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Abstract Underground structures such as tun-
nels, powerhouse caverns and subway stations, as
a main structure, have different side structures that
are considered for utility and access. Side structures
have usually been constructed adjacent to the main
structure in the form of gallery and shaft. The study
focuses on the influence of construction of a nearby
link tunnel between line 6 and 7 of Tehran metro in
Iran, as a side structure, on existing F6G7 exchange
subway station as a main structure using 3D numeri-
cal model, analytical and observational method.
When a structural element is deformed, the internal
forces are induced within it, therefore the host ground
deformation due to adjacent excavation is known as
a controlling factor to ensure the structural adequacy
of existed underground structure. This goal will not
be achieved unless the adjacent structure construc-
tion process is selected with proper staged construc-
tion and accepted ground deformation. Eight different
schemes for excavation of link tunnel adjacent to F6
station were evaluated. The state of stress surround-
ing non-circular link tunnel, induced internal forces
and structural design of F6 station were assessed
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based on eight construction schemes for link tunnel.
The results show that partial excavation, using invert
in initial support system, using pre-supporting sys-
tem in link tunnel staged construction process have
significant effect to reduce the host ground deforma-
tion and structural responses of F6 subway station
consequently.

Keywords Tehran metro - Internal forces -
Conformal mapping - Complex variable - Link tunnel

1 Introduction

Cities are the collection of different structures that
have been located adjacent and near together, so the
surface and subsurface structures may be constructed
in the close distance themselves. Meanwhile, the new
underground excavations such as urban basements,
tunnels and underground spaces may be excavated
adjacent of an existed underground structure. The
inevitable influence of a new excavation on nearby
structures is of great concern in practice, which can
negatively effect on serviceability and operation of
existed structure (Liang et al. 2016).

Underground excavation causes an alternation
in the state of the in-situ stresses of ground (U.S.
FHWA, 2009; Valizadeh Kivi et al. 2012), in the other
words, when an underground structure is constructed,
the ground deformations and stress redistribution pro-
cesses occur in the zone of influence of underground
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structure until a stable state of equilibrium is reached.
The host ground equilibrium of excited underground
structure is redistributed by excavating an new adja-
cent structure, so to reach a stable state of equi-
librium, new deformation and internal forces (e.g.
bending moment, axial force and shear force) will be
induced in the structural elements of existed under-
ground structure (Sagaseta et al. 1980; Franzius 2003;
Li and Yuan 2012; Fang et al. 2016).

Underground structures like tunnels, powerhouse
caverns and subway stations have side structures that
are considered for facilities, access, connection, ven-
tilation and emergency conditions beside the main
structure. Side structure construction as a new struc-
ture makes adjacent excavation problem to existed
structures, so it is important that the existed structure
is considered in the design process of new adjacent
structure.

Many approaches have been proposed to assess
the excavation of new underground structure on
existed tunnels, pipe lines and underground struc-
tures. These approaches can be divided into the
physical model, site observation, empirical method,
analytical method and numerical method. Kim et al.
(1996) proposed some physical models for paral-
lel and perpendicular tunnels in clay and the in-situ
stress redistribution and ground loss were assessed.
In Kyoto, Japan, Yamaguchi et al. (1998) com-
pared the behavior of four parallel tunnels that were
excavated by TBM. Asano et al. (2003) assessed
adjacent tunnels based on observational method.
Ng et al. (2004) reported the multiple interaction
problem between parallel twin NATM tunnels.
Klar et al. (2005, 2007) and Vorster et al. (2005)
proposed the elastic continuum solution and the
closed-form Winkler model solution to calculate the
tunnel and pipelines interaction. Liu et al. (2009)
studied the new tunnel construction above the
exiting tunnel in Sydney, Australia. Chakeri et al.
(2011) conducted the ground stress distribution and
deformations using 3D numerical model during the
double arch Tohid urban tunnel driving perpendicu-
larly the Tehran metro line 4. Hosseini et al. (2011)
examined the intersection area of the line 3 and 7
tunnel of Tehran metro by three-dimensional finite
element method. Sadaghiani and Mirhadi (2013)
investigated the effect of Tehran metro line 7 tunnel
that was excavated by TBM parallelly beneath the
double arch Tohid urban tunnel. Zhang and Huang
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(2014) introduced an analytical solution to calculate
the deformation of interaction area of two tunnels.
Liang et al. (2016) proposed an analytical method
to investigate the effects of above-crossing tun-
nelling on the existing shield tunnels. Eslami and
Golshani (2017) investigated the construction of Q7
underground double-deck subway station in Tehran
metro line 7 and its interaction with adjacent struc-
tures. Jin et al. (2018) evaluated the twin tunnels
of line 9 of Shenzhen metro beneath line 4 existing
tunnel. Pan et al. (2018) analyzed the influence of
new cross tunnel construction on the existing tunnel
in Fuzhou, China, using a three-dimensional finite
element model. Mohammadi et al. (2021) assessed
the interaction of Earth Pressure Balance Machine
(EPBM) during tunneling on sub-surface obsta-
cles like wells and cavities in line 7 Tehran metro,
Iran. Huang et al. (2021) optimized the shield tun-
neling parameters of metro tunnel in under cross-
ing zone of an existing high-speed railway tun-
nel using field test. Zheng et al. (2021) analyzed
the double-line tunnels passing under the station
under close distance construction using 3D numeri-
cal model. Liu et al. (2021) proposed deformation
and structural force of upper tunnel considering
the interaction of undercrossing. Zhou et al. (2021)
predicted surface settlement by excavating the twin
tunnels. Tahmasebi et al. (2022) studied on a case
study, Zarbalizadeh NATM Tunnel in Tehran, Iran
using three-dimensional probabilistic analysis of
the Surface Settlement. Zhou et al. (2022) studied
on mechanical response of supporting structure of
closely spaced twin tunnels using field monitor-
ing. Ding et al. (2023) proposed a simplified ana-
lytical method on the deformation of existing tunnel
caused by under-crossing of shield tunneling.

