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1. UvoD

Stavba nového terminalu 5 na londynském letisti Heathrow zahrnuje reali-
zaci systému raZenych tunelt o délce 13 km (Hilar a kol. 2005). RaZba tunela
pod pouzivanym letitém prindsi zna¢né riziko pro jeho funkénost. SniZeni
tohoto rizika na minimum bylo jednim z kli¢ovych aspektu stavby (Williams
2005). Jednim z nejndro¢néjsich kol byla razba tuneli v tésné blizkosti std-
vajicich Zelezni¢nich trati. Ob¢ trouby silni¢niho tunelu na letistn{ strané (Air-
side Road Tunnel — ART) prochézely nad soucasnym tunelem trati Heathrow
Express (HEX) ve vzddlenosti 3,5 m. Ob¢é trouby trati Heathrow Express
Extension (HEXEx) podchazely provozovany tunel smycky trati Piccadilly ve
vzddlenosti 6,9 m a razba trati Piccadilly Extension (PiccEx) podchdzela ve
vzdélenosti 3,9 m pod tunelem Piccadilly.

Vsechny Zelezniéni tunely byly v prubéhu raZeb, realizovanych v jejich
tésné blizkosti, za provozu. Zelezni¢ni svriek je velmi citlivy na deformace
a veétsi deformace by mohly vést k zastaveni provozu a znanym finanénim
ztrétdm. Nésledujici ¢lanek popisuje rizné systémy automatického monitorin-
gu pouzitého na termindlu 5 spole¢né s vyhodnocenim namérenych hodnot.

2. ORGANIZACE STAVBY

Investor, spolecnost BAA plc, si najal spolecnost Mott MacDonald jako gene-
rdlniho projektanta vSech podzemnich staveb a sdruzeni Morgan-Vinci Joint Ven-
ture (MVIV) jako generdlntho zhotovitele tuneli. Firma Mott MacDonald
zaméstnala specializované subdodavatele na instalaci monitorovacich systému
a obsluhu téchto systému béhem raZeb. Spolecnost Mott MacDonald odpovidala
za ndvrh systémt monitoringu, dozor osazeni monitoringu, testovani citlivosti
monitoringu a za vyhodnocovéni vysledki monitoringu béhem raZeb. Viechny
postupy musely byt schvéleny zd¢astnénymi stranami, predevsim majiteli stédva-
jicich tunelt, kterymi jsou London Underground Limited (LUL) a Heathrow
Express/Network Rail spolu se zhotovitelem tunelti a firmou BAA.

3. RAZBA POD TUNELEM SMYCKY TRATI PICCADILLY
3.1 ZAKLADNI INFORMACE

Smycka trati Piccadilly tvori podzemni Zelezni¢ni spojeni mezi stanicemi
Hatton Cross, Terminal 4 a Central Terminal Area (CTA) na Heathrow. Jedna
se o tunel s vnitinim prumérem 3,81 m, ktery byl vybudovén v roce 1983 a jde
predevsim o prefabrikované betonové osténi s klinovym zdmkem. Dilce osténi
jsou z prostého betonu a osténi neni po obvodu injektovdno. Dokonceny
a vystrojeny usek tunelu Piccadilly zahrnuje i rozsifeny tsek (délka 1 m,
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Obr. 1 Relativni poloha raZeb pod smyckou trati Piccadilly: 1 - Smycka trati
Piccadilly, 2 - HExEx DL, 3 - HExEx UL, 4 - PiccEx WB, 5 - PiccEx EB,
6 - Razba HExEx, 7 - Razba PiccEx WB

Fig. 1 Relative position of Piccadilly Loop crossings: 1 - Piccadilly Line
Loop, 2 - HExEx DL, 3 - HExEx UL, 4 - PiccEx WB, 5 - PiccEx EB,
6 - HExEx crossings, 7 - PiccEx WB crossing

1. INTRODUCTION

Construction of new Terminal 5 at Heathrow considers excavation of
a 13km long system of driven tunnels (Hilar et al. 2005). Tunnelling under the
live airport brings a significant risk to its operation; the reduction of this risk
to a minimum was one of the project key issues (Williams 2005). One of the
most challenging tasks was tunnelling in close proximity to existing railways.
Both drives of the Airside Road Tunnels (ART) were excavated above exis-
ting Heathrow Express (HEX) tunnel with clearance 3.5m. Both drives of
Heathrow Express Extension (HExXEx) and one drive of Piccadilly Line
Extension (PiccEx) were excavated below existing Piccadilly Loop tunnel
with clearances 6.9m and 3.9m respectively.

All the existing railway tunnels were in operation during the tunnelling in
their proximity. Railway infrastructure is very sensitive to deformation and
high movement could lead to services being stopped and substantial financi-
al losses. The following paper describes different automatic monitoring sys-
tems used at Terminal 5 together with the evaluation of monitored values.

2. ORGANISATION OF WORKS

The client, BAA plc, employed Mott MacDonald as the principal designer
of all underground structures and Morgan=Vinci Joint Venture (MVIV) as
principal tunnel constructor. Mott MacDonald employed specialist subcon-
tractors for installation of the monitoring systems and control of the systems
during crossings. Mott MacDonald was responsible for the design of the
monitoring systems, supervision of installation, commissioning, interrogation
and interpretation of monitored values during the crossings. All procedures
had to be agreed with the stakeholders, the owners of the existing tunnels -
London Underground Limited (LUL) and Heathrow Express/Network Rail in
conjunction with the constructor and BAA.

