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Abstract

Stability of large underground structures depends on not only rock mass conditions but also excavation stages and 
support systems. In addition, complexity of geological conditions and interaction of excavation with in situ conditions 
a�ect the performance of design. The Akyazı tunnel (Trabzon, Turkey) is 2478 m long and was designed as 3 lanes and 
double tubes, and the number of lanes at the junction part increases to 5. Tunnel cross-sectional area from the Akyazı 
tunnel reaches 3 lanes and 150  m2 to 5 lanes and 438  m2 gradually. The width of the tunnel at the junction point reaches 
to 31 m. In this study, the necessity of inner lining concrete in tunnels excavated in good rock mass conditions is assessed 
and the results of the analyses are discussed. The inner lining concrete increases the cost of tunnel construction, as well 
as extending the construction period. With the procedure followed in the Akyazı tunnel, the top heading part of the 
tunnel was constructed without inner lining. No stability and drainage problem have not been encountered for 4 years. 
Currently, the tunnel construction was completed successfully, and the tunnel was opened to tra�c. Consequently, the 
excavation stages, support systems described, and especially inner lining necessities discussed in this study may be 
applicable for extremely large tunnel sections.
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1 Introduction

The e�ective transportation is one of the basic require-
ments of sustainable developments, and one of the impor-
tant components of e�ective transportation system of 
urban areas is tunnel. In tunnels with large underground 
openings, the most crucial problems encountered during 
excavation and support implementation are the stability 
of tunnel face and ceiling. When the developed meth-
ods are investigated, implementation of �ber bolts, wire 
mesh, and shotcrete is considered appropriate for the tun-
nel face. Also, for tunnel ceiling, application of fore pol-
ing method (implementation of umbrellas) is suitable to 

ensure the stability of the ceiling by avoiding potential 
failures. In addition to all these supporting systems, the 
tunnel face excavation is divided into sections such as top 
heading, bench, and invert. If necessary, the top heading 
section can be divided into two or three sub-sections in 
the large-span underground openings. [1] and [2] and [3] 
investigated the problems and suggested various solu-
tions. These studies elaborated tunnel face stability and 
the design of support system in squeezing and swelling 
ground conditions. Barla [4] examined the full-face tun-
neling in large tunnels under difficult conditions and 
stated that when the full section tunnel boring method 
is possible, existence of many advantages of that method 
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was also emphasized by di�erent researchers. Sharifzadeh 
et al. [5] studied the method of excavation in large tunnels 
that were excavated in weak ground conditions. Jiao et al. 
[6] considered the steel tube slab (STS) method for sub-
way stations with a very shallow overburden thickness and 
large underground openings, and they manifested both 
numerical analysis and applications methods relevant to 
this subject. Hoek [7] and Schubert [8] proposed a defor-
mation slot and heavy steel shoring as solution sugges-
tions. Aygar and Gokceoglu [9] analyzed the problems 
encountered during excavations of large railway tunnel, 
and they emphasized that the face stability is the most 
important factor for large tunnels constructed in shallow 
and weak ground conditions. One of the most important 
tunnel problems is squeezing, and Azizi et al. [10] studied 
on the squeezing conditions of rock mass encountered 
in the Kerman water conveyance tunnel. However, tun-
nel excavations in squeezing ground show large time-
dependent and often anisotropic deformation [11]. An 
approach for the classification and prediction of large 
deformation in tunnel construction stage was recently 
proposed by Liu et al. [12]. Problems and possible meas-
ures in three-laned and double-tubed Bolu tunnels, whose 
construction is ongoing for a period of almost 20 years, 
are an example of large diameter tunnels [13] and [14]. As 
can be seen from short review, the researchers considered 
main support systems. However, Broch et al. [15] investi-
gated the inner lining systems in the road tunnels opened 
in Norway. According to Broch et al. [15], the inner lining 
concrete is required for drainage and �re conditions. In 
addition, considering that the outer lining loses its bear-
ing in the long term, the inner lining is considered to be 
an element that carries earthquake loads in the long term 
[15]. Wales and Lorenz [16] investigated the long-term 
behavior of support elements in tunnels excavated with 
conventional methods, and they stated that the bearing 
capacity of the outer lining does not decrease in the long 
term over 30 years. Consequently, according to the results 
of [16], there is no need for inner lining in the long term 
for the stability of tunnels excavated in good rock mass 
conditions. In addition, Grønhaug [17] described di�er-
ent methods for lining the tunnels in Norway, and the use 
of di�erent methods of inner lining, such as lightweight 
structure, metal sheet linings, plastic sandwich linings, PE 
foam linings, tunnel fabric for protection from frost and 
for the drainage of water, was investigated. Additionally, 
Neuner et al. [18] stated that a single permanent shotcrete 
lining can ful�ll the reduced requirements and o�ers a 
very economic tunnel design, in some cases, and they 
proposed a detailed �nite element model for analyzing 
the bearing capacity of the permanent shotcrete lining on 
the basis of an advanced constitutive model considering 