In the current study, a brief overview of inter-
section area of line 6 and 7 of Tehran Metro is first
illustrated and then the statement of problem will
be described. The numerical simulation proce-
dure for link tunnel—F6 subway station interaction
analysis and the validation procedure by analyti-
cal and observational method will be discussed in
detail. Then the numerical analysis output for each
construction scheme will be employed to compare
construction techniques by evaluating their ground
surface deformation, structural analysis and design
aspect of F6 subway station.
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2 Statement of Problem

The development of infrastructures like underground
structures in urban areas have been appeared the adja-
cent excavation problem, so the subway station con-
struction are become a crucial platform for creating
new topic in the current subject. In this paper, the
interaction problem will be discussed in line 6 and 7
of Tehran metro project in Iran.

2.1 Project Overview

Tehran is the capital city of Iran with a population of
around 9.4 million in the city and 15 million in the
larger metropolitan area of Greater Tehran. Tehran
metro line 6 and 7 projects have a length of about
39.5 km with 32 stations (named from A6-5 to Z6-1)
and 32 km with 25 stations (named from A7 to Z7-3),

z7-3
Y7
Z6-1
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ine ey e
Line 7 —_— 6
Station sign  ©

A6-5

3D view of F6G7 station and link tunnel

respectively, Fig. 1. These lines have two exchange
stations together (e.g. F6G7 and T7Q6 stations).
The F6G7 subway station located at junction of 17th
Shahrivar Street and Ghiam Street in ancient urban
context of Tehran with lose ground conditions. In the
current area, the link tunnel between these two lines
placed near to F6 station (Fig. 1).

The tunnel of line 7 top of rail elevation is lower
than the tunnel of line 6 top of rail elevation rela-
tive to ground surface in this area, so the link tunnel
should be passed from lower elevation to higher one
from line 7 tunnel to line 6 tunnel. The construction
process of link tunnel makes the adjacent excava-
tion problem to F6 subway station. The link tun-
nel has been driven in close proximity and beneath
the F6 station based on Fig. 2 (see left figure). Fig-
ure 2 shows relative location of link tunnel near the
F6 subway station in cross section as well as link

Plan of F6G7 station and link
tunnel

. ¥
N

Link tunne]
l#sms'_

F6 Station

Fig. 1 Plan of line 6 and 7 of Tehran metro, F6G7 exchange subway station and link tunnel plan and 3D view
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Fig. 2 F6 station and link tunnel relative location together (left figure) and their dimension and cross section (right figure)
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tunnel and F6 subway station dimension. Link tun-
nel has a length of about 500 m that the overburden
ranged from 30 to 18 m with the thickness of initial
support and final lining of 30 and 40 cm, respec-
tively (Fig. 2). Underground F6 station was located in
depth of 13 m. The final lining thickness of station is
ranged 80-120 cm (Fig. 2). Pile and rib system as a
pre-supporting method was selected for construction
of F6 station that will be discussed in the later para-
graph. The ribs of station have half-oval cross-section
of 100 cm width and 150 cm height and the piles have
the diameter of 100 cm. Centrally distance between
two set of pile and rib frames is 250 cm.

The most traditional and widespread Iranian tech-
nique for construction of large span underground
spaces is Concrete Arch Pre-supporting System,
(CAPS) including reinforced concrete arch elements
or so-called ribs, each supported by piles at the two
sides which all are constructed by manpower-excava-
tion method prior excavating the main underground
space (Sadaghiani and Dadizadeh 2010). The method
was first introduced by Sadaghiani and Gheysar
(2003) for construction of Mellat Station in 2002,
which belongs line 2 of Tehran Metro in Iran.

In order to construct underground F6 subway sta-
tion using CAPS technique, should be carried out in
five steps. These steps of construction in cross sec-
tional steps and 3D view are illustrated in Fig. 3 as
follows:

Step 1—along the length of the station, an access
gallery is excavated and multiple manually-exca-

~  Concreting
—

[

) gallery

vated transverse access adits are made bilaterally
from this gallery in certain distances to pile loca-
tion. A longitudinal gallery is further manually-
excavated at top of the rib along the length of the
station and reinforced, whose vulgar name is con-
creting gallery (Fig. 3—Step 1),

Step 2—multiple wells are excavated in two sides
of station to be used as piles. The piles get com-
pleted with reinforced concrete inside the wells
(Fig. 3—Step 2),

Step 3—multiple manually-excavated curved adits
with vulgar name of rib are made between bilateral
piles. The ribs are concreted through concreting
gallery (Fig. 3—Step 3),

Step 4—under the pile and rib pre-supporting sys-
tem, it is possible to excavate the station cavern in
large masses, so the excavation of station cavern is
completed (Fig. 3—Step 4),

Step 5—the final lining of station is constructed
(Fig. 3—Step 5).

