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Abstract
One of the most important considerations of tunneling in urban areas is controlling the amount of surface settlement that occurs
during construction stages. The goal of this paper is to investigate the effect of spacing of Istanbul Twin Metro Tunnels on the surface
settlement excavated by NATM method in YENIKAPI-UNKAPANI metro line. For this purpose, the focus has been placed on the effect of
longitudinal and transversal spacing between tunnels supported by an umbrella arch protecting method. (FLAC3D) was implemented
to simulate the excavation sequence. According to the analysis, the amount of settlement by numerical approach was about 23.5 mm
which was in good agreement with the field monitoring results that was 26.5 mm. Moreover, the interaction between twin tunnels by
the increase in spacing between twin tunnels in the direction perpendicular to tunnel axis decreases and becomes less effective at the
location about 3 times of the tunnel diameter. Similarly, the interaction between twin tunnels in the direction parallel to tunnel axis
decreases as the spacing increases. In other words, by increasing the distance between tunnel faces in longitudinal direction at a distance
about 3 times of the tunnel diameter, there is still interaction between tunnels and it doesn’t disappear completely. Therefore, it is
recommended to keep this distance at about more than 2.5 times of tunnel diameter so that settlement can stay within acceptable range.
Keywords
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1 Introduction
Due to growing population of the world, the need for
underground transportation, especially metro tunnels in
urban areas has increased significantly. One of the inevitable issues during tunneling in such areas is the surface
movements and displacements as a result of excavation.
It is of high importance because of the sensitivity of adjacent structures to possible surface settlements.
In respect to our research, NATM method, the ground
itself withstands part of stress relaxation. In this method,
in order to stabilize the face of tunnel prior to excavation,
an umbrella arch protecting method is usually applied.
Using this method, strengthens the stability of the host
ground of tunnel, increases the stability of tunnel face,
and also decreases the surface settlement.
As it is well-known, in twin tunnel excavation, if the tunnel faces are too close to each other, it causes disturbance

zones, large displacements at tunnel crown, and consequently large surface settlements. Therefore, the aim of this
research is to reach the optimal spacing between twin tunnel faces to minimize the influence of disturbance zones
effect on each other.
According to the literature, using a variety of approaches
such as physical model testing, field observations, empirical/analytical methods, and finite element modeling, interactions between closely-spaced tunnels were investigated
in the past [1–10].
Kim et al. [11] performed a reduced-scale physical model
testing to study the interaction between closely spaced
twin tunnels in clay. It was found that the displacement and
moment interaction effects increase as the spacing between
twin tunnels is reduced, and it is small when the distance
between tunnels is more than 1.5D (D = tunnel dimeter).
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Ng et al. [12] performed a series of three-dimensional
numerical simulation to investigate the multiple interactions between large parallel twin tunnels constructed
using the new Austrian tunneling method. Special attention was paid to the influence of lagging distance between
the twin tunnel excavated faces (LT) and the load-transfer
mechanism between the tunnels. It was found that LT has
a stronger influence on the horizontal movement than on
the vertical movement of each tunnel and the magnitude of
the maximum settlement is independent of LT. They found
that at LT = 2.5D the location of the maximum surface settlement which offsets the centerline of the pillar due to the
construction of the twin tunnels approaches a fixed position. The magnitude of the bending moments was largest
in the leading tunnel and smallest in the lagging tunnel.
Chapman et al. [13] described the influence of tunnel
distance, tunnel depth and tunnel number on short term
ground movements using a small scale laboratory model
in a lightly over-consolidated clay sample. Results showed
greater movements above the second tunnel constructed.
They also concluded that settlement profile, when the settlements from the first and second tunnels are summed,
is very different to that obtained using the assumption of
Gaussian curves.
For most rock materials, there exists a strong coupling between plastic flow caused by sliding along microcrack faces and damage evolution due to nucleation and
growth of wing-cracks. Also the Excavation damage zone
(EDZ) between twin tunnels can be estimated by damage
models [14].
Ocak [15] investigated the effects of umbrella arch
method on surface settlements in excavation of the second
stage of Istanbul Twin Metro Tunnels and concluded that
applying this method decreases the surface settlements by
3 times when tunnels are excavated by NATM method.
In the study by Chakeri et al. [16] the changes in stress
distribution, deformations and surface settlements which
may be induced by constructing twin tunnels under a single
tunnel are simulated using full 3D numerical finite difference method. It was concluded that the surface settlement
depends on the spacing between twin tunnels and the effects
of constructing perpendicularly crossing tunnels on the tunnel lining of existing adjacent tunnels are noticeable.
Ercelebi et al. [17] presented field measurements conducted on parallel twin tunnels excavated using EPB TBM
shields in Istanbul metro tunnels. To predict the surface
settlements, they used Plaxis finite element program, semi
theoretical and analytical methods. Results showed that the

