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EXTENDED ABSTRACT

11 tunnel T8 (L=3826 m) si trova nella sezione Dogancay nel progetto ferroviario ad alta velocita Ankara-istanbul. Il tunnel ¢
stato progettato e scavato con il Nuovo Metodo Austriaco di Tunnelling (NATM) attraversando diverse unita litologiche costituite
da graniti, calcari e scisti argillosi. Inoltre, parte del percorso della galleria tra i km:142+280 - 142+360 ¢ interessata da frane di cui
si ¢ dovuto tener conto nella progettazione anche se a causa dei vincoli geometrici della ferrovia ad alta velocita, ¢ stato necessario
attraversare frane o zone limitrofe. Nell’ambito di tale progetto, il tunnel T8, la cui costruzione ¢ stata completata ad Adapazari,
sezione Dogancay, ¢ stato scavato in aree in frana e a seguito delle indagini geotecniche, comprensive di prove in foro e in situ,
’altezza della calotta del tunnel ¢ stata progettata per essere 10 m al di sotto della superficie di rottura della frana. Durante lo scavo
in questa zona del tunnel si sono verificate deformazioni eccessive che in alcuni punti hanno superato la tolleranza massima di 15
cm. Tuttavia, la stabilita del tunnel ¢ stata raggiunta con miglioramenti e supporti aggiuntivi.

Lo scopo del presente studio ¢ quello di indagare le eccessive deformazioni avvenute durante la fase di scavo e di comprendere
I’effetto della frana su tali deformazioni mediante analisi analitiche e numeriche 3D, studiando, inoltre, I’interazione tra galleria e
frana e i sistemi di supporto per questo tipo di problemi.

Lungo il percorso del tunnel T8, sono state incontrate due diverse unita litologiche. A circa km:139+253 dall’imbocco del tunnel, ¢ at-
traversato il nucleo granitico della formazione Abant, generalmente da moderatamente a leggermente alterata e fratturata. La restante parte
del percorso ¢ stata scavata nei membri calcarei, marnosi e scistosi della stessa Formazione, separata dall’unita granitica da un contatto
tettonico costituito da una faglia trascorrente. Le unita circostanti solitamente contengono acque sotterranee intrappolate poiché sono
impermeabili. Lungo il percorso sono presenti alcune frane tra i km: 139+221 - 140+857 e la profondita della superficie di rottura delle
frane varia tra 19 e 56 m. Inoltre, tra i km:142+000 - 142+480 il tunnel passa interamente in zona di faglia e a causa delle frane e dello
scarso spessore del materiale di copertura, in questa sezione della galleria non si sono formati archi. Inoltre, a seconda delle proprieta di
rigonfiamento e compressione a lungo termine delle unita argillose, in questa sezione sono aumentati i carichi sui supporti e si sono verifi-
cati cedimenti, osservando durante lo scavo gravi deformazioni nella galleria dovute a tali condizioni avverse.

Tuttavia, poiche in questo caso la superficie di rottura non taglia la galleria, non esiste un’interazione diretta tra frana e galleria. Pertanto
sono stati studiati i dettagli dell’interazione indiretta attraverso 1’esecuzione di analisi numeriche 3D, i cui risultati hanno mostrato coerenza
con quelli delle misurazioni in situ. Il completamento dell’anello di rivestimento durante lo scavo di un tunnel ¢ stato molto importante
per la sua stabilita e una delle conclusioni piu importanti ottenute dallo studio ¢ che la distanza tra la galleria e la superficie di rottura della
frana non dovrebbe essere inferiore a 10 m nelle gallerie da scavare sotto aree in frane. Infatti, sia nelle misurazioni di sito che nell’analisi
numerica si ¢ osservato che I’effetto franoso indiretto dello scavo del tunnel esiste ma ¢ limitato tanto che il tunnel T8 ¢ stato costruito con
successo, aperto al traffico e non sono stati riscontrati problemi.

Le deformazioni eccessive avvenute nel tunnel generalmente terminavano a una distanza 2D e la chiusura dell’anello di rives-
timento a tale distanza su terreni deboli influisce positivamente sulla stabilita del tunnel. La principale fonte delle deformazioni e
dei cedimenti nel tunnel ¢ dovuta alle elevate pressioni orizzontali, e questo ¢ ’effetto negativo indiretto del materiale di frana in
superficie. Tuttavia, nonostante le deformazioni, la stabilita del tunnel ¢ stata garantita grazie alla riprofilatura e ai lavori di sos-
tegno aggiuntivi. La progettazione del sistema di supporto del tunnel dovrebbe essere rigida per ridurre al minimo le deformazioni
in condizioni di rigonfiamento e nella zona di frana.

In definitiva, i risultati del presente studio possono fornire una base scientifica per la progettazione ottimale dei supporti nella
costruzione di gallerie in aree in frana.
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ABSTRACT

T8 tunnel (L=3826 m) is located in Dogancay Section
in Ankara-istanbul High Speed Railway Project. The tunnel
was designed and excavated with New Austrian Tunnelling
Method (NATM). The tunnel route was composed of granite,
mudstone, and shale units. A part of the tunnel route between
km:142+280 - 142+360 contains landslides. While determining
the tunnel route, it is desirable to avoid landslides as much as
possible. However, due to the geometrical restrictions of a
high-speed railway, it is necessary to pass through the landslide
or parts close to the landslide. As part of the Ankara-Istanbul
High-Speed Railway Project, the T8 tunnel, the construction
of which was completed in Adapazari, Dogangay section, was
excavated under landslides. As a result of the geotechnical
investigations including borehole and in-situ tests, the tunnel
roof altitude was designed to be 10 m below the failure
surface of the landslide. During the excavation in this region
in the tunnel, excessive deformations occurred in places that
exceeded the maximum deformation tolerance of 15 cm.
However, tunnel stability was achieved with improvements
and additional support. The purposes of the study are to
explain the excessive deformations that occurred during the
excavation stage and to understand the effect of the landslide
on these deformations using analytical and 3D numerical
analyses. Within the purpose of the study, the relationship
between a tunnel and a landslide is investigated, and support
systems for these types of problems are described. The results
showed that the main source of the excessive deformations and
failures in the tunnel is due to the high horizontal pressures
caused by the landslide material on the surface.

Consequently, the results of the study may provide a
scientific basis for the optimum support design of tunnel
construction under landslides.