2.2 Site Investigation and Geotechnical Study

Tehran is located on Quaternary alluvium according
to the geological classification of Rieben at the foot
of the Alborz Mountain Range that mainly consists
of tuff, limestone, and dolomite (Rieben 1966). As a
result, the non-uniform soil layers have been formed.
To survey the geological and geotechnical charac-
teristics of subsurface soil layers along F6 station, 4
Boreholes (BH) with maximum depth of 55.4 m were

Concrete rib

Concreting gallery

Step 4 ] . Step 5

Concrete pile

Fig. 3 Construction processes of CAPS technique (left figures) and 3D view (right figure) for underground F6 subway station
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bored and a Test-Pit (TP) with 16 m depth was made
too (Sahel Consulting Co., 2015). Typical engineer-
ing parameters measured by field and laboratory tests
(e.g., SPT, PMT, DSHT, USCS, CU, etc.) to employ-
ing in numerical simulation.

The soil layers are composed of clayey SAND &
GRAVEL, clayey SAND & sandy CLAY and also
silty SAND & clayey GRAVEL. Figure 4 illustrates
the longitudinal profile of geology and Ground Water
Table (GWT) around F6 station. The geotechnical
parameters of soil layers along the station are given
in Table 1.

3 Numerical Simulation

A large range of geotechnical problems can be ana-
lyzed using numerical method. Finite element code as
a worldwide numerical method is used for geotechni-
cal applications and design purposes. Plaxis software
is a finite element program, has been developed for
the analysis of static elastoplastic deformation, stress
states, stability, dynamics and groundwater flow

areas of tunnel engineering (Plaxis manual 2022).
The numerical model consists of two crucial phases;
model creation and model verification. The numeri-
cal simulation procedure with Plaxis 3D software that
has been adopted for link tunnel-F6 station interaction
problem are presented in Fig. 5. The numerical model
consisted three phases that are defined in Fig. 5. Also,
analytical and observational method were employed
for validation and calibration the model that will be
described in Sects. 3.2.1 and 3.2.2.

3.1 3D Finite Element Numerical Model

Geometry and mesh generation, applying initial and
boundary conditions, the execution of calculation
phase and the evaluation of the output results are the
general procedures for a numerical model that were
done in this paper. Numerical model assumptions and
its properties in this study are as follows:

e The model is 160 m wide, it extended 200 m in y
direction and it is 80 m deep (Fig. 6).
e Due to the distance of G7 station relative to F6

in the field of geo-engineering and it covers most station and link tunnel, only the F6 station and
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Fig. 4 Geotechnical longitudinal profile and ground water table along F6 Station and link tunnel
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Table 1 Geotechnical parameters of soil layers

f2
ur /E;E(:) ‘
1.0

1.0
1.0

Eoed

refa

ur /ES()

Eref
3.0

. £ 2
Km/sec K, E{f KN/m

W deg

¢ 7 deg
20
31

cf KN/m?

Yunsal KN/m3 Ysat KN/In3

Depth (m)

Description

Layer No

1.5E4
6.5E4
3.0E4

0.66
0.48

20
13
25

19
21

0-2

Man filled

3.0

1E-04
SE-05

1

GC/CM or SC 2-18

11

3.0

0.53

28

22

20

>18

SC/CL (Saturated)

1

Es, (Plaxis manual 2022)

oed ™

#As average values for various soil types, we have E .23 E5; and E

link structure as an interaction problem were
considered in model (Fig. 6).

The overburden and dimension of F6 station and
link tunnel were model based on construction
drawing (see Figs. 1, 2 and 6).

The structural elements like concrete piles, con-
crete rib frames and tunnel lining were modeled
as volume elements (clusters).

The model consisted of 419,658 15-node hex-
agonal and 557,141 nodes, as well as the coarse-
ness factor ranged 1-0.15.

The model bottom boundaries, both in vertical
and horizontal directions were set as fixed, as
well as the lateral boundaries were set as fixed in
the horizontal direction, whereas the top bound-
ary was set free.

The underground water has been accounted in
level — 18 m from the ground surface.

The traffic load and adjacent existing structures
load are applied on ground surface of numerical
model (20 Kpa).

Considering the constitutive modeling, the soil
layers were modeled as Hardening-Soil mate-
rial. The hardening soil parameters were showed
in Table 1. The Hardening-Soil model has
been presented before as a hyperbolic model.
Often hyperbolic soil models have been used
to describe the nonlinear behavior. In contrast
to an elastic perfectly-plastic model like Mohr—
Coulomb, now the yield surface is not fixed but
can expand due to plastic straining. However,
soil stiffness in the Hardening-Soil model is
described much more accurately using three dif-
ferent input stiffnesses: the triaxial loading stiff-
ness, Esy, the triaxial unloading stiffness, E,,
and the oedometer loading stiffness, E.,.

The nonlinear elastic behavior was adopted for
structural elements by assigning the concrete
properties to piles, ribs and lining.

The soil mass around station were assumed as
isotropic and homogenous.

Characteristic compressive strength of shotcrete,
initial structure and final lining were selected 15,
20 and 25 Mpa as a concrete structure.

Elastic modules of concrete were calculated
based on characteristic compressive strength of
concrete.

The unite weight of reinforced concrete structures
was selected 25 kN/m>.
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Problem

Solution

Structural interaction

Numerical simulation: 3D Finite Element Method (FEM)

Create model

1
1 Allocate material properties
: geometry (F6

1

1

1

(soil layers, reinforced concrete
properties for pile and rib and
shotcrete properties)

station and link
tunnel) (Fig. 6)

Input
Phase

Applying boundary
conditions (traffic load,
lateral roller boundaries,
fixed bottom and free top)

Applying initial condition
(generate the in-situ stress and
pore pressure). The link tunnel
and F6 station are deactivated

Mesh generation

(refine finer mesh

around tunnel
and station)

Initial condition
in host ground

Applying traffic load
on model top surface

Reset displacement
to zero

The groundwater seepage
from -18 m to -45 m

Active the pile and rib
structure of F6 station

|| Deactivate
the soil

Phase

Link tunnel excavation rate of 0.5m and then
active the initial support

Calculation

Reset displacement to zero before link tunnel

construction based on eight excavation schemes (Fig. 11) ¢

Validate the

numerical input g

inside the
F6 station

Evaluate the settlement and
ground deformation in

Numerical model creation

Phase

(section 4.1) (section 4.2)

Output

Evaluate the deformation of
structural element of F6 station
in different excavation schemes

schemes (section 4.3)

Evaluate internal forces such as axial force,
shear force and bending moment structural
element of F6 station in different excavation

control structural element
of F6 station design in
different excavation scheme

(section 4.4)

1
1
1
! different excavation schemes
1
1
1

F6 station

H Observational method (section 3.2.1) H Field data h M
.

