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A ZELEZOBETONOVYCH PREFABRIKOVANYCH SEGMENTU
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EXPERIMENTAL LOADING TESTS OF STEEL FIBRE
REINFORCED AND TRADITIONALLY REINFORCED
PRE-CAST CONCRETE SEGMENTS FOR TUNNEL LININGS
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1 OvoD

Pro mechanizovanou razbu pomoci plnoprofilovych tunelo-
vacich §titd (technologie TBM) je zpravidla aplikovdno seg-
mentové tunelové osténi z prefabrikovaného Zelezobetonu.
V soucasné dobé jsou v praxi stdle Castéji vyuZivany segmen-
ty z prefabrikovaného dratkobetonu bez tradi¢ni prutové
vyztuze (Hilar, Befo, 2012). V Ceské republice nyni probihd
vyzkum zaméreny na problematiku dratkobetonovych seg-
mentu, aby danou technologii bylo moZné vyuzit i na eskych
tunelech. V tvodnich féazich vyzkumu byla vyrobena
a odzkouSena fada vzorka pro porovnani a vybér vhodného
sloZeni dritkobetonové smési (Vodicka a kol., 2012). Byl
porovndvan vliv ruzného davkovéni dratku i ruznych typua
drdtkd na vysledné chovdni dritkobetonu. Vlastnosti vzorka
byly laboratorné€ zkouSeny a vyhodnoceny (pevnost v prostém
tlaku zkouSend na krychlich, ohybovd pevnost zkouSend na
tramcich). Nekteré parametry dratkobetonu byly zpétné odvo-
zovany pomoci pokroc¢ilého numerického modelovani meto-
dou kone¢nych prvku v programu ATENA (Sajdlovd, Pukl,
2011). V Kloknerové tdstavu CVUT v Praze byly zkouSeny
Zelezobetonové a dratkobetonové segmenty (Vokac, Bouska,
2011). Vysledky provedenych zkousek jsou prezentovany
v ndsledujicim ¢lanku.

2 TYPY ZKOUSEK

Kromé testovdni malych vzorkl zejména trdmcu, jejichZ tes-
tovdni se bézné realizuje jiz fadu let, byl nyni uskute¢nén kom-
plexni soubor testi na redlnych prvcich skute¢né velikosti.
PrestoZe jsou segmenty tunelového osténi vystaveny d¢inkam
fady zatéZovacich stavu (napf. manipulace, skladovani, dopra-
va, instalace, definitivni zatiZeni, atd.), jsou v praxi zavadéna
opatfeni, aby rozhodujici pro dimenzovan{ prefabrikdtt byly
jen nékteré z nich. Zdsadnim ndavrhovym zatiZzenim je priroze-
n¢ zatizeni horninovym masivem. Vzhledem k vodone-
propustnosti segmentového osténi muZe hrat vyznamnou roli
také hydrostaticky tlak, zejména pokud je hladina podzemni
vody nad drovni tunelu. Uvedend zatiZzeni pusobi po celou
dobu Zivotnosti konstrukce. Dal§im vyznamnym zatéZovacim
faktorem je pritlak tunelovaciho S$titu, ktery je zatlatovédn do
horninového masivu pomoci hydraulickych lisi zaptenych
o smontované prstence osténi. Jednd se sice o doCasny staveb-
ni stav a kratkodobé zatiZeni, které by z hlediska co nejispor-
néjsiho navrhu nemélo byt podstatné. AvSak s ohledem
na mnohdy predpoklddané vysoké hodnoty pritla¢né sily stro-
je (zaviseji na predikovanych geotechnickych vlastnos-
tech horninovém masivu) hraje dany zatéZovaci stav ¢asto roz-
hodujici roli pfi ndvrhu segmentd. I vzhledem k tomuto faktu

1 INTRODUCTION

Segmental tunnel lining is usually applied to mechanised
tunnelling using full-face tunnelling shields (the TBM tech-
nology). Pre-cast steel fibre reinforced segments are current-
ly used in praxis, containing no traditional rod reinforcement
(Hilar, Beno, 2012). In the Czech Republic, there is
a research underway focused on problems of steel fibre rein-
forced segments so that this technology can be applied even
to Czech tunnels. A variety of samples were produced and
tested in the initial phases of the research, serving for the
comparison and selection of suitable composition of steel
fibre reinforced concrete mixture (Vodicka et al., 2012). The
influence of different dosing of steel fibres on the resultant
behaviour of steel fibre reinforced concrete was subjected to
comparison. The properties of steel fibres were laboratory
tested and assessed (unconfined compressive strength tested
on cubes, flexural strength tested on beams). Some parame-
ters of steel fibre reinforced concrete were derived backward
by means of advanced numerical modelling using the Finite
Element Method in the ANTENA simulator (Sajdlova, Pukl,
2011). Traditionally reinforced concrete segments and SFRC
segments were tested by the Klokner’s Institute of the Czech
Technical University in Prague (Vokdc¢, Bouska, 2011). The
results of the completed tests are presented in the paper
below.

2 TYPES OF TESTS

Apart from the testing of small samples, first of all beams,
the testing of which has been commonly conducted for
a number of years, a comprehensive set of tests on real ele-
ments with real sizes was carried out at present. Although
segments of tunnel linings are exposed to effects of a range
of loading cases (e.g. handling, storing, transport, installati-
on, final loading), measures are being introduced in praxis
designed to make only some of them deciding for the dimen-
sioning of the pre-cast elements. Naturally, the load induced
by rock mass is the principal design load. With respect to the
waterproofing capacity of a segmental lining, even the hyd-
rostatic pressure can play important role, first of all when the
water table is above the tunnel level. The above-mentioned
loading cases are in action throughout the design life of the
structure. Another significant loading factor is the thrust of
a tunnelling shield, which is pressed into rock mass by
means of hydraulic rams pushing against assembled lining
rings. It is true that this is a temporary construction conditi-
on and short-term loading, which should not be significant
as far as the as economic as possible design is concerned.
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Obr. 1 Provadeéné zkousky — a) ohyb segmentu kolmo na rovinu segmentu, b)
ohyb segmentu v roviné segmentu, c) prosty tlak na segment dvéma bremeny,
d) prosty tlak jednim biemenem na zbytky segmentii

Fig. 1 Conducted tests — a) segment bending perpendicularly to the segment
plane, b)segment bending in the segment plane, c) unilateral pressure on the
segment induced by two loads, d) unilateral pressure induced by a single load
acting on remains of segments

je tfeba posuzovat technologii TBM jako celek, potfebnd vyssi
unosnost osténi je kompenzovana radou vyhod.

Pro simulaci rozhodujicich ndvrhovych stavu byly navrzeny
3 typy zkousek (obr. 1):

A) Simulace zatiZeni horninovym masivem:

Segment je zatéZovan ohybem, a to v rovin€ kolmé na plo-
chu segmentu. Segment se uklada ve tvaru klenby (obracené
"U") na posuvné podpory a zatéZuje se ve vrcholu klenby
primkovym zatiZenim. Posuvné podpory znamenaji namédhani
prostym ohybem bez vlivu normélové sily (obr. 1a). Ac¢koli ve
skute¢nosti jsou tunelova osténi namdhdna normélovou silou,
pro ucel zkouSeni byl zvolen staticky jednodus$si model, aby
vysledky byly sndze interpretovatelné a poskytly vhodnéjsi
podklady pro numerickou analyzu. Kombinaci s normélovym
zatizenim osténi lze ndsledné relativné snadno modelovat
v numerickém vypoctu.