KEYwoRDS: landslide, high-speed railway, tunnel support system, weak

ground

INTRODUCTION

Especially, the high-speed railways have several geometrical
limitations such as high curve radius and low longitudinal slope.
This situation directly affects construction costs. The parameters
used for optimum railway route selection are cost, allowable
speed, length of route, number of stations and accessibility,
amount of long tunnel, amount of high viaduct, and amount of
displacement of the existing conventional railway (GOKCEOGLU
et alii, 2014). Tunnels are the important parts of high-speed
railway projects and, one of the most important stages during
tunnel design is the most suitable route selection. However,
the tunnel route is not independent of the whole railway route.
While choosing the route, landslide areas are tried to be avoided
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due to the adverse effect of landslides on tunnel construction.
As stated, in High-Speed Railway projects, it is not always
possible to avoid landslide areas from time to time due to the
dependency on the whole project route. In these cases, tunnel
and portal sections must be designed considering the adverse
effects of landslides. During tunnel excavation, a rigid support
system during excavations is generally chosen, and deformation
is not allowed under landslides. AvyGarR & GOKCEOGLU (2021)
investigated the problems experienced due to landslide problems
in the portal section of the Geminbeli tunnel and emphasized
that a rigid support system is required by constructing a cut-
and-cover structure in the portal section. During the Ankara-
Istanbul high-speed railway construction, several landslides
occurred and, some of these problems affected the portals and
tunnels. A typical example of the adverse landslide effects on the
portal and tunnel is T26 tunnel. The landslide at the T26 tunnel
entrance portal was investigated, the geometry of the landslide
body and failure surface was determined, and the tunnel route
had to be shifted towards the mountain part to avoid interaction
with the landslide (AYGAR & GOKCEOGLU, 2019). Subsequently,
GOKCEOGLU et alii, (2022) described the geotechnical problems
encountered during the T26 tunnel construction, and one of
these problems was landslides. VLACHOPOULOS et alii (2015)
performed analytical and numerical analyzes examined to
understand tunnel behavior in weak rocks. Xiao et alii (2014)
investigated the mechanisms of cracks occurring in secondary
linings in tunnels subjected to asymmetric loading in low
overburden and loose soils and they stated that the impact of
the construction stages on the secondary lining is serious. Kim
et alii (2020) examined the long-term deformations in the tunnel
near fault zone. In order to prevent swelling in the invert, Kim
et alii (2020) suggested the injection method to strengthen
the invert. MANAsA & Majr (2023) numerically investigated
the effect of different tunnel shapes in squeezed rocks. In this
study, numerical analyzes were carried out with the Flac v7.0
program using circular, inverted-D and horseshoe type sections.
Manasa & Mair (2023) employed different overburden heights
and different GSI values in the analyses. SHRESTHA & PANTHI
(2014) stated that deformations increased by 30% when the
groundwater pressure was up to 1.5 bar. X1a0 et alii (2016)
examined the effects of different tunnel excavation stages in
loose soil on tunnel stability and they revealed that stresses
were high in secondary linings after completion of tunnel
excavation in loose soils. GATTINONI et alii (2019) investigated
the relationship between the tunnel excavated under an
active shallow landslide and the landslide during excavation.
According to GATTINONI et alii (2019), water coming from
cracks in weak ground causes undesirable time losses and cost
increases in the tunnel.

ZHANG et alii (2017) stated in their study that the tunnel
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excavation technique is very important in terms of tunnel
and landslide stability. LUNARDI et alii (2017) emphasized
the importance of tunnel route planning and examined the
relationship between landslide and tunnel by 3D numerical
analysis in different tunnels. RUGGERI ef alii (2016), on the other
hand, studied the triggering mechanism of a landslide during
tunnel excavation and focused on a solution proposal consisting
of the deep drainage system, and long radial drainage pipes. Wu
& Pa1L (2020) surveyed the tunnel landslide relationship and
the change in the factor of safety in the Guo-Jia tunnel with the
help of 3D numerical analysis. They determined that the factor
of safety of the landslide in the Guo-Jia tunnel, which was
excavated as a double tube and has a maximum overburden
height of 140 m, also in their study vertical distance from
the tunnel roof to the surface greater than 10 m, safety factor
did not change. AyouBLou et alii (2019) investigated the
impact of a landslide on the portal section of the Sabzkuh
tunnel which is 10.617 m long. They emphasized that failures
occurred in the tunnel due to the deformations that developed
as a consequence of the tunnel excavation method. Depending
on the experienced problems, they focused on the engineering
solution proposals for re-excavation of the tunnel and ensuring
the stability of the portal.

ZHANG et alii (2021a) investigated the landslide mechanism
at the railway tunnel portal of in Chinese railway which passes
poorly geological conditions. In the paper of ZHANG et alii
(2021a), based on a railway, the mechanism of landslide-tunnel
interaction is investigated employing long-term monitoring and
numerical calculation. ZHUIE et alii (2020), on the other hand,
examined the effect of landslide on the tunnel lining to reveal
the internal force law of tunnel structure on different positions of
landslide tunnel system with numerical analyses and stated that
the cross-sectional effects increased with the landslide effect.
ZHANG et alii (2021b) assessed the displacements in the tunnel
lining and tunnel portal slopes with 3D numerical analysis and
emphasized that large portal slopes are critical. XIANG & Liu
(2021) studied the relationship between landslide movement
and deformation in the tunnel. X1aNG & L1u (2021) employed
numerical analysis to investigate the different excavation
patterns affecting the stress and deformation of landslide
crossed orthogonally by tunnel. Komu et alii (2020) studied
the landslide relationship of the tunnel excavated in the
Bahce-Nurdag project with 3D analysis and stated that the 600
m section of the tunnel is under the effect of landslide. This
tunnel is located in the region affected by the 6 February 2023
Tirkiye Earthquakes, but no damage occurred (GOKCEOGLU
& KARAHAN, 2023). ZHOU et alii (2020) investigated a loess-
mudstone landslide and the induced structural damage in a
high-speed railway tunnel with 2D numerical analyses. In
addition, different researchers have conducted studies on the

Italian Journal of Engineering Geology and Environment, 1 (2024)

tunnel and landslide relationship such as BARLA et alii (2015),
CAUSSE et alii (2015), BANDINI et alii (2015), HUNGR &
McDouaGaLL (2009), ZHANG et alii (2015 and 2017), CASUSSE
et alii (2015), HuaNG & X140 (2010), ZHU et alii (2021), and
WEI et alii (2023).

The T8 tunnel was designed with the New Austrian
Tunneling Method (NATM). As is known, NATM is based on
the principle of maximizing the bearing capacity of the ground
by allowing deformation around the tunnel (RABCEWICZ 1964,
1965a and b; RABCEWICZ & GOLSER, 1973; MULLER, 1978).
However, it was stated in NATM that revision is needed for
the weak ground conditions (AYGAR, 2000, 2007, and 2020).
For this reason, it has been stated that a rigid support system is
required instead of a flexible outer arch principle in the weak
ground (AYGAR, 2020). Although the T8 tunnel was basically
designed with NATM, a rigid support system was used due to
weak geotechnical conditions and adverse effects of landslides.
MINGLEI et alii (2022) stated that “when the tunnel passes
through the slope area, once the slope stability changes or
landslide disasters occur, large additional stress, deformation,
or cracking are easily caused in the tunnel, which results in
high risk to the tunnel operation”. When considering this
statement, if a tunnel route passes through landslide zone, some
extra efforts must be performed considering possible adverse
effects of landslides. To explain the excessive deformations that
occurred during the excavation stage of a large-span high-speed
railway tunnel and to understand the effect of the landslide
on these deformations using analytical and 3D numerical
analyses are the purposes of the present study. The T8 tunnel
construction is a complex landslide — tunnel interaction case,
and a scientific basis for the tunnel construction in weak ground
conditions and under landslide is presented. For the purpose
of the study, the T8 tunnel case and its excessive deformations
are evaluated with analytical and 3D numerical analyses, and
the results are checked by employing in-situ measurements
and observations during the tunnel construction. In fact, each
tunnel case constructed in weak ground conditions, and under
the adverse effects of other factors such as landslides, shallow
conditions, and under highways or buildings is important and
interesting for international tunneling, engineering geology, and
rock mechanics communities. Consequently, the case presented
in the study may be useful for the next tunnel constructions to
be excavated in weak ground conditions and under landslides.

