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Abstract
The Dogancay T1 tunnel, projected within the scope of the Ankara-Istanbul high-
speed train project, is being excavated entirely through clay and cohesionless units 
and is located in the North Anatolian Fault Zone (NAFZ). To determine the support 
system in the tunnel, innovative approaches require investigation through analytical 
and numerical methods to evaluate their suitability. The present study investigates 
rigid support systems, including the intermediate lining and pre-support excava-
tion techniques in the new Austrian tunneling method (NATM), with 3D numerical 
analyses. The tunnel is in a seismically active zone, and the study also addresses 
the seismic sustainability of the proposed support system. The results of analyses 
showed that the proposed excavation and support system can be successfully imple-
mented in the Dogancay T1 tunnel. The case study provides guidelines for investi-
gating tunnel excavation and support systems in poor ground conditions in tectoni-
cally active zones.
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1  Introduction

The Dogancay T1 tunnel in the north-western part of Türkiye lies between km: 
124 + 660–127 + 548 of the Ankara-Istanbul high-speed train project, with a total 
length of 2888 m. Tunnel excavation was occurring from both tunnel entrances as 
of 2021. The longitudinal slope of the tunnel is 2.1%, the entrance altitude is 60 m, 
and it rises to 120 m at the exit. A significant part of the tunnel route passes through 
extremely poor lithological units and is within the North Anatolian Fault Zone, one 
of the most active fault zones in the World. According to the NATM (new Austrian 
tunneling method) support classes, the tunnel is excavated completely in squeezing 
and flowing rock classes. In these types of rock classes, the bench pilot tunnel sys-
tem is used to stabilize the tunnel, but using this method, the tunnel excavation sys-
tem is a very complex and difficult construction process.

For a long period, tunnels in weak grounds have been the subject of many stud-
ies (Dalgic, 2002; Lee and Schubert, 2008; Cao et al., 2018, 2020; Luo et al., 2018; 
Aksoy et al., 2016; Sakcali and Yavuz, 2019; Aygar and Gokceoglu, 2020 and Aygar 
and Gokceoglu 2021a). In recent years, depending on technological developments, 
tunneling with tunnel boring machines (TBMs) has been successfully applied in 
long tunnels excavated in weak rock and/or under adverse geological conditions 
(Farrokh and Rostami, 2009; Yagiz et al., 2009; Armaghani et al., 2016; Swannell 
et al., 2016; Adoko et al., 2017; Maleki and Dehnavi, 2018; Hasanpour et al. 2018; 
Eftekhari and Aalianvari, 2019; Alp and Apaydin, 2019; Komu et al., 2020). How-
ever, the NATM is still preferred in extremely heterogeneous geological environ-
ments with high uncertainty and relatively short tunnels. NATM is not a tunneling 
method but an approach covering all general principles of tunneling (Aygar, 2020). 
The NATM introduced in the 1960s by (Rabcewicz 1964a, Rabcewicz 1964b and 
Rabcewicz 1965) aims to maximize the self-carrying capacity of overburden. Con-
sidering this principle, several tunnels have been successfully completed (Barton, 
2017; Taromi et al., 2017; Song and Yoo, 2018; Zhang et al., 2018a, b; Niedbalski 
et al., 2018; Li et al., 2019; Agbay and Topal, 2020; Satici and Topal, 2021; Aygar 
and Gokceoglu, 2021b and c; Kong et al., 2021). Aygar (2020) emphasized a wide 
range of opinions that each tunnel brings with a site-specific method, and the results 
obtained in a tunnel tend to serve as a guide for other tunnels. This statement is 
valuable for the development of geotechnical engineering and engineering geology 
theories and practices. In addition, Bieniawski (1989) defined the objectives of rock 
mass classification systems as “relate the experience of rock conditions at one site to 
the conditions and experience encountered at others.” These considerations clearly 
reveal the importance of new case studies for the development of rock engineering, 
geotechnical engineering, and engineering geology. Tunneling is of common interest 
in rock engineering, geotechnical engineering, and engineering geology.

The necessity of a rigid support system in large diameter tunnels excavated in 
weak grounds is important. The rigid or non-deformable support system of tunnels 
to be excavated in squeezing and swelling ground conditions is preferred (Aksoy 
and Onargan, 2010; Aksoy et al., 2010, 2012 and Aksoy et al. 2014). The Bolu tun-
nel was initially designed according to NATM principles and a flexible outer arch 
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principle (Aygar 2020, 2007 and Aygar and Gokceoglu 2020). However, deforma-
tions up to 1.2 m occurred in the tunnel (Aygar 2020, Aygar and Gokceoglu 2020), 
and this section of the tunnel completely collapsed with the occurrence of the 
November 12, 1999 Düzce earthquake. In the re-design stage, it was seen that tun-
nel stability could not be ensured with a flexible outer arch principle, and the project 
was started with a rigid outer arch principle (Aygar 2020). An intermediate (Ber-
nold) lining was applied in short fault zones and flysch series, and the bench pilot 
tunnel method, which is a more rigid support system, was used in long fault zones 
(Aygar, 2020).

Intermediate linings have been used worldwide since the 1970s. They are pre-
ferred when a rigid support system is required immediately after excavation. Thus, 
the loosening and plastic behavior that may occur in the tunnel are prevented, and 
the support systems can be completed (EWI and WIRKIR, 1972). The aim is to 
minimize plastic zones that may form in the tunnels with the rigid support sys-
tem applied as an intermediate lining in the logic of the intermediate lining in the 
Doğançay T1 tunnel.

The seismic behavior of the tunnels is very important for the tunnels constructed 
in the high seismic zone. Some damages in tunnels during the 1995 Kobe, Japan 
earthquake, the 1999 Chi-Chi, Taiwan earthquake, and the 1999 Kocaeli, Türkiye 
earthquake (Hashash et  al. 2001) were encountered. Suitable seismic design of 
shallow tunnels constructed in weak grounds, especially in earthquake zones, has 
emerged as an inevitable requirement.

