM) [2], kdy osténi je zatiZeno
jednotkovym zatiZzenim a zji§téné vnitini sily (M, N a V — momen-
ty, normélové sily a posouvajici/smykové sily) jsou vyhodnoceny
v interak¢nim diagramu (ID) [3]. Z tohoto vyhodnoceni se dile
zjisti mira vyuZiti posuzovaného prifezu [4, 5].

ZatiZeni v bodech i a j vyvola statické veli¢iny M, N, V,a M,
N, V.a vypoctené vnitini sily v osténi pro body i a j jsou popsany
rovnicemi

pH) =f(M,N,V), (1)

() =f(M, N, V), @

pak mezni Gnosnosti tunelového osténi odpovidaji statické ve-
liciny M , N,V , nebo Muj, NW., VW., tedy zjednoduseny zépis je

P =fA,ALL0, [)=fM,;, N, V) &)
a také
PO = Ay AL D, £) =M, N, V). @)

kde A, je plocha ucinného betonu, £ (7) je pevnost betonu, A je
plocha G¢inné vyztuZze, f} _je mez kluzu oceli.

Mezni tnosnost tunelového osténi je pak urCena jako p (1), a za-
tiZeni tunelového osténi je p (1), kde pfi spln€ni podminky plati
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Obr. 3 Interakcni diagram — mezni vinosnost a skutecné zatiZeni tunelového
osténi [5]
Fig. 3 Interaction diagram — strength limit and actual load of the tunnel lining
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* marginal acceptability level,
e critical level;
* emergency level.

3. EMERGENCY LEVEL

When the measured values start to increase significantly, or
when an emergency situation has occurred, then this is described
by the emergency level:

e the magnitudes of the monitored values show a clear

acceleration (Fig. 2);

* the observed values significantly exceeded the limit magnitude
and the observed values predicted for the given construction
phase exceeded the magnitude of the second limit state
according to Eurocode 7 for the given structure.

On the basis of monitoring, measures are taken to ensure safety
and an economic solution to the situation. The measures taken are
intended to prevent the occurrence of an emergency state with
a priority emphasis on protecting the lives of workers. They are
also intended to minimize possible damage to property and enable
successful recovery of any stability loss of the ground-lining
system.

4. CALCULATION OF ULTIMATE AND SERVICEABILITY
LIMIT STATES

In the static calculations of the lining of tunnels built by the New
Austrian Tunneling Method (NRTM), it is proposed to determine
the safety of the designed structure by calculating the internal
forces using the general bedded-beam-spring method (hereinafter
referred to as OPM) [2], when the lining is loaded with a unit
load and the determined internal forces (M, N and V — moments,
normal forces and shear/shear forces) are evaluated in an
interaction diagram (ID) [3]. From this evaluation, the utilization
degree of the cross-section under consideration is also determined
[4, 5].

The loads at node

s i and j induce the static quantities M, N, V. and MI_, N], ij and
the calculated internal forces in the lining for nodes i and j are
described by the equations

p(H)=fM,N,V), (1)

p(t) =fM, N, V), @)

then the strength limit of the tunnel lining corresponds to the
static quantities M , N , V , or M]., N/., V,. i.e. the simplified notation

is
pO=fA,Af O, [)=fM,.N,V) 3)
and also
Py =fALALF0.£) =M, N, V), @)

where A, is the effective area of concrete, f, (1) is the strength of
concrete, A is the effective area of reinforcement, f, is the yield
strength of steel.

The ultimate resistance of the tunnel lining is then determined
as pj(t), and the load on the tunnel lining is p (t), where if the
condition is fulfilled

) <p,0), &)

then the structure is verified.
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D <p, 0, (&)

pak konstrukce vyhovi.

Stejné je urena mezni tinosnost tunelového osténi v bodé j jako
puj(t), a zatiZeni tunelového osténi je p; (t), kde pfi platnosti vztahu
plati

1), (6)

p>p,

pak konstrukce nevyhovi, a musi se hledat feSeni vyhovuji-
ci rovnici (5). Uvedené rovnice vyjadfuji zjednoduSené princip
Menclovych mezi [7].

Pro vyrazy zavedené rovnicemi (1) az (6) plati nasledujici vy-
hodnoceni koeficientu tnosnosti osténi 5. Hodnoty zatiZeni p (t)
uvedené v obr. 3 jako [m,, n], a inosnosti p, () uvedené jako M,
NI pj(t) uvedené jako [mj, nj] a unosnosti pw.(t) uvedené jako
[M,;. N, ]se vyhodnoti jako tnosnost tunelového osténi v bodech
iaj(obr. 3).

Koeficient inosnosti pro bod 7 (resp. j) je s, definovan jako po-
mér p (1) a p(t) nebo puj(t) a pj(t)

p(t) _
RO @
p,(t)
m =S, (8

Je-li koeficient s, < 1, osténi tunelu vyhovi na meznim stavu
dnosnosti (jednotkové zatiZzeni).