the time-dependent and nonlinear material behavior of 
shotcrete.

When considering these studies, it is evident that 
large-span tunnels and inner lining necessities are still 
not solved completely. For this reason, the purpose of the 
present study is to analyze the necessity of inner lining 
concrete in an extremely large tunnel excavated in good 
rock mass conditions. Within the context of the present 
study, the �rst-time application of a method in highway 
construction of Turkey, which is the expansion of the tun-
nel diameter by constructing a connection tunnel inside 
the tunnel, is also investigated. Numerical analysis meth-
ods for large diameter tunnel with an excavation diameter 
of 31 m are applied, and the experiences obtained from 
the study are presented.

2  Tunnel speci�cations

Trabzon is the most developed city of Black Sea region of 
Turkey, and the topography of Trabzon city is extremely 
steep. Due to steepness of topography, to �nd suitable 
sites for settlement and transportation is exceedingly dif-
�cult. Trabzon City Crossing Kanuni Boulevard Project is 
approximately 23 km long and comprises 9 tunnels within 
the scope of the project. The �rst tunnel of the project is 
the Akyazı tunnel whose left tube is situated between Km: 
0 + 764–3 + 180 with a length of 2416 m, while right tube 
is situated between Km: 0 + 764–3 + 242 with a length of 
2478 m (Fig. 1). The tunnels are designed as double tubes 
and three lanes. In the project route, the tunnel starts with 
an altitude of 9.07 m at Km: 0 + 762 and ends at an altitude 
of approximately 9.80 m at Km: 3 + 242 with an inclina-
tion of 0.64%. The Akyazı tunnel provides access to the 
newly built stadium and sport complexes as an alterna-
tive to the existing coastal road, while 616-m-long 2-laned 
connection tunnel is separated from the Akyazı tunnel to 
provide a connection to the boulevard. In the transition 
zone between the Akyazı tunnel and the connection tun-
nel, the cross section expands from 3 lanes and approxi-
mately 150  m2 to 5 lanes and 438  m2 (Fig. 1). The tunnel 
excavation was initiated in 2013, and it was completed 
successfully at the end of 2015.

The typical cross sections of the expansion region of the 
tunnel are given in Fig. 2a, b, and c. As can be seen from 
those sections, the tunnel diameter gradually increases 
from 16 to 31 m. This expansion was established in a 175 m 
distance inside the Akyazı tunnel. During the excavations, 
the expanding support applications were implemented, 
and each round length was limited to 50 cm. Expansion 
section is interesting for international tunnel community, 
and the analyses applied for this section are original. The 
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tunnel was excavated by blasting. Blasting parameters and 
environmental e�ects of blasting were studied by Ak and 
Aksoy [19].

3  Geological–geotechnical setting

Tunnel route completely passes through Pliocene aged 
Beşirli Formation [21] comprising coarse-grained gravel 

Fig. 1  a Location map; b expansion section
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stone and sandstone with a thickness changing between 
50 and 75 cm. The formation is generally composed of 
loosely cemented, coarse-grained agglomerate with local 
sandstone, claystone, and tu� interbedding. Agglomerate 
unit occasionally composed of coarse-grained andesite or 
basalt pebbles and blocks (Fig. 3 and Supplementary 1).

