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In this paper, a three-dimensional finite difference analysis is presented to investigate the interactive effects of sequential tunneling
and the superstructure on the settlement profile of the ground. To simulate the practical sequential tunneling procedure, tunnel
excavation is conducted in a step-by-step framework; tunnel excavation starts from the beginning of the model and is updated in a
continuous manner, and the installation of the tunnel support system is done with a delay step compared to tunnel excavation.'e
numerical modeling accuracy is validated using the available analytical and numerical solutions for both two-dimensional and
three-dimensional simplified cases. 'e well-validated modeling procedure is adopted to investigate effects of tunnel diameter,
depth of tunneling, and number of superstructure stories on the profile of occurring settlements. Two cases of free-field and three-
dimensional superstructural modeling are compared with regard to the effect of tunneling. In addition, the effect of tunneling
advancement on the generation of excess structural forces and moments are studied as another important factor in the soil-
tunneling-superstructure interaction problem. It is observed that, in the free-field case, with advancing the tunnel face, the
longitudinal settlement profiles approach the steady-state condition and the maximum ground settlement tends to converge to a
specific value, whereas as the tunnel passes under a structure, the settlement increases steadily as the tunnel progresses. 'ere is a
direct relationship between the depth and diameter of the tunnel and the settlement. In addition, the effect of the number of
superstructure stories on the maximum settlement is more considerable compared to the free-field condition. According to the
results, when the tunnel passes under 8-story and 12-story structures, the maximum settlement increases by 40% and 70%,
respectively, compared to the free-field condition. It is also shown that tunneling-induced settlements result in the regeneration of
structural forces.

1. Introduction

Due to the occurrence of settlements and settlement-in-
duced displacements in surface structures, excavating tun-
nels in urban areas has always been of a great importance.
Besides, structures constructed on the ground may be af-
fected by the advancements in the tunneling in terms of
displacements, drifts, and excess internal and structural
forces/moments. 'is interactive nature makes it a coupled
interaction problem, in which not paying enough and proper
consideration to its modeling can be conducive to severe and
intolerable consequences. Ground-tunneling-superstructure

interaction problem can be analyzed from two different
aspects. In the first approach, effects of the superstructure on
the tunneling-induced displacements and stress fields are
evaluated, while the second one deals with the vulnerability
of superstructures against the displacements and stresses
that emerged from the tunneling. In this regard, proper and
accurate design of tunneling projects needs an in-depth
understanding of this interaction nature. In recent years,
such an investigation has been carried out based on em-
pirical [1, 2], analytical [3], and numerical [4–10] methods.
Among these methods, numerical techniques with the ability
to model the more complicated problems (in forms of
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geometry, stress field, material property, etc.) have gained
more attention. Mroueh and Shahrour showed that it is
essential to adopt a three-dimensional modeling approach,
which considers simultaneous effects of tunneling and su-
perstructure. It was due to three-dimensional nature of the
tunnel excavation and the nonlinear behavior of the soil [11].
In some other numerical investigations, to decrease the
calculation time and efforts, the superstructure was assumed
to be an elastic beam/plate with flexural and bending
stiffness equal to the corresponding stiffness of the original
superstructure [12–16]. Displacements and settlements that
occurred were then assessed with advancing the tunnel face.
Some researchers addressed low modeling accuracies and
not presenting structural damages as shortcomings available
in this approach. Despite those researchers, other studies
showed that, with calibrating simplified numerical models
(in the form of simplified superstructure) with the field
cases, there can be more accurate numerical results [17, 18].
But there was not still a general agreement in view of the
simplified or detailed superstructural modeling. A need for
properly characterizing the model using real field cases, not
assuring its suitability for modeling more complicated cases
and a need for the structural vulnerability analysis were the
main reasons that three-dimensional modeling of the su-
perstructure was further developed in recent years. Dias and
Kastner conducted a case study on the effects of the su-
perstructure (in the form of a structural frame) on the
tunneling-induced ground settlements. 'ey presented a
comparison between the obtained results with the obser-
vations from a 6-story building located on the line 2 of Cairo
metro. Compared to the results obtained from the field, their
transverse settlement profile was wider, and the maximum
settlement value was increased in the vicinity of the su-
perstructure. Also, internal structural forces were affected by
the tunneling operations [19]. Mroueh and Shahrour studied
effects of the weight and the stiffness of a multistory frame
on the transverse settlement profile and the internal
structural forces using the three-dimensional modeling. As
the first approach, they calculated the tunneling-induced
settlements for the free-field state and as the next solution
step, and they exerted the calculated settlement values to the
superstructure. 'e second approach was a more accurate
one, in which the tunnel advancement and the effect of the
superstructure were considered simultaneously. It was
concluded that the simplified model overestimates internal
structural forces and moments as it neglects the stiffness of
the superstructure in the calculation of settlements. 'ey
also investigated effect of the weight of the superstructure
and found that not considering the structural weight will
result in higher internal structural forces compared to the
reality [11]. Jenck and Dias three-dimensionally studied the
tunneling problem considering a structural frame as the
superstructure (using columns and slabs elements, founded
on a raft); evaluating effects of the weight and the stiffness of
the structure on the settlement profiles, they found that the
stiffness of the structure plays an important role in the
modeling accuracy. 'ey showed that the transverse set-
tlement profile of the free field and the model with the
consideration of the superstructure follow a relatively