B) Simulace zatiZeni axialnimi lisy $titu — idealni stav:

Jak jiz bylo zminéno, zatiZeni lisy S§titu zajiStujicimi potreb-
ny pritlak stroje na Celbé je pro ndvrh segmenti jeden
z rozhodujicich zatéZovacich stavu. Je zapotiebi mit jasnou

However, with respect to the anticipated high values of the
thrust force of the machine (depending on the predicted geo-
technical properties of rock mass), the particular loading
case often plays the deciding role in designing segments. It
is also with respect to this fact that the full-face TBM tech-
nology must be assessed as a whole; the required higher loa-
ding capacity is compensated for by numerous advantages.

The following tree types of tests were proposed for the
simulation of deciding design conditions (see Fig. 1):

A) Simulation of the rock mass induced loading:

A segment is loaded by bending in a plane perpendicular
to the segment surface. The segment is placed in the positi-
on of a vault (inverted ‘U’) on movable supports; a linear
load acts on the top of the vault. The movable supports mean
that only a pure bending load acts, without the influence of
a normal force (see Fig. la). Despite the fact that tunnel
linings are in reality loaded by normal forces, a statically
simpler model was chosen for the purpose of the testing, so
that the results were easier to interpret and provided more
suitable grounds for a numerical analysis. A combination
containing the normal loading acting on the lining can be
subsequently relatively easily modelled in a numerical cal-
culation.

B) Simulation of loading induced by axial rams on the
shield — an ideal condition:

As mentioned above, the loading induced by rams on the
shield providing the required thrust of the machine against
the excavation face is one of the loading cases deciding for
the segment design. It is necessary to have clear information
about the load under which cracks start to develop and the
moment at which they start to propagate throughout the
lining thickness. Despite the fact that the loading capacity of
a segment can be sufficient, a crack running throughout the
segment thickness means that the lining is permeable for
water, which naturally is unacceptable. The test is arranged
in a way where the segment is loaded by a pressure inside
the central plane. With respect to the capability of the loa-
ding equipment (maximum force of 10 MN — 1000 t), the test
was composed in two variants, namely with the loading by
a single load (see Fig. 1b) with the possibility of reaching the
total load-bearing capacity of the element, and the loading
by two loads (see Fig. 1¢) without the possibility of reaching
the loading capacity of the element.

C) Simulation of loading induced by axial rams on the
shield — non-uniform bearing of the segment:

Segments in lining rings are bonded in a way similar to
brickwork. This system brings many advantages, including
the increase in the rigidity of the lining. When the loading by
the tunnelling shield is being applied, the loading force is
transmitted to two segments of the previous ring. If the state
occurs where the segmental lining is not assembled geome-
trically accurately, the segment being loaded by rams is sup-
ported non-uniformly. In the case being assessed, one seg-
ment is exposed to loading in 3 points (the simulation of 3
rams) and is placed on 3 supports. With respect to the fact
that a statically indeterminate structure is in substance in
question, the element is loaded by bending when a support
drops. The test is adjusted to this fact. The segment is fixed
on two supports and the side support is omitted; it is loaded
by a single load acting in the central plane in the end point
of application (see Fig. 1d). The element is therefore loaded

as a high cantilever.



informaci o tom, pfi jakém zatiZzeni vznikaji trhliny a kdy se
propaguji na plnou tloustku osténi. PfestoZe segment muZe byt
dostate¢né unosny, trhlina prochdzejici celou tloustkou seg-
mentu znamend vodopropustnost osténi, coZ prirozené neni
prijatelné. Zkouska je uspordddna tak, Ze segment je zatéZovan
tlakem ve stfednicové plose. S ohledem na moZnosti zatéZzova-
ciho zarizeni (maximalni sila 10 MN — 1000 t) byla zkouska
koncipovdna ve dvou variantdch, a to zatiZeni jednim breme-
nem (obr. 1b) s moZnosti dosaZeni celkové tnosnosti prvku
a zatiZzeni dvéma bremeny (obr. 1c) bez moZnosti dosaZeni
unosnosti prvku.

C) Simulace zatiZeni axialnimi lisy $titu — nerovnomérné
uloZeni segmentu:

Segmenty v prstencich osténi jsou provazany vazbou podob-
né jako cihelné zdivo, coZ prinasi radu vyhod véetné zvyseni
tuhosti osténi. Pfi zatiZeni tunelovacim Stitem je zatéZovaci
sila prendfena do dvou segmentu predchdzejiciho prstence.
Pokud dojde k tomu, Ze segmentové osténi neni smontovano
geometricky presné, tak je segment zatézovany lisy podepren
nerovnomérné. V posuzovaném pripadé je jeden segment
vystaven 3 pusobistim zatiZeni (simulace 3 list) a uloZen na 3
podporach. S ohledem na fakt, Ze se v podstaté jednd o staticky
neurcitou konstrukei, pri poklesu podpory je prvek naméhdn
ohybem. Tomu je pfizpusobena i zkouska, kdy je segment zafi-
xovan na dvou podporéch, krajni je vynechdna, a zatiZzen jed-
nim bfemenem pusobicim ve stiednicové roviné v krajnim
pusobisti (obr. 1d). Prvek je tedy zatiZen jako vysokd konzola.

3 ZKOUSENE SEGMENTY

Pro vyrobu prefabrikovanych segmentt uréenych pro zaté-
Zovaci zkousky byly vyuzity formy pouzivané k vyrobé seg-
mentd pro mechanizovanou razbu tratovych tunelt prodlouze-
ni trasy A prazského metra. Geometric segmentu je patrnd
z obr. 2. Prstenec osténi md vnitin{ prumér 5,3 m, vnéjsi pru-
mér 5,8 m, mocnost osténi (segmentu) je 0,25 m, délka jedno-
ho prstence (§itka segmenttl) je 1,5 m. VSechny prstence maji
shodny tvar. Svislé priméty osazenych prstenci maji tvar
lichobéZnika, pfi¢emZ natofenim vzdjemnym prstencu kolem
jejich osy lze zajistit vedeni v pfimém sméru i zménu sméru
tunelu (smérové a vyskové oblouky). Tfi nejvetsi segmenty
(A1, A2 a A3) maji rovnobézné lozné hrany, dva dalsi seg-
menty obdobné velikosti (B a C) jsou na strané klendku zko-
sené, zdveéreCny uzaviraci segment (K — klendk) je zkoseny na
dvou loZnych strandch a md priblizné tretinovou velikost.
Segmenty jsou vzdjemné spojovany Srouby (v podélném
i pricném sméru), proto ma kazdy segment otvory a kapsy pro
umisténi Sroubu. Vodotésnost osténi je zajiStovdna pomoci
pryZovych pdsku, které jsou osazeny do obvodovych drdzek
kazdého segmentu. Prostor mezi rubem prstence a licem vyru-
bu se pri dal§im zdbéru soub&zné zalerpavd vyplnovou maltou.