Increasing population and demand for human transport have resulted in the 
need for new high-speed railways and highways. However, due to the geometrical 
constraints of high-speed railways and highways, it is not always possible to avoid 
problematic areas when determining routes. In Turkey, which is located in the 
Alpine-Himalayan earthquake belt, the construction of many high-speed railway and 
highway projects has started in recent years. Due to the extremely complex geologi-
cal structure, it is not possible to avoid active faults, landslide areas and/or extremely 
weak lithological units when determining a railway or highway route in Turkey. 
Bilgin (2016) emphasized these difficulties as follows: “The geology of Türkiye is 
very complex and major Northern and Eastern Faults including minor faults associ-
ated with these faults create tremendous problems.” Therefore, in recent years, many 
railway and highway tunnels in Turkey have been constructed under difficult geo-
logical conditions (Dalgic, 2002 and Dalgic 2003; Aydin et al., 2004; Aksoy et al., 
2010, 2012 and Aksoy et al. 2014; Bilgin and Algan, 2012; Ozcelik, 2016; Bilgin 
and Ates, 2016; Kaya and Bulut, 2019; Komu et al., 2020; Aygar and Gokceoglu, 
2020, 2021a, b, and Aygar and Gokceoglu 2021c; Apaydin, 2021; Satici and Topal, 
2021; Bilgin and Acun, 2021).

The purposes of this study are to present an excavation-support design so that 
tunnel construction in complex geological conditions can be completed safely and 
to investigate the proposed excavation-support system with 3D numerical analysis. 
In accordance with the purpose of the study, the geological-geotechnical properties 
of the tunnel route are revealed, the excavation-support system is described, and 3D 
numerical analyses are performed. Subsequently, the results obtained are discussed 
in terms of tunneling practice.
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2 � Location and Specification of the Tunnel

The location map of the Dogancay T1 tunnel is given in Fig. 1, and the typical sec-
tion of the tunnel is given in Fig. 2. As the finished dimensions of the tunnel, the 

Fig. 1   Map portraying the location of the T1 tunnel and portal plan
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tunnel height is 8.0 m, and the width is 12.5 m. In tunnel excavation, the width is 
15.5 m, and the excavation height is 13.8 m. The tunnel overburden height varies 
from 30 to 140 m.

As shown in Fig.  3, the T1 tunnel is located in the eastern Marmara region. 
The region exhibits highly active tectonism. The landforms observed in the region 
developed under the influence of the Neotectonic period. These landforms are 
observed as high mountain belts, tectonic depression basins, and valleys located 
along fault segments. The North Anatolian Fault Zone (NAFZ), which forms the 
plate boundary, plays an important role in the formation of the morphology of the 
region. The NAFZ, which passes through the study area in the east–west direc-
tion, has been effective in the development of the structural and palaeographic 
evolution of the region during the Neotectonic period (Emre et al., 1998; Fugro 
Sial, 2019a). Due to these characteristics of the region, active faults and land-
slides are common in the region (Fig. 3). In addition to these adverse conditions, 
the lithological units forming the tunnel route are extremely weak.

The tunnel passes through Plio-Quaternary sediments on the southern bound-
ary of the tectonically controlled basin. These sedimentary units form a soft 

Fig. 2   Tunnel typical cross-section (Fugro Sial, 2019b)
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topography reaching approximately 300  m above sea level on the north side of 
the steep morphology formed by the Armutlu-Almacık tectonic block. Yildirim 
and Tuysuz (2017) stated that the Almacık Block is one of the most pronounced 
push-up structures located between the major segments of the northern strand of 
the NAFZ, where it bifurcates in the eastern Marmara region.

The inlet portal of the tunnel, which has a total length of 2888 m, starts from a 
ridge at the west and reaches Akçay Valley at the east (Fig. 4). Along the tunnel, the 
thickness of the overburden reaches 70, 120, and 140 m at the ridges and decreases 
to 30–40 m at the valley crossings (Fig. 4). The entire T1 tunnel located within the 

Fig. 3   Landslides and active faults around the T1 tunnel route (MTA, 2021)



994	 Transportation Infrastructure Geotechnology (2023) 10:988–1031

1 3

NAFZ (Fig.  3) is excavated in the Örencik Formation that consists of sand, silty 
sand, pebbly sand, and sandy gravel sediment units (Fig. 4).

Due to the geological and geotechnical conditions of the tunnel route, the stability 
of the support systems in the short term and the long term, and during an earthquake 
is critical. During a seismic event, the outer lining cannot carry extra loads; hence, 
an intermediate lining is selected to increase the bearing capacity of the lining.

In the analyses, a section with an overburden thickness of 30  m was chosen 
because it is the most critical section in terms of tunnel stability. In this section, 
the lithological units were investigated with the data obtained from the drill-
ings performed by Fugro Sial (2019b) (Figs.  5, 6, and 7). In these drillings, at 

Fig. 4   Geological map and cross-section of the tunnel route (Fugro Sial, 2019a)

Fig. 5   Mud, sand, and gravel units in the YTSK-1 borehole at the tunnel route (Fugro Sial, 2019a)
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depths of 60 m and 50 m, in addition to the mud and sand levels, there are partly 
loose, pebble lenses up to meters in thickness. For the 60 m and 90 m overburden 
thickness sections, the analyses were carried out to compare different overbur-
den effects on the tunnel stability. For 60 m of overburden thickness, the clay is 
selected completely as the lithological unit.

Fig. 6   Core-box photos for YTSK2 (Fugro Sial, 2019a)

Fig. 7   Core-box photos for YTSK3 (Fugro Sial, 2019a)
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The tunnel route contains clay, sand, silty-clayey sand, gravel, and sandy 
gravel sediments, all of which belong to the Örencik Formation (Fig.  4). The 
geotechnical design parameters of the units are given in Table  1 (Fugro Sial, 
2019a) according to the results of the tests performed on the samples obtained 
from the YTSK-1, YTSK-2, and YTSK-3 (Figs. 5, 6, and 7). The unconsolidated-
undrained (UU) and consolidated-drained (CU) triaxial tests and Atterberg lim-
its were implemented in accordance with the procedures suggested by ASTM in 
Istanbul Kultur University.