similar behavior [20]. Maleki et al. modeled a tunnel and the
superstructure in a decoupled manner and did not take the
simultaneous effects of tunneling and superstructure into
consideration in their three-dimensional models. To model
the superstructure, they analyzed two cases of an elastic plate
as the foundation and the three-dimensional geometry of the
superstructure. Results obtained from the three-dimensional
geometry for the superstructure were more acceptable.
Although values of the settlement obtained from two ap-
proaches were different, there were still common trends in
the settlement profiles for both cases. Observed differences
were believed to be attributed to the uniform distribution of
the weight of the structure in the plate model compared to
the dead column loads in the three-dimensional model of the
superstructure [21]. What has not yet been considered in the
earlier studies is the sensitivity of the settlement profiles to
the size of the studied numerical model. Among the con-
ducted studies, there is not a common agreement on the
selection of the proper model sizes. As a matter of fact, the
size of the numerical model should be adopted in a way to
avoid the boundary effects on the results. Most researchers
selected 6D and 3D values, respectively, for the minimum
distance between the center of the tunnel and the vertical
boundaries and the minimum distance between the center of
the tunnel and the bottom boundary (D represents the
tunnel diameter). Franzius studied an excavation length of
more than 21 times of the tunnel diameter in his three-
dimensional investigation and the distance between the last
tunnel face and the vertical side boundary was selected to be
11.5 times of the tunnel’s diameter. Focusing on the lon-
gitudinal settlement profiles, it was observed that, with
advancing tunnel face, steady-state settlement situation was
not satisfied, emphasizing that the size of the model affects
results [22]. Franzius et al. investigated the effect of the
model size on the settlement and suggested that, to minimize
the boundary effect, there should be at least a distance from
the first excavation facing to the vertical side boundary equal
to the 13 times of the tunnel diameter. But there was not still
a steady-state situation in their longitudinal settlement
profiles [23]. Some other researchers introduced (H+ 4D),
(H+ 3D), and (3H), respectively, as the minimum required
height, length, and width of the model, where H and D,
respectively, represent depth of the tunnel and its diameter.
In addition to the model size, proper selection of the suitable
constitutive law plays an important role in the determination
of the tunneling-induced settlements. Chow (1994) selected
two linear-elastic and elastoplastic constitutive models to
numerically analyze the tunneling problem. 'e perfor-
mance of the linear-elastic model with a linearly increasing
soil stiffness was realized to be more accurate [24]. Calabresi
et al. presented that numerical models developed based on
the simple and elastoplastic constitutive laws lead to a wider
settlement profile and are not suitable for studying the soil
inelastic behavior in small strain conditions [25]. Guedes
and Santos Pereira adopted a linear elastoplastic constitutive
law to model the second line of Shanghai metro and ob-
served that their settlement profiles were not in close
agreement with the field observations [26]. Hence, in this
study, special consideration is paid to the proper selection of
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the model size, also the appropriate constitutive law. In
addition, as described, there are some studies on the two-
and three-dimensional numerical analysis of the settlements
induced by the tunnel advancement considering the tunnel-
structure interaction available in the literature
[7, 8, 10, 11, 15, 20–23]. But there are limited ones when
introducing a detailed, three-dimensional geometry for the
superstructure into the problem. As far as the authors know,
there is not such an investigation which adopts the described
advantages and employs a finite difference method to in-
vestigate the longitudinal settlement profile. Fargnoli et al.
focusing on a case study shed some light on the problem
[27]. But, to come into a comprehensive and accurate
conclusion, such a study should be accompanied by an in-
depth parametric study to investigate effects of different
parameters of the tunnel and the superstructure. 'us, this
paper presents a parametric study to show the role of the
depth of tunneling, tunnel diameter, and the geometry of the
superstructure using a well-validated three-dimensional fi-
nite difference investigation. As there has not been a three-
dimensional finite difference framework in the literature to
parametrically assess effects of the tunnel advancement on
the performance of structural members of the superstruc-
ture, this study presents such evaluations as an important
novelty.