GENERAL SPECIFICATIONS OF THE T8
TUNNEL

The T8 tunnel is between km:138+954 - 142+780 of the
Ankara-Istanbul High-Speed Railway Project, and its total
length is 3826 m (Fig. 1). The altitude of the tunnel entrance is
90 m, and the altitude of the exit portal decreases to 78 m. The
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Fig. 1 - Location map of the T8 tunnel and its entrance and exit portals on Google Earth images
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Fig. 2 - Typical cross-section of the T8 tunnel
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thickness of the tunnel overburden varies between 6 and 150 m
(FuGro S1al, 2009). The Google Earth image and plan of the
tunnel route are depicted in Fig. 1. The height of the T8 tunnel,
which is designed as a single tube, is 8.0 m and the excavation
diameter is 13.5 m (Fig. 2).

GEOLOGICAL AND GEOTECHNICAL
CONDITIONS OF THE T8 TUNNEL ROUTE

Two different lithological units were encountered along the
T8 tunnel route (Fig. 3). At approximately km:139+253 from
the tunnel’s entrance portal, te tunnel passes entirely through
the granite unit of the Abant formation which Upper Campanian
— Lower Eocene (OzEr et alii, 2013). The unit is brown on the
surface and gray in the depths and is generally moderately -
slightly weathered and jointed. The remaining part of the T8

www.ijege.uniromal..it



ASSESSMENT OF THE MECHANISM OF EXCESSIVE DEFORMATIONS ENCOUNTERED IN A LARGE-SPAN TUNNEL EXCAVATION USING

ANALYTICAL AND 3D NUMERICAL ANALYSES

220 T8-YSK2

TUNNEL INLET

CHAINAGE  I38+00  130+120  130+440 1304760 1404080 1404400 1404720

Tibary

300 ALLUVIUM ( Qal )
L SAND, GRAVEL

'ABANT FORMATION

260 B GRANITE (KTab-gr)

240
[ ABANT FORMATION (KTab)

200 @] ABANT FORMATION
=8 180 LIMESTONE BLOCKS (KTab)
=3
hH
o E 160 '~/ GEOLOGICAL BOUNDARY
Z2 140
T8-s5k3 T8-SK3a 2L o~ FAUT
& 120
8-S| 100 3% CRUSHED ZONE

<= LANDSLIDE

Claree) | lalses0 1424000 1426320 1a2eas0

GEOLOGICAL Maderately - ligh
AND

Fracture woters e cxpected i the fom of scpas.

GEOTECHNICAL
CCONDITONS

Fig. 3- Geological-geotechnical plan and profile of the T8 tunnel (FUGRO SIAL, 2009)

tunnel route was excavated in the mudstone, marl, and shale
members of the Abant Formation, which is separated from
the Granite unit by a tectonic contact consisting of a strike-
slip fault. The formation contains slightly weathered-fresh,
and locally crushed zones. Between km: 139+258 and the
exit portal (km: 142+778.48), the tunnel passes through the
mudstone-claystone-marl alternation of the Abant Formation.
There are brown-purple-red limestone tectonic blocks in the
formation. These blocks range from a few decimetres to meters.
Surrounding units usually contain perched groundwater as
they are impermeable. There are some landslides between km:
1394221 - 140+857 along the route. The failure surface depths
of the landslides in the soundings here vary between 19 and
56 m. It was observed that the units formed crushed zones due
to the fault effect in the soundings in these intervals (T8-SK1,
T8-SK2, T8-SK2A, T8-SK3 and T8-SK3A). Fault zones in NE-
SW direction affected the tunnel route between approximately
km: 141+226 and the exit portal. In this section, the fault clays,
which turned into a residual soil feature due to the fault effect,
lost their stability on the surface. According to the boreholes,
the landslide depth is approximately 15 m (T8-SK3A) above
the tunnel roof (FuGRoO S1aL, 2009). It is evident that the tunnel-
landslide interaction in this case is indirect because the distance
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between the tunnel roof and the failure surface is about 15 m.

Geotechnical — parameters of exit portal section
(km:141+940)

To apply the analytical and numerical analyses, the
geotechnical parameters of the units are determined. Results of
the laboratory tests on the specimens obtained from the boreholes
drilled in this section of the T8 tunnel are presented in Table 1. In

e sanne Depth Unit Weight ucs houne
No No
Start  Finish  ya (kN/m?) oc (MPa) E: (GPa)
T8-SK3 1 250 2376 2.08 030
T8-SK3 C2 34.50 23.46 - -
T8-SK3 C3 41.35 25.09 0.71 0.54
T&-SK3A  Cl 2525 2550 2298 155 0.42
T8-SK3A  C2 3700 3745 19.93 ; :
T8-SK4 Cl 1700 1800 2457 3.08 451

Tab. 1 - Laboratory test results (FUGRO SIAL, 2009)
addition, the input data used in the design stage are given in Table

2, and the core photographs of the boreholes are given in Fig.
4. A frequency histogram graphically integrated with descriptive
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and from 42.50 m to 48.50 m (FUuGRro SIAL, 2009)

statistics of the distribution of events with different magnitudes
provides an immediate visual depiction of the descriptive metrics
of the dataset and the relevant insights for our study (Fig. 4).
Considering the geological condition of the tunnel route, the
average uniaxial compressive strength for the Abant Formation
encountered in these sections was assigned as 2 MPa, taking into
account the laboratory test results on the samples taken from
the T8-SK3, T8-SK3a, and T8-SK4 boreholes, and the material
constant was considered as m=4 for claystone since it very
weak rock. The modulus of elasticity value was determined as
1.4 GPa. Geological Strength Index (GSI) value is determined
as 25 according to the procedure suggested by HOEK & MARINOS
(2000). These parameters are used in the RocLab (RocLaB, 2011)

Analysis of Rock Strength using RocLab

1.0
Hoek-Brown Classification
0.9 intact uniaxial comp. strength (sigei) = 2 MPa
/ GSI=25 mi=6 Disturbance factor (D) =0

Z 08 7 intact modulus (Ei) = 1400 MPa
S o Hoek-Brown Criterion
P mb=0.412 $=0.0002 a=0531
£ 06 Mohr-Coulomb Fit
= cohesion = 0.052 MPa friction angle = 19.22 deg
=3
E 0.5 Rock Mass Parameters
‘E 04 tensile strength = -0.001 MPa
5 uniaxial compressive strength = 0.024 MPa
F 03 2 (3 ¢global strength=0.146 MPa
= & deformation modulus = 83.80 MPa

0.2 7 02 o

/ H —
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Fig. 5 - Failure envelope for 55 m overburden thickness
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program, and the parameters of the rock mass are calculated for
this section (Fig. 5).