3D FEM
Site and monitoring conditions

—p> |

Link tunnel

Analytical method (section 3.2.2)

Semi-analytical Kargar et al (2014) method

Verification steps

v

Numerical model
verification

2D FEM based on Kargar et al method assumptions

Conformal mapping for geometry of link tunnel
Complex variable
Loading condition of link tunnel

Comparing stress component around tunnel with numerical model

Fig. 5 Numerical simulation procedure for link tunnel-F6 station interaction analysis

The groundwater seepage in project was done with
drainage well, so the groundwater level reduction
was modeled based on that condition.

Over Consolidation Ratio (OCR) was selected 1 in
all phases.

The water level reduction settlement and F6 sta-
tion construction settlement were set zero before
link tunnel construction.

The interface coefficient was selected 0.67 times
of the cohesion and tangent of the internal friction
angle.

The soil lateral pressure (K;) was calculated based
on K,=1—sin¢ equation, ¢ is the internal friction
angle (see Table 1).

3.2 Numerical Model Verification and Calibration

The semi-analytical method was employed for finite
element model validation using 2D model. The

analytical solutions have been used to validate the
results of the numerical model (Kargar et al. 2014).
Strength of material (thick-walled cylinder), Airy
stress function and complex variable method are
used as an analytical method for determining the
stress field and deformation around a lined non-cir-
cular underground structure in elastic condition (Sadd
2009).

3.2.1 Analytical Method for Link Tunnel Model
Verification

A semi-analytical elastic plain strain solution for
stress field around a lined non-circular tunnel at great
depth using complex variable method was introduced
by Kargar et al. (2014). Owing to the link tunnel has
non-circular geometric configuration, complex poten-
tial functions (Muskhelishvili and Kolosove’s com-
plex variable) and conformal mapping functions were
used to determine stress component around tunnel
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(a) 3D mesh

160.0 m

Angle: 61.00 deg I

200.0 m

30.0m l 13.0m
T =|

I

Slop: 4.0%

200.0 m

(c) ZY plane

Fig. 6. 3D finite element model geometry and mesh generation

(Muskhelishvili and Radok 1953). Kargar method
assumptions in the case of link tunnel are as follows:

e The link tunnel has a great overburden, e.g. 30 m,
compared with the tunnel dimension, e.g. 5.9 m,
so the tunnel considered in an infinite plane.

e The soil mass and concrete lining were assumed
as isotropic, homogenous and liner elastic mate-
rial.

e The initial liner was installed without any delay
after tunnel excavation entirely.

e Due to the depth of tunnel, the tunnel subjected to
a uniform stress state at infinity.

e There is a perfect adherence between liner and soil
mass so that they have common deformation along
the interface, therefore the soil-concrete interface
has no-slip condition.

Based on Fig. 7, the infinite plane is divided into

two zones named S; and S, that limited by contours
L, and L,. The regions S1 and S2 refer to soil mass

@ Springer

80.0m

80.0 m

160.0 m

(d) ZX plane

and concrete lining with Young modulus E,, E, and
Poisson ratio v, v,, respectively. Let w| (§) be a con-
formal mapping function which maps boundaries
L, and L, into two concentric circles n; and 1, with
unit and R radii. The function w| () thoroughly
maps each exterior point of unit circle 1, into region
S, and each point in the region y, bounded by cir-
cles n; and n, into region S, (Kargar et al 2014).

It is assumed that the conformal mapping func-
tion has the following expansion:

N
WE) =Re3( &+ Y o g™ ), (el2 1 (1)
k=1

where i = \/—_1 , R is a real constant affecting scale
of the hole, o, is complex coefficient and n/2, is the
angle by which the shape is rotated from its origi-
nal position. Complex coefficient (w,) of Eq. (1) is
computed by dividing the tunnel circumference into
15-degree angle (24 sectors) on z-plane (Fig. 7). The
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z-plane

z=x+iy =rei’

Z-plane

E=C+h=pd°

Fig. 7 Conformal mapping of link tunnel cross-section in z-plane into two concentric circles in &-plane

conformal mapping function coefficients (Eq. (2)) are
given in Table 2.