Je-li koeficient s> 1, je prekrocena mez pevnosti a konstrukce
lokaln€ na meznim stavu Gnosnosti nevyhovi (jednotkové zatiZeni).

Stejnym zpsobem se vyhodnoti koeficient s, ve viech uzlech po
obvodu osténi. Mezni Ginosnosti osténi je obvykle dosaZeno pouze
v jednom bodé osténi a posudek osténi je obvykle nutné doplnit
o posouzeni na mezni stav pouzitelnosti (deformace) a mezni stav
trhlin. Metoda mezni unosnosti tunelového osténi stanovi urcité
kritické misto na celém obvodu osténi tunelu vypoctenim hod-
not s, a ndsledn€ stanovi mezni deformace Ax a Ay pro vybrané
body na osténi tam, kde se bude provadét méfeni konvergenci.
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In the same way, the ultimate resistance of the tunnel lining at
node j is determined as puj(t), and the load on the tunnel lining is
puj(t), where if the relation holds

D) > p, ()., (©)

then the structure does not pass verification, and a solution
satisfying equation (5) must be sought. The mentioned equations
simply express the principle of Mencl limits [7].

For the expressions introduced by equations (1) to (6), the
following evaluation of the resistance coefficient of the lining
is valid. The load values p(t) given in Fig. 3 as [m, n], and the
resistance p (t) given as [M , N ], pj(t) given as [mj, nj] and the
resistance p, (t) given as [M,, N ] is evaluated as the resistance of
the tunnel lining at nodes 7 and j (Fig. 3).

The resistance for node i (or j) is defined as the ratio between
p, (O and p(t) or p (1) a p(t)

uw

Pt _
pui (t) B a ’ (7)
b.(t)
TR ®

If the coefficient s, < 1, the lining of the tunnel will comply with

the ultimate limit state (unit load).
If the coefficient s, > 1, the strength limit is exceeded and the
structure will fail verification of the ultimate limit state (unit load).
The coefficient s, is evaluated in the same way in all nodes
along the perimeter of the lining. The strength limit of the
lining is usually reached only at one node of the lining, and the
assessment of the lining usually needs to be supplemented with
an assessment of the serviceability limit state (deformation) and
the crack limit state. The strength limit method of the tunnel
lining determines a certain critical node on the entire perimeter of
the tunnel lining by calculating the values of s, and subsequently
determines the limit deformations Ax and Ay for selected nodes on
the lining where convergence measurements will be performed.
Deformations are calculated for the entire construction period
from the start of shotcrete application

| tunel Hrebe¢ silnice 1/35
Hrebeé tunnel road I/35

until its 28-day strength is reached. Limit
deformations for 0.25; 0.5; 1; 5; 14; 28
days were calculated for the HiebeC tunnel.
The deformations are dependent on the
modulus of the subgrade reaction, the
ratio of horizontal to vertical loads, the
strength of the concrete and the modulus of
deformation. The subgrade reaction modulus
km:,, and the lateral pressure ratio p/q are
’ ,./1’ considered constant in the calculation, R,
i and E, are time-varying. In this case, a
function is written for the deformation of the
vault

A, (t)= f(KA,p;g; Ry Ebt] : ©)

The calculation results are shown in
tab. 1. The ultimate resistance and ultimate
deformation Ax and Ay in the period 0.25
to 28 days are given here. As the strength
and modulus of deformation increase, the

Obr. 4 Statické schéma OPM (Tunel Hiebec)
Fig. 4 OPM static diagram (Hiebe¢ Tunnel)

values of resistance capacity and ultimate
deformation change. Determining discrete
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m0-50 mS50-100 = 100-150

P 150200 w I00-750 = 250-300

Obr. 5 Graf vinosnosti osténi tunelu Hrebec pro kvy,p =5, 50, 100 MNm* a pro
p/g=02;04; 0,6

Fig. 5 Graph of the resistance of the lining of the Hrebec tunnel for kwp =5;50;
100MNm? and for p/q = 0.2; 0.4; 0.6 ’

Deformace jsou vypocteny pro celou dobu vystavby od zaha-
jeni nastfiku betonu az do dosaZeni jeho 28denni pevnosti. Pro
tunel Hiebe¢ byly vypocéteny mezni deformace pro 0,25; 0,5; 1;
5; 14; 28 dni. Deformace jsou zdvislé na modulu reakce podlo-
Zi, poméru vodorovného ke svislému zatiZeni, pevnosti betonu
a modulu deformace. Modul reakce podloZi k . a pomé&r bo¢niho

Vp
tlaku p/q je ve vypoctu uvaZzovén jako konstantni, R, a E, jsou

Tuel

values of limit deformations for monitored locations on the tunnel
lining is not usual in static calculations performed by FEM for
such a wide time spectrum (0.25; 0.5; 1; 5; 14; 28 days). Limit
deformation values are usually given only for the 28" day from the
start of concreting [6, 7].