3 � Evaluation of Tunnel Support Systems

The methods used in determining tunnel support systems are divided into 3 main 
groups: empirical methods (Terzaghi 1946, Bieniawski, 1973, 1976 and Bieniawski, 
1989; Barton et al. 1974 and Barton et al. 1980; Grimstad and Barton, 1993), ana-
lytical methods (Kirsch, 1898; Kastner, 1971; Hoek and Brown, 1980; Hoek, 2007 
and Hoek 2012), and numerical methods (Moussaei et al., 2019; Panthi and Basnet, 
2019; Aygar and Gokceoglu, 2021a).

Empirical approaches for the preliminary support design have been devel-
oped since the 1950s under the experience gained from mines and underground 
structures. These approaches, which started with Terzaghi (1946), continued with 
Bieniawski (1973, 1976, and Bieniawski, 1989), Rabcewicz (1964a), Barton et al. 
(1974), and Palmström 2000, Palmström 2009). These approaches contain extremely 
important and guiding data in terms of tunneling. All of these methods have cer-
tain limitations. For example, Terzaghi (1946) made classifications only according 
to steel ribs, while Bieniawski (1989) made classifications according to works in 
tunnels with a span of 5-–12 m. Barton et al. (1974), on the other hand, developed 
his classification based on discontinuities, generally under high-quality rock masses. 
All of these classifications actually have a guiding basic principle in tunnel design. 
In all classifications, support systems are recommended by always giving a certain 
range in support systems. Therefore, these methods should be considered as the first 
step in tunnel design. The final support systems should be decided by analytical and 
numerical analyses.

Several researchers (Kirsch, 1898; Kastner, 1971; Sulem et  al., 1987; Zhang 
et  al., 2012a, 2012b, 2017; Zhang, 2018b; Wang et  al., 2019; Hoek and Brown, 

Table 1   Geotechnical 
parameters used in the analyses 
(Fugro Sial, 2019a)

Unit Cohesion
(kPa)

Internal fric-
tion angle
(degree)

Defor-
mation 
modulus
(MPa)

Clay (short term) 200 0 200
Clay (long term) 50 22 200
Cohesionless units 5 35 150
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1980; Hoek, 2007 and Hoek 2012) have studied analytical solutions. According to 
this method, the environment is considered homogeneous and isotropic, and the tun-
nel is circular. In other words, all studies are carried out in an idealized environment. 
However, the unit through which the tunnel passes is not isotropic and homogene-
ous. Tunnels excavated conventionally are generally not circular. Although some 
researchers (i.e., Kargar et al., 2014; Wang et al., 2018) studied the analytical stress 
and displacement around non-circular tunnels, recently, analytical solutions have 
still some limitations.

Numerical analysis methods, on the other hand, have increased their application 
range in recent years and have been developed continuously. With numerical analy-
sis, the current environment can be defined exactly, and the support systems to be 
applied in the tunnel can be described to the model exactly. Depending on the devel-
opment of computer technology, tunnel methods, which are very complex, can also 
be modeled. Complex structures, such as multiple tunnels in mine galleries, junction 
structures in transportation tunnels, and metro stations, are modeled exactly, and 
the numerical analyses give much more accurate results. For this reason, numerical 
analysis is used as a crucial part of all tunnel projects today (Koçkar and Akgün, 
2003; Akgün et al., 2014; Zou et al., 2019; Moussaei et al., 2019; Panthi and Basnet, 
2019; Aygar and Gokceoglu, 2021a and Aygar and Gokceoglu 2021b). In numeri-
cal analysis methods, the most commonly applied methods involve finite elements, 
finite differences, discrete elements, and hybrid methods. Among these methods, 
finite elements are used relatively more widely (Das et al. 2017).

In this study, analytical solutions and numerical analyses were employed to assess 
the deformations and support system. In the first stage, analytical solutions were 
obtained, and then 3D numerical analyses were performed to assess the excavation 
and support systems. The lining system is suggested to be constructed in the follow-
ing three phases:

a)	 Outer lining (steel rib, shotcrete, wire mesh, etc.)
b)	 Intermediate lining
c)	 Inner lining

The FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) (Itasca, 
2002) program was used in the numerical analysis. FLAC3D is a program that 
works with the finite difference method, and it gives the opportunity to model the 
tunnel in 3D and to use all supports in the model.

3.1 � Tunnel Support Details

Figures 8 and 9 show a typical section and details of the support system applied in 
the tunnel, and Fig. 10 shows the longitudinal section of the tunnel support system. 
In addition, the details of the tunnel support elements are shown in Table 2. The tun-
nel excavation sequence is as follows: top heading, bench, and invert.

Before the excavation, the injection bolts were installed and grouted. After this 
application, 3 layers of 88.9 mm umbrellas were installed in the roof. After the top 
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Fig. 8   Support details

Fig. 9   Tunnel support system details (Fugro Sial, 2019b)
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heading excavation started at 0.75 m, in stage, an I300-type steel rib, 50 cm shot-
crete, and 2 layers of wire mesh were installed.

This sequence involved 4 rounds in the top heading after the intermediate 
invert was installed. At the same time, bench excavation continued with the same 
supports as the top heading. This sequence continued at a distance of 20–25 m 
from the top heading and bench. After completing the 3-m bench excavation, the 
invert excavation was completed very close to the bench site. The ring closure 
was completed 30–40 m between the top heading and invert (Fig. 10). After this 
section, the intermediate lining was installed maximum 40  m behind the face. 
Therefore, this rigid support system allows minimum deformation along the 
tunnel.