FE model predicts well the short time surface settlements
for a given volume loss value but some semi theoretical and
analytical methods overestimate the surface settlements.
Hasanpour et al. [18] carried out numerical and semi
empirical analysis to predict the maximum surface settlement above the twin tunnels pre supported by pipe roofing and excavated by NATM method. It was found that
the Settlement above the tunnel crown is reduced by 65 %
when a pipe roofing reinforcement is installed and beyond
a distance of 5D the construction of the first tunnel does not
affect the second one. They concluded that Herzog model
yields higher maximum surface settlements than the measured ones due to ignoring the effects of supporting systems.
Ocak [19] carried out field measurements and considered
surface settlements in Istanbul twin metro tunnels between
Otogar-Kirazli excavated by EPBM. They observed that
the transverse surface settlement curve mostly inclined
toward to the second tunnel and the volume loss value of
the second tunnel was greater than that of the first tunnel.
Ling Ma et al. [20] proposed a double peak Gaussian
model of settlement trough by extending Peck's formula.
They used a large amount of settlement data accumulated
from a metro tunnel project in China and implemented
two numerical methods in data exploration. They recommended to use this model in describing the later stage of
settlement trough.
Fang et al. [21] investigated the ground surface settlements due to construction of closely spaced twin tunnels
excavated by NATM using the shallow tunneling method.
They concluded that increasing the distance between
twin tunnels causes the ground loss percentages induced
by the excavation of the second tunnel to decrease. They
also observed that the parameters such as trough width
and ground loss percentage are greatly influenced by the
ground reinforcement schemes.
In a paper published by Davarpanah et al. [22], regression analyses between the NSPT and the uniaxial compression strength test and the pressure meter test parameters obtained from a geotechnical investigation were
carried out to investigate the displacement due to full face
tunnel excavation of Tabriz subways. The obtained results
showed interesting correlation between measured data.
2 Site geology
The excavation of the second stage of Istanbul Twin
Metro Tunnels was carried out in formations which generally consist of sandstone, siltstone, claystone, and shale
sequences (Trakya formation). In addition, there are some
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limestone and conglomerate layers in the area. The geological structure in the south part of tunnels is divided
into three main units consisting of loos gravel-sand-silt,
clay–marl layer, and limestone–shale–marl sequences
(Güngören formation) [23]. A formation which is locally
named Sülaymaniye lies on top of the Trakya formation,
and includes claystone and marl with interbedded clay and
sand horizons [24]. The height of the overburden from
tunnel centers to the ground surface varies between 11 and
42 m throughout the metro line, and the horizontal distance between twin tunnels is between 30 and 32 m [15].
In this study, the investigated results of twin tunnels
behavior as passing through homogenous soil at 4 + 657
kilometer is illustrated. At this section, the entire tunnel is
located in Trakya Formation and the height of overburden
from tunnel center is about 14.85 m. The geological structure of the studied area is presented in Fig. 1. Along the
route of the twin tunnels, which have a length of 5200 m,
76 exploration boreholes and 20 geothecnical monitoring and measurement boreholes have applied in order to
determine the geotechnical properties of the area. The
total depth of these drillings opened during feasibility and
implementation stages is 2614.05 m and were performed
by rotary and percussion drilling methods.
In order to determine physical and mechanical properties, soil and rock mechanics tests were performed on
the samples taken from the excavation faces along the
Yenikapı-Unkapanı route of tunnels. These tests include the
measurements of properties such as unit weight (kN/m3),
prosity, void ratio, water content, and modulus of elasticity.