5. VERIFICATION OF THE PRIMARY LINING
OF THE HREBEC TUNNEL

Calculation programs designed for calculating the internal
forces of the tunnel lining using the bedded-beam-spring method
solving the interaction of the tunnel with the ground by non-
linear springs, replace the exact shape of the tunnel lining with
a polygon of beams, the rock mass is modeled by a system of
oscillating Winkler springs connected to the lining at the vertices
of the polygon. The effect of the rock mass on the lining is
modeled by the external active load acting at the vertices of the
polygon. The calculation takes place in iteration cycles, in the first
iteration cycle all Winkler springs modeling the rock are active.
After the first iteration cycle, the tension springs are excluded and
the calculation continues until all tension springs are excluded
and all compression springs in function. This calculation model
corresponds to the actual action of the geotechnical structure, the
contact surface between the structure and the rock cannot transmit
tension, the rock is detached from the structure. Winkler springs
simulating rock are introduced into the calculation with unit
area and unit length, and their stiffness is specified by the value
of the modulus of elasticity E corresponding to the geotechnical

Tab. 1 Unosnost osténi tunelu Hiebec pro kyy,p =5, 50, 100 MNm? a pro p/q = 0,2; 0,4; 0,6

p/g=0,2 p/q=04 p/q=0,6
MkNm]| N[KN] | V[KN] |q[kNmZ|M[kNm]| N[KN] | V[KN] |q[kNm?Z]| M[kNm]| N[kN] | V[KN] |q[kNm?]
bok poéva | 112,97 | 47744 | 50,01 | 106,60 | 119,86 | 51051 | 4379 | 102,60 | 128,06 | 54533 | 38,16 | 98,23
5 [MNm™] bok 52,11 | 373,02 | 2419 | 21550 | 4145 | 37067 | 6,16 | 27020 | 32,85 | 41622 | 1422 | 353,30
klenba | 9254 | 139,19 | 4944 | 100,30 | 7442 | 22029 | 42,02 | 13470 | 5599 | 321,18 | 34,45 | 192,60
bok poéva | 77,72 | 816,07 | 5588 | 187,90 | 7573 | 80242 | 50,82 | 191,50 | 7374 | 788,78 | 4576 | 195,70
50 [MNm~] bok 6575 | 663,43 | 31,75 | 20530 | 56,63 | 666,36 | 23,17 | 23920 | 47,51 | 669,20 | 1459 | 285,70
klenba | 7820 | 47943 | 2141 | 15430 | 67,31 | 52614 | 17,57 | 184,40 | 56,41 | 572,85 | 1372 | 227,20
bok poéva | 60,99 | 87644 | 5380 | 24690 | 5867 | 85020 | 49,37 | 253,16 | 56,73 | 829,36 | 4529 | 259,70
100 [MNm=]|  bok 5085 | 72473 | 3748 | 26450 | 51,63 | 716,30 | 3631 | 26954 | 43,74 | 712,98 | 26,18 | 317,40
klenba | 6849 | 54447 | 16,06 | 183,80 | 6094 | 57891 | 1322 | 21097 | 5121 | 61890 | 993 | 257,10
Tab. 1 Lining resistance of Hrebec tunnel for kvjp =5, 50, 100MNm? and p/q = 0.2; 0.4; 0.6
p/g=0.2 p/g=0.4 p/q=0.6
M[kNm]| N[kN] | VIkN] |q[kNm2]| m[kNm]| N[KN] | VIKN] |q[kNm2)| M[kNm]| N[KN] | VIKN] |q[kNm3]
a'}:f,'gr“i“t 112.97 | 477.44 | 5001 | 106.60 | 119.86 | 51051 | 43.79 | 102.60 | 128.06 | 545.33 | 38.16 | 98.23
SIMNM=] [ oputment | 5211 | 37302 | 2419 | 21550 | 4145 | 37067 | 616 | 27020 | 32.85 | 41622 | 1422 | 353.30
vault 9254 | 139.19 | 49.44 | 10030 | 7442 | 22029 | 4202 | 13470 | 5599 | 321.18 | 3445 | 192.60
abigf,“e‘;“t 7772 | 81607 | 5588 | 187.90 | 7573 | 80242 | 50.82 | 19150 | 73.74 | 78878 | 4576 | 195.70
SO [MNm=] b utment | 6575 | 66343 | 31.75 | 20530 | 56.63 | 666.36 | 2317 | 239.20 | 4751 | 669.20 | 1459 | 285.70
vault 7820 | 479.43 | 2141 | 15430 | 67.31 | 526.14 | 1757 | 18440 | 56.41 | 57285 | 1372 | 227.20
aﬁm’;‘f‘“t 60.99 | 876.44 | 53.80 | 246.90 | 5867 | 850.20 | 49.37 | 253.16 | 56.73 | 829.36 | 4529 | 259.70
100 [MNM=] [~y tment | 5285 | 72473 | 37.48 | 26450 | 51.63 | 71630 | 36.31 | 26954 | 4374 | 71298 | 26.18 | 317.40
vault 6849 | 54447 | 16.06 | 18380 | 6094 | 57891 | 1322 | 21097 | 5121 | 61890 | 993 | 257.10
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Obr. 6 Priibéhy momentii (kNm) pro k,, =50 MNm? a pro p/q = 0,2; 0,4; 0,6