3. PICCADILLY LOOP CROSSINGS
3.1 BASIC DATA

The Piccadilly Line Loop forms an underground rail link between Hatton
Cross station, Terminal 4 station and Central Terminal Area station at Heath-
row. The 3.81m internal diameter tunnel was constructed in 1983 and is pri-
marily of pre-cast concrete expanded segmental lining. The segments are not
reinforced and the lining is not grouted. The instrumented section of the tun-
nel incorporates the Wessex Road escape shaft emergency access platform
which includes a large (17m long, 8.25m diameter) bolted cast iron section
along the platform area.

Construction of three new tunnels had to cross very close under this exis-
ting tunnel: PiccEx Westbound (WB), HexEx Downline (DL) and HexEx
Upline (UP). Fig. 1 shows the overview indicating the relative position of the
mentioned tunnels. HEXEx tunnels crosses under the Piccadilly Loop per-
pendicularly. PiccEx WB tunnel crosses under the existing tunnel at a skewed
angle, thus a longer section of the tunnel was within the zone of influence.

All PiccEx and HexEx tunnels were constructed using Dosco shields (Hilar et
al. 2005). The pre-cast concrete segments were erected immediately behind the
shield and expanded against the exposed London Clay (wedgeblock constructi-
on). Between the Piccadilly tunnel invert and crowns of new tunnels there was
a design clearance of 3.89m for PiccEx tunnel and 6.86m for HEXEx tunnels.

3.2 REMOTE MONITORING SYSTEMS

The extent of the zone of influence within the Piccadilly Loop was conside-
red to be within 30m either side of the crossing centre line for HEXEx tunnels
and 40m either side of the crossing centre line for PiccEx tunnels (skewed cros-
sing). For this reason the instrument scheme extended double length of the zone
of influence with reference points located a further 36 metres either side.

The remote system enabled real-time readings with detailed structural
movements to be obtained during both traffic and engineering hours. This
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prumér 8,25 m) s osténim ze Sroubovanych litinovych dilct, ve kterych je
ndstupiste a vstup do tnikové Sachty.

Pod tunelem Piccadily bylo nutné podejit ve velmi malé vzdalenosti s raz-
bou tif nasledujicich tunelt: PiccEx Westbound (WB), HexEx Downline (DL)
a HexEx Upline (UP). Situace uvedenych tuneld je vidét na obr. 1. Tunely
HexEx podchazi pod Piccadilly v kolmém sméru. Tunel PiccEx WB podchazi
v ostrém uhlu, takZe v zéné sedani se nachézel delsi tsek.

Vsechny tunely PiccEx a HexEx se razily $tity Dosco (Hilar a kol. 2005).
Prefabrikované betonové dilce byly osazovany ihned za Stitem a byly rozpina-
ny do vyrubu v londynském jilu pomoci klinovych dilci. Mezi dnem tunelu
Piccadilly a vrcholy klenby novych tunelt byla projektovand vzddlenost 3,89
m (tunel PiccEx) a 6,86 m (tunely HexEXx).

3.2 SYSTEMY DALKOVE RiZENEHO MONITORINGU

Rozsah z6ny sedéni na trat' Piccadilly byl uvazovéan do 30 m na kazdou stra-
nu od mista kifZen{ osy tuneld HexEx a 40 m na kaZdou stranu od mista kifze-
ni osy tunelt PiccEx (Sikmé kiiZenf). Schéma méficich pfistroju zahrnovalo
dvojndsobek délky zony seddni. Referencni body byly umistény na obou stra-
ndch o dalsich 36 m dale.

Systém ddlkové fizeného monitoringu umoznil méfeni v redlném Case, takze
byly ziskdny podrobné informace o deformacich jak pri provozu, tak v dobé
udrzby metra. PouZity systém automaticky mefil deformace a ddval Ciselné
i grafické vystupy ve specidlnim vyhodnocujicim softwaru. Tento software
umoznoval vloZen{ konkrétnich varovnych hodnot pro jednotliva éteni. Kromé
toho byly v systému zahrnuty i vypolty relativnich deformaci mezi piistroji,
coz slouzilo jako dal$f kritérium. Systém se skladal z elektrickych tramovych
vodovih, sklonoméru a potenciometrickych dilatometrt (obr. 2).

Pro méfeni zvInéni kolejového loze byly ke dnu tunelu pripeviiovany elektric-
ké vodovahy, které méfily svisly profil v redlném Case. Kotevni body byly umis-
tovany po 2 m, srovnavaci bod byl mimo o¢ekdvanou z6énu sedéani (obr. 3 a 4).

Sklonomeéry byly pouZity v méfeném dseku pro uréeni natodeni a zkrouce-
ni trati. Tyto pfistroje byly umistény na betonu podél trati a byly orientovany
kolmo k ose tunelu (obr. 3 a 4).

Sady potenciometrickych dilatometru byly instalovdny v péti predem
vybranych profilech uvnitf monitorovaného tseku trati Piccadilly. Jejich dce-
lem bylo méfeni pohybu spar sklddaného osténi po jeho obvodu (obr. 4).

Kazdy pristroj byl napojen pres multiplexor k elektronickému zdznamniku dat.
Zaznamnik byl napdjen ze sité napétim 240V, které bylo transformovano na stej-
nosmérné napéti 55V, vedené do kapkovité dobijené zabudované baterie 12V, pou-
Zivané k napdjeni pifstroju a zajistujici nahradni napajeni v piipad€ vypadku prou-
du. Zaznamnik byl pak napojen na kanceldf zpracovani dat, umisténou na Wessex
Road. Napojeni bylo provedeno pres modem na krdtkou vzdélenost s kabeldzi
vedenou skrz Sachtu Wessex Road. Zaznamnik slouzi pro vyhodnocovani a shro-
mazdovani dat v jakémkoliv pozadovaném asovém intervalu. Bylo nutné, aby
interval byl vétsi, neZ je vySetrovaci cyklus (cca 3 minuty). V obdobi kiiZeni byl
systém nastaven tak, aby shromazdoval data v intervalech po 15 minutdch.

