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The convergence-confinement method via the ground reaction curve (GRC) is used as the common practice of tunnel design
which demands accurate determination of the stress state and material strength behavior in different zones around the tunnel
section. Besides, formation of the excavation/blast-induced damaged zone (EDZ/BDZ) adds more complexity to the problem due
to variation of elasticity modulus of the rock mass in this zone. As a result, advanced numerical methods via finite element/
difference commercial packages or user-coded, semi-numerical techniques are required to develop the GRC, which demands a
high degree of proficiency and knowledge of computational plasticity and geomechanics. In this study, a new, simple, and accurate
method is proposed for prediction of GRC of circular tunnels constructed in the damaged, elastoplastic rock masses obeying
softening in the plastic zone. The effects of deterioration caused by the drilling/blast in the EDZ were taken into account by
assuming a reduced and varying Young’s modulus using the disturbance factor, in the form of Hoek-Brown failure criterion and
the Geological Strength Index (GSI). Besides, effects of intermediate principal stress and the exponential decaying dilation
parameter are taken into account thanks to adoption of the unified strength criterion (USC) as the material strength criteria. To do
s0, genetic algorithm (GA) via the method of evolutionary polynomial regression (EPR) is used to find a relationship between a
number of 19 affecting parameters on the GRC as the input, and the internal support pressure as the target of prediction.
Verification analysis was performed to verify the validity of the results using field measurements data as well as other advanced
numerical studies found in the literature. Lastly, variation of the support pressure with simultaneous changes in the affecting input
parameters was investigated using multivariable parametric study.

1. Introduction

The ground reaction curve (GRC) in the framework of
convergence-confinement method (CCM) can be assumed
as the most common method of tunnel design due to its
simplicity while keeping the accuracy in engineering prac-
tice. The main advantages of this method lie in turning the 3-
dimensional problem of tunnel’s face advancement into a 2-
dimensional problem by relating the distance from tunnel
face to the inner pressure in GRC. Besides, a factor of safety
can be estimated using the ratio between the support ca-
pacity and the load demand. The calculations can be made
using closed-form solutions, numerical methods, or some
combinations of each to develop the appropriate curves.

However, there are some limitations in using the GRC which
mainly stem from its assumptions: homogenous rock mass,
isotropic stress field, circular cross section of the tunnel, and
plain-strain condition [1]. In order to accurately calculate
the appropriate time for the installation of support system of
underground tunnels, also, to restrict the occurring defor-
mations, the ground reaction curve (GRC) of underground
openings should be correctly characterized. Development of
GRC is conducted based on the required support pressure
corresponding to the formation of an arbitrary convergence
value. Hence, the state of stress and the material strength
play a key role in the determination of such curve [2-13]. In
this framework, the behavior of tunnels constructed in the
rock mass is generally assessed based on the elastoplasticity
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theory and the principles of convergence-confinement
method [5-7, 11-14]. There are different strength criteria for
the rock mass material, such as the Mohr-Coulomb
[3, 8, 15, 16], the Hoek-Brown [2, 7, 10, 17], and the unified
strength criterion [18-22]. To make the calculations even
more accurate, the softening behavior is also taken into the
consideration accounting for the variation of material
strength parameters from the peak strength parameters to
the residual ones (referring to the distance from the tunnel
center) [4, 5, 8-10, 13, 23].

In addition of the formation of a softening zone around
the tunnels, depending on the amount of blasting/excavation
damage induced to the surrounding rock mass, a damaged
zone will be formed. True characterization of this blast/
excavated induced damage zone (BIDZ/EIDZ) is carried out
based on the deterioration of material strength parameters,
consideration of the variation of Young’s modulus, and the
weight of this zone into the problem. The effect of EDZ has
been studied numerously [24-36]. However, there is limited,
available solutions, which consider the effects of both
softening material behavior in the plastic zone and the
existence of BIDZ/EIDZ around the tunnel [26, 37-40]. To
this end, complicated finite element/difference commercial
packages should be adopted. User-coded, semi-numerical
techniques are other possible solution approaches to the
problem [4, 5, 9, 12, 15-17, 25, 37, 41-45]. Described
methods need professional numerical modeling proficiency
and the knowledge of computational plasticity and geo-
mechanics. On the other hand, design engineers need a
simple, efficient, and timely method for accurate prediction
of GRC to make a preliminary design for their underground
tunneling projects. Hence, the availability of an accurate,
timely, and simple method will be a significant aid to the
practitioners and design engineers.