Fig. 6 Moments distribution (kNm) for kw,p =50MNm- and for p/q = 0.2; 0.4; 0.6

proménné v Case. V tomto piipadé se napiSe pro deformaci klenby
funkce

A()= f[mp; g; ¥ Ebtj . ©)

Vysledky vypoctu jsou uvedeny v tab. 1. Je zde uvedena mezni
unosnost a mezni deformace Ax a Ay v obdobi 0,25 az 28 dni.
Nartistem pevnosti a modulu deformace se hodnoty mezni tinos-
nosti a mezni deformace méni. Stanoveni diskrétnich hodnot mez-
nich deformaci pro monitorovand mista na osténi tunelu nebyva
ve statickych vypoctech provadénych MKP pro tak Siroké ¢asové
spektrum (0,25; 0,5; 1; 5; 14; 28 dni) obvyklé. Hodnoty meznich
deformaci jsou uvadény obvykle jen pro 28. den od zahajeni be-
tonaze [6, 7].

5. POSOUZENI PRIMARNIHO OSTENI TUNELU HREBEC
Vypocetni programy uréené pro vypocet vnitinich sil osténi
tunelu polygondlni metodou fesici interakci tunelu s horninovym
prostfedim s nelinedrnimi podporami typu podloZi prutové kon-
strukce, nahrazuji presny tvar osténi tunelu polygonem, horninovy
masiv je modelovin soustavou kyvnych Winklerovskych pruZin
pripojenych k osténi ve vrcholech polygonu. Pisobeni horninové-
ho masivu na osténi je modelovano vnéjSim aktivnim zatiZenim
plsobicim ve vrcholech polygonu. Vypocet probihd v iteracnich
cyklech, v prvnim iteracnim cyklu jsou v§echny Winklerovské pru-
Ziny modelujici horninu aktivni. Po prvnim itera¢nim cyklu jsou
tazené pruziny vyloucCeny a vypocet probihd tak dlouho, dokud ne-
jsou vSechny taZené pruZiny vylouceny a zaroven vSechny tlacené
pruziny ve funkci. Tento vypocetni model odpovida pfiblizné sku-
tecnému pusobeni geotechnické konstrukce, sty¢nd plocha mezi
konstrukei a horninou nemuize prendset tah, dochazi k odtrZeni
horniny od konstrukce. Winklerovské pruZiny simulujici horninu
se do vypoctu zavadéji jednotkovou plochou a jednotkovou délkou
a jejich tuhost se zadava hodnotou modulu pruznosti E odpovida-
jici geotechnickému prostfedi. Vypocet velikosti modulu reakce

environment. The calculation of the magnitude of the subgrade
reaction modulus E of elastic Winkler springs can be written in
the form

Ezk(")%b, (10)

where k' is the modulus of the subgrade reaction depends not

only on the geotechnical parameters of the rock, but also on the

shape of the structure and is usually determined according to B.

G. Galerkin [see 10]
(o) _ E

© R(+V) ()

where [ is the length of the side of the polygon and b is the
width of the lining ring, which is usually 1m, E is the modulus
of rock deformation, R is the radius of the circle representing the
tunnel opening and v is Poisson’s number (Fig. 4).

First, the strength limit of the lining with #32mm anchors and
length of 6m is determined for different deformation modules and
different lateral pressure of the massif surrounding the tunnel. The
values of kvyp = 5, 50, I00MNm? [8] are used for the modulus
of the subgrade reaction, and the values for the ratio of lateral
pressure to vertical pressure p/g = 0.2; 0.4; 0.6 are used for the
lateral pressure. The results are shown in tab. 1 and Fig. 5.

According to calculations of the resistance for different
modulus of subgrade reaction kvyp and for different lateral
pressure p/q, it is suggested touse k = 50MNm> and p/g=0,4 for
dimensioning. The smallest resistance ¢ = 184,4kNm in the vault
(Fig. 6).

Determining the strength limit of the lining and subsequently
the deformation limit in the first 28 days is only possible with
knowledge of the concrete strength and deformation modulus
development in those days. Data for a very long period (1990-
2014) are shown in Fig. 7, 8. Two regression curves are fitted
for the strength of shotcrete, the increase from 6 to 360 minutes
(0.0041-0.25 days) is significantly different from that in period
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podloZi k pruznych Winklerovskych opér 5
1ze zapsat ve tvaru [GPa ]