Zpracovani dat bylo provadéno jednouicelovym systémem, sloZzenym z béz-
ného serveru se tyfmi PC, ktery umoZiioval prohlizeni riznych aspekti moni-
toringu soucasné. Pro pripad poruchy na nékterém z ostatnich PC byly k dis-
pozici nahradni pocitate. Toto uspordddni umoznovalo piimy sbér, uklddani,
zpracovani a vySetfovani vysledki monitoringu. Typické usporadani softwaro-
vych prezentaci je zobrazeno na obr. 5 a 6. K zajisténi nouzového napdjeni
v pripadé vypadku proudu v kanceldrich byly do tohoto usporaddni zapojeny
také dva systémy nepretrzité doddvky proudu (UPS).

3.3 SYSTEM MANUALNIHO MONITORINGU

Systém manudlniho monitoringu byl zcela nezavisly na automatickém systé-
mu. JelikoZ provoz v Zelezni¢nim tunelu byl zachovadn po cely den, data

Obr. 3 Elektrické vodovdhy (vlevo) a sklonomeéry (vpravo) instalované na trati
Fig. 3 Electrolevel beams (left) and tiltmeters (right) installed on track
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Obr. 2 Typické uspordddni pristroju (HExEx UL): 1 - Dilatometr, 2 - Sklo-
nomér, 3 - Elektrickd vodoviha, 4 - Multiplexor nebo zdznamnik dat, 5 -
Kabely, 6 - Referencni bod, 7 - Smycka trati Piccadilly, 8 - HExEx UL

Fig. 2 Typical arrangement of instruments (HExEx UL): 1 - Jointmeter,
2 - Tiltmeter, 3 - Electrolevel beam, 4 - Multiplexer or data logger, 5 - Cables,
6 - Reference point, 7 - Piccadilly Line Loop, 8 - HExEx UL

system automatically read and provided numerical and graphical outputs in
specialist software presentation software, the software allowed specific safe-
ty trigger values to be inputted for individual readings. In addition, calculati-
ons between instruments were included to provide further parameters. The
system consisted of electrolevels in the form of beams, tiltmeters and poten-
tiometric crackmeters (Fig. 2).

To measure undulation of the track bed, a string of electrolevel beams
were fixed to the invert of the tunnel, to provide a real time measurement of
the vertical profile. The anchorage points were spaced at 2m intervals with the
datum outside the predicted zone of influence (Figs. 3 and 4).

To identify track twist and cant, tiltmeters were used within the instru-
mented section. These were positioned on the track secondary concrete and
orientated perpendicular to the line of tunnel (Figs. 3 and 4).

Arrays of potentiometric crackmeters were installed at five pre-selected
arrays within the instrumented section of the PiccLoop to monitor segmental
joint movements around its circumference (Figs. 4).

Each instrument was hard wired via a multiplexor to an electronic data log-
ger. The logger was powered from a 240v mains spur, which was stepped
down to 55vAC and fed in to 12v trickle charge integral logger battery, which
was used to power the instruments and provide back up power in the event of
power failure. The logger was then linked to a data processing centre in at
offices situated at Wessex Road via a short haul modem with the cabling rou-
ted through the Wessex Road shaft. The logger was used to interrogate and
capture data at any time interval required which was greater than the interro-
gation cycle interval of circa 3minutes. During the crossing period the system
was set to capture data at 15Sminute intervals.

The data processing was undertaken by a dedicated system comprised
common server with four PC’s, allowing different aspects of the monitoring
to be viewed at the same time. In the event of any of the other PC developing
a fault, back up PC’s were available. This configuration enabled direct col-
lection, storage, process and interrogation of the instrumentation system.
Typical software presentation layouts are shown in Figs. 5 and 6. To provide
emergency power in the event of the office power failure two U.P.S.’s were
linked to this configuration.

Obr. 4 Fotografie ukazuje (zprava doleva) sklonomer, elektrickou vodovihu,
potenciometricky dilatometr a kabeldZ vedenou na osténi tunelu

Fig. 4 Photo shows (from right to left) tiltmeter, electrolevel beam, potentio-
meter crack meter, and cabling routed up tunnel lining.
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Obr. 5 Program I-site ukazuje misto a oznaceni sklonomeéru (razba HExEx DL);
buriky ukazuji monitoringem zjistény pohyb — jejich zelend barvy znamend,
Ze nebylo dosaZeno Zddné varovné hodnoty

Fig. 5 I-site software shows position and identification of the tiltmeters
(HExEx DL crossing). Boxes indicate monitored movement; their green
colour indicates that no trigger has been reached.

z manudlné provadéného monitoringu byla ziskdvana v dobé¢ tdrzby metra, kdy
nebyl tunel v provozu. Tento manudlné provadény monitoring zahrnoval pres-
nou nivelaci trati, loZe a vrcholu klenby osténi, méfeni tvaru oblouku trati, kon-
vergenéni mefeni pdsmovymi extenzometry a geodetickd méfeni konvergenc-
nich bodu.

Manudlni systém umoZziioval:

Ziskéni dat neméfenych automatickym systémem (tvar oblouku trati a kon-
vergence).

Jisty stupen zalohy pro automaticky systém.

Systémovou kontrolu a kontrolu dat, ziskanych automatickym systémem.