Besides, the cohesion and internal friction angle values
of soil in Trakya formation obtained from triaxial compressive strength tests. Geotechanical properties of studied area based on laboratory and field measurements presented in Table 1.
The tunnel cross section area is about 36 m 2 and excavated in two stages shown in Fig. 2. The upper bench is
28 m 2, and the lower bench is 8 m 2. First, upper bench
was excavated and then at the distance about 2.4 m from
that the lower bench was excavated and this distance was
maintained during excavation stages.
3 Numerical modelling
FLAC3D (Fast Lagrangian Analysis of Continua in 3
Dimensions) is a finite difference modeling program and
is used for geotechnical analysis of underground structures constructed in soil and rock, such as metro tunnels

Fig. 2 Tunnel cross section [15]

Fig. 1 Geological cross-section of studied field [15]
Table 1 Geotechanical properties of studied cross section [23]
Artificial filling
Sand
Sülaymaniye formation
Trakya formation

Unit weigh (KN/m3)

Modulus of elasticity(kN/m 2)

Cohesion (kN/m 2)

Poisson ratio

Angle of friction

18

5000

1

0.4

10

17

15.000

1

0.35

25

18.9

38.000

20

0.33

14

25

60.000

80

0.2

25
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and mines. This program is used for numerical modelling
of twin tunnels of Istanbul metro in this study. The created
model is oval in shape and 6.64 m and 6.30 m in horizontal and vertical diameter, respectively. The length of the
model in x direction changes between 92 m (approximately
5D) and 68 m (approximately 1.5D) where D is the equivalent diameter of a tunnel equal to 6.16 m. Fig. 3 shows 3D
model and its dimensions. It presents excavation stages and
meshes of twin tunnels. The length of model in the direction parallel to tunnel axis is 54 m and its height is 38 m.
The number of created zones in this model is 200000.
Their axis coincides with tunnel axis and in this direction
the meshing system was chosen based on excavation stage.
The excavation step was considered 1.2 m.
At each node of the solid elements, there are three
degrees of freedom describing displacements in the x, y,
and z directions. In the simulation, lattice girders and
umbrella arch pipes are modeled by the beam elements.
At each node of the beam elements there are six degrees of
freedom: three for displacements and three for rotations.
The movements in all directions and rotations are fixed at

(a)

(b)
Fig. 3 Three-dimensional isometric view of the finite difference mesh
of twin tunnels

the bottom of the mesh and no horizontal displacements
are permitted on the two x–z planes (i.e., y = 0 and y = 54)
at the boundaries of the mesh. In order to simulate shotcrete element, the volumetric elements were implemented
in Flac3D. The thickness of shotcrete was 25 cm. Lattice
girders was modeled by applying beam elements. They
were set at 0.6 m intervals. The distance of last lattice
girder from tunnel face is about 0.6 m. The length of piping steels in this project is 9 m and the length of overlapping is 3 m. The mechanical properties of support system
are presented in Table 2.
After creating model, material behavior was set to defined
zones. It is assumed that the soil is isotropic and homogenous, and Mohr-Coulomb model was applied as constitutive model for analysis. Mohr-Couloumb material behavior
is a widely-used model for rock and soil [16, 18]. Regarding
the required parameters and their accuracy, Mohr-Coulomb
criterion is easy to use. This model assumes the stress-strain
relation to be linear elastic-perfectly plastic requiring five
input parameters to express the stress-strain behavior, and
its failure criterion is named Mohr-Coulomb's failure criterion. The MC model is a basic model of soil and represents
a first-order approximation of soil behavior. The stiffness
parameters are constant in this model. In other models, such
as Hardening Soil Model, strength parameters are the same,
but stiffness parameters are different. These models could
lead to more accurate results because of considering factors such as stiffness definition and difference in loading/
unloading stiffness. However, difference between the results
of these two models would be noticeable when the tunnels
have been excavated in high depths, so by increasing the
depth of tunnels the surface settlement amounts decreases
notably. In contrast, when the tunnels are being excavated
in low depths, the surface settlement amounts don't change
significantly by depth variations. Thus, because of the simplicity of formulation as well as the lesser data input determined by simple tests, MC model has more applications in
simulation of shallow tunnels than other models, and since
each soil layer is estimated by a constant average stiffness, computations with the MC model are relatively fast.
It should also be noted that the live load of 20 kPa was considered to apply as surface load in the model.