T _ 10 Ii +Ii+1 — -

k =k - b, (10) 1 =

- =

kde k) je modul reakce podloZi, které e
zavisi nejen na geotechnickych parame-
trech horniny, ale rovnéZ na tvaru kon- 5 L L r 3

strukce a stanovuje se obvykle podle B. G. A7/ T
Galerkina [viz 10] -3 S 1 — E-
= 'gr’r /__-' . J" ,‘ =
E E - el ¢ E
©) _ o (11) 1— —- = ” — 1
= T . o L =
(1+v) n"_':;“ fﬁt,.i' . 05
kde [ je délka strany mnohouhelniku a b g™ = = ,-JF / P -
je Sitka prstence posuzovaného osténi, kte- g == r e __..-"' B
ra je obvykle 1 m, E je modul deformace 17 ___,_.-" B
horniny, R je polomér kruznice nahrazujici [
vyrub a v je Poissonovo cislo (obr. 4). 01 = o UL Fm TTIpvmm ‘m Ty m r o
Nejprve se stanovi mezni Ginosnost osté- 01 0.5 11" 05 1JD 500(hod] [hours]
né moduly deformace a rizny boc¢ni tlak
masivu obklopujiciho tunel. Pro modul £ B % kL &0 L L Tk , 430 wgeo o0 spazolmin] [min]

reakce podloZi se pouziji hodnoty kvy,p =5

50, 100 MNm™ [8] a pro boc¢ni tlak jsou s L
pouZity hodnoty pro pomér bo¢niho tlaku E - E E — ,:i E:l
ke svislému tlaku p/q = 0,2; 0,4; 0,6. Vy-

sledky jsou uvedeny v tab. 1 a obr. 5. E L E AR E o E f’;j'ﬁﬂ'}m

Podle vypoctl unosnosti pro rizny modul

reakce podlozi kv},,p a pro rizny boc¢ni tlak p/g E - E LT E Conma s E i

se pro dimenzovani navrhuje pouzit kvyp =
50 MNm™ a p/q = 0,4. Nejmensi Gnosnost  gp. 7 Namévené pevnosti stiikanych betonii a regresni kfivka [5]

q = 184,4 kNm™ je v klenbé (obr. 6). Fig. 7 Measured strengths of sprayed concrete and regression curve [5]
360 to 40320 minutes (0.25-28 days). For
“; l ] —t— =P a period of 6 to 360 minutes, an equation
3 _ = - — : is proposed
! =] —
A |12 = f,=0.0051x +0.2389.
l uﬂﬁﬂ;‘-—l"‘ £ E= .-""::..r" 10 ) (](2
— r— =t R*=0.5416.
5 L "l g . .
For the period 360 to 40320 minutes, an
;’}{ ; 7 equation is proposed
5 %
/ FaP4 £, =4.3793In(x) +20.935.
1 — /’ | iy = k
E '?‘/ s R*=0.4979.
- 1] -
"3 / = l 03 One curve is fitted for the deformation
- > | / - modulus and an equation is proposed
1 T I E_=3.2824In(x) + 7.9132.
O =TT Tt "“1'm T T 01 R>=0.5545.
005 1!;[1 o, 'IL 0 30 50 lJvll IMF 0 [hod.] [hours]

0.00208 00041 0,01 0ps 01 05 | 2 3 5 7 10t 20 28(dny] [days] Calculation of the so-called Mencl
1 5 5 T @ A = = o . limit [7] performed for 0.25; 0.5; 1;
e B . : B L 4 L B W $8 (min] [min] 5; 14; 28 days for f, and E_, variables

E o E Lo E.,..,. - EI — is done for abutment and vault. The
i b FEE first Mencl limit Q, or M, indicates

EM.,. - Emlr a E::'-:j."" E;._‘;ﬁj_‘“" n how large a load could be aplied on the
system, which has not yet been loaded,

Obr. 8 Naméiené moduly deformace stiikaného betonu a regresni kiivka [5] in time ¢, without exhausting the lining

Fig. 8 Measured deformation moduli and regression curve [5] resistance. The function QZ(() is the




Tab. 2 Vypocet Menclovy meze pro 0,25; 0,5; 1; 5; 14 a 28 dni
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Stanoveni mezni Gnosnosti osténi a nasledné¢ mezni deformace
v prvnich 28 dnech je moZné pouze se znalosti nardstu pevnosti
a modulu deformace stfikaného betonu v téchto dnech. Data za
velmi dlouhé obdobi (1990-2014) jsou uvedena v obr. 7, 8. Pro
pevnost stiikanych betont jsou prolozeny dvé regresni kiivky,
nartist od 6 do 360 minut (0,0041-0,25 dni) je vyrazné jiny nez
v obdobi 360 az 40320 minut (0,25-28 dni). Pro obdobi 6 az 360
minut se navrhuje rovnice

f,=0,0051x + 0,2389.

R*>=0,5416.

Pro obdobi 360 az 40320 minut se navrhuje rovnice
£, =4.37931n(x) + 20,935.

R*>=0,4979.