Pred zahdjenim razby pod metrem byla provadéna pfesnd nivelace pro zis-
kéni skuteného podélného profilu trati. Tato informace byla potfebnd, aby
bylo mozno odvodit bezpe¢nostni varovné hodnoty. Aby byly ziskany infor-
mace o zvInéni, zkroucent, pri¢ném naklonéni trati a deformacich vrcholu klen-
by, bylo pouZivéno piesné nivelace, ze které vyplynuly svislé posuny zény
sedédni. Nivelaéni body byly umistény na obou strandch trati. Umisténi téchto
bodu se shodovalo s umisténim automatického monitoringu. Dal3{ niveladni
body byly umistény v urité vzdalenosti od z6ny sedéni, aby je bylo mozné
pouzit jako referenéni body. Méfeni tvaru oblouku trati po celé délce zény
seddn{ bylo ziskdvéno pomocf totdln{ stanice. Pro ziskdvéni ddaju o prijezdnim
profilu po délce tseku automatického monitoringu byly pouzivany pasmové
extenzometry.

3.4 VYSLEDKY RAZBY PICCEX WB

Béhem razby pod trasou Piccadilly byla rychlost postupu $titu okolo 50
metru za den. Pristroje zalaly reagovat na vibrace Stitu, kdyZ se priblizil na
vzdalenost 25 — 30 m. Reakce se projevila jako zvyseny rozptyl dat, i kdyz cel-
kovy trend zustal horizontélni. KdyZ byl §tit ve vzdalenosti 18 m od pfistroje,
byl jiz vyvoj deformaénich zmén v prislu§ném souboru dat znatelny.

Obr. 6 Program I-site ukazuje misto a oznaceni dilatometru (razba HExEx DL)
Fig. 6 I-site software shows position and identification of the crackmeters
(HExEx DL crossing)
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3.3 MANUAL MONITORING SYSTEM

The manual monitoring system was entirely independent of the automatic
system. Because the rail tunnel was operational throughout the day all data
from the manual system was obtained during Engineering hours whilst the
tunnel and rail system was closed. This manual monitoring system comprised
of precise levelling of the track, bed and crown, track versine, tape extenso-
meter measurements and total station/prism survey.

The manual system enabled:

Data that was otherwise unobtainable such as track versine and convergence.

A degree of redundancy to the remote monitoring system.

A systems and data check to the remote system.

Prior to the crossings a precise level track survey was undertaken to attain
the true vertical profile of the track, with this information safety trigger values
could be derived. In order to obtain track information for undulation, twist and
cant and crown profile movements, precise levelling techniques were used to
obtain vertical displacements along the length of the zone of influence. The
levelling points were positioned in sets of three, one in the tunnel crown to
obtain an invert level and one either side of the track. The position of the points
coincided with the instrument arrays. Additional levelling points were positi-
on some distance away from the zone of influence to be used as reference
objects. Using a total station, track versine was obtained along the length of the
zone of influence. To obtain the kinetic envelope along the length of the instru-
mented zone, tape extensometer measurements were taken.

3.4 RESULTS OF PICCADILLY EXTENSION WEST BOUND
CROSSING

During the crossing period the shield rate of advancement was around 50
metres per day. The instruments began to react to the shield vibration 25-
30m away, the reaction showed up as increased data scatter, although the ove-
rall trend remained horizontal. When the shield was within 18m of the instru-
ment the development of the deformation trend within the relevant data set
was apparent.

Fig. 7 shows the track bed response at the centre of the section where the
maximum deflection of 11.7mm occurred. There was an initial apparent
heave, which obtained a maximum value of 0.7mm; this may be attributed to
the shield skin being pushed in to the cutting face. When the shield face was
approximately 14m from the crossing centre line, the entire heave had dissi-
pated and the settlement trend had been established. Over a period of 24 hours
all the settlement occurred. The track bed then exhibited a partial elastic res-
ponse and came to rest at a final value of 11.3mm. Comparison to other
Piccadilly crossings is shown on Fig. 8.

One of the criteria to be measured was vertical deviation between track
levels over 5 metre intervals known as track undulation, this was obtained by
subtracting alternate electrolevel beam settlement results from each other. Ini-
tial alert trigger values, in places, were extremely close prior to any construc-
tion activity. These values were set according the track position prior to the
crossing in relation to a point at which track maintenance would be required
in accordance to LUL specifications. During the crossing period initial trig-
gers were encroached upon for a brief period; however the final at rest posi-
tion was well outside any of these triggers (Fig. 9).

3.5 RESULTS OF HEATHROW EXPRESS EXTENSION,
DOWN LINE CROSSING

Because the geometry of the Piccadilly Loop within the zone of influence is
not uniform through out (enlarged section), the track and crown displacement

Piccex Loop - Mott MacDonald
PiccEx - Track Electrolevels 06/04/2004 18:00:00
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0br. 7 Casovy priibéh reakce kolejového loZe (razba PiccEx)
Fig. 7 Track bed response in time (PiccEx crossing)
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Obr. 8 Srovndni konecného seddni kolejového loZe trati Piccadilly na monitoro-
vanych kriZenich: 1 - HExEx DL (ocekdvané seddni 18,9 mm), 2 - HExEx UL
(oCekdvané seddni 20,2 mm), 3 - PiccEx WB (o¢ekdvané seddnill,7 mm)

Fig. 8 Comparison of the final Piccadilly track bed settlements for monitored
crossings: 1 - HExEx DL (18.9mm predicted settlement), 2 - HExEx UL
(20.2mm predicted settlement), 3 - PiccEx WB (11.7mm predicted settlement)

Na obr. 7 je vidét reakce kolejového loZe uprostied dseku, kde doslo k maxi-
mélnimu seddni. Doslo tam k poc¢ate¢nimu zdanlivému zdvihnuti, které nabylo
maximdlni hodnoty 0,7 mm. To Ize prisoudit plasti titu, ktery byl zatlaCovén do
Cela vyrubu. Kdyz bylo ¢elo §titu asi 14 m od osy kfiZeni, veskeré nadzdvizeni
vymizelo a zaal vznikat trend seddni. Béhem 24 hodin se odehrdlo celé seddni.
Kolejové loze pak vykazovalo ¢dstecnou pruznou reakcei a ustdlilo se na kone¢né
hodnoté 11,3 mm. Na obr. 8 je porovnéni s ostatni razbou pod trati Piccadilly.