Table 2 Support properties
I Y (m )

I Z (m4)

4

10

× 29.498

0.25

20

10 –6 × 11.1242

10 –6 × 11.1242

10 –3 × 1.963

0.25

200

-

-

-

0.15

14.87–21.85

–6

× 36.416

10

E (GPa)

Steel pipes
shotcrete

10

υ

Lattice girder

–6

× 36.416

A (m 2)
–3

|1229

Dibavar et al.
Period. Polytech. Civ. Eng., 63(4), pp. 1225–1234, 2019

4 Analysis of load on tunnel support system
As the pipe roofing method is usually considered as one
of the expensive pre-supporting methods, investigations
have to be done to balance economic and technical issues
in a tunnel project. This could be accomplished by creating stabilization mechanism, defining implication domain,
determining designing properties and meeting the requirements for safe domain to extend the model. Prior to analysis, in order to have perspective of initial condition and
supporting system and realizing possible problems, firstly,
the tunnel was modeled as a singular one. This model
illustrates general view of effective parameters in planning the second phase of Istanbul twin tunnels. The intersection of singular tunnel is illustrated in Fig. 4.
After carrying out the analysis, the following supporting system was suggested:
1. Pipe roofing system: the number of pipes = 23,
D = 114.3 mm, spacing between pipes: 40 cm, overlap-ping: 3 m.
2. Shotcrete lining: thickness = 25 cm.
3. Lattice girder: 25 mm in diameter and spacing = 15 cm.
According to excavation method, after installation of
presupporting system, first the upper bench of the first tunnel was excavated and supporting system, lining, shotcrete
and lattice girder, were installed. Then at a distance about
2.4 m from the upper bench, the lower bench was excavated
and the supporting system was set. This method proceeded
till y = 6 m and then pre-supporting system which is 9 m in
length with 3 m overlapping was installed. The same process
of excavation was applied to the second tunnel. The counter
of z-displacement for the singular tunnel is shown in Fig. 5.
Figs. 6 and 7 show normal forces and bending moments
induced on singular tunnel support system after excavation of 30 m of tunnel length. It is clear that the bending
moments and normal forces are in acceptable range and the
pipe roofing system and lattice griders are applied correctly.

(a)

Fig. 5 Counters of z- displacement for the singular tunnel

(a)

(b)
Fig. 6 Normal forces and bending moments in the lattice girders

Fig. 7 Normal forces and bending moments in the steel pipes
Fig. 4 Intersection of the singular tunnel
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5 Investigation of the influence of tunnel spacing on
surface settlement
One of the most important parameters affecting interaction between tunnels is the tunnel face spacing. In order to
take it into consideration, three different conditions were
considered, various spacing in the direction perpendicular
to tunnel axis, parallel to tunnel axis, and when the excavation of twin tunnels are performed at the same time.
The spacing between twin tunnels in analysis are considered as LS in the direction perpendicular to tunnel axis
and LT in the parallel direction to tunnel axis Fig. 8.
In order to investigate the effect of these parameters
on the stability of tunnel face and surface settlement, sensitivity analysis was carried out. To do so, LS was studied in 6 different conditions: 1.5D, 2D, 2.5D, 3D, 4D, 5D;
whereas, LT at each of these conditions was 1D, 2D, and 3D.
Moreover, in order to investigate the effect of twin tunnels
excavation on surface settlement, the related analysis with
the assumption that the tunnels were excavated at the same
time were considered. By doing analysis, it was noted that
the excavation of the second tunnel influences the existing
interactions on the first tunnel. This impact is more effective on the surface settlement curve. By the excavation
of the second tunnel, the surface settlement curve moves
toward the second tunnel. It is due to the induced weak
zone around the first tunnel and between tunnels, as well.
This weakened zone due to excavation of the first tunnel
influences the ground between twin tunnels.
When the twin tunnels are being excavated at the same
time, all the settlement graphs have symmetrical shapes
and the maximum surface settlement happens exactly at
the middle of the distance between twin tunnels (LS/2) on
the ground. As the distance between tunnels increases, the
maximum surface settlement is shifted toward the crown
of the tunnels and occurs at the same distance from tunnel
centers for all cases. From the distance LS = 4D the maximum surface settlement on the ground happens exactly at
top of the crown of the tunnels Fig. 9.
In this part of analysis, the interaction between twin
tunnels was investigated when LT = 6m (1D). In this
mode, the excavation of the second tunnel causes surface