Pro modul deformace je proloZena jedna kfivka a navrhuje se
rovnice

' Prof. Ing. Juraj Mencl 18. 1. 1916-13. 2. 2005. V roce 1953 nastoupil na ka-
tedre dopravnich staveb Fakulty inZinierskeho stavitelstva SVST jako docent
pro obor Tunely a mechanizdcia stavieb. Od roku 1962 piisobil na katedre
zakladania stavieb, geoldgie a priehrad (dnesni katedry geotechniky). V roce
1965 byl jmenovdn profesorem pro obor Tedria a konstrukcie inZinierskych
stavieb. Pracoval na vyznamnych iilohdch zamérenych na vystavbu podzem-
nich drah v Praze a Bratislavé, na vystavbé precerpdvacich vodnich elekt-
rdren Cierny Vih a Dlouhé Strdné, na vystavbé Strahovského tunelu atd. Po
listopadu 1989 se Prof. Mencl vrdtil na katedru geotechniky jako emeritni
profesor, kde byl jejim platnym clenem.

Krdtkd citace: ZAPLETAL, A., BUCEK, M., BARTAK, J. Smérnice pro navrho-

vdni osténi budovanych NATM. Praha, 1992.

1. MENCLOVA MEZ k,, =50 MNm* p/g=04 s kotvami tloustka osténi 250 mm
DNY 0,25 0,5 1 5 14 28
f . (MPa) 4,946 7,994 11,042 18,118 22,646 25,693
_Eed (GPa) 11,407 13,683 15,958 21,241 24114 26,895
Osténi opéfi | klenba | opéfi | klenba | opéfi | klenba | opéfi | klenba | opéfi | klenba | opéfi | klenba
Sy M (kNm) | 87,174 | 54,030 | 94,526 | 58,179 | 101,069 | 62,103 | 114,126 | 70,514 | 120,347 | 74,763 | 125,939 | 78,704
statické N (kN) | 488,894 | 214,484 | 494,840 | 218,802 | 499,549 | 222,108 | 507,530 | 227,425 | 510,753 | 229,440 | 513,370 | 231,006
hodnoty |y yn) | 35176 | 43238 | 37,050 | 42,882 | 38756 | 42610 | 38,696 | 42,172 | 43,931 | 42,006 | 45491 | 41877
VYUZITi UNOSNOSTI
PRO 1. MENCLOVU 71,80 54,50 77,50 58,50 82,70 74,80 92,90 70,40 97,80 74,50 102,10 630.3
MEZ [%]
MEZ UNOSNOSTI PRO
1. MEqN((':(hO"\ll_l;l)MEZ 139,28 | 183,49 | 129,03 | 170,94 | 120,92 | 133,69 | 107,64 | 142,05 | 10225 | 134,23 97,94 78,30
MAXIMALNI PRIPUSTNE DEFORMACE OSTENI PRO 1. MENCLOVU MEZ
oE osa jek(:,r‘l,%t- skuteéné jelgr‘\,%t- skuteéné jelg;",%t' skuteéné jelg"‘lzt' skuteéné je'gr:,%t- skuteéné je'gr:’%t- skuteéné
) (mm) ) (mm) ) (mm) ) (mm) ) (mm) 01 (mm)
8 X 0,009 1,24 0,009 1,15 0,009 1,07 0,009 0,93 0,009 0,88 0,008 0,87
Y -0,032 -4,42 -0,031 -4,05 -0,031 -3,76 -0,031 -3,29 -0,030 -3,10 -0,030 -3,08
15 X 0,009 1,20 0,008 1,09 0,008 0,99 0,008 0,84 0,008 0,78 0,007 0,76
Y -0,035 -4,93 -0,035 -4,53 -0,035 -4,22 -0,035 -3,72 -0,034 -3,52 -0,034 -3,51
20 X 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00 0,000 0,00
Y -0,055 -7,69 -0,054 -7,01 -0,054 -6,47 -0,052 -5,60 -0,051 -5,26 -0,051 -5,20

second Mencl limit. The resistance function Q, corresponding
to the zero load function q; = 0 and the resistance function Q,
corresponding to the load function q,(t), which keeps the lining
constantly in the limit state, are of fundamental importance in the
theory of the resistance capacity of the sprayed concrete lining
resistance. In this case, apparently q, = Q, . First, the percentage
utilization of the resistance is determined, and from there, the
strength limit. From these calculations, the limit deformation
for the unit load can be found, and by multiplying the unit
deformations by the values of the strength limit, the maximum
allowable deformations of the lining at the monitored nodes can be
obtained [9].!

The distribution of limit deformations for nodes 8, 15 and 20 of
the lining is plotted in Fig. 9. The largest values of deformations
are at node 20 (vault). The black line shows 60% of the limit state
for node 20.