2. Definition of the Problem and
Research Significance

'is paper utilizes finite difference modeling approach and
FLAC 3D [28] software to comprehensively investigate the
soil-sequential tunneling-superstructure interaction prob-
lem. Like the previous studies on the sequential TBM
tunneling in urban areas, it is assumed that the whole tunnel
cross section is excavated in a single step and the tunnel
advancement is carried out in a staged construction manner
with a constant round length. 'e thickness of the installed
concrete lining is assumed to be 40 cm and the installation of
the permanent support system has a delay step relative to the
excavation steps. As there was not a common agreement
between researchers on the suitable model size and the
constitutive law, as the preliminary phase, a considerable
number of numerical models with different sizes and gov-
erning constitutive laws were built, to evaluate the sensitivity
of the settlement profile to these two factors. In this regard,
free-field analyses are carried out for a variety of model sizes;
also constitutive laws and then longitudinal settlement
profiles with the advancement of tunneling are calculated
and analyzed for each of the studied cases as a basis for the
selection of the proper size of the model and for the pre-
liminary assessment of the selected constitutive law prior to
its characterization (due to the large number of the studied
cases, the results are not presented here). Model dimensions
and constitutive parameters presented in the paper are those
attained from the intensive preliminary investigations.
Longitudinal settlement profile of the ground with the se-
quential tunneling advancement is also developed with the
consideration of the effect of the real geometry of the su-
perstructure as a contribution of the present study. Besides,

the impact of tunnel advancement on the structural elements
of the superstructure is comprehensively investigated. In this
regard, developed numerical models are first well validated
against available theoretical and other numerical methods.
Next, parametric studies are done to fill the gap between
available studies, each assessing one or more of the affecting
factors. To do this, effects of depth of tunneling, diameter of
the tunnel, and the geometry (number of stories) of the
superstructure on the longitudinal settlement profile are all
addressed in a unique study. In addition, generation of the
excess internal structural forces and moments in the su-
perstructure due to sequential tunneling is evaluated.

3. Validation of Numerical Models

Validation of the conducted numerical studies is carried out
in three different phases. 'e first following section deals
with two-dimensional verifications (both analytical and
numerical ones), while the second one compares the results
obtained from the three-dimensional numerical studies with
the available theoretical relationships.

3.1. Two-Dimensional Validation of Models with Simplified
Cases. In this section, two-dimensional models are devel-
oped to validate the accuracy of the numerical modeling with
available theoretical and numerical solutions.

3.1.1. Comparison of Ground Reaction Curve with Hoek’s
Analytical Solution. Due to tunnel excavation, existing
stress field will be disturbed and redistributed around the
excavated tunnel and, consequently, excavated area can
converge. 'e first validation phase investigates displace-
ments occurring at the tunnel crown, sidewalls, and floor
based on the dimensionless internal tunnel pressure (ratio of
tunnel support pressure, Pi , to the initial field stress, P0),
known as the convergence-confinement graph of tunnels.
Calculated graphs are then compared to the analytical so-
lution presented by Hoek [29]. According to Hoek, soil
failure can be addressed using the following relationship
based on the classical Mohr–Coulomb criterion [29]:

σ � σcm + K, (1)

where

σcm �
2c cos ϕ
1 − sin ϕ

,

K �
1 + sin ϕ
1 − sin ϕ

,

(2)

where σcm is the uniaxial compressive strength of materials
(in MPa), c is the cohesion (in MPa), and ϕ represents the
friction angle. 'e minimum internal lining pressure
(critical pressure, Pcr), where the material behavior changes
from elastic to plastic, can be calculated using Equation (3).
For a tunnel with the radius of R and under isotropic, far-
field in situ stress of p0 and an inner pressure of Pi (from the
internal support to the tunnel wall), if Pi >Pcr (Figure 1), the
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behavior of materials around the tunnel will be elastic and
the radial displacement around the tunnel can be calculated
as presented in the following equation:

Pcr � a
2P0 − σcm
1 + K

 , (3)

uie �
R(1 + υ)

E
P0 − Pi( , (4)

where υ and E, respectively, represent Poisson’s ratio and
Young’s modulus of material.

According to Figure 1, a two-dimensional model with
the dimensions of 12m × 12m with a 2m in diameter circular
tunnel is considered for the modeling purposes. Poisson’s
ratio and Young’s modulus of materials, respectively, were
assumed to be υ � 0.22 and E � 60MPa. Far-field, in situ
stress is P0 � 1.25MPa. Regarding the comparison pre-
sented in Figure 2, there are suitable consistency between
results of the numerical analysis and the analytical
relationship.