Fig. 8 Schematic spacing between twin tunnels

Fig. 9 The settlement pattern for spacing variation when LT = 0 found
by flac3d

Fig. 10 The settlement pattern for spacing variation when LT = 1D
found by flac3d

settlements to move toward the following tunnel and the
amount of settlement at the mid zone increases till LS = 4D.
At LS = 3D the influence of induced weak zone decreases
but it doesn't disappear completely, and the maximum surface settlement on the ground happens at a distance about
83 cm from the center of the first tunnel and 83 cm from
the center of the second tunnel. Therefore, it can be stated
that at LS = 3D and LT = 1D there is a same condition in
maximum surface settlement amounts above tunnels, and
since the leading tunnel is 6 m ahead of following tunnel,
the interaction between twin tunnels doesn't disappear
completely as shown in Fig. 10.
The maximum surface settlement above the twin tunnels for LT = 1D are presented in Table 3.
By the excavation of second tunnel at LS = 1.5D and
LT = 2D, the surface settlement curve shifts toward the
second tunnel and the surface settlement reaches the maximum amount of 43.9 mm at a distance of 5.68 m from the
first tunnel center. On the other hand, the settlement at top
of the first tunnel and the second tunnel on the ground is
about 36.8 and 40.5 mm, respectively. When the distance
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Table 3 Comparison of surface settlements above the first and second
tunnels for LT = 1D
LS(m)

Surface settlement above
the first tunnel (mm)

Surface settlement above
the second tunnel (mm)

2D

32.7

35.0

2.5D

28.0

28.7

3D

25.5

25.5

4D

24.2

23.9

5D

23.5

23.3

between twin tunnels are LS = 2D and LT = 2D, the amount
of surface settlement compared to the early position has
decreased and the settlement curve has shifted toward the
second tunnel. The amount of settlement at the distance
of 8.3 m from the centerline of advanced tunnel is about
37.5 mm and the amount of settlement above the first and
second tunnel is about 31.5 and 33.6 mm, respectfully. At
the distance of LS = 2.5D and LT = 2D, the surface settlement curve starts to separation. This means that at this
distance the interaction between twin tunnels decreases.
At the distance of LS = 3D, the surface settlement curve of
twin tunnels separates from each other, and the maximum
surface settlement happens at the distance of 0.83 m from
the first tunnel center and is about 25.2 mm.
The amount of settlement above the first and second tunnel is about 25 and 24.7 mm respectfully. The amount of
surface settlement above the first tunnel is more than second tunnel. Thus, it can be concluded that from 18.48 m,
the effect of disturbed zone due to excavation of the first
tunnel decreases and the amount of settlement due to excavation of the first tunnel which is 12 m ahead increases.
At the distance of LS = 4D the maximum amount of
settlement occurs above the leading tunnel which is about
24.2 mm, whereas the amount of settlement above the following tunnel on the ground is 23.2 mm. The same condition can be seen when the distance between tunnels is
increased to LS = 5D when LT is 2D, and this is the distance which Istanbul Twin Metro Tunnels were excavated.
The maximum surface settlement has been found to be
23.5 mm at this distance Fig. 11.
The amounts of maximum surface settlements above
the tunnels are given in Table 4 for LT = 2D and LS = 5D.
When the lagging distance between twin tunnels is
LT = 3D, at the distances of LS = 2D and LS = 2.5D the
interaction between twin tunnels is noticeable and the
settlement curve after excavation of the second tunnel,
is shifted toward the following tunnel. At the distance of
LS = 3D, Fig. 12, in respect to the fact that the longitudinal distance of working face has increased, the amount of

Fig. 11 The settlement pattern for spacing variation when LT = 2D
found by flac3d
Table 4 Comparison of surface settlements above the first and second
tunnels for LT = 2D
LS(m)

Surface settlement above
the first tunnel(mm)

Surface settlement above
the second tunnel(mm)