As described, the objective of the research is to propose a
new, simple, and accurate method for the prediction of GRC
of circular tunnels constructed in the damaged, elastoplastic
rock masses obeying softening in the plastic zone. It should
be described that the adoption of appropriate material
strength criteria and dilation functions are two other im-
portant parameters affecting on the developed curves. In this
study, the unified strength criterion (USC) (selected to
consider the effects of intermediate principal stress (b) on
the strength of rock mass) and an exponential decaying
dilation parameter for showing a better performance are
used for the modeling purpose.

The proposed method is based on the development of an
evolutionary polynomial regression (EPR) technique, which
uses the best features of the genetic algorithm (GA) and the
least squared method to predict new target functions based
on their previous learning of the relationship between input
and output parameters. In this study, as the first step, the
results of previous solutions for the GRC development were
gathered to generate a database using the algorithm pro-
posed by Ghorbani and Hasanzadehshooiili [26]. Material
strength parameters in elastic, plastic, and damaged states,
the radius of tunnel, and all other affecting parameters along
with arbitrary convergence values were considered as the
input parameters. The corresponding internal support
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pressure, which is the target of predictions, is the output
parameter. Hence, first, the problem was solved and vali-
dated for different strength and geometry parameters. As the
second step, an evolutionary polynomial regression (EPR)
code, available in the MATLAB environment, was used to
train the neural network based on the gathered database, in
order to find a mathematical model for forecasting the
internal support pressure (P;) values.

In this study, the EPR models are proposed based on the
well-validated solutions of the problem of GRC development
for tunnels constructed in the damaged, elastoplastic rock
mass. The accuracy of the proposed model is shown through
the high value of coeflicient of determination (COD) and the
acceptable value for the root mean squared error (RMSE).
The developed model is then applied as the basis for the
complementary studies. Sensitivity analysis based on the
cosine amplitude method (CAM) has then shown the
strength of relationship between the internal support
pressure and concerning input parameters. Besides, varia-
tion of the support pressure with the simultaneous changes
in the affecting input parameters is investigated using the
multivariable parametric study.

The proposed evolutionary-based approach is intro-
duced as a capable, timely, and accurate method for the
prediction of the internal support pressures for the tunnels
constructed in the BID/EID, elastoplastic rock mass obeying
the USC criterion and showing the softening behavior in the
plastic zone. In addition, the importance of material strength
parameters, damaged zone’s factors (D), and the tunnel’s
radius and their roles in the variation of support pressure is
fully characterized using both sensitivity and a three-di-
mensional, multivariable, graphical parametric study on the
input parameters.

2. Problem Definition and Methodology

A full description of the proposed algorithm along with the
formulation and governing equations is presented in
Ghorbani and Hasanzadehshooiili [26]. However, in this
part, a summary of the procedure of stress-strain formu-
lation, required to derive the GRC, is presented. Figure 1
illustrates definition of the problem’s geometry. The tunnel
has a circular section with radius of b;, circumscribed by an
isotropic elastic-plastic rock mass including the excavation/
blast-induced damage zone (EDZ/BDZ). The tunnel section
is under hydrostatic pressure of sy while its boundaries are
under pressure of the internal support pressure (P;). The
radius of the plastic zone and that of the excavation damaged
zone are represented by R, and Rgpy, respectively. De-
creasing of the internal support pressure (P;) results in
initiation of the radial displacements. The deformations can
be of either elastic or plastic type, distinguished by the
critical value of the internal support pressure (P;). The
deformations are considered as elastic, provided that they
are formed in a pressure higher than the critical value of the
support pressure (P;.) [9, 10]. More decreasing of the in-
ternal support pressure leads to formation of the plastic
stresses and strains, which are initiated with softening be-
havior and continue to a residual one. The transition
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FIGURE 1: Problem definition.

between softening and residual behavior is governed using a
parameter called the critical deviatoric plastic strain pa-
rameter (y*) [2, 4, 9, 10, 17, 25, 46].

On the other hand, adoption of a proper plastic potential
function is crucial for the progress of the plastic strains. In
addition, a flow rule, which can be of either the associated or
nonassociated flow rules, governs the material’s plastic be-
havior in the plastic zone. In fact, considering an associated or
nonassociated flow rule can significantly affect the material’s
plastic behavior in the plastic zone as the relationship between
radial and tangential plastic strain increments is defined by
the flow rule. In this paper, the nonassociated flow rule is put
into practice to model the relationship between radial and
tangential plastic strain increments.