To examine the geological–geotechnical characteristics 
of the route through which Akyazı tunnel passes, geologi-
cal mapping, boreholes, in situ and laboratory tests were 

conducted by Fugro Sial [20]. For this purpose, total 9 
boreholes were drilled with a total depth of 846 m in order 
to determine engineering characteristics and groundwa-
ter conditions along the tunnel route. Geological units, 
weathered zones, discontinuities, and possible weakness 
zones were identi�ed by drilling and �eld studies along 
the route, and a geological cross section along the tun-
nel route was drawn. The entrance portal was excavated 
within the sand and clay layers of the Beşirli formation, 

Fig. 2  Typical cross sections of 
a expansion section-4 lanes; 
b expansion section-5 lanes; c 
the widest section (diameter is 
31 m) [20]
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while the exit portal was excavated through the sand unit 
of this formation. In the sandy levels, there are thin and 
poorly cemented zones. One (TSK-5) of the 9 boreholes 
is located in the expansion section of the tunnel (Fig. 4). 
This section constitutes a 250 m section between Km: 
2 + 470–2 + 720. According to the outcrop observations 
during the geological mapping studies, the unit between 
Km: 2 + 470–2 + 720 was described as yellowish brown, 
moderately highly weathered, weak–medium strong 
agglomerate with a clast size ranging between 10 and 
70 cm (Supplementary 2). Geotechnical parameters were 
assigned for the unit encountered by interpreting the data 
obtained from the borehole TSK-5 (Table 1) for this section.

The geotechnical design parameters for the gray-
colored, fresh slightly weathered agglomerate between 
Km: 2 + 470 and Km: 2 + 720 were determined by the 
Hoek and Brown [23] failure criteria, and the values used 
for this purpose are GSI (geological strength index), UCS 
(the uniaxial compressive strength of the intact rock), and 
 mi (dimensionless material constant of the rock mate-
rial) were obtained. The geological strength index (GSI) 
for the lithological unit along the expansion section was 
determined in accordance with the GSI system proposed 

by Hoek and Marinos [24] (Fig. 5), taking into account the 
data obtained from the outcrops and borehole of TSK-5. 
For the range of Km: 2 + 470–2 + 720, the GSI value of the 
fresh slightly weathered agglomerate was determined as 
45 (Fig. 5). Average value of uniaxial compressive strength 
of the specimens obtained from fresh slightly weathered 
agglomerate was found as 24 MPa. The modulus of elastic-
ity of the agglomerate was determined as approximately 
35 GPa. The material constant  (mi) is taken as 19 as sug-
gested by Hoek and Brown [23].

The design parameters calculated for the fresh slightly 
weathered lithological unit are summarized in Table 2, and 
the failure envelope of Hoek and Brown (1980) criteria was 
obtained from the RocLab program (Fig. 6).

The modulus of deformation of rock masses is the most 
critical parameters when applying numerical analyses. 
For this reason, the dilatometer tests were applied in two 
boreholes (TSK 6 and 8) (Fugro Sial [22]). During the tests, 
the Roctest Probex Acculogix with 30 MPa radial capacity 
dilatometer was used. The modulus of deformation values 
varied between 3.9 GPa and 10.3 GPa. In total, 14 dilato-
meter tests were carried out in 2 boreholes, and Table 3 
contains the summary of the dilatometer test results.

Fig. 3  Geological map of the 
tunnel route and its close 
vicinity [22]. Qal: Quaternary 
alluvium, Tb: Beşirli forma-
tion, Tek: Kabaköy formation, 
KTb: Bakırköy formation, 
Kçb: Çayırbağ formation, Kça: 
Çağlayan formation
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The location of the project and its vicinity has low-
earthquake hazard. Hence, the e�ective ground accel-
eration value  (amax) is specified as 0.1  g. According to 
TADB Research Engineering Services Technical Speci�ca-
tion-2014, the horizontal earthquake acceleration used 
in the analysis is calculated as  a0 = 0.05 g  (amax/2) and the 
vertical ground acceleration value is calculated as 2/3 of 
 a0, that is, 0.033 g [25]. In addition, it is recommended to 
reduce this value by 30% in tunnels with h > 30 m [26]. For 
this reason, it is seen that the earthquake hazard is not 
critical for the project.