Z=x+iy=W(E)
=3.15¢"2 (& + 0, + 0,72 )
+o oy, (€2 D

According to semi-analytical Kargar et al. method,
stress components could be determined for the region
|£] > 1 from Muskhelishvili and Kolosove’s complex
variable as follows:
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_ ( F’(w’(ff))2 >§2}
R
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where o,, 0y and T, are radial, circumferential and
tangential stress components, respectively. Further-
more, circumferential stress along circle n;, from the
side of the region v, (|£| = 1), is calculated by Eq. (6).
o, is calculated from Eq. (3) when £=¢'®. Obviously,
circumferential stress along boundary L, could be
obtained using Eq. (6) when 6,=0 and §=Roeie.
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Table 2 Coefficients determined for conformal mapping function of link tunnel
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G, and G, are the shear modulus of soil mass and
concrete liner, also K, H and y are lateral coefficient
pressure, tunnel overburden and stress gradient of
soil mass, respectively. Functions x;,, p; and k; are
defined as follows:

_J 1 i=k 1 ign
Xi,k_ 0 l#k’ Hi = 0 i>n

3—4, planestrain (i=1,2) (11
% plane stress (i = 1,2)

1

a;, d; and q; are unknow variables, as well as n; and
n, are the number of terms for holomorphic functions
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and n is the number of tunnel sectors. I" and I are
real and complex constants with regard to stress state
at infinity, which are determined as follows:

1 1+K
I = Z(O'l +O'2) = T}’H,

1 i 1-K
n:—?q—@x2=——7qH

12)

where 6, and o, are principal stress components at
infinity and « is the angel made between o, direction
and x axis and, respectively. t and s are the coefficient
that defined by shear modules, plane strain and plane
stress condition as follows:

GI_GZ

. _ kG, +G,
TG +k)

s =
G (1+k,)

13)

Here, the proposed semi-analytical solution by
Kargar et al. (2014) is compared with Plaxis finite
element result for link tunnel. Input data and loading
data for link tunnel are represented in Tables 3 and 4,
respectively.

The Eq. (14) was used for calculating the unknown
variables a; and d;. The coefficients of Eq. (14) are
ir}troduced in Appendix A. Also, qjs q'j, 6j, U 13, Bj and
p; were obtained by dividing the conjugate division
of the coefficients of the conformal mapping func-
tion to the first derivative of the conformal mapping
function. So, the Kargar et al. semi-analytical solution
coefficient and unknown variable for link tunnel are
presented in Tables 5 and 6, respectively.

[a]n, X1

Wil Mol [0, [Dzl,,wz} @, [[BJ,W]

[All]mxn, [A,Z]n,xn1 [Dll]n,xnz [Dlz]n,xnz [f]"?(] [BZ]/x,xl

nyx1

(14)
Figure 8 shows magnitude of circumferential, radial
and tangential stress components along soil mass and
circumferential stress component along internal lining
of link tunnel predicted by semi-analytical solution
and Plaxis finite element software which indicates
good agreement between numerical Plaxis model
and semi-analytical Kargar et al. solution results. In
brief, the results imply good accordance, proving the
model validity and pave the way to apply the numeri-
cal model for analyzing different procedures of link
tunnel construction. Due to the simplifications of
semi-analytical elastic flat strain solution, there is

difference of the radial stress components and the
tangential stress components between two calculation
methods.

3.2.2 Observational Method for F6 Station Model
Verification

To verify the 3D model of F6 station model, field
data measured during the F6 station construction
were used. The station was constructed by CAPS
method. Monitoring for surveying the settlement,
includes topographic measurements for a network
of benchmarks, some arranged on the axis and some
transversely located to the route plan (7 benchmarks
per cross section) as depicted in Fig. 9. The diagram
depicted in Fig. 9, illustrates a layout which is an
indicative of the benchmarks network on ground sur-
face. Given the central station depth (H), monitoring
instruments were installed transversely to the route
at distances, 0.0H (exactly on axis), 0.5H, 1.0H and
1.5H away from axis. The longitudinal spacing for
cross sections and plan, were set 0.5H. It’s worthy to
mention that the depth of the F6 station is 13.0 m.

The results of surface settlement acquired by
numerical model and the monitoring system are ren-
dered in Fig. 10. The results imply good accordance,
proving the model validity and pave the way to apply
the numerical model for analyzing.

4 Outcomes, Results and Discussions

The final choice of the method to be used for an
underground opening construction in urban area
depends upon the complex interaction of a number
of factors such as safety, cost and schedule consid-
erations, so engineering judgment is more effective
than theoretical calculations (Hoek 2001). Select-
ing a suitable construction method for underground
spaces is always among the key parameters for suc-
cessful construction of the project (Sharifzadeh
et al. 2013). Furthermore, choosing the support sys-
tem and excavation sequences exert strong effects
on the host ground stability and deformations.
In this study, in order to find optimal excavation
sequences for link tunnel, eight excavation schemes
were proposed and numerically analyzed for exca-
vation of link tunnel adjacent F6 station according
to Fig. 11 as follows:
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Table 3 Input data for link tunnel

o (degree)

Overburden (m)

Elastic properties for concrete Lateral pressure coefficient (K) K=1—sin¢g Stress gradient (Mpa/m)

Elastic properties for soil

Soil type

G, (Mpa)

vy

G, Mpa) E, (Mpa)

Vi

E, (Mpa)

/2

30

0.02

0.53

020 9792

23,500

11.28

0.33

30

SC/CL

Table 4 Loading data for link tunnel

6, Mpa) o,(Mpa) I'(Mpa) I'(Mpa) Kk k,

-0.6 -0.318 0.2295 -0.141 1.68 220

[IPCIN

e Scheme “a”: full face excavation with curved
invert in initial support system,

e Scheme “b”: full face excavation without any
invert in initial support system,

e Scheme “c”: partial face excavation (top heading
and bench) with curved invert in initial support
system,

e Scheme “d”: partial face excavation (top heading
and bench) without any invert in initial support
system,

e Scheme “e”: pre-cutting method without any
invert in initial support system,

e Scheme “f’: partial face excavation with top sup-
port core at the middle of tunnel without any
invert in initial support system,

e Scheme “g”: partial face excavation with bench
support core at the middle of tunnel without any
invert in initial support system,

e Scheme “h”: partial face excavation with bench
support core at the two sides of tunnel without any

invert in initial support system.