The rock mass parameters are calculated considering 55 m of
overburden thickness, and the results are summarized in Table 3.

Geological Internal

Overburden  Uniaxial trength Material ~ Elasticity ~ Unit Cohesion friction Deformation
thickness strength streng! constant  modulus  weight ohesto ctio modulus
index angle
H ucs Ei Y < 2] Em
GSI mi
(m) (Mpa) (MPa)  (kN/m%)  (kPa) ©) (MPa)
55 5 25 6 1400 23 52 19 30

Tab. 3 - Geotechnical parameters of the tunnel for 55 m overburden
thickness

Determination of rock mass class

The rock mass classes are examined with the RMR
Classification System and NGI (Q) rock mass classification
systems to determine the rock mass classes and determine the
initial support systems for the tunnel.

RMR classification system

The RMR Classification System was developed by BIENIAWSKI
(1973, 1976, 1989). The system has undergone several changes
in the 15-year period until 1989, based on observations and new
data. From 1973 to 1989, the system took its final shape within
the framework of the data and experience gained from a total of
351 different applications related to tunnels, large underground
openings, and mining operations (BIENIAwskI, 1989). The
rock mass classification ratings (RMR) of the sections to be
encountered in the tunnel opening were calculated according to
Bieniawskl (1989) (Table 4).

A Parameter Value/Definition Rating
I Uniaxial compressive strength (MPa) 2 1
2 Rock quality designation (RQD %) 10 4
3 Spacing of discontinuites (mm) 100 6
4 Conditions of discontinuities
Persistence 10-20m 1
Aperture >Smm 0
Roughness Less Rough 3
Fiiling Soft infilling>5 mm 0
Weathering Highly weathered 1
5 Ground water Dripping 4
Basic RMR 20
B Discontinuity orientation Fair 5
Final RMR Very poor rock mass 15

Tab. 4 - RMR classification input parameters

According to the RMR rock classification system, this section
of the tunnel is determined as very poor rock mass. For very poor
rock mass, the support system proposed by BieNiawsk1 (1989) is
suggested by gradual excavation, systematic bolting, 15-20 cm
thick shotcrete, 0.75 m spacing light or heavy steel rib.

O Classification System
The rock mass classification are performed by the Q or NGI

www.ijege.uniromal..it



ASSESSMENT OF THE MECHANISM OF EXCESSIVE DEFORMATIONS ENCOUNTERED IN A LARGE-SPAN TUNNEL EXCAVATION USING

ANALYTICAL AND 3D NUMERICAL ANALYSES

(Norvegian Geotechnical Institute) system (BARTON et alii,
1974, 1981; GrRIMSTAD & BARTON, 1993; BARTON, 1993). Rock
tunneling quality Q is calculated from the following expression
as a function of 6 independent parameters. The Q value calculated
according to the Q rock mass classification system is given in
Table 5. The Q value is calculated with the help of Eq.1

Q = @xj—rx—”w (1)
Jn  Ja SRF

No  Parameter Value/Definition Rating
1 RQD :Rock quality designation A. Very poor 10

2 Jn : Joint set number F. Three joint sets 9

3 Ir : Joint roughness number H. Unaltered joint walls, surface staining only 1

S e U Nelimrloy oveconaidaon stione oy
5 Jw : Joint water reduction number B. Medium inflow 0,66

A. Multiple occurrences of weak zones within a short
section containing clay or chemically 10

disintegrated, very loose surrounding rock (any depth),

6 SRF  : Stress reduction factor

Tab. 5 - Parameters of the Q classification system

Accordingly, the Q value is calculated as 0.009, and the
rock mass along the tunnel is classified as the exceptionally
poor category (Fig. 6).

Consequently, according to both the RMR system and the
Q rock classification system, the tunnel is in very weak rock
mass conditions.

ROCK MASS QUALITY AND ROCK SUPPORT
G F E D |[C| B A
Exceptionally | Extremely Very Very |Extremely |Excep)
poor poor Poor | Fair | Good good| good ' |good
T = ERa i 250 1
= (. WAL 2
im R ) —
50 [ 2 s 4
i D ™ =
i 53
€ L é
el 2 l | 8 © 6 E
E 2
Bl 10 RRS Il RRS I RRS | 3
2|a g
5 m
c[ s 5
o "
8, =
/ i \/ -~
2 ‘ | St e 1.5
5 Y $24 7
ST e 22 L1
T et
0.001 0.004 0.01 0.04 0.1 04 1 4 10 40 100 400
Rock mass quality @ = L2 X % X 2
aually &= 55 X

Fig. 6 - Q rock mass classification system (NGI, 2015)

PROBLEMS ENCOUNTERED ALONG THE T8
TUNNEL

Between km: 142+000 - 142+480 in the T8 tunnel, the tunnel zone
passes entirely in the brecciated fault zone (Fig. 7). In addition, due
to the low overburden thickness in this section of the tunnel and the
landslides, no arching is formed around the tunnel. Depending on
the long-term swelling and squeezing properties of the clayey units,
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Fig. 7- (a) Geological map of the close vicinity of the studied section,
and (b) Geological cross-section for the numerical analysis
(km:142+380) (Section 1-1’on Fig. 7a)

the loads on the supports have increased in this section and failures
have occurred. During the tunnel excavation, serious deformations
were observed in the tunnel due to these adverse conditions.

Convergence and optical measurements in the tunnel

Deformation measurements were taken during the tunnel
excavation. Results of the measurements taken at km:142+206.95
are given in Fig. 8.
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Series 1. Convergence between points 1 and 2, Series 2. Convergence between points 1 and 3
Series 3. Convergence between points 1 and 4, Series 4. Convergence between points 1 and 5
Series 5. Convergence between points 2 and 3, Series 6. Convergence between points 4 and 5
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©

Fig. 8 - Convergence measurement at Km:142+206.95

When the deformation measurements are inspected,
it is seen that it exceeds 25 cm in places. In addition, the
measurements taken from the tunnel section revealed that the
tunnel penetrated the section in most places (Fig.9).

The units of the Abant formation encountered during the
tunnel excavation are given in Fig. 4. When the geological
cross-section at km: 142+139.03 is examined, the ground is
gray, black in color, weak-very weak strength claystone, and
siltstone and it is classified as a compacted soil (C3) according
to the tunnel rock class NATM class (ONORM B 2003, KGM
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2013) (Fig. 10). In Fig.11, it is seen the failed bolts, and the
longitudinal and transverse cracks on the shotcrete related to
excessive deformation.

frag
029
0,6
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)
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o
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005

J30 040

-0.00

o®

Fig. 9 - Tunnel deformation section at km: 142+088

Fig. 10 - Tunnel face at km:142+139.03

Fig. 11 - Cracks in shotcrete and failures in bolts

EVALUATION OF TUNNEL SQUEEZING
CONDITIONS AND TUNNEL BEHAVIOR

To evaluate the properties of the ground in the tunnel, it is
important to examine both the ground reaction curve (GRC)
and squeezing condition in the tunnel. For this purpose, Hoek
and MARINOS (2000), JETHWA et alii (1984), and SAKURAI
(1983) approaches are used (Table 6). They proposed equations
depending on the compressive strength of the rock mass, the
overburden thickness, and the in-situ pressure of the factors
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affecting the squeezing. SAKURAI (1983) determined the strain
value with Eq. (2) and showed it graphically according to the
compressive strength of the rock mass. JETHWA ef alii (1984), on
the other hand, defined squeezing according to the N _value (Eq.
3), which is determined by the ratio of the compressive strength
of the rock mass to the in-situ pressure. HOEK & MARINOS (2000),

Researchers
Sakurai (1983)
Jethwa et al. (1984)

Equations
€0c=1.0730cm 3% (2)

acm aocm
Ne=ZT=22 (3)

Hoek and Marinos (2000) €=0.2*%(cen/po)?  (4)

Tab. 6 - Squeezing equations suggested by different researchers

while defining compression, classified the strength of the rock
mass according to the strain value determined by the ground
pressure (Eq. 4).