4  Numerical analyses and deformation 
of tunnel support systems

Numerical analyses were performed using Phase2D v8.0 
software. This software is a two-dimensional �nite ele-
ment program that models rock masses and their behav-
ior under the e�ect of tunnel support systems. Under-
ground excavations can be modeled in stages with the 
implementation of rock bolts, steel arches, wire meshes, 
and applications of shotcrete. Due to the existence of rock 
masses, material softening was assumed to be 60% for top 

heading excavation and 40% for installation of support 
systems of top heading and bench excavation [27]. In addi-
tion, this ratio can be found by drawing the longitudinal 
deformation pro�le to determine the material softening 
in the tunnels. Here, the softening of the material can also 
be determined according to the maximum deformation 
rate of the deformation in the tunnel face. The longitudi-
nal displacement pro�le can be drawn using the equation 
proposed by Vlachopoulos and Diederichs [28].

where u if deformation in the tunnel face. u im:  

maximum displacement which occurs at  rpm scale.
The longitudinal displacement pro�le given in Fig. 7 is 

obtained from the equation of Vlachopoulos and Dieder-
ichs [28]. While the largest displacement occurs as 42 mm, 
it occurs as 12 mm in the excavation face, and 17 mm defor-
mation occurs 1 m behind the excavation face.

u =
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�if
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Fig. 4  a Geological plan and b geological cross section of the Akyazı tunnel [22]
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In the numerical model, the Mohr–Coulomb failure 
criteria are employed, while boundary conditions are 
�xed in x and y directions, and constant �eld stress con-
ditions are selected. In the expansion zone, the average 

overburden is 100 m (Fig. 4), hence the vertical stress is 
calculated as (σv = h x ϒ) 2.6 MPa, and the horizontal stress 
is obtained (σh = k x σv) as 0.96 MPa. For the k value, the 
equation k = 0.25 +  7Em (0.001 + 1/z) given by Sheorey [29] 
is employed. The parameters used in this equation are as 
follows:

z = 103 m,
Em = 7.8 GPa.
k = 0.83.
The model is generated 6-node triangles mesh. Two dif-

ferent cases were examined during the analyses. In the �rst 
case, the selected critical cross section where the diameter 
of the tunnel is 31 m, the analyses were separated into top 
heading and bench sections. The generated model of this 
section is given in Fig. 8.

In the second case, the tunnel was expanded in stages 
from 3 lanes to 31 m in dia., and the analysis was car-
ried out. The model for this case is given in Fig. 9. This 
model was run in 23 stages. In this analysis, the deforma-
tions at the tunnel ceiling during expansion phase were 
investigated.

In this case, the excavation stages were considered step 
by step. In other words, the changes between the �rst 
excavation stage (D = 16 m) and the last excavation stage 
(D = 31 m) could be followed.

4.1  Evaluation of numerical analyses—first case

Top heading and bench sections of the largest zone of 
the tunnel were examined by numerical analyses. In the 
�rst case, the modeling steps for the right tunnel, after the 
application of tunnel support systems in the left tunnel, 
are given in Table 5 and in Figs. 10, 11, 12 and 13 that are 
some for stages.

When the results obtained from the analysis are inter-
preted, the total deformation and vertical deformation 
occurred in the right tunnel were under 1 cm (Figs. 14–15), 
and horizontal displacement is under 1 mm (Fig. 16). For 
the tunnel support systems, shotcrete lining (40 cm) with 
steel rib (HEB 200) is able to carry the load on them accord-
ing to the support capacity plots given in Fig. 17. In addi-
tion, the axial force acting on the bolts is approximately 
130 kN and the tensile strength of the bolts is 250 kN, and 
it is against the load (Fig. 18).