Béhem vystavby je kazdy prstenec osténi zatizen pomoci 16
dvojic hydraulickych list umisténych v zadni ¢dsti tunelovaci-
ho §titu. Lisy jsou po obvodu prstence rozmistény rovnomerne
(dhel rotace 22,5°). Na pét velkych segmenttu pusobi vzdy 3
dvojice list, na klendk pusobi pouze jedna dvojice lisi. Pro
Ucely zkouSek byly vyrobeny dva prstence segmenta
z dritkobetonu bez prutové vyztuZze s davkovanim drdtku
v betonu 40 kg/m3 a 50 kg/m3. Pro porovndni byly také zkou-
Seny béZné Zelezobetonové segmenty vyztuZené 105 kg/m3
prutové vyztuze. Pri zkouSkach byly zaznamendvéany hodnoty
pusobicich sil, velikosti deformaci méfené osazenymi potenci-
ometrickymi snimaci drahy a signdly z odporovych tenzomet-
ru nalepenych na povrch segmentu.
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Obr. 2 Geometrie segmentii v prstenci osténi
Fig. 2 Geometry of segments in a lining ring

3 TESTED SEGMENTS

The pre-cast segments for the loading tests were produced
using moulds for the production of segments for mechanised
excavation of running tunnels of the Prague metro Line
A extension. The geometry of the segments is presented in
Fig. 2. The lining ring has the inner diameter of 5.3 m and
outer diameter of 5.8 m and thickness (of segments) of
0.25 m. One lining ring is 1.5 m long (the width of one seg-
ment). The shape of all segments is identical. Vertical views
of completed rings are trapezoidal. The straight alignment of
the tunnel as well as changes in its direction (horizontal and
vertical curves) can be secured by rotating the rings against
each other around the axis. Three largest segments (A1, A2
and A3) have parallel edges of radial joints, whilst other two
segments of a similar size (B and C) are angled on the key
side and the closing segment (the key) has angled radial
edges on both sides and its size is about one third of the other
segments. The segments are interconnected with bolts (both
longitudinally and transversally). For that reason each seg-
ment has holes and boxes for the installation of bolts. The
waterproofing of the lining is secured by means of rubber
gaskets installed in peripheral grooves in each segment. The
annular gap between the outer side of the ring and the exca-
vated tunnel wall is concurrently backfilled with grout.

During the course of the construction, each lining ring is
loaded by 16 pairs of hydraulic rams located in the rear sec-
tion of the tunnelling shield. The rams are uniformly distri-
buted around the circumference (the angle of rotation of
22.5°). Each of the five large segments is loaded by 3 pairs
of rams, whilst only one pair of rams acts against the key.
Two rings were produced for the testing purposes using steel
fibre reinforced concrete (SFRC) without traditional reinfor-
cement, with the doses of steel fibres of 40 kg/m3 and 50
kg/m3. Common steel bar reinforced concrete segments with
105 kg/m3 of the reinforcement were also tested to allow
comparison. The values of the acting forces, the magnitude
of deformations measured by installed potentiometric path
transducers and signals from the strain gauges glued to the
surface of segments were recorded during the testing.

A hydraulic testing press Amsler 10000 kN 1523 (metrolo-
gy number KU S 07 010 M) was used for the testing. The
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Obr. 3 Segment zatiZeny ohybem kolmym na rovinu segmentu
Fig. 3A segment loaded by bending perpendicular to the segment plane

Pri zkouskdch byl pouzivan hydraulicky zkuSebni stroj
Amsler 10000 kN 1523 (metrologické ¢islo KU S 07 010 M).
Pfi vSech provedenych zkouskach byly zaznamendvany hod-
noty pusobicich sil, velikosti deformaci mérené osazenymi
potenciometrickymi snimaci drahy NOVOTECHNIK TR10
a TR25. Dale byly zaznamendvény signdly z odporovych ten-
zometri Mikrotechna typu X350 s délkou miizky 100 mm
nalepenych na povrch segmenttu. Pro sbér dat byla vyuZita
mérici istredna PEEKEL Autolog 2100.

4 ZATIZENI SEGMENTU OHYBEM KOLMO
NA ROVINU SEGMENTU

Pri dané zkousce byly segmenty zkouSeny v ohybu kolmo
na rovinu segmentu, zkouska simulovala namahani ohybovy-
mi momenty pfi manipulaci, dopravé, skladovani a pri zati-
Zeni tlakem horninového masivu. Segmenty byly poloZeny
zaktivenou ¢asti nahoru (obr. 3), spodni hrany byly podloZe-
ny kluznymi podporami, které umoznovaly vodorovny pohyb
a zabranovaly svislému pohybu. Rovnomérné zatiZeni seg-
mentu po celé délce vrcholu klenby vyvoldvalo fizenou svis-
lou deformaci. To znamend, Ze zatéZovaci sila vnaSend hyd-
raulickym valcem byla upravovédna tak, aby deformace na
pistu zatéZzovaciho lisu byla postupné rovnhomérné zvysova-
na. Zatézovaci sila tedy nejprve rostla a po vzniku trhlin byla
sniZzovana az do vycCerpdni kapacity (tj. do okamziku rozlo-
meni). Cely sofistikovany systém byl fizen pocitacem se spe-
cidlnim softwarem. Nespornou vyhodou zatéZovani ,,fizenou

Tab. 1 Vysledky zatiZeni segmentii ohybem kolmym na rovinu segmentu

values of acting forces, the magnitude of deformations mea-
sured by installed potentiometric path NOVOTECHNIK
TR10 a TR25 were recorded during all tests. In addition, sig-
nals from X350-type Mikrotechna strain gauges with the
grid length of 100 mm, which were glued to the surface of
segments, were recorded. A PEEKEL Autolog 2100 data log-
ger was used for data collection.

4 SEGMENT LOADING BY BENDING PERPENDICULAR
TO SEGMENT PLANE

During the course of the particular test, segments were
subjected to bending perpendicular to the segment plane.
The test simulated the loading by bending moments during
handling, transport, storing and loading by the pressure
induced by ground mass. Segments were placed with the cur-
ved surface upward (see Fig. 3); bottom edges were suppor-
ted by sliding supports allowing horizontal movement and
preventing vertical movement. The uniformly distributed
load, acting on segments throughout the length of the top of
the vault, induced controlled vertical deformation. This
means that the loading force introduced by the hydraulic
cylinder was adjusted with the aim of regular, evenly incre-
asing of the deformation on the loading ram cylinder. This
means that the loading force initially grew and subsequent-
ly, after the origination of cracks, was reduced until the
capacity was exhausted (i.e. until the moment of breaking).
The entire sophisticated controlled by
a computer with a special software. Undisputable advantage
of the loading through “controlled deformation” was the fact
that a complete diagram, including the descending branch,
was obtained. The decision to terminate the test was made
only when the element no more supported its own weight.
The above procedure was applied to 4 steel fibre reinforced
segments A3. The test results are presented in Table 1.