' Prof. Ing. Juraj Mencl 18/01/2016—13/02/2005. In 1953, he joined the De-
partment of Transport Structures of the Faculty of Civil Engineering of the
Slovak Academy of Sciences as an associate professor for Tunnels and Con-
struction Mechanization. From 1962, he worked at the Department of Buil-
ding Foundations, Geology and Dams (today’s Department of Geotechnics).
In 1965, he was appointed professor for the field of Theory and Construc-
tion of Engineering Structures. He worked on important tasks focused on the
construction of underground railways in Prague and Bratislava, on the con-
struction of the Cierny Vih and Dlouhé Strdné pumping station hydroelectric
power plants, on the construction of the Strahov tunnel, etc. After November
1989, prof. Mencl returned to the Department of Geotechnics as Professor
Emeritus, where he was a respected member:

Short citation: ZAPLETAL, A., BUCEK, M., BARTAK, J. Guidelines for linings
design constructed by NATM. Prague, 1992.
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Tab. 2 Calculation of the Mencl’s limit for 0,25; 0,5; 1; 5; 14 and 28 days
1. MENCL LIMIT kmz = 50MNm-® p/q=0,4 with bolts lining thickness 250mm

DAYS 0.25 0.5 1 5 14 28
__f,(MPa) 4.946 7.994 11.042 18.118 22.646 25.693
E_ (GPa) 11.407 13.683 15.958 21.241 24114 26.895
Lining abutment| vault |abutment| vault [abutment| vault |abutment| vault |abutment| vault |abutment| vault
e M (kNm) | 87.174 | 54.030 | 94.526 | 58.179 | 101.069 | 62.103 | 114.126 | 70.514 | 120.347 | 74.763 | 125.939 | 78.704
static mag- | N (kN) | 488.894 | 214.484 | 494.840 | 218.802 | 499.549 | 222.108 | 507.530 | 227.425 | 510.753 | 229.440 | 513.370 | 231.006
Ditices V(kN) | 35176 | 43238 | 37.059 | 42.882 | 38.756 | 42.610 | 38.696 | 42.172 | 43.931 | 42.006 | 45.491 | 41.877
PERCENTAGE
UTILIZATION 71.80 54.50 77.50 58.50 82.70 74.80 92.90 70.40 97.80 7450 | 102.10 | 630.3
OF 1. MENCL LIMIT [%]
STRENGTH LIMIT
OF 1.q|\l(|||(£ﬁl?nl:2;.IMlT 139.28 | 183.49 | 129.03 | 170.94 | 120.92 | 133.69 | 107.64 | 142.05 | 102.25 | 134.23 97.94 78.30
MAXIMUM ALLOWABLE DEFORMATION OF LINING OF 1. MENCL LIMIT
. unit actual unit actual unit actual unit actual unit actual unit actual
POINTS axis
(] (mm) (] (mm) ) (mm) ) (mm) ) (mm) ) (mm)
X 0.009 1.24 0.009 1.15 0.009 1.07 0.009 0.93 0.009 0.88 0.008 0.87
’ Y -0.032 -4.42 -0.031 -4.05 -0.031 -3.76 -0.031 -3.29 -0.030 -3.10 -0.030 -3.08
. X 0.009 1.20 0.008 1.09 0.008 0.99 0.008 0.84 0.008 0.78 0.007 0.76
Y -0.035 -4.93 -0.035 -4.53 -0.035 -4.22 -0.035 -3.72 -0.034 -3.52 -0.034 -3.51
20 X 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
Y -0.055 -7.69 -0.054 -7.01 -0.054 -6.47 -0.052 -5.60 -0.051 -5.26 -0.051 -5.20

E  =3,28241n(x) + 7,9132.
‘ 2 2 (|

R*=0,5545. I : |

Vypocet tzv. Menclovy' meze [7] provede- 0
ny pro 0,25; 0,5; 1; 5; 14; 28 dni pro promén- 1 1
né f, a E_ je proveden pro opé€fi a klenbu.
Prvni Menclova mez Q, « Tesp. Mm) udava, -2 -2
jak velké zatizeni by v ¢ase t mohlo skokem -3 -3
dolehnout na dosud nezatiZenou soustavu, i —— F‘J:::-f_-;-'“‘::::: —————— 2
aniZ by unosnost osténi byla vycerpana. 5 =——T" 5
Funk’ce ng je druhou Meflclovou .mezvi. ?é- r - — %
sadniho vyznamu v teorii inosnosti osténi ze _.'._._._____..--*..—--"""_-r
stifkaného betonu nabyva funkce tnosnosti -1 =F
Q,, pfislusnd k nulové funkci zatiZeni q, -8 -8
= 0 a funkce tnosnosti Q . korespondujici

o 0 o . & 1 20 30 50 120 500 [hod.] [hours]

s funkei zatiZeni q,, kterd udrZuje osténi 0,25 015 1 5 14 28 [dny] [days)
neustdle v meznim stavu tnosnosti. V tom- 3.; 3 600 1£.IL'IJ 2320 = . o
to pripadé zfejmé plati q,, = Q,,. Nejprve L i i 1 ! 10080 20760 40370 [min.] [min]
je stanoveno procentudlni vyuziti Gnosnosti
a odtud pak mezni tnosnost. Z t&chto vypo- Bog 8 BaD wolt ¢ o o 2
¢t se nalezne mezni deformace pro jednot-

kové zatiZeni a pfenasobenim jednotkovych — Obr. 9 Mezni deformace pro body 8, 15 a 20
. . . . Fig. 9 Limit deformations for nodes 8, 15 and 20
deformaci hodnotami mezni Gnosnosti lze
ziskat maximalni pripustné deformace osténi
ve sledovanych bodech [9].!
Prabéh meznich deformaci pro body osténi 8, 15 a 20 je zakres- 6. CONCLUSION
len na obr. 9. Nejvétsi hodnoty deformaci jsou v bodu 20 (klenba).