Table 1  Laboratory test results 
[22]

Borehole Specimen depth
(m)

Unit weight
Ɣ

Uniaxial compres-
sive strength UCS

Modulus of 
elasticity  Eİ

Poisson’s ratio 
Ѵ

(kN/m3) (MPa) (GPa)

TSK-5 57.00 57.20 2.25 15.60 31.09 0.42

TSK-5 76.50 76.75 2.28 23.80 41.5 0.45

TSK-5 116.50 116.85 2.43 37.50 35.04 0.34

Fig. 5  Determination of the geological strength index (GSI) for the 
agglomerate unit between Km: 2 + 470—2 + 720 [24]

Table 2  Summary of 
geotechnical parameters for 
the fresh slightly weathered 
agglomerate along the 
expansion zone

UCS (MPa) 24

GSI 45

mi 19

D (disturbance factor) 0,7

Ei (GPa) 35

γn (kN/m3) 24



Vol:.(1234567890)

Case Study SN Applied Sciences (2021) 3:457 | https://doi.org/10.1007/s42452-021-04366-1

4.2  Evaluation of numerical analyses—second case

The modeling stages for the second case are presented in 
Table 6 for the right tunnel. Figures 19, 20, 21 and 22 show 
some modeling stages.

The modeling stages applied for the top heading sec-
tion were also applied for the bench section, and eventu-
ally modeling stage was completed. In order to investigate 
the deformations emerging in each expansion during the 

right tunnel excavation, analyses were performed for 4 
di�erent points on the right tunnel ceiling, and they are 
presented in Table 7 and Figs. 23, 24, 25 and 26. In the 
graphs, the deformations after each excavation stage at 
the speci�c points were examined. As can be seen from 
the analyses results, the maximum deformation in the 
tunnel is about 7.5 mm. When the rise in the deformation 
values was considered, it is clearly seen that deformations 
at point 1 were increased by 6.5 mm from the beginning 
of expansion till it was completed (Fig. 27), and in turn top 
heading was stabilized with the completion of the expan-
sion. However, bench excavations were not a�ected by the 
deformations in the tunnel.

When the deformations at point 2 were considered, 
an increase in the deformations was identi�ed with the 
start of the expansion excavation in mm scale. The values 
rose from 3.0 to 7.15 mm by the end of the expansion. 
The deformations at point 3 reached up to 7.8 mm by the 
end of the expansion excavation, while it was observed 
as 4.9 mm throughout the excavations works. This repre-
sents an increase of 7.8 mm which was the largest part of 
the tunnel. When the deformations calculated at point 4 
were examined, 0.4 mm deformations occurred during the 
tunnel expansion excavation, and this value increased to 
5.2 mm when the expansion phase was completed. For 
the tunnel support systems, it was clearly identi�ed that 
steel reinforcements and shotcrete linings were able to 
carry the load on them according to the support capacity 

Fig. 6  Hoek–Brown failure 
envelope of the agglomerate

Table 3  Dilatometer test results [22]

No Borehole No Depth (m) Em (MPa)

1 TSK-6 43,00 5190,725

2 TSK-6 45,00 3925,309

3 TSK-6 47,00 844,8149

4 TSK-8 70,00 7361,789

5 TSK-8 75,00 4802,408

6 TSK-8 80,00 3905,52

7 TSK-8 85,00 9642,961

8 TSK-8 90,00 10,491,77

9 TSK-8 95,00 5896,68

10 TSK-8 100,00 4238,059

11 TSK-8 105,00 7168,424

12 TSK-8 110,00 4350,717

13 TSK-8 115,00 10,284,86

14 TSK-8 120,00 8573,621
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plots given in Fig. 28. Moreover, the axial force acting to 
the bolts is approximately 166 kN (Fig. 29). The ultimate 
strength of the bolts is 250 kN; hence, it is against the load. 
The deformations calculated are summarized in Table 7. 
When the deformation measurements were interpreted, it 
was determined that there would be no stability problems 
in the tunnel regarding to the tunnel support systems. 
Moreover, no problems were encountered throughout 
the excavation works.

4.3  In situ deformation measurements

To control the excavations and to compare the deforma-
tions obtained from the numerical analyses, the deforma-
tions were measured at Km: 2 + 544–2 + 569. In the conver-
gence measurements, only 9 mm deformation occurred 
at Km: 2 + 544 over a period of approximately 4 months. 
The in situ measurement points are shown in Fig. 30. Here, 
the di�erences between the tunnel ceiling point and the 
left and right lower half points are examined. Measure-
ments were made with a tape extensometer, and the dif-
ferences in convergence between two points are shown. 
The points were measured every day immediately after the 

Fig. 7  Longitudinal deformation pro�le employing the relation proposed by Vlachopoulos and Diederichs [28]

Fig. 8  Numerical model generated for the section with 31 m diameter
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excavation, and then every 3 days, and then once a week 
until the deformations are complete.