Petty cracks started to appear in a strip with variable width
on the bottom face of the segment before the maximum loa-
ding force was reached. They gradually developed and sub-
sequently localised themselves in a single crack (see Figures
4 and 5). This crack gradually opened, with a corresponding
decrease in the loading force. It was possible during the
course of the process of the crack opening to directly obser-
ve steel fibres being gradually pulled out. Typical spreading
of cracks in the SFRC was registered, characterised by
a number of thin cracks developing in the close vicinity of
the most stressed cross section and one of them later propa-
gating itself further.

system was

Table 1 Results of segments loading by bending perpendicular to the segment plane

Segment  MnozZstvi dratki (kg/m?) Prirdstek sily (kN) ShiZovani zatiZzeni na hodnotu (kN)  Maximalni dosaZena pusobici sila (kN)
Segment Amount of steel fibres  Increments in force (kN) Load decreasing to Maximum acting force
(kg/m®) the value of (kN) reached (kN)
A3 - S1 40 kontinualné neodtézovano 115
continually not unloaded
A3 -S2 50 kontinualné neodtézovano 106
continually not unloaded
A3 - 83 40 kontinualné neodtéZovano 124
continually not unloaded
A3 -S4 50 kontinualné neodtéZovano 154

continually

not unloaded
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Tab. 2 Vysledky zatéZovani zbytkit segmentii prostym tlakem (L — levd &dst, P — pravd &dst)
Table 2 Results of uniaxial compression of the remainders of segments (L — left-hand part, R — right-hand part)

Segment Mnozstvi dratkd Prirdstek sily Snizovani zatizeni Sila pfi vzniku Sila pfi vzniku Maximalni dosazena
(kg/m?3), (kN) na hodnotu (kN) prvni trhliny (kN), trhliny pres celou pusobici sila
tloustku segmentu (kN) (kN)
Segment Amount of Increments Load decreasing Forigination of Force at the Maximum acting
steel fibres (kg/m?) in force (kN) to the value of (kN) first crack (kN) origination of crack force reached
throughout segment (kN)
thickness (kN)
K 50 300 90 4200 4200 7247
S1-L 40 600 200 6000 6000 6600
S2-L 50 600 200 4800 4800 7500
S3-L 40 600 200 6000 6000 6600
S3-P 40 600 200 6000 6000 7480
S4-L 50 600 200 5400 6000 8300
S4-P 50 600 200 6000 6600 7900

deformaci“ bylo ziskdni celého pracovniho diagramu véetné
sestupné vétve. K ukonceni zkousky bylo pristoupeno teprve
tehdy, kdyZ prvek neunesl svoji vlastni tihu. Danym zpuso-
bem byly zkouSeny 4 drdtkobetonové segmenty A3.
Vysledky zkousek jsou patrné z tab. 1.

Pred dosaZenim maximadlni zatéZovaci sily se v pdsu pro-
ménné $itky na spodni plose segmentu zacaly objevovat drob-
né trhliny, které se postupné rozvijely a nésledné se lokalizo-
valy do jediné trhliny (obr. 4 a 5). Ta se postupné rozevirala
¢emuz odpovidal prislusny pokles zatézovaci sily. Béhem roz-
virdni trhliny bylo moZzné pfimo v trhliné sledovat postupné
vytahovdni drdtki. Bylo zaznamendno typické Sifeni trhlin
v betonu s rozptylenou vyztuzi, kdy se v t€sném okoli nejvice
namdhaného prufezu vytvari fada velmi tenkych trhlin, z nichZ
se jedna pozdé¢ji propaguje dile.

RovnéZ je zajimavé, Ze nevys§i a nejniz§i unosnosti bylo
dosaZeno na vzorcich vyztuZzenych 50 kg/m3, zatimco vzorky
vyztuzené 40 kg/m3 vykazuji podobnou tnosnost. Hodnoty
byly ziskdny vZdy jen na dvou vzorcich, nelze je proto pova-
Zovat za statisticky vyznamné. Pfesto se nabizi vysvétleni, Ze
beton s mnoZzstvim 50 kg/m3 drdtkd je jiz obtiZznéji misitelny,
1ze tedy obtiZnéji zajistit rovnomérné rozptyleni dratku a proto
dochézi k vétsimu rozptylu v dnosnosti. Ziejmé v pripadé rea-
lizovanych zkouSek byl testovédn jeden segment s velmi vhod-
nym a druhy segment s velmi nevhodnym rozptylenim dratka.
Zamérné je pouZzit termin vhodny misto rovnomérny. Vysoka
tnosnost muZe byt ddna soustfedénim drétku pfi dolnim povr-
chu prvku — tedy v taZené oblasti. To miZe byt zpusobeno
napr. intenzivni vibraci. Nejednad se tedy o jev veskrze prfizni-
vy, nebot’lze usuzovat, Ze naopak tinosnost pfi opacném sméru
naméhdni (tah v horni ¢dsti prvku) bude imérné sniZena. Ve
skuteCnosti jsou segmenty namdhdny v obou smérech.

5 ZATIZENI ZBYTKU SEGMENTU PROSTYM TLAKEM

Pii dané zkouSce byly zkouSeny zbytky segmentu, které
vznikly pri ohybovém zatéZovéni segmentt kolmo na rovinu
segmentu. Zbytky segmentu byly zatéZovédny prostym tlakem
ve svislém sméru. Pasobici sila byla zvySovéna s prirastkem
600 kN a mezi jednotlivymi zatéZovacimi stupni byl zbytek
segmentu odtizen na hodnotu 200 kN. Zbytek segmentu byl
zatéZovan a7 do vyerpani kapacity. Danym zpusobem bylo
zkouSeno 6 zbytku segmenti a jeden segment K. Vysledky
zkousek jsou patrné z tab. 2.

Na rozdil od predchozi zkousky byl segment zatéZovan ve
svislé poloze, a proto byl dobfe pozorovatelny vznik trhlin na

Another interesting thing is that the highest and lowest valu-
es of the loading capacity were reached on samples reinforced
with 50 kg/m3 of fibres, whilst samples reinforced with
40 kg/m3 exhibit similar loading capacity. The values were
always obtained only on two samples, it is therefore impos-
sible to consider them to be statistically significant. In spite of
that, an explanation offers itself that concrete with the amount
of steel fibres of 50 kg/m3 is already more difficult to mix and
it is therefore more difficult to secure even dispersing of steel
fibres and large scattering of the loading capacity values the-
refore occurs. It is likely that, in the case of the conducted
tests, one segment with very favourably dispersed fibres was
tested, whilst the dispersion in the other segment was very
unfavourable. The term ‘favourable’ is used instead of ‘even’
on purpose. The high loading capacity can be caused by the
concentration of steel fibres at the bottom surface of the ele-
ment, i.e. in the tensioned area. This may be caused, for exam-
ple, by intense vibration. It is therefore not an entirely favou-
rable phenomenon because of the fact that it is possible to pre-
sume on the contrary that the loading capacity in the case of
the opposite direction of loading (tensioning in the upper part
of the element) will be proportionally reduced. In reality, seg-
ments are loaded in both directions.

Obr. 4 Segment zatiZeny ohybem kolmym na rovinu segmentu po poruseni
(pohled zespoda)
Fig. 4 A segment loaded by bending perpendicular to the segment plane (plan
of the underside)
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Obr. 5 Segment zatiZeny ohybem kolmym na rovinu segmentu po porusSeni
(bocéni pohled)

Fig. 5 A segment loaded by bending perpendicular to the segment plane after
becoming disturbed (side view)

vnitfnim i vnéj$im lici segmentu. Prvn{ trhliny se lokalizuji na
vnitfnim povrchu nad nikou pro Sroub. Ddle se trhliny S$ir{
nikou vétSinou podél jedné hrany. Je evidentni, Ze oslabeni
nikou pusobi nepfiznivé a vede k lokalizaci napéti do hran. Lze
tedy konstatovat, Ze hranaty tvar nik je nevhodny, obly tvar by
byl vhodnéjsi. Behem dalsiho zatéZovani se trhliny rozvijely
smérem doli v jednom nebo vice pdsech pod nikou, nebo
mirn¢ stranou. Postupné se vSechny trhliny rozeviraly, teprve
pak se vyrazné lokalizovala jedna z nich, kde ndsledné nastalo
roz§tipnuti prvku priénymi tahy (obr. 6).