Jednim z kritérii, ktera byla vyhodnocovéna, byla svisla odchylka mezi vys-
kami koleji po 5 metrech, zndmd jako zvInéni trati. Ta byla ziskdvana vzdjem-
nym odecitdnim sousednich vysledkd méfeni elektrickymi vodovdhami.
Naméfené hodnoty byly nékde velmi blizko  poédte¢nim varovnym hodno-
tam jeSté pred zapoCetim razby tunelu pod trati. Varovné hodnoty byly stano-
veny na zdkladé polohy trati pred provadénim kfiZeni a jeji vzddlenosti od
polohy, pri které by byla vyzadovéna tdrzba (rektifikace polohy) dle technic-
kych podminek LUL. V obdobi provddéni kiizeni byly nékteré varovné hod-
noty na kratkou dobu prekroceny, avSak kone¢nd klidové poloha byla zna¢né
mimo varovné hodnoty (obr. 9).

3.5 VYSLEDKY RAZBY HEXEX DL

Jelikoz tvar smycky trati Piccadilly v z6né sedédni nad trati HexEx UL neni
jednotny po celé délce (dsek s rozsitenym profilem), neni seddni trati a vrcho-
lu klenby symetrické podle osy razby tunelu. Maximdlni posunuti ve vrcholu
klenby (hodnota —24,6 mm) se nachdzi s odsazenim +4.5 m od osy spodniho
tunelu. Maximalni posunuti levé a pravé kolejnice se nachdzi s odsazenim
+6,75 m (hodnota —24,7 mm u levé a —24,6 mm u pravé kolejnice). Vyse uve-
dend odsazeni jsou zndmkou ztuzujictho G¢inku tseku s rozsifenym profilem,
kde bylo litinové osténi. Maximdlni namérené zkrouceni na 10 m meélo hodno-
tu 6,91 mm. Doslo k nému v oblasti osy. Po¢atecni vypoctend varovna hodno-
ta byla 29,5 mm. Maximaln{ zkrouceni na 2 m bylo 2,9 mm s odsazenim +6,75
m, coZ je podstatné méné, nez byla pocdte¢ni varovnd hodnota 16 mm. Maxi-
mélni zvInén{ trati bylo 5,08 mm a 6,71 mm. Vzniklo v dseku s osténim z beto-
novych prefabrikatu ve vzddlenosti +6 m respektive +19 m. Pfislusné pocatec-
ni varovné hodnoty pro tyto body byly +11,1 mm a —8,7 mm.

3.6 VYSLEDKY RAZBY HEXEX UL

Symetricky tvar trati Piccadilly v z6né seddni nad trati HexEx UL se promi-
tl do deformact trati a vrcholu klenby, které vykazuji symetricnost kolem osy
razby spodniho tunelu. Maximalni posunuti ve vrcholu klenby bylo —20,3 mm.
Maximélni posunuti kolejnic bylo —1,8 mm u levé a —21,7 mm u pravé kolej-
nice. Vysledky zkrouceni na 10 m leZ{ v rozmez{ pdsma +/-2 mm, coZ zdlraz-
nuje velmi nizké namefené hodnoty. Pro porovnani prvni varovna hodnota byla
stanovena vypoctem na 31,9 mm. Maximalni zkrouceni na 2 m bylo 1,4 mm,
coZ bylo znaéné pod puvodni varovnou hodnotou 18 mm. Maximaln{ zvInén{
trati bylo 6,7 mm (pro odsazeni —12 m) a —9,1 mm (pro odsazeni +12 m).

4. RAZBY NAD TRATI HEATHROW EXPRESS
4.1 POPIS

Tunel na letistni strané (ART) je 1250 m dlouhy s dvéma tunelovymi trou-
bami, ktery spojuje oblast centrdlniho terminalu (Central Terminal Area— CTA)
se stanimi letadel na zdpadnim okraji letité a s novym termindlem 5, ktery je
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Obr. 9 Vyvoj zvinéni trati, vyvolané razbou PiccEx, a jeho srovndni s varovnymi
hodnotami

Fig. 9 Development of track undulation caused by PiccEx crossing and its
comparison to trigger limits.

sections are not symmetrical about the tunnel drive centre line. The maximum
crown displacement occurs at +4.5m offset from centreline with -24.2mm. The
maximum left and right rail displacement occurs at a +6.75m offset with -
24.7mm and -24.6mm respectively. The offsets mentioned above are indicati-
ve of the stiffening effect from the enlarged cast iron sections. The maximum
monitored 10m twist had a value of 6.91mm occurring around the centre line.
The initial trigger value has been calculated at 29.5mm. The maximum
2m twist was 2.9mm at +6.75m offset well below the initial trigger value of
16mm. The maximum track undulation was 5.08mm and -6.71mm occurring
in the precast concrete section at +6m and +19m respectively. The respective
initial triggers for these points were +11.1mm and -8.7mm.

3.6 RESULTS OF HEATHROW EXPRESS EXTENSION,
UP LINE CROSSING

The geometry of the Piccadilly Loop crossing within the zone of influence
of the HexEx Up Line was to a great extent symmetrical, this is reflected in
the track and crown displacement sections which are exhibiting symmetry
about the tunnel drive centre line. The maximum crown displacement was -
20.3mm. The maximum left and right rail displacement was -21.8mm and -
21.7mm respectively. The 10m twist results mainly lie within a +/~2mm band
highlighting the small readings obtained. For comparison the initial trigger
was calculated at 31.9mm. The maximum 2m twist was 1.4mm, which was
well within the initial trigger value of 18mm. The maximum track undulation
was of 6.7mm and -9.1mm occurring at -12m and +12m offset respectively.