The sequential number for ground material exca-
vation and initial support installation are showed in
Fig. 11. The schemes “c” to “h” are selected based
on Sequential Excavation Method (SEM). SEM tun-
nelling is determined by a sequential removal of host
ground followed by the installation of initial support.
The ground deformation, structural deformation and
internal forces of structural elements of F6 station are
the important factors for selecting the proper exca-
vation schemes for link tunnel adjacent F6 station.
During the selection of excavation sequences, main
factors such as number of excavation stages, sub-
dividing area, pre-supporting system, core support
and ring closure time were considered. The advance
rate was selected 0.5 m and trailing distance between
different faces were simulated at distances of 12 m
(2*T.D.) based on U.S. FHWA (2009).
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Table S Kargar et al.

N . nl n2 n g t 0 S A

coefficients for link tunnel
10 40 24 271.96 —270.96 —455.06 456.06 184.09

Table 6 Kargar et al. unknown variables for link tunnel
i B p; y g 9 qj 3 4
0 - - - - 0.220564 219.6699 - -
1 —-1.184+0.131  —-1.094+0.20i —252.9-54391 —-2.08-73.51 0.549265 —196.294 0.4+3i 4+0.51
2 -1.18—0.13i  —1.09—0.20i —252.9+54391 —2.08+73.51 0.240575 131.5302 4—0.51 —6i
3 —-1.094+041i —155+191i 46.4-89.91 12.31-8.1i -0.73027 -277492 -0.1-0.51 -0.99
4 —-1.09—041i —155-191i 46.4+89.9i 12.31+8.1i 0.240921 93.7976 0.9 -0.21
5 —-0.92+40.661 —0.124+0.22i 1.05-21.6i 8.05-1.71 —-0.76662  —222.562 —0.7+7i -0.3
6 —-0.92-0.66i —0.12-0.22i 1.05+21.61i 8.05+1.71 0.228013 67.04162 0.6+1i —643i
7 —-0.70+0.871 —-0.7140.83i —6.18—-5.34i —-098-6.44i —-0.68635 —178.834 —-0.2+4i -0.14
8 -0.70—0.871 —-0.71—0.831 —6.18+5.34i —098+6.44i 0.212135 47.07069 0.1 0.91
9 —-044+1.021 —-0.7844.021 —4.80+1.41i —7.33+4+7.8i —0.72995 —144.002 0.4i 0.14i
10 —-044-1.02i —-0.78—4.02i —4.80-1.41i —-7.3-7.8i 0.192873 32.26093 0.2i 0.6-1i
11 1.1840.14i 2.56+3.761 271.5-382.7i 9.5-382.7i —-0.77787 —116.186 - 0.1i
12 1.18-0.14i 2.56—-3.761 271.5+382.71 9.5+382.71 0.169797 21.36966 - 7.21
13 1.09+0.41i 5.79+40.091 —-30.78—-100.2i —8.7-7.66 —0.83035 —-93.9028 - 33.1i
14 1.09-041i 5.79-0.091 —30.78+100.2i —8.7+7.661 0.142474 13.4453 - T+1i
15  0.93+0.66i 2.65+1.451 —-0.32-24.2i —-0.12-4.1i —0.88759 —-759996 - 471
16 0.93-0.66i 2.65-1.451 —0.32+24.2i —-0.12+4.1i 0.110792 7.784133 - 3i
17 0.71+0.87i 6.65+0.471 6.50—6.32i 1.50—-6.32i —-0.94624 —-61.3451 - —0.961
18 0.71-0.87i 6.65—0.471 6.50+6.321 1.50+6.32i 0.074785 3.834874 - 54+0.2i
19  0.44+1.02i 0.21+1.02i 5.30+0.91i 0.4+0.391i —1.00564  —49.377 - 14+0.1i
20 0.44-1.02i 0.21-1.02i 5.30—0.91i 0.4-0.391i 0.037866 1.314971 - 1-0.1i
21 0.15+1.10i 0.33+ 1.401 2.11+3.82i 54.3+4+0.43i —1.00657 —-374176 - T+ 1
22 0.15-1.10i 0.33 —1.401 2.11-3.82i 54.3-0.431 0.002012 —0.1704 - 44i
23 —0.15+1.10i —-0.50+1.30i —1.50+3.99i —1.544+0.91 —0.996 —28.171 - 1i
24 —-0.15-1.10i -0.50-1.30i —1.50—3.99i —1.54-0.91 —-0.012 -0.39011 - 43
25  -=0.01 —0.04 —-1.17 —1.45 - - - 5i
26 - - - - - - - 0.1+ii
27 - - - - - - - 0.2i
28 - - - - - - - 1.91
29 - - - - - - - —1+40.1i
30 - - - - - - - 9.07i
31 - - - - - - - 04+1i
32 - - - - - - - 0.3i
33 - - - - - - - 14
34 - - - - - - - 0.21
35 - - - - - - - 0.44i
36 - - - - - - - 0.441
37 - - - - - - - 0.8i
38 - - - - - - - 0.76
39 - - - - - - - 0.1i
40 - - - - - - - 0.61
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Fig. 8 Stress distribution along soil mass and internal lining of link tunnel predicted by Kargar et al. (2014) method and Plaxis soft-

ware

Fig. 9 Layout of bench-
marks in cross section
around F6 station

[»6.50 m T 6.50 m T 6.50 mT 6.50 mT 6.50 m T 6.50 m W

POSITION  POSITION  POSITION  POSITION  POSITION  POSITION  POSITION
1.5xH 1.0xH 0.5xH 0.0xH 0.5xH 1.0xH 1.5xH
e)C7 e)C5 e)C3 o) C1 o) C2 e)C4 ¢) C6