Determination of the P;. is dependent on the utilized
strength criteria, such that it can be obtained by a closed-form
solution in the case of linear Mohr-Coulomb strength cri-
terion [5] or by numerical solution via the Newton-Raphson
algorithm in the case of Hoek-Brown criterion [9, 10, 47] as
well as the unified strength criterion (USC) [26].

In this study, the unified strength criterion (USC) is put
into practice to obtain the P;. using the Newton-Raphson
method. Adoption of USC was due to its advantage in
tracking the principal stress-strain incremental paths in a
nonlinear way, which yields more accurate results in pre-
diction of the rock mass behavior [2, 4, 10, 47, 48].
Moreover, using USC makes it possible to take the effect of
the intermediate principal stress (b), which is believed to
have a significant effect on the radius of the EDZ [19-21].

The EDZ is developed by approaching the tunnel’s face.
The radial stresses within the plastic-EDZ boundary are
found numerically using the Runge-Kutta-Fehlberg (RKF)

method [49] which also governs the stages of the solution.
The problem is considered in the plastic zone provided that
the radial stress is larger than the plastic-EDZ boundary’s
radial stress, (s, ). However, for the radial stress values
lower than the (s,77F), the output of the last step is used as
the initial condition to obtain a new solution for the EDZ.

Calculation of the stresses and strains in different points
around the tunnel boundary is made using different
methods depending on which zone/boundary they are lo-
cated. Figure 2 presents the different zones formed around
the tunnel section area. In this problem, there are three main
types of boundaries with different calculation approaches:

(1) The elastic-plastic boundary (=outer plastic
boundary) which is represented by the radius of
plastic zone (R,).

(2) The outer boundary of the EDZ (=inner plastic
boundary).

(3) The inner boundary of the EDZ (=tunnel surface).

In order to calculate the stresses and strains of the points
located in the elastic-plastic boundary, the New-
ton-Raphson (NR) method of root finding is used to cal-
culate the radial stress (o,=sg), which is also equal to the
critical support pressure (P;.). The stresses located on the
outer boundary of the EDZ are calculated using the Runge-
Kutta-Fehlberg (RKF) method. On the elastic-plastic
boundary, i.e., the external boundary of the plastic zone, the
radial stress (s,) is equal to sp and is also equal to the critical
support pressure (P;.). Besides, on the internal plastic
boundary, i.e., the plastic-EDZ boundary, the stresses are
calculated using the Runge-Kutta-Fehlberg (RKF) method.
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FIGURE 2: Stresses at different regions and boundaries, after Ghorbani and Hasanzadehshooiili [26].

Lastly, the radial stress on the inner boundary of the EZD is
equal to the tunnel’s support pressure (P;).

The stresses are first calculated on the boundaries to be
used as the initial values for the rest of areas between the
boundaries. Lee and Pietruszczak [9] calculated the radial
stress within the plastic zone area assuming a linear variation
for the radial stress from its initial value at r=R,, s, = s to its
value on the tunnel surface r=b;, s,= P, considering a rock
mass with elastic-plastic material.

In this study, in summary, the following procedure has
been taken for analysis of the plastic zone: first, the Runge-
Kutta-Fehlberg method is put into practice to determine the
radial stress on the on the plastic-EDZ boundary (s,77F). The
region is separated into two zones, namely, the plastic zone
and the EDZ. The stresses within the plastic zone can be
calculated using the predetermined stresses on the bound-
aries as the priori, i.e., sg (the radial stresses on the elastic-
plastic boundary) and s, * (the radial stress on the plastic-
EDZ boundary). Besides, the stresses and strains within the
EDZ are calculated using the known radial stress on the
plastic-EDZ (s, “Ey and the tunnel surface (P,). In order to
perform the calculations, the plastic and EDZ are divided
into m and n number of zones, respectively. Thickness of
each annulus is determined so that the corresponding
governing equation of equilibrium is satisfied.