3.1.2. Comparison of Settlements with the Research
Conducted by Dragojević. In this section, a two-dimensional
model is developed to model the problem previously solved
by Dragojević as the second validation phase. Geotechnical
and geomechanical properties of the layered studied soil are
presented in Table 1. Dragojević, using finite element Diana
software, studied the longitudinal and transverse surface
settlements and compared two-dimensional and three-di-
mensional modeling results and found that the suitable

stress release percentage should be β � 63% for his two-
dimensional models [30]. Like dimensions and features of
the original problem, a 50m × 80m model is developed
(Figure 3), in which the depth of tunneling and the tunnel
diameter are, respectively, 15m and 6m and the stress re-
lease factor is 63%. Also materials are assumed to follow an
elastoplastic behavior with the Mohr–Coulomb criterion.

After tunnel excavation, the concrete lining is installed.
A linear-elastic model is used as the governing constitutive
law for the support system. 'e thickness of concrete is
0.35m and other mechanical properties of the support
system are υ � 0.15, E � 15GPa, and P � 2500 kg/m3. As
presented in Figure 4, there is a suitable agreement between
the results of the finite difference modeling of the present
study and the finite element modeling of Dragojević [30].

3.2. 8ree-Dimensional Validation of the Model with
Analytical Relationships. As the free-field analysis is the
preliminary step of all the analyses conducted in the present
study, the three-dimensional model of a tunnel is built and
compared to the analytical relationship of the longitudinal
ground settlement presented by Panet and Guento as shown
in the following equation:

Sv(x) � Svmax(x) 0.28 + 0.72 1 −
0.84

0.84 + x∗
 

2
  , (5)

where X is the distance between the desired section and the
tunnel face, Sv(X) presents the longitudinal ground settle-
ment across the excavation direction, Svmax(X) is the

X = 12m

R = 1m

Z 
= 

12
m

KP
0 =

 1
.2

5M
Pa

P0 = 1.25MPa

Z

Y X

Figure 1: 'e geometry of the two-dimensional model used to perform the validation.
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maximum longitudinal ground settlement at the steady state
condition, and X∗ � (X/R) (R is the tunnel radius).

Unlu and Gercek presented a continuous function for
the prediction of the longitudinal settlement in the elastic
condition as shown in Equation (6). In Equation (6), X∗ � 0
represents the position of the tunnel face; also, negative and
positive X values, respectively, stand for the points in front
and behind the tunnel face [32].

Sv(x) � Svmax(x) (0.22υ + 0.19) + Ab 1 −
Bb

Bb + x∗( 
 

2
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, x

∗ > 0( ,

(6)

where υ is Poisson’s ratio of the ground and

Aa � − (0.22v + 0.19),

Bb � 0.39v + 0.65.
(7)

Table 1: Geotechnical and geomechanical properties of the material [30].

Parameter Index Unit First layer (h1) Second layer (h2) 'ird layer (h3)

Coefficient of lateral soil pressure k — 0.65 0.85 0.58
Density ρ kg/m3 1850 2000 2000
Friction angle ϕ ( ∘ ) 23 20 25
Cohesion c kPa 18 20 60
Young’s modulus E MPa 10 15 60
Poisson’s ratio v — 0.4 0.3 0.3
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Analytical
Numerical modelling (crown)
Numerical modelling (wall)
Numerical modelling (floor)

Figure 2: Comparison between the ground reaction curves calculated from the two-dimensional finite difference modeling and the
analytical relationships of Hoek.
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Figure 3: Geometry and meshing of the two-dimensional model used for validation, as well as vertical displacement contour.
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Geometry of the model is discretized using 8-node,
quadratic grids. Model dimensions are, respectively, 80m,
140m, and 85m in width, length, and height. 'e depth and
the diameter of the tunnel are, respectively, 30m and 6m.
Vertical side boundaries are fixed in the horizontal direction,
while the bottom boundary is fixed in both horizontal and
vertical directions. After the generation of in situ stresses, the
tunnel excavation is conducted in 2m intervals and con-
tinues to the last section, which has 80m distance from the
initial side boundary. Mechanical behavior of the concrete
support system is linear elastic. Its thickness is 0.4m, and
other elastic parameters of the support system, which is
installed with a delay step: υ � 0.15, E � 20GPa, and
P � 2500 kg/m3. Figure 5 compares the results obtained
from the numerical modeling of the present study with the
analytical relationships proposed in (6) and (7). X direction
is considered as the excavation direction. It should be noted
that the relationship suggested by Panet and Guento (1982)
is only applicable for the estimation of the settlements be-
hind the tunnel face and cannot predict values of the set-
tlement for those points located in front of the tunnel face.
As shown in Figure 5, results are in a good agreement and
the superiority of the numerical model in tracking the
gradual settlement calculation near to the tunnel face is
obvious.