4.1 Settlement and Ground Deformation
Based on Fig. 5, the link tunnel was constructed with

different schemes according to Fig. 11 after construc-
tion of F6 station using pile and rib method, in other

@ Springer

words, the link tunnel is excavated under existed F6
station that constructed by pile and rib method as a
pre-supporting system. Four different sections were
selected based on Fig. 12 to monitor the ground
deformation and structural forces as follows:
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Fig. 10 The result of the surface settlement in numerical model and field measurement of F6 station

e Section 1: the location of rib No. 70 (at the dis-
tance of 27 m from start point of link tunnel exca-
vation),

e Section 2: the location of rib No. 50 (at the dis-
tance of 57 m from start point of link tunnel exca-
vation),

e Section 3: the location of rib No. 41 (at the dis-
tance of 100 m from start point of link tunnel
excavation),

e Section 4: the location of rib No. 32 (at the dis-
tance of 123 m from start point of link tunnel
excavation).

Fig. 11 Proposed excava-
tion schemes for link tunnel
adjacent to F6 station

Transverse surface settlement profiles for eight
excavation sequences are illustrated in Figs. 13 for
section 1, 2, 3 and 4 based on Fig. 12. Based on
Fig. 13, the minimum and maximum surface settle-
ment value were calculated over the tunnel centerline
for “c” and “b” excavation schemes, respectively. The
“e” and “c” excavation schemes have the same trend
in some sections. Figure 14 shows the minimum to
maximum surface settlement classification for the
proposed excavation schemes (Fig. 11) for the link
tunnel. Based on the numerical modeling results, the
partial excavation method (“c” excavation scheme),

II II

G
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curved invert installation that make oval shape for
tunnel (“c” and “a” excavation schemes) and pre-sup-
porting techniques like pre-cutting method (“‘¢” exca-
vation scheme) can reduce the ground deformation.

The location of link tunnel relative to F6 sta-
tion has a direct effect on surface settlement profile,
for example, the maximum and minimum surface
settlement based on proposed excavation schemes
are about 60.9 and 39.2 mm in section 3—rib No.
41 (Fig. 13c), respectively, however the maximum
and minimum surface settlement are about 79.0 and
49.7 mm in section 2—rib No. 50 (Fig. 13b), respec-
tively. In brief, the link tunnel are located right under
the pile and rib frame in section 3 itself, but in sec-
tion 1, 2 and 4, the link tunnel are placed left or right
side of the F6 station, as a result, in the former case
shows lower surface settlement than later cases.

The longitudinal displacement profiles along the
link tunnel centerline based on eight proposed exca-
vation schemes are seen in Fig. 15, also, the inter-
section area of F6 station and link tunnel is clearly
illustrated in this figure. Based on Fig. 15, among
eight proposed schemes, the “c” scheme is proper
excavation scheme, based on their potential for limi-
tation the ground deformation. Based on empiri-
cal relation that have been given by Attewell and
Woodman (1982), the ratio of the surface settlement
above the tunnel face to the final settlement, (i.e.,
S/Sy, may)» is almost 50%. This result is in excel-
lent agreement with Attewell and Woodman (1982)
study based on Fig. 15.

4.2 Deformation of Structural Elements

In the theory of structures, when a deformation
occurs in a structural member, the internal forces
such as axial force, shear force, bending moment and
torsion are created within it. In this research, the link
tunnel excavation induces the deformation to the host
ground of F6 station, as a result, it causes additional
internal forces in pile and rib system of F6 station.
This ground deformation sometimes disrupts the sta-
bility and capacity of structures with the sign of the
crack, rupture and local instabilities in the structural
element. In order to characteristic the deformation of
structural element of F6 station (e.g. concrete pile and
rib), the rib and pile deformation are presented due
to the link tunnel excavation for “c” and “b” excava-
tion schemes in Figs. 16 and 17, respectively. It goes
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Fig. 12 Monitoring section in the location of ribs No. 70, 50,
41 and 32

without saying that the “c” excavation scheme and
“b” excavation scheme show minimum and maximum
surface settlement, respectively.

According to Fig. 16, the location of link tunnel
relative to F6 station shows different rib deformation,
for example, in section 1 and 2 (Fig. 16a, b), the left
side of rib that the link tunnel existed there, illustrates
more deformation than other side. Based on Fig. 17,
the pile deformation is totally vertical deformation
due to the reduced of pile bearing capacity. Table 7
shows the rib deformation after link tunnel excavation
for “b” and “c” excavation schemes.

Based on Fig. 16 and Table 7, the rib deformation
and its differential displacement in section 3 (rib No.
41) are less than other section because the link tun-
nel are located right beneath the F6 station, in this
condition the stiffness of soil mass around link tun-
nel comes up, however in section 2 (rib No. 50), more
deformation induces due to the location of link tunnel
relative to F6 station. Rib No. 32 and 70 deformation
are placed in second and third place after rib No. 41
because of more rib deformation.

According to the numerical modeling results in
Fig. 17, the farther distance of link tunnel relative
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Fig. 13 Transverse settlement profiles for the proposed excavation schemes (in Fig. 11) for the link tunnel
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Fig. 14 Minimum to maximum surface settlement value classification for the proposed excavation schemes (in Fig. 11) for the link

tunnel

to station piles shows less deformation in pile, for
instance when the distance between link tunnel and
F6 station centrally is 23.5 and 5 m, the left pile
deformation is illustrated 56 and 87.7 mm in “b”
excavation scheme, respectively. However, the dif-
ferential displacement between left and right piles
decreased when the link tunnel located right under
the pile and rib frame, in this condition the stiffness
of soil mass around link tunnel comes up.