4. HEATHROW EXPRESS CROSSINGS

4.1 DESCRIPTION

The Airside Road Tunnel (ART) is a 1250 m long twin-bored tunnel that
connects the Central Terminal Area (CTA) of Heathrow Airport with outlying
aircraft stands located on the western perimeter of the airfield and the new
Terminal 5 building which is in the process of construction (Hilar et al. 2005).
The ART has been constructed in two passes: the first pass is the constructi-
on of the Eastbound (EB) tunnel and the second pass is the construction of the
West Bound (WB) tunnel. Both tunnels were constructed using 9.2m full-face
TBM by driving from West to East (Williams et al. 2003).

Almost bisecting the ART route is the subsurface running tunnel of the
Heathrow Express (HEX), which is the principal passenger connection
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Obr. 10 Situace prechodu tunelu ART nad tunelem trati HEX: 1 - Tunel trati
Heathrow Express, 2 - Tunel ART prochdzejici nad tunelem HEX, 3 - Silnic-
ni tunel na letistni strané (Airside Road Tunnel — ART), 4 - Nové tunely pro-
dlouZeni trati HEX (HexEx)

Fig. 10 Layout of ART crossing above HEX: 1 - Heathrow Express Tunnel,
2 - ART crossing above HEX, 3 - Airside Road Tunnel (ART),4 - New HExEx
tunnels




Obr. 11 Pri¢ny Fez razby ART nad HEX: 1 - Silni¢ni tunel na letistni strané
(Airside Road Tunnel — ART), 2 - Tunel trati Heathrow Express (HEX),
3 - Terasové §terky, 4 - Londynsky jil

Fig. 11 Cross section of ART crossing above HEX: 1 - Airside Road Tunnel
(ART), 2 - Heathrow Express Tunnel, 3 - Terrace Gravels, 4 - London Clay

nyni ve vystavbé (Hilar a kol. 2005). Tunel ART byl staven ve dvou etapéch.
Prvni byla stavba vychodni trouby (Eastbound — EB), druhd byla stavba zapad-
ni trouby (West Bound — WB). Oba tunely byly stavény pomoci plnoprofilo-
vého tunelovaciho stroje (TBM) o pruméru 92 m, ve sméru od zdpadu
k vychodu (Williams a kol. 2003). Trasu tunelu ART protind téméf v poloviné
razeny tunel trati Heathrow Expres (HEX), ktery je pro cestujici hlavnim spo-
jenim mezi CTA a termindlem 4 (obr. 10). Mezi zminénymi stanicemi funguje
obousmérmd tra HEX ve sméru od severu k jihu, v jedné tunelové troubé o pru-
méru 5,67 m se sklddanym klinovym osténim z betonovych prefabrikatt.
Niveleta obou trub tunelu ART je prevdzné vedena tak, Ze je osa tunelu v hloub-
ce kolem 20 m pod povrchem. Z divodu existujictho tunelu HEX bylo ale nutné
niveletu tunelu ART ve stiedni ¢dsti navysit tak, aby prosla nad tunelem HEX.
Nejmens{ vzdélenost vnéjsich lict osténi je pouhych 3,5 m (obr. 11). Tunel ART
prochézi pres leti§té priblizné ve smeru od zdpadu k vychodu a tunel HEX md
trasu ve sméru od severu k jihu. Oba tunely se protinaji pod dhlem 80 stuprid.
Povolené tolerance koleji, platné pro tdrzbu trati, jsou velmi piisné, jelikoZ
koleje jsou upevnény piimo na prubézné betonové kolejové loZe, diky emu je
kolej velmi tuhd. Proto i malé deformace jsou problémem. Tolerance jsou také
omezeny trati v oblouku, coz vede k rozdilu vysky kolejnic az 150 mm.

4.2 SYSTEM MONITORINGU

Hlavnim faktorem pro monitoring byla skute¢nost, Ze béhem razby bude
v tunelu HEX zachovén Zelezni¢ni provoz. Bylo zjisténo, Ze kritické oblasti,
které musi byt monitorovdny, budou blizko prujezdniho profilu (obzvlasté
hrana pochozi lavky, zdvésy trakéniho vedeni a kolej). Usporadédni monitoro-
vacich pffstroju v tunelu HEX je zndzornéno na obr. 12.

Systém monitoring se sklddal ze 112 teru. JelikoZ bylo poZadovéno, aby byla
monitorovdna dvé kifZeni, bylo ptvodni rozmisténi monitoringu navrZeno tak,
aby byly co nejvice pokryty deformacni zény od obou trub tunelu ART. Proto byl
poZadovén pouze maly poCet hranold, které mély byt premistény pro druhé kii-
Zeni. Obecné byly pouZity dva druhy méficich profild — jednoduché titbodové
profily, sklddajicf se z jednoho bodu ve vrcholu klenby a dvou bod na trati. Kom-
pletni profily obsahovaly dalsi body umisténé ve spodni ¢dsti opéfi a v poloviné
vysky tunelu, coZ znamenalo 7 bodu po obvodu. Byl také priddn bod na pochozi
lavee, ktery umoziioval hodnoceni zmén rozmért prijezdného profilu. Navic byl
pridén dal$i bod na zdvésy trakéniho vedeni, aby bylo moZno méfit jeho pohyby.

Pro porovnéni s optickymi méfenimi a pro zajisténi zdlohy byly v blizkosti
tercn v kolejisti instalovany také body pro presnou nivelaci a sklonoméry (ori-
entace kolmo ke koleji). Profily se tfemi body byly instalovany po 3 m, kom-
pletni profily po 5 m.