3.2 � Support System Construction

The support system construction stages are given in Fig.  11. In the first stage, 
umbrella and face bolts are installed; in the second stage, top heading excavation; 

Fig. 10   Tunnel support system and excavation stages in the longitudinal section (Fugro Sial, 2019b)

Table 2   Properties of the 
support elements

Shotcrete, C20/25 50 cm

Steel rib I300
Rock bolts 6–8 m, Self-drilling bolt, 

d = 89 mm Pult = 280 kN
Fore-poling (3 layers) 9 m,

3.5 or 4″ 4.5 m overlap
Round length (m)
Top heading/bench/invert

0.75/1.5/3.0

Wire mesh, Q221/221 2 layers
Face support
Intermediate lining
Inner lining

10 cm shotcrete/1 layer wire mesh
12 face bolts
60 m (C25/30)
40 m (C25/30)
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in the third stage, bench excavation is performed; and in the fourth stage, invert 
excavation and supports are completed. In the fifth stage, the excavation process 
is completed by invert construction. After this stage, the intermediate lining is 
constructed, and in the next stage, drainage holes are drilled. After all these pro-
cesses are completed, the tunnel support is completed by the inner lining con-
crete. All these stages must be performed as soon as possible.

3.3 � Preliminary Tunnel Support System Evaluation

In the first stage, analytical solutions are performed for the preliminary assessment 
of the support system. Equations (Hoek and Brown, 1980; Hoek, 2007 and 2012) 

Fig. 11   Excavation stages
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for the analytical solutions (closed-form solution) were summarized by Aygar and 
Gokceoglu (2021a). In this section, preliminary assessments are carried out on the 
behavior of the ground and tunnel support systems for cohesionless units and clay.

The analyses were carried out for three sections:

(a)	 30 m of overburden height (cohesionless unit)
(b)	 60 m of overburden height (clay unit)
(c)	 90 m of overburden height (cohesionless unit)

For these units, the field stress, strength σcm, ratio of the strength to the in situ 
stress, plastic zone radius, unit strain (Ɛ), and deformation in unsupported tunnel 
calculated equations are given in Table 3 (Hoek and Brown, 1980; Hoek, 2007 and 
Hoek 2012), and the results are given in Table 4. In Fig. 12, the closure is given for 
3 phases, and it is not at an acceptable level; hence, before the excavation, the tunnel 
face and ceiling should be reinforced with umbrella and face soil nails.

3.4 � Rock Support Interaction Analysis—Characteristic Curves

When determining tunnel support systems, it is necessary to determine the ground 
reaction curve (GRC) and the support system reaction curve (SRC). In addition, 
it is of particular importance to know the longitudinal deformation profile (LDP) 
before supporting the tunnel. Such approaches are a decisive criterion, especially 
in determining the loads on supports. The ground characteristic curve (GRC), sup-
port system characteristic curve (SRC), and longitudinal displacement profile (LDP) 
curve were drawn for these sections of the tunnel. For a 30-m, 60-m, and 90-m over-
burden, the ground reaction curves, longitudinal displacement profile, and support 
reaction curves are given in Figs. 13 and 14 using the Vlachopolos and Diederichs 
(2009) equations.

where R* = Rp/RT
Equations are given under the condition of hydrostatic field stresses for steel ribs, 

shotcrete lining, and bolts in a circular tunnel. The summary table of the support 
system selected in both parts of the tunnel is given in Table 5.

The support pressure, support stiffness, and maximum displacement are given in 
Table  6 for support types using equations by Hoek and Brown (1980) and Hoek 
et al. (2008)
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The maximum displacements in the tunnel face reach 50  cm (Table  7). In this 
case, it has been shown that the tunnel does not have an unsupported stand-up time. 
Before starting the excavation, it is evident that face nails and umbrellas for the ceil-
ing section are necessary. In addition, as shown in Fig. 13, the supports in the tunnel 
need to be installed immediately; otherwise, the deformation tends to increase rap-
idly. In addition, the plastic zone radius is up to 16 m for a 30-m overburden, 30 cm 
for a 60 -m overburden, and 35 m for a 90-m overburden. Consequently, the tunnel 
is in a completely plastic zone.

4 � 3D Numerical Analyses

3D numerical analyses are performed with the FLAC3D v2.10–22 (Itasca, 2002) 
program. FLAC3D is a numerical analysis program that works with the finite dif-
ference method and enables the monitoring of mechanisms such as plastic flow and 
collapse with the Lagrange computation scheme and mixed discretization technique 
(Khanbabazadeh and Iyisan 2014). Since matrix elements are not used in FLAC3D 
software, they do not occupy substantial computer memory, so large-scale models 
can be analyzed. It is possible to model the ground exactly with the FLAC3D pro-
gram, and it is also possible to model the structural elements (bolt, shotcrete, steel 
ribs, anchor) (Itasca, 2002).

4.1 � Model Settings

The models created for the analyses are given in Fig.  15. First, analyses are per-
formed for cases where there were no umbrella or face nails. In the model, a vertical 
plane of symmetry conditions is used, so half of the tunnel is selected for analyses.

The model was determined to be 100 m in the Y-direction, 100 m in the Z-direc-
tion, and 70 m in the X-direction (Fig. 15). The gravity method is used in the analy-
sis, and the Mohr–Coulomb criterion is chosen as the failure criterion. In the analy-
sis, the excavation phases are planned in the top heading, bench and invert, and the 
boundary conditions are given in Fig. 16. The model is fixed at 0 and 100 points in 
the y-direction, − 70 points in the z-direction, and 0 and 70 points in the x-direction. 
In the model, 142,100 zones and 149,253 node points are used. In the model, the 
mesh spacing around the tunnel is taken as 1.0 m for detailed investigation. Larger 
mesh intervals are preferred from the tunnel periphery to the surface. Thus, the 

Table 4   Analytical solution results

σcm P0 σcm/P0 rp (m) Ɛ (%) ui (m) uif (m) Pcr (MPa)

Cohesionless unit (h = 30 m) 0.02 0.63 0.03 30 3.18 0.51 0.09 0.26
Clay (h = 60 m) 0.015 1.26 0.118 40 7.87 1.26 0.19 0.74
Cohesionless unit (h = 90 m) 0.15 1.89 0.01 46 22 3.5 0.49 0.80
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Fig. 12   Approximate relationship between the strain and the degree of difficulty associated with tun-
neling through squeezing rock. Note that this curve is for tunnels with no support (Hoek and Marinos, 
2000)
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solution time is shortened. In the model, a cylindrical shell and radcylindrical mesh 
type are used.