6 ZATIZENI V PROSTEM TLAKU DVEMA BREMENY

Pri dané zkousce byly segmenty zkouseny v tlaku, zkouska
simulovala zatiZeni osténi lisy tunelovaciho §titu, pri kterém je
smér pusobici sily rovnobéZzny s podélnou osou tunelové trou-
by. Zkousky byly provedeny s pusobenim dvou sil (simulace
dvou lisi pomoci masivniho rozndseciho nosniku — obr. 7).
Vzhledem ke zpusobu uloZeni segmentu do zkusebniho stroje
pusobily sily svisle. Segmenty byly na vozik zkusebniho stro-
je poloZeny v&etné sololitovych desek bez t€snicich paski. Na
horni tlaCenou plochu byla osazena jedna deska z novoduru
tloustky 9 mm a jedna deska z ocelového plechu P20 odpovi-
dajici dosedacim plochdm list §titu. Pisobici sily byly navy-
Sovédny v rovnomérnych prirastcich, po kazdém navyseni zaté-
zovaci sily byly segmenty odtiZeny. Sily byly navySovany aZ
do vycCerpani kapacity segmentu. Béhem zkou$ky byly zazna-
mendvany vzniklé trhliny. Celkem byly zkouSeny 2 dratkobe-
tonové segmenty A3. Vysledky zkousek jsou patrné z tab. 3.

Tab. 3 Vysledky zatéZovani drdtkobetonovych segmentu prostym tlakem
Table 3 Results of uniaxial compression of SFRC segments

Obr. 6 Rozstipnuti zbytku segmentu pricnymi tahy

Fig. 6 A segment remain split by transverse tensions

5 LOADING BY UNIAXIAL COMPRESSION APPLIED
TO REMAINS OF SEGMENTS

The particular testing was conducted on the remains of seg-
ments which originated during the segment loading by bending
perpendicular to the segment plane. The remains of the seg-
ments were loaded by uniaxial compression in the vertical
direction. The acting force was being increased with 600 kN
increments and the remaining segment was unloaded between
individual loading stages down to the value of 200 kN. The
remainder of the segments was loaded until the loading capa-
city was exhausted. This particular method was applied to the
testing of 6 remainders of segments and one segment K. The
testing results are presented in Table 2.

In contrast to the previous test, the segment was loaded in
a vertical position; the origination of cracks on both the inner
and outer surface of the segment was therefore well observab-
le. First cracks are localised on the inner surface, above the

Segment  Usporadani Mnozstvi PrirGstek Snizovani Vznik prvni  Vznik trhliny pres Maximalni
dratkd sily (kN) zatizeni na trhliny (kN) celou tloustku dosazena
(kg/m®) hodnotu (kN) segmentu (kN) pusobici sila (kN)

Segment  Arrangement Amount of Increments in Load decreasing  Origination of  Origination of Maximum acting

steel fibres force (kN) to the value first crack (kN) crack throughout force reached
(kg/m?) of (kN) segment (kN)
thickness (kN)
A3 -85 2xF2 40 1200 400 3600 6000 9000
A3 - S6 2xF/2 50 1200 400 3600 6000 9300



Obr. 7 Segment zatiZeny v prostém tlaku dvéma bremeny
Fig. 7 A segment loaded by unilateral pressure induced by two loads

Usporadéni zkousky bylo obdobné jako v predchozim pripa-
dé, proto byl obdobny i charakter poruseni. Zdsadni vyhodou
této zkouSky byla moZnost sledovdni namdhdni segmentu
v prostoru mezi zatéZovanymi misty. Pro tento prostor byl cha-
rakteristicky vznik tahovych namdhdni. Trhliny (nejastéji
jedna mala trhlina) se v této ¢asti objevily v ranych fazich zate-
zZovani. S rostoucim zatiZzenim se jiZ trhlina nerozevirala, ome-
zovala se vyhradné na okraj segmentu a rovnéZ nebyla
vyznamnd pro sniZeni unosnosti prvku. Vznik trhliny mezi
zatéZzovacimi misty byl pouze lokdlni zdleZitosti, a to presto,
Ze tato trhlina vznikala jako jedna z prvnich. Dal$i rozvoj trh-
lin byl prakticky identicky s pfipadem, kdy bylo zatéZovédno
jen jedno misto, pouze probihal témér paralelné pod obéma
zatézovacimi misty. Obvykle byl rozvoj trhlin v okoli jednoho
zatézovaciho mista o jeden zatéZzovaci krok zdrZzen za druhym
mistem, coz na rozdil od teorie odpovidalo nahodilostem
materidlovych charakteristik i ndhodné excentricité zatizeni.
Zkouska koncila moznostmi zatéZzovaciho stroje, ktery vyvine
celkové zatizeni do 9 MN, tedy na jedno zatéZovaci misto pri-
padala maximdlni sila 4,5 MN, coZ je niz§i hodnota oproti
dnosnosti segmentu.

7 KOMPARATIVNI ZKOUSKY ZELEZOBETONOVYCH
SEGMENTU ZATIZENIM V PROSTEM TLAKU

Pfi dané zkous$ce byly zkouSeny v tlaku Zelezobetonové seg-
menty. Zkouska simulovala zatiZen{ osténi lisy tunelovaciho
Stitu, pii kterém je smér pusobici sily rovnobézny s podélnou
osou tunelové trouby. Nékteré zkousky byly provedeny
s pusobenim jedné sily (simulace jednoho lisu), nékteré zkous-
ky byly provedeny s pusobenim dvou sil (simulace dvou lisu).
Vzhledem ke zpusobu uloZeni segmentu do zkuSebniho stroje
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bolt box. Subsequently the cracks propagate themselves
through the box, along one edge. It is evident that the weake-
ning by the box acts in an unfavourable way and leads to the
localisation of stress to edges. It is therefore possible to state
that the angular shape of the boxes is improper; a rounded
shape would have been more proper. During the course of furt-
her loading the cracks developed downward, in one or more
strips under the box or slightly aside. All cracks were gradual-
ly opening and only then did one of them significantly locali-
se itself. The element subsequently got split by transverse ten-
sions in that particular location (see Fig. 6).

6 LOADING BY UNIAXIAL COMPRESSION INDUCED

BY TWO LOADS

During this particular test, segments were tested in compressi-
on; the test simulated the loading induced on the lining by rams of
the tunnelling shield, where the direction of the acting force is
parallel with the longitudinal axis of the tunnel tube. The tests
were carried out with two forces acting (the simulation of two
rams by means of a solid distribution beam — see Fig. 7). Taking
into consideration the system of the placement of the segment in
the testing machine, the forces acted vertically. The segments
were placed on the carriage of the testing machine including solo-
lit boards without sealing gaskets. One 9 mm thick hardened PVC
plate and one steel sheet P20 plate matching the area of contact of
the shield rams were fitted to the upper compressed surface. The
acting forces were increased in equal increments; after each incre-
asing of loading forces, the segments were unloaded. The forces
were increased until the loading capacity of the segment was
exhausted. The cracks which originated during the test were recor-
ded. In total, two SFRC segments A3 were tested. The testing
results are presented in Table 3.