In the measurement results at Km: 2 + 544, the defor-
mations remained at the mm level from the beginning of 
the excavation, the largest displacement occurred is under 
9 mm, after all, deformations were measured below 2 mm 
per month, and no deformation was observed thereafter 
(Fig. 31a). The measurement measurements at Km: 2 + 569 
are given in Fig. 31b. As can be seen from Fig. 31b, defor-
mations were measured at the level of mm and no defor-
mation was observed afterward. There is a good agree-
ment between the deformation values obtained from the 
numerical analyses and in situ measurements. In other 

words, the maximum deformation values obtained from 
both numerical analyses and in situ measurements are 
under cm level.

4.4  Sequence of tunnel excavation and tunnel 
support application

In this stage of the tunnel construction, excavation and 
support operations have been completed primarily in the 
left tube and connection tunnel. After this stage, excava-
tion and support operations were started in the right tun-
nel expansion zone.

Fig. 9  Numerical model created for the expansion case during tunnel excavation

Table 5  Modeling stages of 
numerical analyses for the �rst 
case

Tunnel Stage Excavation stages

Left tunnel 1 Initial conditions

2 Top heading excavation, material softening

3 TH support installation

4 Bench excavation, material softening

5 Bench support installation

Right tunnel 6 Top heading (�rst section) excavation (material softening)

7 Top heading (�rst section) support installation

8 Bench (�rst section) excavation (material softening)

9 Bench (�rst section) support installation

10 Top heading (second section) excavation (material softening)

11 Top heading (second section) support installation

12 Bench second section excavation (material softening)

13 Bench second section, support installation

14 All support shotcrete hard

15 Seismic loading
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First, the top heading excavation was carried out in 
one stage between the beginning of the expansion and 
between Km: 0 + 000–0 + 063.98 (Fig. 32). Round lengths 
are limited to 50 cm (Fig. 33 and Supplementary 3–8).

During the excavation works, the left half of top head-
ing was excavated at �rst by advancing 25 m (Stage 1), and 
then excavation at bench section was initiated (stage 2). 
After the excavation at left half of top heading and bench 
was advanced by 50 m with 25-m intervals, excavations at 

right half of top heading were initiated (stage 3). After the 
excavation at right half of top heading was advanced by 
25 m, excavation at right half of bench section was initi-
ated (stage 4). A distance of 50 m was left between the 
excavations at left half of top heading and right half of top 
heading (Fig. 34).

As shown in Fig. 35, stage 1 excavation was carried 
out in the top heading by progressing 20 m, and stage 2 
excavations were started at the bench section. All round 

Fig. 10  Excavation of top heading �rst section of right tunnel; stage 6 in Table 5

Fig. 11  Top heading �rst section of right tunnel support installation; stage 7 in Table 5
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lengths were limited to 50 cm at the expansion section. 
After the completion of the �rst- and second-stage exca-
vations in the tunnel, by setting o� the third-stage exca-
vations tunnel expansion was initiated. By determining 
speci�c reinforcements for each stage of excavation, appli-
cation of tunnel support systems was progressed. Stage 
4 excavations were initiated subsequently after �nalizing 
stage 3 excavations (Supplementary 9).