For the numerical analyses, the bulk modulus and shear modulus are neces-
sary, and the parameters used in the analyses are given in Table 8. These values are 

Fig. 13   Characteristic curves for different overburdens and units
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related to the Poisson ratio (υ) and modulus of deformation (E). These equations for 
the bulk modulus and shear modulus are described by Eqs. 17 and 18.

Bulk modulus

Shear modulus

In the analyses, the excavation stage is chosen as 1.0 m in the top heading, 2 m in 
the bench, and 4 m in the invert. To establish the initial excavation conditions in the 
model, it is assumed that the excavation and supports of the 60-m section in the top 
heading and the 36-m section in the bench and the invert are completed. Addition-
ally, the outer lining is completed. Modeling stages are given in Table 9.

Shotcrete is defined as a shell element in the model, and intermediate lining 
(Fig. 17) is defined as a block (Table 10).

For rock bolt modeling in the tunnel, the ground parameters (cohesion and modu-
lus of deformation) are increased, and the strength parameters of the material around 
the tunnel are defined as composite material (Table 11). Consequently, ground and 
rock bolts are defined as a single unit. Around the tunnel, 88.9-mm diameter self-
drilling injection pipe-driving elements are used as bolts. The main reason for this 
preference is because the ground is not cohesive or has low cohesion. This is because 
bolt drills opened with low drilling diameters on such soils are closed immediately, 
and the injection cannot go around the tunnel. For this reason, the bolt diameter and 
drill diameter are chosen to be large.

4.2 � Static Analysis Results for the 3 Cases

During the first stage, analyses are performed without umbrella and soil nails, and 
the stability of the tunnel face is investigated. The importance of face stability in 
cohesionless soils is emphasized. In addition, the effect of the tunnel stability on the 
deformations of the face soil nails, and the umbrella and the tunnel stability effect are 
also investigated. The results are evaluated for 3 different overburden sections. For 
the 30-m overburden, a 20-cm deformation (Fig. 17a) occurred in the Y-direction, 
that is, in the tunnel face, towards the inside of the tunnel in cohesionless units. A 
65-cm (Fig. 17b) deformation (in total) occurs in the Z-direction (the vertical direc-
tion). In the analyses for clayey units (h = 60 m), a total vertical deformation of up to 
5 cm and a displacement of up to 8 cm in the tunnel face are observed (Figs. 18a and 
b). For the 90-m overburden height, vertical deformation of up to 8 cm and defor-
mation of up to 16 cm in the Y-direction (tunnel face) occurs (Fig. 19a and b). The 
results are presented in Table 12.

Deformations in the tunnel face continue upwards in sandy units due to the cohe-
sionless character. In clayey units, deformations are concentrated only in the center 
of the tunnel face due to the cohesive nature of the ground.

(17)K = E∕(3 ∗ (1 − 2 ∗ �))

(18)G = E∕(2 ∗ (1 + �))
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To ensure the stability of the tunnel face, before starting the excavation on the tun-
nel face and tunnel ceiling, cable bolts and umbrellas should definitely be inserted. 
The parameters of the cable bolts and umbrellas used in the analyses are given in 
Tables 13 and 14. The umbrella system is defined as a pile element in the FLAC3D 
program. This definition is also referenced by Oke et al. (2012, 2013a and Oke et al., 
2013b, Oke et al., 2014a and Oke et al. 2014b). The cable bolts and umbrella system 
used in the model are given in Fig. 20.

The cable bolts and umbrellas used in the model are selected as 12 m. Cable bolts 
are applied to the model at 1.0 × 1.0 m intervals and a 6-m overlap. Umbrellas are 
also defined in the model with an overlap of 6 m, and they are applied in 3 rows due 
to the variable height of the cover and the non-cohesion/low cohesion of the ground.

Fig. 14   Longitudinal deformation profiles for different overburdens and units: a cohesionless unit, 30 m; 
b clay, 60 m; and c cohesionless unit, 90 m
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Analyses for 30-m, 60-m, and 90-m overburdens are given in Fig.  21, and the 
displacements in the Y- and Z-directions can be followed here. With these supports, 
the deformations in the Z-direction after excavation in cohesionless units (h = 30 m) 
of the tunnel ceiling decrease to 10  cm, and the deformations in the Y-direction 

Table 5   Support capacity equations (Hoek and Brown 1980; Hoek et al. 2008)

Table 6   Support system 
pressures

pscmax(MPa) Ksc (MPa/m) uicmax(m)

Shotcrete (ds = 50 cm) 1.51 254.38 0.106
Steel rib (I 300) 0.419 29.75 0.114
Rock bolts 0.373 190.78 0.102

Table 7   Displacements in the tunnel face

rpm/r0 Tunnel face 
displacement
uif (m)

Tunnel face 
displacement
uif (1 m 
behind the 
face) (m)

Maximum 
displacement 
uim (m)

Face displacement/
max displacement 
uif/uim

Cohesionless unit, 
h = 30 m

3.87 0.096 0.12 0.51 0.180

Clay, h = 60 m 5.07 0.190 0.235 1.25 0.155
Cohesionless unit, 

h = 90 m
6.93 0.400 0.49 2.60 0.117
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decreased to 2.75 cm. In clay units (h = 60 m), the deformations in the Y-direction in 
the tunnel decrease to 5 cm after the application of umbrella and cable bolts. Under 
the 90-m overburden, the deformations decrease to 8 cm in the Y-direction and 7 cm 
in the Z-direction. The results are given in Table 15.

As can be seen from the analysis results, the face support has a significant 
effect on the tunnel stability. Vertical deformations exceeding 60  cm without 
face supports decrease to 10 cm with face supports, and deformation decreases 
from 20 to 2.5 cm in the tunnel face.