Pro sledovéni viech terél byly osazeny dva automatické teodolity. Ty byly
fizeny pomoci specidlniho komunika¢niho programu. Systém byl naistalovéan
na potita¢i uréeném pro shromazdovani dat. Po&itad byl umistén v tnikové
Sachté asi 100 m od monitorované zény. Po¢ita dostdval data od obou totdl-
nich stanic pres modem na prenos dat na kratkou vzdalenost. Data ze sklono-
méri dostdval pres zdznamnik (sbéra¢) dat. Pocitad shromaZdujici data byl
napojen na tradi¢n{ analogovou telefonni linku, kterd umoznovala fizeni a pre-
nos dat do pocitate umisténého v hlavni kanceldfi monitoringu.

Data z tunelu byla potom analyzovéna a predklddana pomoci specidlniho
prezentadniho programu, ktery vytvarel graficky vystup, a tabulek, ukazujicich
vazbu na pfedem stanovené varovné hodnoty. Kdyz systém zjistil varovny stav,
sdélil informaci pfimo obsluze a predal tuto informaci dispe¢inku tunelu HEX,
ktery je umistén na letiSti v oblasti centrdlniho termindlu.

4.3 VYSLEDKY MONITORINGU

Pred zahdjenim razeb nad HEX byl posouzen skute¢ny stav tunelu, koleji
a trak¢niho vedeni. Také bylo provedeno presné geodetické méreni. Vysledky
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between the CTA and Terminal 4 (Fig. 10). Between these two stations the
HEX operates a bi-directional line, in a north-south direction, in a single
5.67m internal diameter tunnel constructed with an expanded pre-cast conc-
rete segmental lining.

The ART twin bores are typically aligned such that the depth of the tunnel
axis is around 20m below the existing ground level. However, due to the exis-
ting HEX tunnel, the ART is forced to rise in its central zone to pass above
the HEX with a closest distance of just 3.5m, extrados to extrados (Fig. 11).
The ART runs approximately west to east across the airport, while the HEX
tunnel runs in a north-south alignment; the two tunnels intersect at an angle
of 80 degrees to each other.

The allowable track maintenance tolerances for the track are quite stringent as
the rails are affixed directly to a continuous concrete track bed, resulting in a very
stiff track that is intolerant to minor movements. The tolerance is also restricted
by the curve of the tunnel, which requires the rails to be canted up to 150mm.

4.2 MONITORING SYSTEM

A main consideration for monitoring was that the HEX tunnel would be
maintained as an operational railway during the construction process. It was
identified that the critical areas necessary to monitor would be the structural
envelope in particular at the edge of the emergency walkway, movement of
the over head line catenary supports, and the track. Fig. 12 shows arrange-
ment of monitoring instruments inside the HEX tunnel.

The monitoring scheme employed the use of 112 mini-prism targets. As the
monitoring was required to cover two crossings, the initial prisms layout was
designed to accommodate both ART tunnel zones of influence as much as pos-
sible, therefore, only requiring a small number of prisms to be relocated for the
second crossing. Typically two types of array were installed, simple three point
arrays comprising mini-prisms located at the crown position and two mini-
prisms in the track. Full arrays included additional prisms located at the shoul-
der and mid-height of the tunnel giving seven circumferential points and an
additional walk way prism was included to provide an assessment of the chan-
ge in clearance of the structural envelope. In addition, at catenary support arms
a further prism was attached to measure catenary movements.

To provide comparison with optical measurements and a degree of redun-
dancy, precise levelling studs were positioned close to the track mini-prism loca-
tions and a tiltmeters were orientated perpendicular to the rail. The arrays were
spaced at 3m or Sm intervals for three point arrays and full arrays respectively.

Two robotic total stations were positioned to view all prisms. These were
controlled using specialist communication software. The system was installed
on the data acquisition PC located in the emergency escape shaft some
100m from the monitoring zone. The PC received data from both the total sta-
tions via a short haul modem and from the electrolevel tiltmeters via a data
logger. The data acquisition PC was connected to a standard analogue telep-
hone line, which permitted control and data transfer to the monitoring PC
located within the main site office.

Data from the tunnel was then analysed and presented using specialist pre-
sentation software to produce graphical output and tables relating to the pre-
defined trigger values. The system was alarmed and communicated its status
directly to the operator and relayed this information to the HEX operations
control room located in the airport’s central terminal area.

4.3 RESULTS OF MONITORING

Prior to the crossings a condition and precise survey was undertaken to
confirm the in situ condition of the tunnel, track and caternary. The results of
the survey enabled permissible movements to be calculated and therefore sui-
table trigger values to be derived.

Obr. 12 Monitoring tunelu trati Heathrow Express (automaticky teodolit a terce)
Fig. 12 Monitoring of Heathrow Express tunnel (robotic theodolite and targets)
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Obr. 13 ART EB — Pribéh svislych konvergenci v éase
Fig. 13 ART EB - Development of vertical convergences in time

pruzkumu umoZnily provedeni vypoltu piipustnych deformaci a tim i odvoze-
ni vhodnych varovnych hodnot.

Vychodni trouba (East Bound — EB): Ocekavalo se, Ze ve vrcholu klenby
budou patrnd vétsi svisld posunuti, jelikoZ trouby ART prochézely blizko nad
vrcholem tunelu HEX. Obr. 13 tento predpoklad potvrzuje. Vi pohyby se
vyskytly 3 m od osy ART, maximdln{ seddni dosdhlo 4,7 mm. Je patrné, Ze
doslo k velké pruzné reakci na prechod TBM. Po prechodu stroje se hodnoty
vrétily na droven niz$i neZ jeden milimetr. Z6na vyrazné ovlivnénd razbou ART
EB je cca 10 m na kazdou stranu od osy.