4.5  Inner lining concrete construction

After the completion of the excavations and the installa-
tion of the support systems, it was understood that the 
stability was achieved in a short time in the expansion 
zone due to negligible low deformations. However, as the 
expansion zone gradually widened, a standard opening 
was not formed throughout the zone. In other words, the 
inner lining to be made in this part of the tunnel should 
expand both horizontally and vertically. For this reason, it 
is impossible with a mold that expands both horizontally 

Fig. 12  Bench excavation for second section of right tunnel; stage 12 in Table 5

Fig. 13  Bench support installation for second section of right tunnel; stage 13 in Table 5
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and vertically with existing mold systems. Due to all these 
limitations, it has become impossible to make a standard 
concrete inner lining in the expansion zone of the tunnel. 
Owing to these reasons, special inner lining design was 
projected and applied in the expanding zone. In addition, 
it is questioned whether it is necessary for the inner lining 
concrete in tunnels, since it is not considered as a bear-
ing element, especially in high-quality rock masses, and 
because it is made for the purpose of giving the tunnel 
architectural appearance and drainage. Instead of inner 
lining in tunnels excavated in good-quality rock masses, 
Broch et al. [15] and Grønhaug [17] suggested di�erent 
alternatives. However, it is accepted that the outer lin-
ing loses its bearing capacity in long-term corrosion and 

environmental e�ects. In addition, Lunardi [30] stated the 
problems encountered in large-scale tunnels, their solu-
tion suggestions and their suggestions for the full section 
tunnel boring method. However, the diameter of tunnel to 
be excavated by TBM must be constant. However, Galler 
and Lorenz [16] stated that the outer lining also contin-
ued as a bearing element for at least 30–40 years. For this 
reason, more economical solutions can be made instead 
of inner lining concrete, which causes serious amounts of 
cost. As Du�at [31] points out in his work, underground 
structures must be builtwith nature, not against it. Due to 
the fact that the expansion section of the Akyazı tunnel 
was excavated in good-quality rock mass, the inner lining 
concrete ceiling section was not projected. Therefore, a 

Fig. 14  Total displacements

Fig. 15  Vertical displacements
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special lining system was needed for the expanded section 
of the tunnel (Fig. 35 and Supplementary 10–11). In this 
lining system, a membrane was laid primarily for the drain-
age of groundwater. Later, 70-cm-thick reinforced concrete 
structure was constructed exactly until + 6.019 level. The 
reinforced concrete structure was �xed to the ground with 
6-m-long anchors. It was covered with 10 × 60x120 Rock-
wool Jacketing Plate (40 kg/m3) for the cut in the tunnel 
ceiling starting from + 6.019 level. Then tunnel ceiling lin-
ing was made with steel pro�les.

With the proposed support systems, excavation works 
were completed without any instability problems inside 

the tunnel. Supplementary 11–13 show the �nished state 
of the tunnel. Finally, no problem has been encountered 
in the tunnel opened to tra�c for 4 years.

5  Conclusions

In the study, the detailed analyses and a methodology for 
an extremely large road tunnel were presented and the 
necessity of the inner lining system was discussed, espe-
cially. In addition, all stages of the tunnel construction 
were observed and measured, and the performance of 

Fig. 16  Horizontal displacements

Fig. 17  Support capacity plots for �rst case
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the proposed support systems was evaluated. Hence, the 
conclusions obtained from the study are drawn as follows:

The cross-sectional area of the enlargement part of the 
Akyazı tunnel reaches up to 438  m2.

According to the results obtained by the analysis and 
by the experiences during construction phase, it is found 
that the most appropriate method is to apply partial 
excavation.

Since inner lining concrete does not have a load-bear-
ing feature in good-quality rock masses, more economi-
cal methods should be chosen. Thus, serious economical 
bene�ts can be obtained in long tunnels.

When evaluating the need for inner lining for wide-span 
and long tunnels, the strength of the outer lining should 
be considered. Without inner lining, outer lining should 
not only serve as bearing element, but also play a role in 
waterproo�ng, �reproo�ng, and preventing cracks.

In such transition zones, considering that a possible 
collapse causes great problems, excavation and support 
operations should be undoubtedly executed by staying 
on the safe side. It is obvious that there is a requirement 
of rigid support system that would not allow any deforma-
tion during excavation stages. It is seen that deformation 
measurements obtained by analyses and values measured 
during construction are compatible with each other.

After the tunnel excavation, the �rst layer of shotcrete 
is critically important since it prevents possible loosening 
and cuts the ground’s contact with atmospheric condi-
tions. Besides, it is necessary to reinforce this shotcrete 
with wire mesh.