According to SAKURAI (1983), the € value is found to
be 2.0 and it is stated that special support systems would be
needed in the tunnels. On the other hand, JETHWA et alii (1984)
determined that the N value was 0.11 and it is stated that high
squeezing is expected. HOEK & MaRrINOS (2000) found the €
value to be 16 and stated that serious stability problems would
be encountered in the tunnel. Closed-form solutions (HOEk
& BrowN, 1980; Hoek 2007 and 2012) equations are used
to determine the tunnel ground reaction curve. With the help
of these equations, the radius of the plastic zone around the
tunnel, elastic and plastic deformations, and strain values are
determined. The in-situ pressure at 55 m overburden thickness
is calculated as P=0.022*55=1.1 MPa. If the compressive
strength of the rock mass is oem, it is 0.14 MPa, and the 5 /P,
ratio is 0.13. The displacement at the tunnel face is 28 cm and
the plastic displacement around the tunnel is 2.07 m (Table 7).

Rock mass In situ Gem/Po Plastic Strain Total Tunnel face Critical support
strength stress zone €(%) deformation deformation pressure
Gem Po radius ui (m) uir (m) Per (MPa)
1 (m)
0.14 1.26 0.14 38 11 0.41 0.28 0.69

Tab. 7 -  Analytical solution results (HoExk & BROWN, 1980; HOEK
2007 and 2012)

The variation of the soil reaction curve (GRC) and the

radius of the plastic zone is given in Fig. 12. Here, it is seen

1.40 r 50.00
I 45.00
I 40.00

1.20

R E
S 100 [ 3500 &
£ s F 30.00 .13
g == Characteristic Curve L 2500 E
E 0.60 ——Radius of Plastic Zone I 2000 .:,‘:
2 0.40 F 15.00 '.“E
a | 1000 &
0.20 L 500
0.00 0.00

0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500
Tunnel Wall Displacement (m)

Fig. 12 - Longitudinal displacement profile for h=55 m
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Fig. 13 - Longitudinal displacement profile for h=55 m

that the radius of the plastic zone and the soil reaction curve
develop very rapidly.

In addition, VviacHopouLos & DieperiCcHS (2009)
approach is used to draw a Longitudinal Displacement Profile
along the tunnel (Fig. 13).

In the unsupported condition, 38 cm deformation occurs
in the tunnel face, while this value increases to 57 cm 1 m
behind the face. 20 m behind the face, the deformations go up
to 1.78 m. As can be seen, serious deformations occur both in
the tunnel face and in the tunnel behind the tunnel under 55 m
overburden thickness.

ASSESSMENT OF TUNNEL SUPPORT SYSTEMS
This section of the tunnel is determined as C3 rock class
which is squeezing conditions (KGM, 2013 and ONORM
B2203, 2001) according to the NATM rock classification
system. In this section, the C3 support system was chosen as
the tunnel support system, and the support system properties are
given in Fig.14 and Tables 8 and 9.
The support system pressure (P ) and stiffness (K )

determined for INP 200 type steel rib are given in Egs. 2 and 3.

Es = As
Kssmax = —— (3)
sl = lro?

1.5" FOREPOLING WITH GROUT
L=4.00m , a=2(

SHOTCRETE, C20/25
ds=30cm
STEELRIB 200
WIRE MESH

SN-BOLTS L=6.00m

_TUNNEL AXIS

2000ROK) BENCH 9

T INVERT. |
50

Fig. 14 - C3 support system details

The strength properties of C20/25 type shotcrete are given in
Table 10. The support system pressure Pscmax and stiffness K of
the shotcrete are presented in Eqs. 4 and 5, respectively.

ace ro — tc)?
A Pscmax = — = [1 - Q] (4)
S * OYyS s ro?
Pssmax = ———— 2
sl+lro
Round length Shotcrete Steel rib Wire mesh Bolts Forepoling
1.0 m Top heading, C20/25,30cm 1200 Q22172212 Fully grouted 1.5” grouted,
2.0 m bench, 4.0 m layer bolt, SN type,6 L=6m
Invert m (1.0x1.0 m
pattern)
Tab. 8 -  Summary of the C3 support system
5 Pssmax (MPa) Kss
As(m?) s (m) Es (MPa) oys (MPa) (MPa/m)
. Spacing along Young Modulus Yield strength of the Support Stiffness
Cross sectional area the tunnel axis of the steel rib steel pressure
0.00334 1 207000 365 0.187 16.364

Tab. 9 - 1200 type steel rib properties, P and K

ssmax ssmax

Italian Journal of Engineering Geology and Environment, 1 (2024)
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Pscmax Ksc (MPa/m)
te (m) Ve Ec(MPa) Geo (MPa) (MPa)
Thickness of the Poisson Young modulus of Un{aXIal Support Stiffness
- compressive strength pressure
shotcrete ratio the shotcrete
of the shotcrete
03 0.2 28000 20 0.50 212.1
Tab. 10 - C20/25 type shotcrete properties, P, and K
Psbmax Ksb
db (m) 1 (m) Es (MPa) Sc (M) s1(m) Tor (MN) (MPa) (MPa/m)
Bolt Young Circumferential Longitudinal bolt Ultimate Support Stiffness
diameter Length Modulus bolt spacing spacing bolt load pressure
0.026 6 207000 | 1 0.125 0.125 18.137
Tab. 11 - Bolt properties, P, andK,
the tunnel support system is determined as 0.81 MPa. The ground
ro? — (r0 — tc)? . . L
Ksc = | Ec 5) reaction curve and support reaction curve are given in Fig. 15.

*2*(1—192)*(1‘0—&)*?”02

The properties of the bolts used in the tunnel are given in
Table 11. The support pressure P and stiffness K, values of
the bolts are shown in Egs. 6-7.

sbmax

Psbmax = —2L (©)
sl#=sc

Ksh = Es »m * dp* (7)
Sp = hsem 4lslsc

The total support pressure system is calculated as
Pt=P, 4P +P =121 MPa. The critical pressure (P ) for

sbmax scmax ssmax

Since the pressure (P) of the tunnel support systems is
higher than the critical pressure (P ), no plastic deformation
is expected in the tunnel. The ratio support pressure to critical
pressure is nearly 1.5.