The most important distinction of consideration of the
EDZ into the problem is to assume a reduced and varying
Young’s modulus for this zone rather than a constant one, to
take the effects of gradual deterioration caused by the
drilling/blast around the tunnel. Herein, the relationship by

Hoek and Diederichs [50] was used to calculate Young’s
modulus on the tunnel surface:

1-(D'/2) ) "

! —_—
En= 100000( (75+25D'-GSI')/11

l1+e

where D' is the disturbance factor, in the form of Hoek-
Brown failure criterion and GSI is the Geological Strength
Index. The “prime” superscript denotes that the parameter
belongs to the excavation damaged zone (EDZ). The dis-
turbance factor was assumed to be zero (D' =0) for calcu-
lation of Young’s modulus in the plastic-EDZ boundary [51].
Assuming a linear interpolation between the values of
Young’s modulus at the plastic-EDZ boundary and the
tunnel surface, Young’s modulus within the different ra-
diuses of the EDZ was calculated using the following
equation [51]:
E, - E,
E; =E6+’£70[(p(j;xREDZ)—b], (2)
EDZ

where E, E; E,, represent Young’s modulus of j" annulus
in the EDZ, on the plastic-EDZ boundary (D' =0), and on
the tunnel’s surface (with a proper value for the disturbance
factor), respectively. p ;) is the radius of the j* annulus
normalized by Rgpz and b is the parameter of the inter-
mediate principal stress. Figure 2 illustrates a summary of
the procedure to find the stresses and strains in different
zones/boundaries around the tunnel. Furthermore, Figure 3
represents the algorithm proposed by Ghorbani and
Hasanzadehshooiili [26] which was used in the calculation of
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FIGURE 3: The algorithm used in generation of the database of GRCs used in this study. After Ghorbani and Hasanzadehshooiili [26].

the support pressure (P;) to generate the database of GRCs
used in this study.

3. Developing a Relationship

3.1. Gathering Database for Model Development. The first
step in finding a relationship for the GRC is to gather a

database among the available sources to be used as training
data for the neural network. Each GRC is constructed by a
number of input-output datasets. The value of the internal
support pressure (P;) was taken as the target of prediction,
which is function of different input parameters. Ghorbani
and Hasanzadehshooiili [26] proposed a comprehensive
algorithm for determination of GRC for circular tunnels in



elastoplastic rock mass considering the EDZ and softening
behavior. Besides, they utilized the unified strength criteria
(USC) so that the effect of intermediate principal stress (b)
and the exponential decaying dilation behavior can be taken
into consideration. In order to verify and validate the
proposed algorithm, they used a wide range of different
sources including different GRCs under various conditions.
In this study, the same data sources used in Ghorbani and
Hasanzadehshooiili [26] were gathered as the database and
then were used as the training data in the evolutionary
polynomial regression (EPR) via the framework of genetic
algorithm (GA). The summary of the data sources is as
follows: a case of field measurements regarding the Han-
lingjie tunnel in Hunan, China, at a depth of 146 m [17], two
cases of Elastic-plastic rock mass considering strain soft-
ening [4, 9], a case of strain softening rock mass considering
exponential decaying post-peak dilation parameter [52], and
a case of elastic-perfect-plastic behavior of a rock mass
considering EDZ [43]. Besides, Ghorbani and Hasanza-
dehshooiili [26] utilized the problem originally solved by
Zareifard and Fahimifar [43] in order to cover the effects of
new features of their proposed algorithm, such as the effects
of the intermediate principle stress (b), the weight of the
damaged rock mass and existence of a softening zone, and
the exponential decaying dilation behavior. The data re-
garding these newly solved problems were also added to the
database. All in all, a list of the input parameters included in
the database along with their range of variation is presented
in Tables 1 and 2, respectively.

3.2. Sensitivity Analysis. The cosine amplitude method
(CAM) can be used to find the strength of relationship
between two parameters [25, 53]. Herein, this method is
used to determine the degree of importance of each of the 19
input parameters in variation of the target (output) pa-
rameter, which is the internal support pressure (P;).

All the data pairs (each of the input parameters pairing
with the target parameter) would form an X-array, such as
X ={xy,x,, X3, . .., X;, x,,} where each element, x;, is a vector
of the length of m:

Xi :{xi1>xi2>xi3""’xim}' (3)

By defining each parameter as dimensionless normalized
vectors, the strength of relationship between the input and
target parameters is given by

m
‘Zk=1 xikxjk|

) (2 5

, wherei,j=1,2,...,n,

(4)

where x;; and xj; are the normalized vectors of the input and
target parameter and r;; denotes the strength of relationship
which would take a value between 0 and 1, where 0 implies
no relationship and 1 shows the highest relationship. The
name of this method, CAM, is taken from the fact that the
result of the inner product of two vectors would be 0 if they
are orthogonal vectors (meaning there is no relationship
between them), while the result would be 1 if the two vectors
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are codirectional (meaning full relationship). It should be
noted that the convergence (displacement) value was
omitted from this analysis since it is as a fictional input
parameter to the GRC.