Maximdlni zji$ténd deformace koleje zustala pod 2,5 mm, maximalni zjisté-
né zdvihnuti bylo 1,5 mm. Monitoringem zji§téné pri¢né naklonéni trati, ziska-
né pomoci sklonomért, bylo také mensf nez 1,5 mm. K maximdlnim pohybim
doslo v dseku do 5 m od osy kiiZeni. Svislé posunuti trati po dokoncenf kiiZe-
ni nezmizelo, avSak naklonéni se zmensSilo na hodnoty pfed razbami kratce
potom, co konec plaste TBM prosel za tunel HEX.

Zapadni trouba (West Bound — WB): Deformace vrcholu klenby mély
mensi velikost, i kdyZ jejich trend byl podobny, reakce opét byla pruzna. Kdyz
se TBM nachézelo pfimo nad tunelem HEX, tento tunel se ,,prikr¢il“, vrchol
klenby se prohnul o 1,5 mm. Kdyz TBM prejelo, dostavila se okamzita reakce
na uvolnéni tlaki nadloZ{ a nakonec se prahyb ustdlil na hodnoté o 1,3 mm
vys8i, nez byl pocatecni stav.

Maximdlni pohyby trati byly v ose kifZeni. V prabéhu razby kiiZeni bylo
maximaln{ zdvihnut{ trati 0,8 mm. Dalsi zdvih, ke kterému doslo po skonceni
prechodu, tuto hodnotu privedl na vyslednych 1,15 mm (zpozdeni 18 dni).

U obou razeb se posunuti vrcholu klenby nepribliZilo spodni hranici varov-
né hodnoty, coZ bylo 12 mm (obr. 14). Také maximalni pohyby trati zistaly pod
puvodni pocdtecni varovnou hodnotou stanovenou na 4 mm. Automatické
méfeni trati byla potvrzena manudlné provadénymi geodetickymi méfenimi.

5. ZAVER

Systémy automatického monitoringu, pouzité pro monitorovani Zeleznic-
nich tuneld na terminalu 5, splnily poZadavky zi&astnénych strany. Uinnost
vyuZiti automatizovanych monitorovacich systému byla prokdzéna v prostredi
provozovanych Zelezni¢nich tuneli. Robustni a spolehlivy reZim monitoringu
zajistil presnost a trvalou dostupnost pozadovanych dat. PouZité systémy vSeo-
becné zajistily vysledky s chybami v rozsahu 0,5 mm. VSechny vysledky moni-
toringu, zjistované ve skute¢ném Case, velmi dobfe odpovidaly dennim manu-
dlnim méfenim. Celkové deformace byly nizsi, nez byly ofekdvané hodnoty,
a zadné vysledné deformace neprekrocily varovné hodnoty.

Dobre promyslené a pfedem schvélené havarijni plany umoznily vsem
zdCastnénym ovlivnit pripravu realizaci kifZeni. Umoznily, Ze si vSechny stra-
ny byly plné védomy svych povinnosti. Vechny razby v blizkosti provozova-
nych Zeleznicnich trati byly dokonceny bez nepldnovanych naruseni jizdnich
Fadu vlaku. Bezpecnost provozovanych trati byla dostate¢né zajisténa.
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Obr. 14 Koneéné nameérené pohyby vyvolané razbou tunelu ART WB
Fig. 14 Final observed movements caused by ART WB excavation

East Bound tunnel: It was expected that the crown would exhibit some of
the larger vertical movements as the ART tunnels passed over the top of the
HEX. Fig. 13 confirms this assumption with the largest movements occurring
3m away from the ART centre line with a maximum deflection of 4.7mm. It
is noticeable that there is a significant elastic response to the TBM passing
with values returning to sub millimetre levels once the TBM has passed.
The significantly zone effected by the construction process appears to be
+ / — 10m either side of the centre line.

Maximum monitored horizontal track displacement stayed below 2.5mm,
the maximum monitored heave was 1.5mm. Monitored vertical track bed cant
derived from the electrolevel tiltmeters was below also 1.5mm. The maxi-
mum movements occurred within Sm of the centre line of the crossing. Ver-
tical track displacement did not recover after crossing however the cant para-
meter reduced back to near pre tunnelling values soon after the tail skin had
past over the HEX tunnel.

West Bound tunnel: The crown movements were of a smaller magnitude
though of a similar trend again with an elastic response. Whilst the TBM was
immediately over the HEX the tunnel exhibits a squatting action, with the
crown deflecting by 1.5mm, after the TBM had passed there was an immedi-
ate response to the release of the overburden pressures, eventually coming to
rest 1.3mm above its starting value.

Maximum track movements were coincident to the ART crossing centre
line. During the crossing the track maximum heave was 0.8mm further post
construction heave brought this value to 1.15mm, 18 days later.

For both drives, the crown did not approach the lower value trigger level
of 12mm (Fig. 14). Also maximum track movements stayed below the initial
green trigger value set at 4mm. The manual surveys closely corroborate the
remote track readings.

5. CONCLUSION

Automatic monitoring systems used for monitoring of railway tunnels at
Terminal 5 satisfied the requirements for the stakeholders. The effective use
of automated monitoring systems was proven within a live railway tunnel
environment. A robust and reliable monitoring regime ensured accuracy and
continuous availability of the required data. The systems generally provided
results within a 0.5mm error band; all results of real-time monitoring well
complied with daily manual surveys. The total movements were less than pre-
dicted values and all final movements did not breach any trigger levels.

With well thought out, pre-agreed emergency preparedness plans enabled
all stakeholders to input into the planning of the crossing and ensured that all
parties were fully aware of their responsibilities. All tunnelling adjacent to
operating railways has been completed without any unplanned interruption to
the schedule of trains; safety of the operational railway has been ensured.
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