Also, during the tunnel excavation encountered problems, the
standard bolts were changed to the IBO (self boring bolt) bolts to
achieved much better groutin around the tunnel. Additionally, for
roof stability, 1.5” diameter forepolings were replaced with a 3.5”
diameter umbrella system. After application of these revisions,
the tunnel face and roof stability is ensured.

3D NUMERICAL ANALYSES

Flac 3D (Itasca, 2002) program is used to understand the
relationship between the problems in the tunnel and the landslide.
For this purpose, the model ranges from Km: 142+300 - 142+380.
This part of the tunnel is the closest to the landslide, and the failure
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Fig. 15 - Support reaction curve
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surface of the landslide is approximately 15 m above the tunnel.
The model created with the Flac 3D program is given in Fig 16.
The upper part of the model represents the landslide and the lower
part is the in place the units of the Abant formation. In the analysis,
excavation stages are given in the form of model top heading,

70,100,90

Fig. 16 - Flac3d numerical model

bench and invert. The excavation stages are shown in Table 12.
Analyses are performed in 16 stages. In the analyses, it is assumed
that the excavation and support of the first 40 m in the top heading,
the first 20 m in the bench, and the first 16 m in the invert section.
Afterwards, excavation is carried out in stages in the top heading,
bench, and invert sections. Mohr-Coulomb failure criterion is used
in the model, and the gravity method is chosen in the analysis. For

this, the upper side of the model is defined as free in the x, y and
z directions. To minimize the effect of boundary conditions in the
model, the distance between boundary is 5D. The model is 70 m
in the X direction, 120 m in the Z direction and 100 m in the Y
direction, and the tunnel coordinates are given in Fig.17.

XN
QXY
“s“
Sy

Fig. 17 - Tunnel coordinates

Deformations in the tunnel

The deformations that occurred during the excavation in
the tunnel are plotted in horizontal and vertical directions. For
this purpose, points were identified on the tunnel roof and at
the bottom of the tunnel. The displacements depending on the
excavation at the determined points are shown graphically. The
deformations occurring in the vertical direction (Z direction) at
points 2 and 9 on the tunnel roof are given in Fig.18. Deformation
history points are 2 m, 4 m, 6 m, § m, 12 m, 16 m, 24 m and 26
minY direction at tunnel roof. The coordinates of the determined
history points are presented in Table 13. As can be seen from
here, deformations are observed at the maximum level of 4.3 cm
at the tunnel roof at the beginning of the tunnel (0, 0, 0) and up to
26 m. While the deformations in the first 12 m of the tunnel are
between 3.5 cm and 4.3 cm, they are at the level of 2.98 cm at 16

Stage Step Excavation Situation

Stage

Step Excavation Situation

1 1500
2 3000

Unbalanced forces
Excavation between 0-40 m full
face excavation and 0-20 m top

heading excavation, 0-16 m invert
excavation, installation supports
and installation inner lining
concrete,
and reset displacements

Excavation between 40-41 m in
TH

Excavation between 41-42 m in
TH

Excavation between 20-21 m in

Bench

3 4500

4 6000

5 7500

6 9000 Excavation between 21-22 m in
Bench

Excavation between 16-20 m in
invert

Excavation between 42-43 m in

TH

7 10500

8 1200

9
10

13500
15000

Excavation between 43-44 m in TH
Excavation between 22-23 m in Bench

16500 Excavation between 44-45 m in TH

18000 Excavation between 45-46 m in TH

19500 Excavation between 23-24 m in Bench

21000 Excavation between 20-22 m in invert

22500 Excavation between 46-47 m in TH

24000 Excavation between 47-48 m in TH

Tab. 12 - Modelling stages

Italian Journal of Engineering Geology and Environment, 1 (2024)
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FLAC3D 2.10 ows

Step 24000 =
11:14:59 Sun May 08 2022 40 - *
History 38 y
2 Z-Displacement Gp 40561 -
Linestyle 30 j

-1.080e-003 <-> 4.332e-002
3 Z-Displacement Gp 40601
Linestyle 25
-1.185€-003 <-> 4.284e-002
4 Z Displacement Gp 40641
Linestyle 20
-1.433¢-003 <-> 4.193e-002
5 2-Displacement Gp 40681
Linestyle {
-1.881e-003 <-> 4.083e-002 |

-2.705e-003 <-> 3.885e-002

7 Z-Displacement Gp 40761 08 /
Linestyle . /
-3.8266-008 <> 3667e-002 L,

8 Z-Displacement Gp 40841 o

Linestyle

-7.488¢-003 <-> 2.988e-002
) placement G C

-1.329e-002 <-> 1.481e-002 1.0

ltasca Consulling Group, Inc. 04 08 08 1o 12 14 18 18 20 22 24
MN USA

Fig. 18 - Vertical displacements (z direction) in history points 2 to 9

HP 2 3 4 S 6 7 8 9 10
Co 0284 0484 0684 0884 01084 01284 01684 02484 02684
HP: History Points, Co: Coordinates (x, y, z)

Tab. 13 - History points coordinates from 2 to 10

m, 1.48 cm at 24 m and 0.75 cm at 26 m. In a sense, the effect
of tunnel excavations remains constant after 2 diameters of the
tunnel. Considering that the tunnel diameter is 13 m, the increase
in tunnel deformations continues at 26 m behind the tunnel face,
that is, at 12 m.

Vertical displacements between 28 and 52 m are presented in
Fig. 19. In Table 14, the coordinates of the determined points are
given. Deformation history points are 28 m, 30 m, 40 m, 42 m,
44 m, 46 m, 48 m, 50 m and 52 m in Y direction at tunnel ceiling.
Tunnel excavation is carried out up to 48 m, and deformations

FLAC3D 2.10 |

Step 24000 o - — —
11:16:00 Sun May 08 2022 \ & =

History
11 Z-Displacement Gp 41081 04
Linestyle —— . -
-1.396¢-002 <-> 8.595¢-003 :
12 Z-Displacement Gp 41121 08
Linestyle
-1.4386-002 <-> 5.737e-003 08
13 Z-Displacement Gp 41321
Linestyle
-2.198e-002 <-> -4.960e-005 o
14 Z-Displacement Gp 41361
Linestyle a2
-6.643¢-002 <-> -1.188e-004 =

-1.070e-001 <-> 1.712e-004

16 Z Displacement Gp 41441 18
Linestyle
15846001 <-> 1.711e-003
17 Z-Displacement Gp 41481 18
Linestyle
6e-001

6e-003 20
41521

-2.3866-001 <> 1.8400-003 22

ltasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
Minneapolis, MN USA x10%4

Fig. 19 - Vertical displacements (z direction) in history points 11 to 19

HP 11 12 13 14 15 16 17 18 19
Co 02884 0.30.8.4 0,40,8.4 042,84 0.44.8.4 0,46.8.4 048,84 0,50.8.4 0,52,8.4
HP: History Points, Co: Coordinates (x.y.z)

Tab. 14 - History points coordinates from 11 to 19
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are examined in the section where the tunnel is excavated at 50
and 52 m. The largest deformations occurred at 48 and 50 m
and increased up to 23 cm. It is observed that the deformations
increased immediately after the excavation. At 28 m, 30 m, 40
and 42 m, the deformations are at the maximum level of 6 cm.
However, the rate of increase in deformations increased from
44 m to 15 cm, 22 cm, and 24 cm. This situation showed us
that while no significant increase was observed 2 m behind the
tunnel, the section where the tunnel is most affected occurred in
the first 2 m section.