1.5D

36.6

40.2

2D

31.5

33.6

2.5D

27.6

27.9

3D

25.0

24.7

4D

24.2

23.2

5D

23.5

22.7

Fig. 12 the settlement pattern for spacing variation when LT = 3D found
by flac3d

settlement above the leading tunnel is more than following
tunnel; however, due to the spacing effect of tunnels, this
amount is not equal to the maximum surface settlement.
At LS = 4D (24.64 m), the point with maximum settlement
moves toward the first tunnel.
After this stage, settlement curves are less sensitive to the
changes in LS and the interaction between tunnels decreases.
Table 5 shows the maximum surface settlements on top of
the first and second tunnel on the ground for LT = 3D.
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Table 5 Comparison of surface settlements above the first and second
tunnels for LT = 3D
LS (m)

Surface settlement above
the first tunnel(mm)

Surface settlement above
the second tunnel(mm)

2D

30.2

31.3

2.5D

26.8

26.0

3D

24.7

22.9

4D

21.4

21.5

5D

23.4

21.2

Table 6 maximum surface settlement values according to surface
monitoring points in studied section [17]
SMP no
5043

Smax measured (mm)
26.53

5043A

27.79

5039

27.90

5063

27.92

5045

28.18

5067

25.34

5065

26.60

When the excavation of twin tunnels is completed,
the surface settlement measurements are conducted at
some points on the ground [14]. The maximum settlement
amounts are presented in Table 6 [17].
The distance between twin tunnels in this section
is about 30 m. At this distance, the interaction between
twin tunnels has disappeared and they behave like singular ones. The maximum surface settlement obtained from
flac3d is the same for the advanced tunnel and the singular tunnel, and they are in good consistency with field
measurements.
Comparing the maximum surface settlement obtained
from numerical simulation, which is about 23.5 mm, with
monitoring data reveals that there is a good agreement
between the results as the maximum surface settlement
observed from surface monitoring points is 26.5 mm at
studied point (5043 on Fig. 13).

Fig. 13 locations of monitoring points [17]

Figs. 14 and 15 show the variation of settlement profile
above tunnels and the maximum amount of settlement
between twin tunnels for different LS amounts as LT increases. It is clear that for all LS amounts when the lagging distance between tunnels increases, the amount of surface settlement decreases. However, the effect of distance between
twin tunnels for LS = 2D (12.32 m) and LS = 2.5D (15.4 m)
is much more than other conditions. Thus, considering the
interaction effect of twin tunnels in the direction parallel to
tunnel axis shows that the excavation of these tunnels at the
distance LS = 2D and LS = 2.5D is not feasible because the
change of this distance causes the large settlement on the
ground surface and increase in settlement profile.
6 Conclusions
Based on analysis, the results obtained from numerical
model are in good agreement with the settlement monitoring data. The maximum amount of settlement obtained by
numerical method is about 23.5 mm which is close to the
maximum surface settlement of 26.5 mm by monitoring.
It is concluded that the excavation of the first tunnel causes
a weak zoon around it and also in the region between twin
tunnels. This disturbed zoon due to the first tunnel excavation, has remarkable influences on the ground settlement as the second tunnel is being excavated.

Fig. 14 Variation of the surface settlement with LT for different
amounts of LS above the first tunnel

Fig. 15 Variation of the maximum surface settlement with LT for
different amounts of LS
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The most important difference between the settlement
pattern on the ground above the first and second tunnel is
higher amounts of settlements on top of the second tunnel at the beginning of the excavation because of creation
of this weakened zone till a definite longitudinal distance
between twin tunnels.
As the amount of LT Increases, the amount of settlement
decreases; However, at distance of LS = 2D and LS = 2.5D
even by increasing the distance between tunnel faces in
longitudinal direction to LT = 3D, the effect of disturbed
zoon doesn't disappear.

For all LS amounts, as LT increases, the amount of settlement decreases, but the influence of this parameter at
LS = 2D and 2.5D is more remarkable. Considering interaction effect between tunnels in direction of tunnel axis,
excavation of twin tunnels at LS = 1.5D, LS = 2D, and
LS = 2.5D is not possible. The reason is that with variation
at distance, the amount of settlement varies significantly.
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