4. Consideration of Superstructure: Three-
DimensionalModelingversusFree-FieldCase

In this section, the free-field case, in which the effect of
superstructure on the tunneling-induced ground settlement
is disregarded, is compared to the case of the detailed three-
dimensional modeling of the superstructure. As the com-
mon features used in all the cases, model dimensions are,
respectively, 140m, 140m, and 85m in X, Y, and Z direc-
tions (Figure 6). Bottom boundary is fixed in both horizontal
and vertical directions, while side boundaries are restricted
from displacements in the horizontal direction. In the cases
of the presence of the structure, the structure is symmet-
rically placed over the tunnel (with regard to the tunnel axis

across X-direction). 'ree-dimensional geometry of the
superstructure is built using structural beam elements and
beam-to-column connections are considered rigid. All the
modeled beams and also all the columns (in different stories)
have the same cross-sectional shape and features. All the
spans are 6m in length and the height of all stories is 3m.
Table 2 presents geotechnical and geometrical properties of
the studied ground and tunnel, while Table 3 shows me-
chanical and geometrical specifications of the beam-column
elements used in the modeling of 8-story concrete building
(applied as a benchmark for studying the real geometry of
the superstructure).

'e longitudinal ground profiles of the settlement for the
two cases of existence of the structure and the free field
obtained from numerical analysis are shown in Figure 7. In
this figure, the longitudinal profiles of the settlement are
shown for every ten meters of the tunnel advance and by
arrow, and the position of the tunnel front surface is marked
on each graph. Based on the results obtained for the tun-
neling in the free-field condition, with the tunnel ad-
vancements, longitudinal settlement profiles reach a steady
state and all the profiles tend to a peak settlement value. In
contrast, the results gained from the case of the three-
dimensional superstructure modeling show that, with the
tunnel advancement, there is a progressive trend in settle-
ments until the tunnel face passes through the location of the
superstructure. With advancing the tunnel face toward the
location of the structure, differences between free-field
settlements and the superstructure’s case increase and the
maximum difference corresponds to the middle of the su-
perstructure. In this state, the superstructure experiences an
unbalanced settlement with respect to the tunnel face. After
that, with passing the tunnel face through the location of the
superstructure, this unbalanced settlement decreases. Also,
the maximum occurring settlement refers to the state that
the tunnel face completely passes through the superstruc-
ture. In addition, despite the case of free-field settlements,
there is not a steady state condition prior to passing through
the structure. GF and STSI, respectively, refer to the
“Ground-Free-Field” and “Soil-Tunnel-Superstructure-
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Figure 6: Geometry and meshing of three-dimensional models and surface structures.
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Figure 5: Comparison between the longitudinal ground settlement obtained from the numerical model and the analytical relationships.

Table 2: Geotechnical and geometrical properties of the studied ground and tunnel.

Parameter Index X Unit Value
Coefficient of lateral earth pressure k − 0.35
Density of the ground ρ kg/m3 1700
Ground friction angle ϕ ( ∘ ) 30
Ground cohesion c kPa 30
Ground Young’s modulus E MPa 60
Ground Poisson’s ratio υ — 0.25
Radius of tunnel R m 3
Depth of tunnel Z m 30
Round length Lexc m 22
Density of support system P kg/m3 2500
Young’s modulus of support system E GPa 25
Poisson’s ratio of support system υ — 0.15
'ickness of support system t m 0.4
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Interaction” cases. Figures 8 and 9 present displacement and
stress contours in the vertical direction for the case of an 8-
story concrete structure, respectively.

5. Results and Discussion

As described, proper consideration of the superstructure plays
an important role in the solution of the soil-tunnel-super-
structure problem. In this regard, the three-dimensional
approach for the modeling of the superstructure is considered
for the parametric analyses. Hence, the well-validated three-
dimensional finite difference model described in the previous
sections is adopted to study effects of the diameter of tunnel,
the depth of tunneling, and the geometry of the super-
structure on the tunneling-induced ground settlements.
Moreover, the vulnerability of the superstructure against
tunneling effects is discussed characterizing internal forces
and moments of its structural elements.

5.1. Effect of the Tunnel Diameter on the Longitudinal
Settlement Profile. In this section, assuming that all other
parameters are kept constant, the problem is solved for three

different tunnel diameters, 8m, 12m, and 16m. As shown in
Figures 10–12 , with increasing the tunnel diameter, set-
tlements increase considerably. As Figures 10–12 simulta-
neously show settlements of both free-field and
superstructure-included cases, it is understood that, with
increasing the diameter of the tunnel, the effect of the su-
perstructure on the tunneling-induced settlements increases.