The deformations in the horizontal direction given in Fig. 20
for the first 20 m of the tunnel. The determined historical points
are also given in Table 15. Deformation history points are 2 m,
4m,6m,8m, 10 m, 12 m, 14 m, 16 m and 20 m in X direction
at tunnel side wall. In this section, the top heading, bench and
invert excavations of the tunnel have been completed. The
horizontal deformations in this section remained at the mm level
and arching has been achieved in the tunnel. In other words,
after a distance of 2 diameters of the tunnel, 26 m behind the
tunnel face, it is seen that the tunnel excavation does not have a
serious effect on the stability.

FLAC3D 2.10 s

Step 24000

11:17:16 Sun May 08 2022 804

History
20 X-Displacement Gp 10261 6.0
Linestyle ————————————
-6.483e-004 <-> 9.620e-003
21 X-Displacement Gp 10301
Linestyle ——————————
-6.976e-004 <-> 8.904e-003
22 X-Displacement Gp 10341
Linestyle —————| 204
-7.879e-004 <-> 7.876e-003
23 X-Displacement Gp 10381
Linestyle
-9.019e-004 <-> 7.076e-003

4.04

-1.031e-003 <-> 6.833e-003 2.0
25 X-Displacement Gp 10461
Linestyle
-1.042-003 <-> 7.080e-003 404
26 X-Displacement Gp 10501
Linestyle ———
-1.099e-003 <-> 7.452e-003
D Go 105 6.0

8.0

ltasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
MN USA x10%4

Fig. 20 - Horizontal displacements (x direction) in hist points 20 to 28

HP 20 21 22 23 24 25 26 27 28
Co 652275 654275 656, 6.5.8, 6.5,10, 6.5,12, 6.5,14, 6.5,16, 6.5,20,
275 275 2.75 275 2.75 2.75 2.75

HP: Historv Points. Co: Coordinates (x.v.z)

Tab. 15 - History points coordinates from 20 to 28

In Fig. 21, horizontal displacements between 24 m and 50 m in
the tunnel are presented. The coordinates of these notes are given
in Tables 16 and 17. Deformation history points are 24 m, 26 m,
28 m, 30 m, 40 m, 44 m, 46 m, 48 m and 50 m in X direction at
tunnel side wall. Horizontal deformations in the upper half of the
tunnel due to tunnel excavation are up to 20 cm. The horizontal
deformations between the 24 m, 26 m, 28 m and 30 m of the

www.ijege.uniromal..it



ASSESSMENT OF THE MECHANISM OF EXCESSIVE DEFORMATIONS ENCOUNTERED IN A LARGE-SPAN TUNNEL EXCAVATION USING

ANALYTICAL AND 3D NUMERICAL ANALYSES

FLAC3D 2.10 |
Step 24000
11:18:41 Sun May 08 2022

History i\
29 X-Displacement Gp 10701 04d } I ———— —
Linestyle ———— . .
-3.881e-002 <-> -6.219e-004 \ - .
30 X-Displacement Gp 10741 ) B ——
Linestyle ———————————— -
-5.210e-002 <-> -7.436e-004
31 X-Displacement Gp 10781
Linestyle ————————| 0®
-6.481e-002 <-> -8.432e-004
32 X-Displacement Gp 10821
Linestyle -1.0
-7.848e-002 <-> -8.862e-004

-1.964e-001 <-> -9.681e-004
34 X-Displacement Gp 11101
Linestyle 1.4
-1.949e-001 <-> -5.526e-004
35 X-Displacement Gp 11141
Linestyle
-1.693e-0(
spl
Linestyle e
-1.342e-001 <-> -2.376e-004 -

-4.565€-004

entGp 1118

Itasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
is, MN_ USA| x10%4.

Fig. 21 - Horizontal displacements (x direction) in history points 29 to 37

HP 29 30 31 32 33

Co 6524275 6.526,2.75 6.5282.75 6.530,2.75 6.5,40,2.75
Tab. 16 - History points coordinates from 29 to 33

HP 34 35 36 37

Co 6.544,2.75 6.5,46,2.75  6.548,2.75  6.5,50,2.75

Tab. 17 - History points coordinates from 34 to 37

tunnel remained at the level of 6.4 cm and remained constant. In
other words, it is seen that the effect on horizontal displacements
in the tunnels is not serious starting from 18 m behind the face
excavation of the tunnel. From 40 m, the deformations increased
up to 20 cm. It is seen that the deformations reach the maximum
level 8 m behind the tunnel face.

Vertical displacements at the tunnel floor are given in Fig.
22. The coordinates of the determined points are presented in
Table 18. Deformation history points are 4 m, 6 m, 8 m, 10 m,

FLAC3D 2.10 xionz

Step 24000 e
11:28:44 Sun May 08 2022

History / -
39 Z-Displacement Gp 96170 1l .
Linestyle ———————— f

2.6986-005 <-> 6.642¢-002 50 /-
40 Z-Displacement Gp 96250 I
Linestyle ——————— [ 45
2.342-005 <-> 6.530e-002
41 Z-Displacement Gp 96330

Linestyle ————————
1.691e-005 <-> 6.356e-002
42 Z-Displacement Gp 96410 35
Linestyle
5.572¢-006 <-> 6.150e-002 3.0

7.944¢-008 <-> 5.959¢-002
44 Z-Displacement Gp 96570

Linestyle ——————— | 20
7.769¢-007 <-> 5.846e-002
45 Z-Displacement Gp 96650 15
Linestyle ——mF———
1.032e-005 <-> 5.837e-002 104 /
acement Gj 0 ! /)
e Y
e-005 <-> 5.867e-002 08/ 7
7
Itasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
i MN USA X104

Fig. 22 - Vertical displacements (Z direction) in history points 39 to 47
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HP 39 40 41 42 43 44 45 46 47
Co 04.-3 0,6.-3 0.8-3 0,10,-3 0,12,-3 0,14.-3 0,16,-3 0.20,-3 0.24,-3

Tab. 18 - History points coordinates from 39 to 47

12 m, 14 m, 16 m, 20 m and 24 m in Z direction at tunnel invert.
The vertical displacements at the bottom of the tunnel occur at a
maximum level of 6.6 cm. These displacements continue after the
completion of the invert excavations, that is, after 11500 steps.

The vertical displacements occurring in the bottom part of
the tunnel are given in Fig 23. The coordinates of these points
are presented in Table 19. Deformation history points are 4 m, 6
m,8m, 10 m, 12 m, 14 m, 16 m, 20 m and 24 m in Z direction at
tunnel invert. Here, the largest displacement in the invert section
occurs in the tunnel excavation face as 15.8 cm. 18 m behind the
tunnel face, the deformations remained at the level of 3 cm and
continued steadily. It is seen that the tunnel excavation face is
fixed 18 m behind the effect of the base part.