4.3 Analysis of Structural Elements

The variation of bending moment in ribs No. 32, 41,
50 and 70 of F6 station before and after link tunnel
excavation for “b” and “c” excavation schemes are
demonstrated in Fig. 18. In the rib No. 50 (Fig. 18b),
the maximum negative bending moment is changed
from 310 ton.m before link tunnel excavation to
524 ton.m after link tunnel excavation using “b”
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Fig. 15 Longitudinal displacement profiles for the proposed excavation schemes (in Fig. 11) for the link tunnel

excavation scheme. The farther distance of link tun-
nel relative to station induces less amount of bend-
ing moment in ribs. The variation of shear force in
ribs No. 32, 41, 50 and 70 of F6 station before link
tunnel excavation and after link tunnel excavation for
“b” and “c” excavation schemes are demonstrated in
Fig. 19. Shear force changes more in the rib-pile con-
nection than elsewhere. In general, the shear force
increases uniformly along the entire length of the rib.
The variation of axial force in ribs No. 32, 41, 50 and
70 of F6 station before link tunnel excavation and
after link tunnel excavation for “b” and “c” excava-
tion schemes are demonstrated in Fig. 20. Axial force
amount can be increased or decreased depending on
the position of the link tunnel relative to the station.
The axial compressive force in rib No. 50 (Fig. 20b)
is increased from 612 to 815 ton after link tunnel
excavation using “b” excavation scheme. The varia-
tion of bending moment, shear force and axial force
in left and right piles No. 32, 41, 50 and 70 of F6 sta-
tion before link tunnel excavation and after link tun-
nel excavation for “b” and “c” excavation schemes are
demonstrated in Figs. 21, 22 and 23, respectively.

The negative bending moment of piles are changed
more than positive bending moment after link tunnel
construction, Fig. 21. According to Fig. 22, the shear
forces of piles are not changed noticeable except in
the pile-rib connection. The shear force is a critical
force in concrete elements like CAPS, so the concrete

@ Springer

element rupture is predicted in pile-rib connection.
By excavating the link tunnel near the left pile of F6
station, the bearing capacity of this pile, as a result
axial force are decreased, and then the axial force is
redistributed in right piles based on Fig. 23.

4.4 Design Control of Structural Elements

The concrete pile and rib were designed by ACI
318-14 design code (ACI Committee 318, 2014), so
the critical load combination for concrete pile and
rib should be plotted inside axial force—bending
moment interaction diagram of pile and rib. Fig-
ure 24 shows the critical load combination based
on ACI 318-14 design code and axial force—bend-
ing moment interaction diagram for pile and rib, the
critical point of load combination should be marked
inside the interaction diagram. According to the
design results of pile and rib, the structural capac-
ity of pile and rib are not adequate after link tunnel
excavation for “b” scheme, however for “c” exca-
vation scheme is adequate. The proper excavation
scheme for link tunnel can ensure the safety of F6
underground subway station.

The shear capacity of pile and rib elements are
computed by ACI 318-14 design code (ACI Com-
mittee 318, 2014). Shear capacity of piles and ribs
ranged 111-123 and 115-125 ton/m, respectively.
The induced shear force in pile and rib after link
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Fig. 16 Rib deformation profiles for excavation schemes (b) and (c) for the link tunnel

excavation in “b” and “c” schemes exceeded than
shear capacity of pile and rib. The axial force—bend-
ing moment interaction capacity of pile and rib for
“c” excavation scheme are adequate, but the shear
capacity is not adequate. There is suggested that the
final lining of F6 station be build first and then the

link tunnel constructed.

5 Conclusion

The study focuses on intersection area of line 6 and 7
of Tehran metro in Iran which placed F6G7 exchange
subway station and link tunnel. The link tunnel are
constructed adjacent main structure of F6 exchange
subway station construction. The construction process

of link tunnel makes the adjacent excavation prob-
lem to F6 subway station. The aim of the paper is to
study the interaction problem of existed underground
F6 subway station and link tunnel using numeri-
cal model, analytical and observational method. The
proper excavation scheme for link tunnel can ensure
the safety of F6 underground subway station. The
most significant results are given below:

1. The minimum and maximum surface settlement
value were calculated over the tunnel centerline
for “partial face excavation with curved invert”
and “full face excavation without any invert”
excavation schemes for link tunnel, respectively,
based on numerical model in Fig. 14.
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Fig. 17 Pile deformation profiles for excavation schemes (b) and (c) for the link tunnel
Table'7 Rib deformatlgn Rib No (b) Excavation scheme (c) Ecavation scheme
after link tunnel excavation
for (b) and (c) excavation Deformation (mm) Ad (mm) Deformation (mm) Ad (mm)
scheme S —— N ——
Max Min Max Min
70 55 24 31 39 17 22
50 81 42 39 53 29 24
41 57 45 12 44 32 12
32 52 26 26 43 21 22

2. The core support in the tunnel face, invert instal-
lation and pre-cutting method as a pre-supporting
technique have significant influence on surface
settlement in this case. The partial excavation
method by considering the above conditions can
reduce the ground deformation based on Fig. 13.
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By excavating the link tunnel near each pile of
F6 station, the bearing capacity of this pile, as a
result axial force are decreased, and then the axial
force is redistributed in other piles. There is sug-
gested that the final lining of F6 station is build
first and then the link tunnel constructed.
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Appendix A

Coefficients of equation set (14) are presented as
follows:
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