The test arrangement was similar to that used in the previous
case, the character of the disturbance was therefore also simi-
lar. The principal advantage of this test was that it was possib-
le to observe the segment stressing in the space between the
points being subjected to loading. This space was characterised
by the origination of tensile stresses. Cracks (most frequently
one small crack) appeared in this part during the early phases of
the loading process. The crack no more opened with the incre-
asing load; it restricted itself solely to the edge of the segment.
In addition, it was not significant for the reduction of the ele-
ment load-bearing capacity. The origination of the crack bet-
ween the points of lading was only a local matter, despite the
fact that this crack originated as one of the first cracks. The sub-
sequent development of cracks was virtually identical with the
case where only a single point was loaded, with the only diffe-
rence that it ran nearly in parallel under both loading points.
The development of cracks in the surroundings of one loading
point was usually delayed for one loading step. As opposed to
theory, it corresponded to the accidental nature of material cha-
racteristics and the accidental eccentricity of the loads. The test
ended when the capacity of the loading machine (the total load
force of 9 MN) was exhausted. At that moment the maximum
force attributed to one loading point reached 4.5 MN, which
value is lower than the loading capacity of the segment.

7 COMPARATIVE UNIAXIAL COMPRESSION LOADING
TESTS OF TRADITIONALLY REINFORCED CONCRETE
SEGMENTS
These compression tests were conducted on traditionally

reinforced concrete segments. The test simulated the lining
loading by rams of the tunnelling shield, where the direction
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Tab. 4 Vysledky zatéZovdni Zelezobetonovych segmentu prostym tlakem

Table 4 Results of uniaxial compression of traditionally reinforced concrete segments

Segment  Usporadani Mnozstvi PrirGstek Shizovani Vznik prvni  Vznik trhliny pres Maximalni
dratku sily (kN) zatizeni na trhliny (kN) celou tloustku dosazena
(kg/m?) hodnotu (kN) segmentu (kN) pusobici sila (kN)

Segment  Arrangement Amount of Increments in Load decreasing  Origination of  Origination of Maximum acting

steel fibres force (kN) to the value first crack (kN) crack throughout force reached
(kg/md) of (kN) segment (kN)
thickness (kN)

K 1xF 105 300 90 3300 3300 5868

B 1xF 105 600 200 5400 5400 8448

C 2xF2 105 1000 300 6000 6000 8608

A1 1xF 105 600 200 4800 4800 7235

A2 2xF2 105 1200 400 4800 5800 -

A1 1xF 105 600 200 5400 5400 7260

A3 2xF2 105 1200 400 6000 7200 8960

Obr. 8-11 Delaminace Zelezobetonovych segmentu zatiZenych prostym tlakem

of the acting force is parallel with the longitudinal tunnel
tube axis. Some tests were carried out with the action of
a single force (the simulation of a single ram), some tests
were conducted with two forces acting (the simulation of
two rams). Taking into consideration the system of the pla-
cement of the segment in the testing machine, the forces
acted vertically. The segments were placed on the carriage of
the testing machine including sololit boards without sealing
gaskets (with the exception of segment K, which was tested
with gaskets on it). One 9 mm thick hardened PVC plate and

Figures 8—11 Delamination of traditionally reinforced concrete segments loaded by unilateral pressure




Tab. 5 Vysledky zatizeni segmentii ohybem v roviné segmentu
Table 5 Results of segment loading by bending in the segment plane
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Segment Mnozstvi dratku Prirdstek sily Snizovani zatizeni Vznik Vzniku trhliny Maximalni dosazena
(kg/m?3), (kN) na hodnotu (kN) prvni trhliny (kN), pres celou pusobici sila
tloustku segmentu (kN) (kN)
Segment Amount of Increments Load decreasing Origination of Origination of Maximum acting
steel fibres (kg/m®) in force (kN) to the value of (kN) first crack (kN) crack throughout force reached
segment thickness (kN)
(kN)
A3 - S11 50 100 neodtéZovano 200 400 500
A3 -S12 50 100 neodtézovano 300 560 753
A3-S513 40 100 neodtézovano 300 530 629
A3-S14 40 100 neodtézovano 300 500 610
A1 -815 105 100 neodtéZovano 300 370 610
A2 -S16 105 100 neodtézovano 200 350 991

pusobily sily svisle. Segmenty byly na vozik zkuSebniho stro-
je poloZeny véetn¢ sololitovych desek bez tésnici gumy (pouze
segment K byl zkouSen s tésnénim) a na horni tlaéenou plochu
byla osazena jedna deska z novoduru tloustky 9 mm a jedna
deska z ocelového plechu P20 odpovidajici dosedacim plo-
chdm lisu Stitu. Pusobici sily byly navySovdny v rov-
nomérnych prirtstcich, po kazdém navySeni zatéZovaci sily
byly segmenty odtiZeny. Sily byly navySovany aZ do vycCerpa-
ni kapacity segmentu, pficemZ beéhem zkousky byly zazname-
navany vznikajici trhliny. Celkem bylo zkouSeno 7 Zelezobe-
tonovych segmentu (2xA1,A2,A3, K, B, C), viechny zkousSe-
né segmenty byly vyztuzené 105 kg/m3 prutové vyztuZe.
Usporadani zkousek a vysledky zkousek jsou patrné z tab. 4.

I kdyz je tento ¢ldnek zaméfen predev§im na segmenty
s rozptylenou vyztuzi, tak je jisté namisté uvést také porovna-
ni se zkouskami Zelezobetonovych prvka. Zkousky byly uspo-
faddny identicky jako v pripadech dratkobetonovych segmen-
ta. Hodnoty zatiZeni pfi vzniku trhlin prochdzejicich celou
tloustkou prvku jsou u Zelezobetonovych i dratkobetonovych
segmentd témér shodné. RovnéZ dnosnost klasického Zelezo-
betonového segmentu je srovnatelnd s dratkobetonovym, nic-
méné zpiisob porudeni je zcela odlisny. Zelezobetonovy seg-
ment byl ve vSech dosud testovanych pripadech porusen
v ploSe rovnobézné se strednicovou plochou. Doslo tedy
k delaminaci materidlu, kdy se pri vyCerpéani unosnosti oddéli-
la kryci vrstva a uvnitf prvku vzniklo jadro betonu sevieného
vyztuzi (obr. 8—11). Pri kryti vyztuZe 5 cm a tlouStce segmen-
tu 25 cm mélo jadro tloustku pouhych 15 cm.