Comparing different cases, effects of the diameter of the
tunnel on the tunneling-induced settlements are clearly
shown in Figure 13. As depicted, its effect is even more
considerable below the superstructure.

5.2. Effect of the Depth of Tunneling on the Longitudinal
Settlement Profiles. To investigate the effect of the depth of
the tunneling, three different tunneling depths are modeled
(15m, 30m, and 45m) and the obtained results are sepa-
rately presented in Figures 14–16 considering both free-field
and soil-superstructure interaction conditions.

Figure 17 compares settlement profiles for different
tunneling depths. It is shown that, with increasing the depth
of tunneling, settlement increases, but the effect of the su-
perstructure on the tunneling-induced settlements de-
creases. In other words, for the tunneling depths higher than
45m, the interaction effects of the tunnel excavation and the
superstructure decrease and the general trends of STSI cases
will be like those observed for free-field cases.

5.3. Effect of the Geometry (Number of Stories) of the
Superstructure on the Longitudinal Settlement Profile. 6-, 8-,
12-, and 17-story structures are considered for evaluating the
impact of the geometry (number of stories) of the super-
structure on the longitudinal settlement profiles. Dimen-
sions of foundations for these 6-, 8-, 12-, and 17-story
structures are, respectively, 18m×18m, 30m×30m, 30m × 30m,
and 42m × 42m. Settlement profiles are presented in
Figures 18–21 . Also, Figure 22 compares effects of all four
studied cases (different numbers of stories) in a single figure.
It is observed that when the tunnel face completely passes
through the superstructure, longitudinal settlement profile
of the 6-story building shows a slight heaving behavior,
which can be attributed to the low number of stories and,
hence, the enhanced stiffness of the superstructure. In such
condition, the settlement profile is quite identical to the free-
field graph. With increasing the number of stories and the
weight of the structure, maximum settlement of the ground
significantly increases and the heaving behavior (under the
structure) decreases. Also, for structures with more than 17
stories, there is a considerable difference between the set-
tlement profiles of free-field and soil-superstructure inter-
action cases.

5.4. Effect of Sequential Tunneling on the Internal Forces and
Displacements of the Superstructure. Tunneling-induced
ground settlements cause excess internal forces and mo-
ments in the structural elements of the superstructure. In
this section, the benchmark model geometry and properties
described in the previous sections are used to evaluate

Table 3: Geometrical and mechanical properties of the concrete
beam and column elements.

Parameter Index Unit Value
Young’s modulus E GPa 25
Poisson’s ratio υ − 0.25
Cross section of beams B × H cm2 20 × 20
Cross section of columns B × L cm2 20 × 40
Moment of inertia of the beams (y) Iy cm4 106666.7
Moment of inertia of the beams (z) Iz cm4 26666.7
Moment of inertia of the columns Iy � IZ cm4 213333.3
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Figure 7: Comparison between longitudinal tunneling-induced
settlement profiles of the free-field and three-dimensional super-
structure cases with regard to the tunnel advancement.
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internal forces, bending moments and displacements of
beams and columns of the superstructure with the tunnel
advancement. Figure 23 shows the geometry of the tunnel
and the 8-story superstructure, which is symmetric in the X-
direction with respect to the tunnel axis. Benchmark
structural elements investigated in this paper, which are
selected from the ground floor, are located above the tunnel
axis and in the point with the coordination of Y � 40m
(distance of the element from the tunnel opening). 'e
studied beam and columns are, respectively, shown using B1
and C2, C3, C4 symbols (Figure 23) and the variation of the
axial force and the vertical displacement of the columns
C2, C3, C4; also, the bending moment and the vertical dis-
placement of the beam B1 (at the beginning, middle, and the
end of the beam) with the tunnel advancement are then
depicted.

Vertical displacement of the column C2, C3, C4 while the
tunnel passes through the structure is shown in
Figures 24–26 , respectively. As expected from the settlement
profiles, with advancing the tunnel face, the vertical dis-
placement of the column increases. 'e rate of this increase
will be even more, while the tunnel face is under the su-
perstructure. Comparing the diagrams of these three figures,
it can be seen that the shorter the distance from the column
to the axis of the tunnel, the more the column settles. For
example, the maximum vertical displacement of column C2
has the shortest distance to the axis of the tunnel, 1.4 cm,
while for columns C3 and C4 it is 1.1 cm and 0.83 cm,
respectively.