The results of CAM analysis are presented in Figure 4. As
can be seen, there are numerous parameters with relatively
high contribution in the GRC. According to the results, the
in situ hydrostatic pressure (so) as well as the geometry of the
tunnel (radius of the tunnel b;) presents a high strength of
relationship in GRC. Interestingly, the properties of the
excavation damaged zone make equal or even relatively
higher contribution in the internal support pressure (P;)
than those of the intact rock mass. In fact, m’, s’, and a’ (the
constant parameters of the Hoek-Brown failure criterion
taken for the EDZ) with 77.9, 78.9, and 75.1% of contri-
bution, the range of Young’s modulus assumed for the EDZ
(E,, E;) with 78.3 and 77.8%, and the extent of formation of
the EDZ (Rgpy) with 75.4 as well as its disturbance factor (D)
with 75.5% of contribution are placed amongst the most
important parameters in the GRC. This highlights the im-
portance of considering the EDZ in design of tunnel as well
as taking proper values for the material’s stiffness and
strength of this zone.

On the other hand, the properties of the intact rock mass
(E, v, m;, GSI,,) have shown 77.1, 72.4, 69.1, and 76.5% of
strength relationship, respectively. In contrast, the softening
parameters (¢, ¢, ¥, and y**) made the least strength of
relationship with 9.8-37.2%. Besides, it can be inferred that
the role of material properties parameters of the rock mass
and the EDZ is shown to be more meaningful in the value of
support pressure, compared to that of the intermediate
principal stress (b).

3.3. Evolutionary Polynomial Regression (EPR). In this study,
the genetic algorithm (GA) via the evolutionary polynomial
regression (EPR) method is used to make a correlation
between a number of 19 affecting parameters on the ground
reaction curve (GRC), as the input parameters, and the
internal support pressure of the tunnel (P;), as the output
parameter, i.e., the target of prediction. This method has
successfully been used in developing mathematical models
in different applications, especially in civil engineering
[25, 54-61].

Evolutionary polynomial regression (EPR), developed by
Giustolisi and Savic [62], is known as a hybrid data-driven
method. This method takes advantage of optimization in
fitness to training data, yet by keeping the efficiency of
mathematical expression, which is thanks to using a mul-
tiobjective search algorithm to establish multiple models.
Hence, various optimal models are compared to pick the
best fit such that the governing pattern can be created in a
timely manner [63]. EPR applies different functions, com-
ponents, forms, number of terms, and gens to present
models in logarithmic, exponential, trigonometric, and in-
verse trigonometric sentences simultaneously by minimiz-
ing the error of prediction.

In this study, the EPR was implemented in MATLAB
environment. EPR provides a multiobjective genetic
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TaBLE 1: List of affecting parameters on the GRC included in the database.

b; Radius of the tunnel m' Material constant of the EDZ

N Poisson ratio of the rock mass s Material constant of the EDZ

m; Material constant of intact rock a' Material constant of the EDZ

g In situ hydrostatic confining pressure PP Strain softening parameter

GSI, Peak Geological Strength Index of the rock mass E; Young’s modulus in the inner annulus of the EDZ

D Disturbance factor E, Young’s modulus in the outer annulus of the EDZ

E Young’s modulus of rock mass Repy Radius of the excavation-induced damaged zone

9, Peak friction coefficient b Intermediate principal stress parameter

o, Residual friction coefficient U; Convergence (displacement)

PP Critical deviatoric plastic strain parameter P; Internal support pressure

TaBLE 2: Range of variation of input and output parameters of the database.

Parameter bm v m; oo MPA) GSI, D EMP) o, o, P
Max. 5.5 0.35 17.7736 30 50 0.6 5500 12 5 1
Min. 5 0.25 10 4.8 41.88 0.6 4000 0 0 0
STD. 0.14 0.03 2.25 7.30 2.35 0.00 434.79 3.51 1.63 0.25
Mean 5.05 0.26 10.72 27.67 49.25 0.60 5361.11 1.51 0.82 0.07
Parameter m' s a PP EMPA) EjMPA) Rppy ™ b Uitm) p,MPA)
Max. 0.8 0.001 0.527 30 3800 5500 8 1 0.439184 7
Min. 0.428 3.95E—-05 0.5 0 277.18 1257.18 6.5 0 0.021 0
STD. 0.11 0.00 0.01 14.16 1053.54 986.46 0.37 0.35 0.06 2.60
Mean 0.77 0.00 0.50 10.43 3313.98 3784.92 7.14 0.21 0.09 3.00
Sensitivity Analysis
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FIGURE 4: Results of sensitivity analysis using CAM.

algorithm (MOGA) strategy in order to increase the re-
gression’s parsimony.