The deformations obtained from the analytical solutions in the tunnel face are 
given in 7). For the 30-m overburden, the deformation is 20  cm; for the 60-m 
overburden, the deformation is 20 cm; and for the 90 m overburden, the defor-
mation is 40 cm. In the numerical analysis, the deformations in the tunnel face 
towards the inside of the tunnel are 20 cm at 30 m at overburden height, 8 cm 
at a 60-m overburden height, and 16  cm at under 90  m of overburden height 
(Table 12). In the numerical analysis, the deformations in the cohesionless unit 

Fig. 15   FLAC3D model for different tunnel sections (cohesionless unit, 30 m; clay, 60 m; and cohesion-
less unit, 90 m)
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are lower than the analytical solutions. The main reason here is that the upper 
half of the excavation height is low due to the partial excavation of the tunnel. 
However, analytical solutions are performed for full face excavation.

5 � Seismic Analysis of Tunnel Support Systems

The behavior of underground structures during earthquakes is different from 
that of surface structures. Because underground structures are surrounded by the 
ground, they are less affected by earthquakes than surface structures (Hashash 

Fig. 16   Planned excavation steps: a model boundary conditions, b excavation, and c intermediate lining

Table 8   Bulk, shear, and deformation modulus

Unit E
(deformation 
modulus, MPa)

υ (Poisson 
ratio)

K (bulk modu-
lus, MPa)

G (shear 
modulus, 
MPa)

Cohesionless unit 150 0.3 125 58
Clay 200 0.3 167 77
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et al., 2001). However, it was observed that the earthquakes such as Japan, Tai-
wan, and Turkey that occurred after the 1990s in the world caused severe damage 
to the underground structures (Hashash et al., 2001). For this reason, ground fail-
ure effects such as fault slip, liquefaction, and slope stability problems are impor-
tant during the selection of tunnel routes and the locations of underground struc-
tures. However, due to the strict geometrical constraints of high-speed railways, it 
is not always possible to avoid adverse geological-geotechnical conditions.

Sakurai and Takahashi (1969), Owen and Scholl (1981), O’Rourke (1984), 
Wang (1993), O’Rourke et  al. (2001), and Penzien (2000) studied the seismic 
design of underground structures. In these studies, the methods used in the design 
of the tunnel lining are explained in detail. The tunnel is located in the seismi-
cally active NAFZ, and hence, the support stability was checked under seismic 
conditions. According to the extremely weak units and within the North Anato-
lian Fault Zone, one of the most active fault zones in the world, tunnel stability is 
also very important. Hence, it is also possible to perform dynamic analysis with 
the FLAC3D program. A fully nonlinear analysis method is used in the FLAC3D 
program, and it can model the problem more accurately (Itasca 2002; Khanba-
bazadeh and Isiyan, 2014). There are 3 main parts to be considered when per-
forming dynamic analyses via the FLAC3D program (Itasca, 2002).

a)	 Application of dynamic loading and boundary conditions
b)	 Ensuring that the wave is properly analysed
c)	 Mechanical damping

The viscous boundary conditions (quiet boundary) were chosen as the bound-
ary conditions to be used in the model. Quiet boundary conditions, proposed by 

Table 9   Modeling stages

Stage Explanation Stage Explanation

1 Unbalanced forces 10 Excavation between 63 and 64 m in TH
2 Excavation and support installation between 

0–60 m full face excavation and 40–60 m 
bench excavation and invert excavation 
0–36 m invert Sect. 0–12 m intermediate 
lining installation

11 Excavation between 44 and 46 m in bench

3 Reset the displacements
Excavation between 60 and 61 m in TH

12 Excavation between 64 and 65 m in TH

4 Excavation between 61 and 62 m in TH 13 Excavation between 65 and 66 m in bench
5 Excavation between 40 and 42 m in bench 14 Excavation between 46 and 48 m in bench
6 Excavation between 42 and 44 m in bench 15 Excavation between 40 and 44 m in invert
7 Excavation between 36 ad 40 m in invert 16 Excavation between 66 and 67 m in TH
8 Installation of the intermediate lining between 

12 and 24 m
17 Excavation between 67 and 68 m in TH

9 Excavation between 62 and 63 m in TH 18 Seismic analysis
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Fig. 17   Displacements occurring in the Y–Z-direction (h = 30 m, cohesionless unit): a displacements in 
the Y-direction and b displacements in the Z-direction
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Lysmer and Kuhlemeyer (1969), prevent the wave applied to the model from 
being reflected from the boundary. The frequency of the wave to be applied to 
the model, the characteristics of the wave, and the wavelength are critical for the 
accuracy of the analysis (Khanbabazadeh, and Iyisan, 2014; Itasca 2002). Here, 
the largest mesh spacing used in the numerical model should be one-tenth of the 
wave size or smaller (Itasca, 2002).

Δl mesh spacing
Λwavelength

Fwave frequency
The frequency to be calculated based on the largest mesh range in the model is 

determined.

f frequency
Csshear wave velocity

(19)Δl ≤
λ

10

(20)f =
C

λ

(21)f =
Cs

10 ∗ Δl

Table 10   Strength parameters 
used for shotcrete and 
intermediate lining concrete

Element Ei (GPa) √ ϒ (kg/m3)

Shotcrete 20 0.25 2500
Intermediate lining 35 0.25 2500

Table 11   Ground parameters for 
units reinforced with rock bolts

Bolt drilling diameter 0.089

Distance between two bolts 1.00 m
qu (uniaxial compressive strength) 1.0 MPa
ar (area ratio) 0.00453416
Esoil (soil deformation modulus) 80,000 kPa
ϕsoil (soil internal friction angle) 35°
csoil (soil cohesion) 5 kPa
cin (cohesion of injection) 10.0 MPa
Ein (Young modulus of injection) 1,000,000 kPa
ccomp (cohesion of composite material) 50 kPa
ϕcomp (internal friction angle of composite material) 0°
Ecomp (Young modulus of composite material) 84,171 kPa
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Gshear modulus