FLAC3D 2.10 o

Step 24000 1
11:29:53 Sun May 08 2022

History
48 Z-Displacement Gp 97050 —
Linestyle
6.933e-004 <-> 3.337e-002
49 Z-Displacement Gp 97130 0.8
Linestyle
7.790e-004 <-> 3.454e-002
50 Z-Displacement Gp 97210 0.7
Linestle —————
9.061e-004 <-> 3.727e-002
51 Z-Displacement Gp 97290 064
Linestyle
1.044e-003 <-> 4.098e-002

1.984e-003 <-> 7.683e-002 0ad -
53 Z-Displacement Gp 97850
Linestyle

1.798e-003 <-> 9.860e-002 0.3
54 Z-Displacement Gp 97930
Linestyle

1.585e-003 <-> 1.081e-001 0.2
55 Z-Displacement Gp 9801

1.170e-003 <-> 1.131e-001 o1 g

ltasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
i MN USA

x10%4

Fig. 23 - Vertical displacements (Z direction) in history points 48 to 56

HP 48 49 50 51 52 53 54 55 56
Co 04,3 0,6.-3 08,3 0,10,-3 0,12,-3 0,14,-3 0,16,-3 0,20,-3 0,24,-3

Tab. 19 - History points coordinates from 48 to 56

Deformations in the landslide zone

To evaluate the relationship between the landslide on the
tunnel and the tunnel excavation, points are determined in the
landslide area. At these points, deformations are drawn due to
tunnel excavation. ZHU et alii (2022) investigated the triggering
mechanism of a tunneling induced - landslide employing 2D
numerical analysis while SUN et alii (2022) studied adverse
landslide effect on tunnel by combining model testing and
numerical simulation.

Examination of the base section of the landslide
The displacements occurring between 45 m and 37 m in
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the landslide section are given in Fig. 24 and the determined
coordinates are given in Table 20. The largest displacements
occurred at the level of 1.7 cm.

FLAC3D 2.10 oz

Step 24000
11:33:46 Sun May 08 2022
| 02
History
89 Z-Displacement Gp 95436
Linestyle ———————————————| -0.44
-1.684¢-002 <-> -9.370e-005
90 Z-Displacement Gp 95425
Linestyle
-1.705e-002 <-> -1.009¢-004 061
91 Z-Displacement Gp 95414
Linestyle ——————————
-1.7206-002 <-> -1.048e-004 08
92 Z-Displacement Gp 95403
Linestyle
-1.729e-002 <-> -1.023¢-004

1.7342-002 <-> -9.929¢-005 H
94 Z-Displacement Gp 95381 |
Linestyle ———————— 1
-1.7336-002 <-> -0.785¢-005 |
95 Z-Displacement Gp 95370
Linestyle 1.4
-1.7298-002 <-> -1.168e-004

002 <-> -1.167e-004 189

ltasca Consulting Group, Inc. 04 06 08 10 12 14 16 18 20 22 24
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Fig. 24 - Vertical displacements (Z direction) in history points 80 to 88
in the landslide section

HP 89 90 91 92 93 94 95 96
Co 045545 044544 043543 042,542 041,541 040,54.00 039,539 0,38,53.8

Tab. 20 - History points coordinates from 89 to 96

Displacements in the crown of the landslide

The displacement graph that occurred at the crown of the
landslide is given in Fig. 25, and the coordinates of the determined
history points are given in Table 21. The displacements that occur
at a maximum level of 2.6 cm.

As can be seen, the deformations that occur in the landslide
zone with the tunnel excavation are 2.6 cm in the roof and 1.7
cm in the toe part.

FLAC3D 2.10 xorz
Step 24000

11:35:56 Sun May 08 2022 0.2
History 0.4
124 Z-Displacement Gp 94961
Linestyle 0.6

-2.598e-002 <-> -3.099-004
125 Z-Displacement Gp 94962
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-2599¢-002 <-> -3.384¢-004
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Linestyle ——————————————
-2,600e-002 <-> -3.606e-004 a2

127 Z-Displacement Gp 94984
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2.4956-002 <-> -2.216e-004
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2 . / -
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Fig. 25 - Vertical displacements (Z direction) in history points 124 to
132 in the landslide section
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HP 124 125 126 127 128 129 130 131
Co 70,090 70,190 703,90  70.4.90 70,4790 70,4890, 70.49.90  70.49.90

Tab. 21 - History points coordinates from 124 to 131

Comparison of field measurements and numerical
analysis results of landslide deformation

According to the numerical analysis, the maximum vertical
displacement occurred at the level of 24 cm. Similarly, in
horizontal deformations, it is at the maximum level of 18 cm.
In the measurements performed in the field, it is seen that the
deformations in the tunnel occur between 22 c¢cm and 27 cm.
As can be seen, it is seen that there is a consistency in the field
measurements with the numerical analyses.

CONCLUSIONS

In the study, the possible causes of the excessive
deformations during a high-speed railwal tunnel construction
in poor geotechnical conditions and under a landslide zone
are presented. It is evident that existence of landslides on the
tunnel route adversely affects the deformations. Although the
failure surface does not cut the tunnel in this case, there is no a
direct interaction between landslide and tunnel. For this reason,
the details of the indirect interaction are investigated. For the
purpose of the study, 3D numerical analyzes are performed.
The results obtained from the analyses and the results of the in-
situ measurements showed consistency. Closing the ring during
tunnel excavation is very important for tunnel stability. One of
the most important conclusions obtained from the study is that
the distance between the tunnel and the failure surface of the
landslide should not be less than 10 m in tunnels to be excavated
under landslides. Because both in the field measurements and in
the numerical analysis, it is observed that the indirect landslide
effect of the tunnel excavation exists but it is limited. The T8
tunnel was constructed succesfully, and it is open to traffic and
no problems have been encountered.

The excessive deformations occurred in the tunnel generally
terminated behind the 2D distance. Closing the ring in 2D distance
on weak ground affect positively the stability of the tunnel.

The support pressure (P)) is 1.21 MPa and the critical pressure
(P,) is 0.81 MPa. The ratio between support pressure to critical
pressure is 1.5. When selecting the support systems for non-
deformational section, the support pressure should be 1.5 times
critical support pressure. Also, during the tunnel excavation
encountered problems, IBO bolts and 3.5” diameter umbrella
system were used to ensure for tunnel face and roof stability.

The source of the deformations and failures in the tunnel is
due to the high horizontal pressures, and this is the indirect adverse
effect of the landslide material on the tunnel. However, despite the
deformations in the tunnel, the stability of the tunnel was ensured
as a result of reprofiling and additional supporting works. The
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design of the tunnel support system should be rigid to minimize
the deformations under swelling conditons and landslide zone.
As stated by TiaN (2021), “the reinforcement measures for
controlling slope deformation may be ineffective for preventing
slope sliding, owing to the lack of a clear understanding
regarding the slope failure and tunnel deformation modes”. For
this reason, the study peresented herein can be accepted as an

effort for understanding the possible indirect adverse effect on
tunnel excavations¢ Consequently, the presented study provides
a scientific basis for future tunnel constructions under landslides.
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