Consequently, there is a great consistency between the 
results of the numerical analyses and deformation meas-
urements. Basically, the correct determination of rock mass 
parameters and local geological conditions led to consist-
ent results from the numerical analyses. Local geological 
conditions and accurate determination of rock mass char-
acteristic are the most important components of tunnel 

Fig. 18  Axial force at bolts for �rst case

Table 6  Modeling stages of numerical analyses for the second case

Tunnel Stage Excavation stages

Left tunnel 1 Initial conditions

2 Top heading excavation, material softening

3 TH support installation

4 Bench excavation, material softening

5 Bench support installation

Right tunnel 6 Top heading excavation, material softening

7 TH support installation

8 TH enlargement 1 excavation

9 TH enlargement 1 support installation

10 TH enlargement 2 excavation

11 TH enlargement 2 support installation

12 TH enlargement 3 excavation

13 TH enlargement 3 support installation

14 Bench excavation, material softening

15 Bench support installation

16 Bench enlargement 1 excavation

17 Bench enlargement 1 support installation

18 Bench enlargement 2 excavation

19 Bench enlargement 2 support installation

20 Bench enlargement 3 excavation

21 Bench enlargement 3 support installation

22 All support shotcrete hard

23 Seismic loading
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Fig. 19  Right tunnel excavation

Fig. 20  Installation of tunnel support systems for right tunnel
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Fig. 21  Expansion section of right tunnel; stage 12, installation of tunnel support systems

Fig. 22  Top heading section of right tunnel; stage 13, installation of tunnel support systems
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Table 7  Deformations 
developed regarding to 
excavation stages

Tunnel Stage no Excavation stages Point 1 Point 2 Point 3 Point 4

Deformation (mm)

Left tunnel 1 Initial conditions 0 0 0 0

2 Top heading excavation, material softening 0 0 0 0

3 TH support installation 0 0 0 0

4 Bench excavation, material softening 0 0 0 0

5 Bench support installation 0 0 0 0

Right tunnel 6 Top heading excavation, material softening 0 0 0 0

7 TH support installation 3.4 3 1.4 0.4

8 TH enlargement 1 excavation 3.75 3.5 1.75 0.5

9 TH enlargement 1 support installation 4 4.25 2.75 0.5

10 TH enlargement 2 excavation 4.2 4.5 3 0.6

11 TH enlargement 2 support installation 4.8 5.4 4.5 0.9

12 TH enlargement 3 excavation 5.6 6.8 6 2.4

13 TH enlargement 3 support installation 6 7.2 7.2 4.4

14 TH enlargement 3 excavation 6 7 7 4.5

15 Bench excavation, material softening 6 7 7.5 4.5

16 Bench support installation 6.05 7.15 7.15 4.4

17 Bench enlargement 1 excavation 6 7.5 7.5 4.5

18 Bench enlargement 1 support installation 6.05 7.15 7.15 4.4

19 Bench enlargement 2 excavation 6.3 7.2 7.2 4.5

20 Bench enlargement 2 support installation 6.07 7.5 7.5 5

21 Bench enlargement 3 excavation 6 7.2 7.8 4.8

22 Bench enlargement 3 support installation 7 8.4 8.4 6.3

23 All support shotcrete hard 7 8.4 8.4 6.3

24 Seismic loading 7 8.4 8.4 6.3

Fig. 23  Total deformations, stage 7 in Table 6
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Fig. 24  Total deformations, stage 12 in Table 6

Fig. 25  Total deformations, stage 17 in Table 6
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Fig. 26  Total deformations, stage 22 in Table 6

Fig. 27  Deformations obtained from the numerical analyses
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Fig. 28  Support capacity plots

Fig. 29  Axial force at bolts for second case
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Fig. 30  Deformation measurement points

Fig. 31  Deformations at a Km:2 + 544.00 and b Km:2 + 569.00
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Fig. 32  Excavation pro�le of 
Akyazı tunnel expansion zone 
[20]

Fig. 33  Details of tunnel support class between Km:0 + 000–0 + 063.9 [20]
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projects and minimize uncertainties during excavation 
and installation of support systems and ensure success-
ful completion of tunnel construction. This study provides 
promising results for economical and special inner lining 
design.
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