N The presented procedure for calculating the ultimate resistance
Cernou carou je zakresleno 60 % mezniho stavu pro bod 20.

and the ultimate deformation of the tunnel lining describes the
o reserves in the resistance of the lining and also shows the place
6. ZAVER where the strength limit and the deformation limit will be reached

Uvedeny postup vypoctu mezni tinosnosti a mezni deformace first. In accordance with equations (7) and (8), the critical location
tunelového osténi popisuje rezervy v tinosnosti osténi a rovnéz of the lining is where the coefficient s, is greater than 1. Practice




ukazuje misto, kde bude nejdiive dosazeno meze inosnosti a meze
deformace. V souladu s rovnicemi (7) a (8) je kritické misto osténi
tam, kde koeficient s, je vétSi nez 1. Praxe ukazala, Ze stanove-
ni meznich deformaci Ax a Ay v dob€ tvrdnuti stfikaného betonu
bylo velmi uZitecné, projektant nemusi stanovovat mezni defor-
mace podle své zkuSenosti nebo odhadem.

Vypocet deformaci terénu pro stanici metra Narodni tfida na
trase IB (zahdjeni stavebnich praci 1979, otevieni provozu na
konci roku 1985) provadény metodou konecnych prvka firmou
PUDIS stanovil pokles terénu hodnotou 40 mm a skutecné namé-
feny pokles byl 150 mm. Vypocet deformaci terénu nad raZenymi
dily provadény v sedmdesatych a osmdesatych letech minulého
stoleti MKP byl velmi drahy, Casove€ naro¢ny a jak ukazuje piiklad
stanice Nérodni tfida velmi nepfesny. Provadét vypocty MKP pro
Sest Casovych intervali bylo v té dobé neredlné, a dokonce prova-
déni jen jednoho vypoctu bylo vzacné.

Pro ndvrh tunelového osténi projektant pouziva s ohledem na
rozsah a dileZitost tkolu vypocetni metodu, kterd je nejen bez-
pecnd, ale i ekonomickd. NavrZeny postup zjiStovani meznich
deformaci a varovnych stavi je v porovnani s 2D MKP vyraz-
né rychlejsi, vystupy vypocti popisuji Sirokou Skéalu okrajovych
podminek. Tato skutecnost je vhodna pro razena dila, kde liniové
stavby prochazeji nehomogennim prostfedim. Metoda OPM je
vhodna tam, kde projektant chce znét inosnost navrzeného osténi
v riznych geologickych podminkéch, popsanych geotechnickymi
parametry.

Je vSak potfeba vzit v tivahu skute¢nost, Ze uvedend metoda vy-
chézi pouze z pruzného chovani horninového prostredi, pricemz
obecné je chovdni horninového prostfedi mnohem komplikovanéj-
§i, stejné€ jako napft. ¢lenéni a postup razeb.. Chovéani horninového
prostfedi miZe byt popsdno objektivnéji variantnimi konstituv-
nimi vztahy v ramci modelovych vypocti pomoci numerickych
metod, véetné metody konecnych prvki.

Ing. JAROMIR ZLAMAL,
zlamal @pohl.cz, POHL cz, a.s.

Recenzoval Reviewed: doc. Dr. Ing. Jan Pruska
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has shown that determining the limit deformations Ax and Ay
during the hardening of the sprayed concrete was very useful,
the designer does not need to determine the limit deformations
according to his experience or estimate.

The calculation of sufrace deformations for the Narodni tfida
metro station on route IB (start of construction work 1979, start of
operation at the end of 1985) carried out using the finite element
method by the PUDIS company established a terrain settlement
of 40mm, and the actual measured settlement was 150mm. The
calculation of surface deformations above the underground
excavations carried out in the 1970s and 1980s by FEM was
very expensive, time-consuming and, as the example of the
Nérodni tfida station showed, very inaccurate. Performing FEM
calculations for 6time intervals was unrealistic at the time, and
even performing just one calculation was rare.

For the design of the tunnel lining, the designer uses a
calculation method that is not only safe, but also economical,
taking into account the scope and importance of the task. The
proposed procedure for detecting limit deformations and warning
levels is significantly faster compared to 2D FEM, the calculation
outputs describe a wide range of boundary conditions. This
method is suitable for underground excavations works, where
linear structures pass through an inhomogeneous environment.
The OPM method is suitable where the designer wants to know the
resistance of the designed lining in various geological conditions,
described by geotechnical parameters.

However, it is necessary to take into account the fact that the
mentioned method is based only on the elastic behavior of the rock
environment, while in general the behavior of the rock environment
is much more complicated. The behavior of the rock environment
can be described more objectively by variant constitutive relations
within model calculations using numerical methods, including the
finite element method.
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