8 ZATIZENI SEGMENTU OHYBEM V ROVINE SEGMENTU

Pri dané zkouSce byly segmenty zkouSeny v ohybu v roviné
segmentu, zkouska simulovala zatiZeni osténi lisy tunelovaci-
ho $titu pfi nerovnomérném podloZeni segmentu (tj. simulace
posunuté geometrie predchoziho prstence — obr. 12). Segmenty
byly zatiZzeny jednim bfemenem umisténym na kraji segmentu.
Opacny okraj segmentu byl uchycen, aby bylo zabranéno svis-
lému posunu. Ddle byl segment nesymetricky podloZen na
strané uchycenf tak, aby zatéZovand polovina segmentu neby-
la podepiena. Pusobici sila byla zvySovéna s prirustkem 100
kN bez odtéZovéni az do vylerpani kapacity. Danym zpuso-
bem bylo zkouSeno 6 segmenti A (4 drdtkobetonové se 40
a 50 kg/m3 dratku, 2 Zelezobetonové se 105 kg/m3 vyztuZze).
Vysledky zkousek jsou patrné z tab. 5.

Uvedené zkousky byly charakteristické nizkymi hodnotami
sil, pfi nichz zacaly vznikat trhliny. Trhliny se lokalizovaly
v prostoru nad nikou pro Sroub a pak se déle Sifily smérem

one steel sheet P20 plate matching the area of contact of the
shield rams were fitted to the upper compressed surface.
The acting forces were increased in equal increments; after
each loading forces increasing, the segments were unloaded.
The forces were increased until the loading capacity of the
segment was exhausted. The cracks which originated during
the test were recorded. In total, 7 traditionally reinforced
concrete segments (2xAl, A2, A3, K, B, C) were tested. All
of the tested segments were reinforced with 105 kg/m3 of
steel bars. The arrangement of tests and testing results are
presented in Table 4.

Even though this paper is first of all focused on steel fibre
reinforced concrete segments, it is certainly in order to pre-
sent the comparison with the tests of steel bar reinforced
concrete elements. These tests were carried out identically
with the tests of the SFRC segments. The values of the loa-
ding applied at the moment of the origination of cracks run-
ning throughout the thickness of the element are nearly iden-
tical for both the steel bar reinforced concrete segments and
steel fibre reinforced concrete segments. Even the load-car-
rying capacity of the traditionally reinforced concrete seg-
ment is comparable with that of a SFRC segment; neverthe-
less, the failure mode is totally different. The traditionally
reinforced concrete segment was in all tested cases disturbed
in the plane parallel with the central plane. It means that the
material became delaminated, with a cover layer separated
after the load-carrying capacity was exhausted and a core of
concrete clamped between reinforcing bars originated inside
the element (see Figures 8-11). At the concrete cover to the
reinforcement of 5 cm and the thickness of the segment of 25
cm, the core was a mere 15 cm thick.

| J

Obr. 12 Grafické zndzornéni nerovnomérného podepieni segmentit
Fig. 12 Graphical depiction of non-uniform support of segments
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Obr. 13 a 14 PoruSeni drdtkobetonového segmentu zatiZeného ohybem
v roviné segmentu

Figures 13 and 14 Steel fibre reinforced concrete segment disturbed by loa-
ding by bending in the segment plane

doli. U segmenti vyrobenych z dritkobetonu bylo moZné
pozorovat vznik fady nepatrnych trhlin, z nichZz se jedna
postupné rozevirala a nasledné doslo ke ztrdté dnosnosti (obr.
13 a 14). Zelezobenotové segmenty byly poruseny odlisné,
vznikla jedna trhlina, kterd se rozevirala a zaCala se vétvit tepr-
ve pii dosazeni vysokého zatiZeni (obr. 15). Meze unosnosti
nebylo dosazeno, avSak takto zatiZzeny prvek by byl zcela
nevyhovujici (s ohledem na rozevieni trhlin v osténi).

Charakter odezvy na zatiZeni byl u zkouSenych materidla
zcela odlisny, ovSem z hlediska pouzitelnosti 1ze povazovat
materidly za srovnatelné.

Obecné lze v pifpadé obou materidla konstatovat, Ze seg-
menty jsou kfehké a ndchylné na poruseni jiz pfi nizkych
silach. Vznik trhlin pri 300 kN a propagace trhlin na plnou
tloustku segmentu pfi 500 kN znamend v porovnani

Tufel

8 SEGMENT LOADING BY BENDING
IN THE SEGMENT PLANE

During this particular test, segments were subjected to
bending in the segment plane. The test simulated the tunnel
lining loading by rams of the tunnelling shield at a uniform
support of segments (i.e. the simulation of the shifted geo-
metry of the previous ring — see Fig. 12). The segments were
loaded by a single load acting on the segment edge. The
opposite edge of the segment was clamped so that vertical
shifting was prevented. In addition, the segment was sup-
ported non-symmetrically on the side of the clamping so that
the segment half exposed to loading was not supported. The
acting force was increased with 100 kN increments, without
unloading, until the load-bearing capacity was exhausted.
This procedure was used for the testing of 6 segments A
(4 steel fibre reinforced concrete segments with 40 and
50 kg/m3 of fibres, 2 traditionally reinforced concrete ones
with 105 kg/m3 of reinforcement). The results are presented
in Table 5.

The above-mentioned tests were characterised by low
values of forces at which cracks started to originate. The
cracks localised themselves in the area above the box for
a bolt and continued to extend downwards. It was possible
at the segments produced from steel fibre reinforced concre-
te to observe the origination of numerous minute cracks; one
of them gradually opened and, subsequently, the load-carry-
ing capacity got exhausted (see Figures 13 and 14). The tra-
ditionally reinforced concrete segments were disturbed in
a different way. One crack originated and started to open; it
started to branch out only when a high load value was rea-
ched (see Fig. 15). Failure limits were not reached, but the
element loaded in this way was completely unsatisfactory
(with respect to the extension of cracks in the lining).

The character of the response of the tested materials to the
loading was totally different, but the materials can be consi-
dered to be comparable as far as the serviceability is concer-
ned.

In general, it is possible to state in the case of both mate-
rials that the segments are brittle and susceptible to fractu-
ring even when loaded by small forces. The origination of
cracks at 300 kN and the propagation of cracks to throughout
thickness of the segment at 500 kN, if compared with the
design load of 2400 kN, means significant problems with the
serviceability of segments. The deformation (the deflection
of the element subjected to bending) of about 1 mm on the
origination of cracks and about 2 mm on the origination of
cracks running throughout the element thickness, which
values are very low, corresponds to this information. The
deflection at the failure load of the SFRC elements varied
around 6 mm. The rigidity of the lining providing support for
the machine thrust forces is relatively low because the rub-
ber gaskets sealing the joints can be subject to creeping. It
follows from the results of the experiment that the differen-
ce in the position (pushing in) of two neighbouring segments
of 1-2 mm means significant risk of the origination of
a crack in the segment, which may affect the waterproofing
capacity of the lining in the case it propagates throughout the
segment thickness. It is therefore necessary during the cour-
se of the excavation to secure uniform support of the seg-
ments being subjected to loading, which means that the
lining has to be installed as accurately as possible so that the
origination of cracks is prevented. In addition, the above-
mentioned factor should be taken into consideration when
the arrangement of segments is being designed — which can




s ndvrhovym zatizenim 2400 kN znacné problémy pouZzitel-
nosti segmentu. Tomu odpovidd deformace (pruhyb ohybané-
ho prvku) cca 1 mm pfi vzniku trhlin a cca 2 mm pri vzniku
trhlin na plnou tloustku prvku, coZ jsou hodnoty velmi nizké.
Prihyb na mezi inosnosti dratkobetonovych prvku se pohybo-
val kolem 6 mm. Tuhost osténi jako podpory pro pfitlak stroje
je pomérne nizkd, nebot’ se mohou dotlacovat spoje tésnéné
gumovymi pédsky. Z vysledka experimentu vyplyva, Ze rozdil
v poloze (zatlafeni) dvou sousednich segmenti 1-2 mm zna-
mend tedy znacné riziko vzniku trhliny v segmentu, kterd pri
propagaci na celou tlouStku segmentu muaZe ovlivnit vodone-
propustnost osténi. Behem razby je proto nezbytné zajistit rov-
nomérné podepreni zatéZzovanych segmentl, coZ znamend co
nejpresnéjsi instalaci osténi, aby nedoSlo ke vzniku trhlin.
Uvedeny faktor by mel byt také zohlednén pri navrhu uspora-
ddni segmentu, které muZe byt v porovndni s posuzovanym
usporddanim vyhodnéjsi.