(22)Cs =
√

G∕�

Fig. 18   Displacements occurring in the Y–Z-direction (h = 60  m, clay unit): a displacements in the 
Y-direction and b displacements in the Z-direction
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Fig. 19   Displacements occurring in the Y–Z-direction (h = 90 m, cohesionless unit): a displacements in 
the Y-direction and b displacements in the Z-direction
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�unit weight
The model is given in Fig.  22 and represents the dimensions. This model is 

only for the 30-m overburden, and analyses were performed for the 30-m, 60-m, 
and 90-m overburdens. The mesh is defined in the FLAC3D model with 280,600 
zones, 287,122 grip points, and 2542 nodes. The model geometry includes x-, y-, 
and z-axes, in which the y-axis is along the tunnel excavation line, the x-axis is along 
the transverse direction and the z-axis is in the vertical direction. The x-dimensions 
are x = 140 m, y = 90 m, and z = 30 m (60 m and 90 m).

The largest mesh spacing used in the model is 5.5 m, and the frequency is calcu-
lated to be 1.0 Hz with the help of equations. In the model, the overburden is taken 
as 60  m and 90  m, and the model is determined to be 140  m in the X-direction, 
100 m in the Y-direction, and 100 m in the Z-direction (Fig. 22). The tunnel width 
is 13 m, and the height is 8.4 m. In the model, the short-term undrained parameters 
are chosen by considering the soil parameters as short-term parameters at the time 
of the earthquake.

Seismic loading is applied to the model as a harmonic sine wave for 2.0 s. The 
applied horizontal acceleration value given by the Disaster and Emergency Manage-
ment Presidency of Turkey was 0.342 g. The frequency of the wave to be used in 
the model is chosen as 1.0 Hz, and 5% is taken as Rayleigh damping. The wave base 
is applied to the model. Since the earthquake performance is evaluated in the long 
term, the shotcrete and bolts added to the model in the static state are removed, and 
only the inner lining is entered into the model with an intermediate lining. The inter-
mediate lining is entered into the model as a “shell” element, and the inner lining 
concrete is defined as the “material.”

The results obtained from dynamic analyses are given in this section. In the 
results of the analysis, the moments and axial forces occurring in the lining are 
investigated. For a 30-m overburden thickness, the model fails because the ground 
is completely cohesive. It is observed that the ground undergoes major deformations 
and that the deformations continue with the displacements in this section. The vari-
ation in displacements in the Z-direction given in Fig. 23 is given depending on the 
step. As shown in Fig. 25, the displacements increase linearly.

The bending moments and axial force occurring in the intermediate lining under 
60 m of overburden thickness are also given in Figs. 24 and 25, respectively. The 
moment is determined to be 2.78 × 106 Nm, and the axial force value is determined 
to be 5.78 × 106 N. In the section investigated, it is revealed that only the intermedi-
ate lining could not sufficient and should be considered a bearing element together 
with the inner lining. In addition, it is known that the thickness of the intermediate 

Table 12   Numerical analysis 
results in the static case without 
face bolts and umbrella

Overburden
(h) m

Vertical deforma-
tion (Z-axis) cm

Face deformation
(Y-axis) cm

30 65 20
60 5 8
90 8 16
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lining was variable during the application phase. Here, it is thought that the thick-
ness of the intermediate lining is between a minimum of 60 cm and a maximum of 
120 cm, and an average lining thickness of 90 cm is considered. When considering 
the section effects, it is seen that the moment bearing capacity is sufficient with the 
Intermediate lining (Fig. 26).

The cross-sectional effects determined in the analyses performed under an 
overburden thickness of 90  m, bending moments calculated to be 3.09 × 106 Nm 
(Fig. 27), and the axial force value is estimated to be 5.04 × 106 N (Fig. 28). In the 
analyses performed according to the section effects, it is determined that the inter-
mediate lining governs the section effects (Fig. 29).

Table 13   Parameters used for cable bolts

Cable 
modulus 
(GPa)

Cable 
modulus 
(m2)

Cable ultimate tensile 
capacity (kN)

Grout bond stiffness 
(N/m/m)

Grout cohesive strength (N/m)

45 1.57 × 10−3 250 1.75 × 107 2.0 × 105

Table 14   Parameters used for umbrellas

Diameter of the pipe (m) Thickness of the pipe (m) υ E (GPa) Yield (N)

0.114 0.0065 0.3 200 200000

Fig. 20   Support details used in the model
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6 � Application and In Situ Measurements

In the tunnel under construction within the scope of the Doğançay project, the inter-
mediate lining is constructed from an average of 40 m behind the tunnel face. Photos 

Fig. 21   Displacements occurring in the Y-direction and Z-direction

Table 15   Numerical analysis 
results in face bolts and 
umbrella systems

Overburden
(h) m

Vertical deformation (Z-axis) 
cm

Face 
deforma-
tions
(Y-axis) 
cm

30 10 2.75
60 3 5
90 7 8
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from the application stage are given in Fig. 30. The tunnel construction now contin-
ues successfully.

The deformations measured at the 5 points in the tunnel section are presented in 
Fig. 31.

The deformation measurements performed before the intermediate lining are pre-
sented in Fig. 32. The deformations are stabilized at nearly 10 cm in the FLAC3D 
analysis given in Fig. 21. The deformations measured in  situ are compatible with 
the numerical analysis; that is, the vertical deformations are less than 10 cm for the 

Fig. 22   Model dimensions

Fig. 23   Vertical displacement for h = 30 m
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30-m overburden. The deformation observed in the tunnel is nearly 14  cm in the 
cohesionless soil.

Additionally, the deformations were measured in the tunnel after intermediate lin-
ing application and are given in Fig. 33. As shown in Fig. 33, the deformations are 
obtained to be less than 1 cm, and stabilization along the tunnel is provided.

7 � Conclusions and Recommendations

The T1 tunnel constructed within the scope of the Dogancay project is excavated 
completely under weak or extremely weak ground conditions. Considering the 
geotechnical and geological conditions of the tunnel route, the T1 tunnel can be 
accepted as an interesting case for the tunneling community. However, in the present 
study, the most critical cohesionless soil and clay sections are investigated with not 
only analytical solutions but also 3D numerical analyses.