'e diagrams in Figures 27–29 show the changes in the
axial force of these three columns against the advance of the
tunnel. It is observed that the C2 column settlement causes
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Figure 8: Displacement contours in the vertical direction induced by the tunnel advancement for the model of the tunnel with an 8-story
concrete structure.
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some of the axial force of this column to be released and the
absolute value of the axial force decreases as the tunnel
progresses (Figure 27). 'e axial force released from this
column is transmitted by beams to adjacent columns. In the
case of column C3 in Figure 28, it can be seen that as the
tunnel progresses, there is a decreasing trend in absolute axial
force in this column, but when the tunnel is placed under the

structure, this trend slows down and is almost constant. 'is
is because the transfer of axial load from column C2 to this
column modulates the decreasing trend of the axial force of
this column. Next, for column C4, it can be seen in Figure 29
that, unlike the two adjacent columns, the absolutemagnitude
of its axial force increases as the tunnel progresses. In other
words, although the subsidence of this column reduces its
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Figure 11: Comparison of longitudinal settlement profiles between free-field and superstructure-included cases for the tunnel with the
diameter of 12m.
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axial force, the share of axial force from the two columns C2
and C3 ultimately increases its axial force.

'e axial force transmission is done by the middle beam;
because of this transmission, the middle beam will

experience a higher bending moment to carry on the force
from the side column to the other ones. Figure 30 shows the
variation of the bending moment at three different points of
the beam versus the tunnel advancement.
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Figure 12: Comparison of longitudinal settlement profiles between free-field and superstructure-included cases for the tunnel with the
diameter of 16m.
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Figure 18: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 6-story structure.
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Figure 19: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 8-story structure.
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Figure 20: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 12-story structure.

–3.6

–3.1

–2.6

–2.1

–1.6

–1.1

–0.6

–0.1

0.4

0 20 40 60 80 100 120 140

Su
rfa

ce
 se

ttl
em

en
t (

cm
)

Longitudinal distance from tunnel face (m)

Y = 10m, GF
Y = 20m, GF
Y = 30m, GF
Y = 40m, GF
Y = 50m, GF
Y = 60m, GF
Y = 70m, GF
Y = 80m, GF

Y = 10m, STSI
Y = 20m, STSI
Y = 30m, STSI
Y = 40m, STSI
Y = 50m, STSI
Y = 60m, STSI
Y = 70m, STSI
Y = 80m, STSI

Tunnel properties: R = 4m, Z = 30m, K = 0.35, d = 2m, E = 60MPa, M-C

Building With the 17-story structure

Figure 21: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 17-story structure.

Advances in Civil Engineering 15



–4

–3.5

–3

–2.5

–2

–1.5

–1

–0.5

0

0.5

1

0 20 40 60 80 100 120 140

Su
rfa

ce
 se

ttl
em

en
t (

cm
)

Longitudinal distance from tunnel face (m)

Y = 80m, with the 6-story structure
Y = 80m, with the 8-story structure
Y = 80m, with the 12-story structure
Y = 80m, with the 17-story structure

Building

Tunnel properties: R = 4m, Z = 30m, K = 0.35, d = 2m, E = 60MPa, M-C

Figure 22: Comparison of the longitudinal tunneling-induced settlement profiles under the structure for different numbers of stories of the
superstructure.

XY
Z

Structure:
8-story
as = bs = 6m
hs = 3m

hs
bs y = 40m

Z0 = 30m

D = 8m

as

Tunnel:
R = 4m
Z0 = 40m

(a)

Tunnel face

End point 1

Mid point 1

End point 2

C4

C8

C7

C6

C5 C12

C11
C10

C9

C2

C1

B1

B2

B4

B3

B5

B6

C3

Z
Y

X

(b)

Figure 23: (a) Geometry of the tunnel and the superstructure. (b) Location of the studied beams and columns on the ground floor of the
superstructure.
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Figure 25: Variation of the vertical displacement of column C3 versus the tunnel advancement.
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Figure 26: Variation of the vertical displacement of column C4 versus the tunnel advancement.
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Figure 27: Variation of the axial force of column C2 versus the tunnel advancement.
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6. Conclusion

In this paper, the ground-tunnel-superstructure interaction
problem is studied based on the three-dimensional finite
difference modeling and using Flac 3D software. To inves-
tigate effects of the sequential tunneling, the excavation of the
whole section in the tunnel face is done in a single step, while
the tunnel advancement is carried out in a stepwise, se-
quential manner. Also, the installation of concrete support is
done with a delay step toward the progress of the tunnel. 'e
developed numerical model is first validated against available
two-dimensional and three-dimensional, analytical, and
numerical models. 'en, the well-validated numerical ap-
proach is adopted for conducting parametric studies on the

effects of different parameters. It should be noted that,
considering the meaningful impact of the proper selection of
the material constitutive law and the model size on the shape
and the values of the longitudinal settlement profile, an in-
tensive sensitivity analysis is conducted prior to the final
analyses. Based on the sensitivity of the longitudinal, tun-
neling-induced settlement profiles to different selected sizes
and behaviors, proper model size and constitutive law are
adopted. As another contribution of the present paper, effects
of the diameter and the depth of the tunnel and also the
number of the stories of the superstructure on the tunneling-
induced longitudinal ground settlements are investigated.
Excess internal forces and moments caused in the elements of
the structure because of the tunnel advancement are also
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evaluated and further discussed. Based on the results ob-
tained, the following can be concluded:

(i) For the free-field case, with advancing the tunnel
face, longitudinal settlement profiles tend to a
steady state, and steady state means that, in the
longitudinal profiles, the vertical settlement will no
longer exceed a maximum value.

(ii) Models with the superstructure behave differently;
superstructure causes a considerable change in
both figures and values of the longitudinal set-
tlement profiles. Settlements increase as the tunnel
face advances until the facing passes through the
location of the superstructure. With advancing the
facing toward the location of the structure, dif-
ferences between free-field settlements and the
superstructure’s case increase. Maximum differ-
ence corresponds to the midpoint of the super-
structure; in this state, the superstructure
experiences an unbalanced settlement with respect
to the tunnel face. After that, with passing the
tunnel face through the location of the super-
structure, this unbalanced settlement decreases.
Maximum occurring settlement refers to the state
that the tunnel face completely passes through the
superstructure. In addition, despite the case of
free-field settlements, there is not a steady-state
condition prior to passing through the structure.

(iii) With increasing the diameter of the tunnel, tun-
neling-induced settlements significantly increase.
In other words, the increased diameter of the
tunnel enhances the effect of the superstructure on
the settlements. 'is is the main reason why there
is a higher difference between the settlements of
the free-field and superstructure included cases.
Increasing the tunnel diameter increases both
maximum ground settlement and the value of the
settlement at the tunnel opening (at the beginning
of the model).

(iv) With increasing the depth of tunneling, values of
the settlement increase; however, effects of the
interaction between tunnel excavation and the
superstructure decrease. For example, when a
tunnel is excavated at a depth of 15 meters under
an 8-story structure, the maximum settlement on
the ground increases by more than 130% com-
pared to the free-field condition, but when the
tunnel is at a depth of 45 meters under an 8-story
structure, only a 15% increase in settlement occurs.

(v) In creasing the depth of the tunneling increases
both maximum ground settlement and the value of
the settlement at the tunnel opening.

(vi) When the tunnel face completely passes through the
superstructure, the longitudinal settlement profile of
the 6-story building shows a slight heaving behavior,
which can be attributed to the low number of stories
and, hence, the enhanced stiffness of the super-
structure. In such a condition, the settlement profile

is quite identical to the free-field graph. With in-
creasing the number of stories and the weight of the
structure, maximum settlement of the ground sig-
nificantly increases and the heaving behavior under
the structure (shown for the low-story buildings)
decreases. For example, when the number of stories
increases to 8, the maximum settlement relative to
the ground without a surface structure increases by
40%, and when the surface structure is 12 stories, it is
about 70%. For structures with more than 17 stories,
there is a considerable difference between the set-
tlement profiles of free-field and superstructure-soil
interaction cases.

(vii) It is observed that the effect of number of stories of
the superstructure on the maximum settlement is
more noticeable compared to its impact on the
settlement value at the opening of the tunnel.

(viii) 'e most important impact of the tunnel exca-
vation on the superstructure is redistribution of the
internal, structural forces and moments in the
beams and columns. Due to the ground settlement
and the vertical displacements observed in the
beams/columns, the stress release occurs, and the
axial force of the columns decreases or increases.
'e closer the column is to the tunnel axis, the
greater its settlement, and the steeper the column
settlement curve as the tunnel face passes under the
structure. Due to the subsidence of the columns
adjacent to the axis of the tunnel, their axial force
increases, but the axial force of the columns farther
from the axis of the tunnel increases due to the
redistribution of force between the columns, even
if they are settled. For example, numerical analysis
performed in this paper showed that the passage of
a tunnel with a diameter of 8meters under an 8-
story building and at a depth of 30m causes the
column located at a distance of 3m from the axis of
the tunnel (C2) to settle 1.4 cm and its axial force is
reduced by 31 kN, and the column, located 9m
from the axis of the tunnel (C3), settles 1.1 cm and
its axial force is reduced by 14 kN and column
located 15m from the axis of the tunnel (C4) will
settle 0.82 cm, but its axial force will increase by
25 kN.
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