9 ZAVER

Provedené experimentdlni testovdni dratkobetonovych
a Zelezobetonovych segmentd prineslo velké mnoZstvi velmi
cennych informaci. Pfirozené nejdulezitéjsi byly informace
o tnosnosti segmentu (velikost maximdlniho zatiZenf, které seg-
menty prenesou) a o pouZitelnosti segmentt (vznik prvnich trh-
lin, propagace trhliny pres celou tloustku segmentu) pfi raznych
zpusobech zatéZzovéni. Vysledky vyzkumu prokdzaly, Ze ostén{
vyrobené z dritkobetonu ve specifikovanych podminkdch muze
nahradit osténi Zelezobetonové. Z hlediska mezniho stavu pou-
Zitelnosti lze spatrovat ur¢ité vyhody ve vét§im rozptylenf trhlin,
coz vede k mensimu riziku ovlivnéni vodopropustnosti.

Obdobné byly také znaénym prinosem zkuSenosti s tech-
nologii vyroby dratkobetonovych segmentu, kterd v porovnani
s tradi¢nimi Zelezobetonovymi segmenty prind$i fadu problémd,
které bylo nutné vyresit. Obecné lze konstatovat, Ze mnoZstvi
dratku 50 kg/m3 a 40 kg/m3 vede k mechanickym vlastnostem,
které jsou srovnatelné. S ohledem na malé mnozstvi zkouSek
nelze vysledky vérohodné€ statisticky vyhodnotit a porovnat. Lze
viak usuzovat, Ze pri pouZiti vétstho mnoZstvi dratku nastdvaji
VES problémy s rovnomérnym rozptylenim drdtku v betonu.
Tento technologicky problém je nutné fesit béhem bézné velko-
vyroby betonu s vyuzitim profesiondlnich ddvkovacich
a rozptylovacich zarizeni pro dratky. Dritky béhem vyroby
betonovych vzorku pro experimenty byly davkovény ruéné, kdy
Ize jen stézi zajistit reprodukovatelnost vyrobku se stejnym
vysledkem.

V oboru segmentového osténi se jednalo o prvni uceleny sou-
bor experimentélnich vysledkd na modernich tunelovych seg-
mentech skutedné velikosti v CR. Ukazuje se, Ze odezva na zati-
Zeni segmentd md zcela jiny charakter neZ u malych vzorku (j.
testovaci tramce délky 70 cm). Nelze tedy vysledky experimen-
tu na malych vzorcich aplikovat na celé konstrukce jednodu-
chymi vypocetnimi postupy (teorie pruznosti).

Na zdkladé provedenych zkouSek byly provedeny i zpétné
numerické vypolty pomoci metody konednych prvki
v programu ATENA (Havldsek a kol., 2011), které umoZnily
odvozeni nékterych dulezitych parametru zkouSeného materia-
lu. Pro zodpovédnou numerickou analyzu je tfeba vyuzit dosta-
te¢né sofistikované analytické vybaveni zohlednujici energetic-
ké principy modelovani rozvoje trhlin. Realizovany komplexn{
soubor experimentu vedl k ziskdni dat pro vypocty, kterymi by
bylo moZné spolehlivé modelovat odezvu redlnych prvka na
pozadované zatizeni. Vysledky experimentu podporily fakt, Ze
na ndavrh segmentl je tieba pohliZet velmi komplexné a vzit
v tvahu fadu navrhovych faktori. Uzky a jednostranny pohled
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Obr. 15 Poruseni Zelezobetonového segmentu zatiZeného ohybem v roviné
segmentu

Fig. 15 Traditionally reinforced concrete segment disturbed by loading by
bending in the segment plane

be more advantageous if compared with the arrangement
being assessed.

9 CONCLUSION

The completed experimental testing of SFRC segments
and traditionally reinforced concrete segments brought a big
amount of very precious information. Naturally, the infor-
mation on the load-bearing capacity of segments (the magni-
tude of the maximum load the segments can carry) and on
the serviceability of the segments (the origination of first
cracks, crack propagation throughout the segment thickness)
at various manners of loading is of the highest importance.
The results of the tests proved that a lining produced from
steel fibre reinforced concrete in specified conditions can
replace traditionally reinforced concrete segments. As far as
the limit state of serviceability is concerned, it is possible to
consider the greater scattering of cracks, leading to the smal-
ler risk of influencing the waterproofing capacity, to be cer-
tain advantage.

Similarly significant contribution lied in the experience
with the technology of the production of SFRC segments,
which, in comparison with traditionally reinforced concrete
segments, brings numerous problems which had to be sol-
ved. In general, it is possible to state that the amount of steel
fibres of 50 kg/m3 and 40 kg/m3 leads to mechanical proper-
ties which are comparable. Because of the small number of
tests it is not possible to credibly statistically assess and
compare the results. However, it is possible to conclude that
bigger problems with the dispersion of steel fibres in conc-
rete occur when a greater amount of fibres is used. This tech-
nological problem has to be solved during common large-
volume production of concrete using professional steel fibre
dosing and dispersion equipment. During the course of the
production of concrete samples for experiments, steel fibres
were dosed manually; at this process it was therefore diffi-
cult to secure reproducibility of the product with an identical
result.

In the field of segmental linings this was the first compre-
hensive set of results of experiments on modern real-size
tunnel lining segments in the Czech Republic. It has turned
out that the character of the response to segment loading
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Obr. 16 Segmentové osténi tratbvého tunelu trasy A praZského metra
Fig. 16 Segmental lining of a running tunnel on the Line A of Prague metro

na problematiku vede k zanedbdni nékterych vlivu, které pak
mohou komplikovat proces provadéni i dosazeni pozadovanych
uzitnych vlastnosti prefabrikovaného osténi{ tunelu.

Po zohlednéni vysledku provedeného vyzkumu bylo rozhodnu-
to, Ze vyrobené dratkobetonové segmenty splnuji veskeré poza-
davky kladené na osténi prazského metra. Mohly byt proto vyro-
beny a smontovany prstence (v poctu 10 prstencu tj. 15 bm tune-
Iu) zkusSebniho useku osténi v trase A prazského metra z drat-
kobetonovych segmentl (s davkovanim dratka 40 kg/m3). Dané
osténi bylo instalovdno na tratovém tunelu uvedené stavby
v ¢ervnu 2012 (obr. 16). Po prohlidce osazeného zkuSebniho tseku
bylo ovéreno, ze na danych segmentech nevznikly Zadné trhliny.
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