The results of the analyses show that the largest problems encountered in cohe-
sionless soils are face and ceiling stabilization. It is impossible to excavate the 

Fig. 24   Bending moments for h = 60 m
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tunnel without providing ceiling and face stability. To perform consolidation grout-
ing around the tunnel and to ensure arching, in cohesionless soils, the drill diam-
eter should be as large as possible, and accordingly, the diameter of the bolt should 
be sizeable. With self-drilling bolts, the interaction of water with the clayey ground 
is minimized. The water comes into contact with the ground at the drill head only 
and then emerges through the casing. Thus, the tunnel environment is completely 
improved. In addition, it is necessary to use long and large diameter face bolts and 
umbrellas to ensure face stability in cohesionless soils. The possible failures in 

Fig. 25   Axial forces for h = 60 m

Fig. 26   Interaction diagram in the X-direction for the 60 m overburden
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the tunnel ceiling result in severe problems, and it is appropriate to make a 3-layer 
umbrella in the ceiling section.

Because the tunnel route is located in the active NAFZ, the need for an inter-
mediate lining between the outer and inner linings has arisen. An intermediate 
lining is installed immediately after the outer lining, approximately 40 m behind 
the tunnel face. This situation both prevents primary deformations and can bear 
the cross-sectional effects that may occur during an earthquake. The deformation 
trend is also checked carefully to prevent large plastic zones during construction. 
Otherwise, the plastic zone is enlarged to the whole overburden, and the unex-
pected loads affect the lining. In the low overburden section, if the deformations 
in the tunnel face increase unexpectedly, this is reflected up to the surface and 
caused by the face collapse in the tunnel. Hence, all the face supports should be 
installed before the tunnel excavation.

In addition, joint gaps are left between the inner lining in the fault zones 
encountered during tunnel excavation. Thus, possible displacements in the event 

Fig. 27   Bending moments for h = 90 m
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of an earthquake are damped with these joints. In addition, drainage holes are 
drilled on the intermediate lining to prevent water loading on the tunnel lining.

Both the intermediate lining and the inner lining installations must be com-
pleted in a short time because, in the case of a possible earthquake, in the tunnels 

Fig. 28   Axial forces for h = 90 m

Fig. 29   Interaction diagram in the X-direction for the 90 m overburden
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Fig. 30   Intermediate lining applications in the tunnel

Fig. 31   Deformation measurement points in the tunnel section
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where only the outer lining is completed, the lining cannot carry the load and 
resulting in collapse.

As seen from the analysis results, for the 30 m overburden, a 20-cm deforma-
tion occurred in the Y-direction, that is, in the tunnel face, towards the inside 
of the tunnel in cohesionless units. A 65-cm deformation (in total) occurs in the 
Z-direction (the vertical direction). In the analyses for clayey units (h = 60 m), a 
total vertical deformation of up to 5 cm and a displacement of up to 8 cm in the 
tunnel face are observed. For the 90-m overburden height, vertical deformation 
of up to 8  cm and deformation of up to 16  cm in the Y-direction (tunnel face) 
occurs. Deformations in the tunnel face continue upwards in sandy units due to 
the cohesionless character. In clayey units, deformations are concentrated only in 
the center of the tunnel face due to the cohesive nature of the ground. The defor-
mations are stabilized at nearly 10 cm in the FLAC3D analysis. The deformations 
measured in  situ are compatible with the numerical analysis; that is, the verti-
cal deformations are less than 10 cm for the 30-m overburden. The deformation 
observed in the tunnel is nearly 14 cm in the cohesionless soil. Analysis results 
for the face and umbrella support section, the deformations in the Z-direction 
after excavation in cohesionless units (h = 30 m) of the tunnel ceiling decreased to 
10 cm, and the deformations in the Y-direction decreased to 2.75 cm. In clay units 
(h = 60  m), the deformations in the Y-direction in the tunnel decrease to 5  cm 
after the application of umbrella and cable bolts. Under the 90-m overburden, the 
deformations decrease to 8 cm in the Y-direction and 7 cm in the Z-direction.

Fig. 32   Deformation measurement at km: 124 + 677 before the intermediate lining application

Fig. 33   Deformation measurements at km: 124 + 685 after intermediate lining application
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As seen from the analysis results, the face support has a significant effect on tun-
nel stability. Vertical deformations exceeding 60  cm in cohesionless soils without 
face supports decrease to 10 cm with face supports for the 30-m overburden thick-
ness. This is extremely important for tunnel stability. For the dynamic analysis, the 
only outer lining could not resist the earthquake loads so the intermediate lining is 
necessary. The bending moments and axial force occurring under 60 m of overbur-
den thickness are 2.78 × 106 Nm and 5.78 × 106 N. The cross-sectional effects deter-
mined in the analyses performed under an overburden thickness of 90 m, the bend-
ing moment and axial force calculated as 3.09 × 106 Nm 5.04 × 106 N, respectively. 
In the analyses performed according to the section effects, it is determined that the 
intermediate lining governs the section effects.

This study is a tunnel case excavated in difficult geotechnical and geological con-
ditions, and the methodology followed herein can be applied in similar ground con-
ditions. The tunnel excavations to be carried out in an active earthquake zone are of 
serious importance. For this reason, geotechnical instruments, such as pressure cells 
and strain gauges, should be placed inside the inner lining and intermediate lining, 
and the loads on the lining should be monitored continuously.

Although the analytical solutions provide good results, it is evident that this 
methodology is insufficient when a tunnel is constructed in difficult ground con-
ditions because the analytical solutions accept homogeneous and isotropic ground 
conditions. However, it is possible to describe the ground conditions and exca-
vation stages in 3D numerical analyses. In other words, considering the in  situ 
deformation measurements, the 3D numerical analyses give more realistic results 
while the analytical solutions produce more conservative results.
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