This strategy performs optimization of the model based
on minimization of the number of inputs, number of terms,
the error of prediction, or any combination of them. Herein,
in order to maximize the model’s parsimony, the optimi-
zation was made with the target of least possible number of
inputs and number of terms, along with the least sum of
squared errors (SSE). Therefore, amongst the 19 input pa-
rameters, a number of 7 parameters (m; GSF, E, s', a’, ™,
E}) were automatically excluded from the model. This is
probably because such parameters are interdependent var-
iables where their effect can be incorporated by other pa-
rameters. The program automatically removes the less

important or interdependent variables to increase the
model’s parsimony via a procedure of trial and error to find
the most efficient parameters to be used in the model. Also,
as some parameters have similar effects on the GRC, it is
believed that the program relies on the variation of P; with
some of them aiming at accurate predictions. Although some
of the deleted parameters are still important to the problem,
the remaining parameters with similar natures were enough
to predict different values of P; based on the concerning
input parameters for the whole range of studied input pa-
rameters. As the proposed relationship is efficient for the
development of GRCs of rock masses with input parameters,
which lie in the range of parameters studied in this paper,
some other deleted parameters may be still required for the



representation of a new formula for other input ranges
(useful for other stress, and material states/strength values).
Hence, it is suggested to employ the proposed relationship
for cases with adequate consistencies to the problem defined
in this paper. Numerous functions in various forms were
examined to find a relationship with the highest parsimony.
The final relationship to predict the internal support pres-
sure (P;) of the tunnel is presented by the following equation:

P;(MPa) = 1.3746 x 10~ "' [(v"*) (o3 )(D™") (m")

(Renz)(UF)]

-3.431x 107" [(¢,)] +0.00056024

[l R
~3.9274 % 10" [(9,°*) (") (U )] )

o)

+1.704%x 1072 [(yp'”) ®)(U7)

~3.2565x 107" [(bi)(f 1)(03)<E;O'5)
- (Repz)(U7?)] +0.16224.

Figure 5 illustrates a comparison of the predicted values
of the support pressure verses the original values existing in
the database. The quality of regression can be assessed by
statistical measurements such as the coefficient of deter-
mination (COD = R?), the sum of squared errors (SSE), and
the mean of squared errors (MSE). The COD was obtained as
90.33% which shows the good performance of the obtained
mathematical model. Moreover, the SSE and MSE are ob-
tained as 0.63% and 0.58%, respectively, verifying the decent
precision of the proposed model. However, as Figure 5
suggests, the error of prediction mostly occurred in the
range of support pressure less than 3 MPa. Therefore, it can
be inferred that the model gives the best results in the range
of 3-8 MPa, which is also the most common range of
support pressure in practice.

3.4. Verification and Comparison. In order to verify the
validity of the obtained equation (equation (5)), a verifi-
cation analysis was performed using two sets of available
data in the literature. The first case was the results of field
measurements at the crown of Hanlingjie tunnel in Hunan,
China, reported by Zou et al. [17]. The tunnel is located at the
depth of 146 m with the radius of 5.5 meters. It should be
noted that some of the required data were back-calculated
using proper relationships and correlations found in the
literature, due to lack of data, especially regarding the EDZ.
Moreover, the effect of intermediate principal stress was also
investigated by varying parameter (b) in the range of 0-1.
Table 3 presents a summary of the used parameters and
Figure 6 depicts the results of calculations in the form of
variation of radial displacements (U;) against the internal
support pressure. As can be seen, a meaningful consistency is
observed as the required support pressure to restrict the
displacement to a defined value can be acceptably predicted
by the proposed relationship. It should be noted that some
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F1Gure 5: Comparison of the predicted support pressure with those
of the database.

TaBLE 3: Values of the parameters used in the verification analysis.

Parameter Zou et al. [17] Lee and Pietruszczak [9]
b; (m) 55 3
Y 0.35 0.25
m; 17.77 5.88
so (MPa) 48 15
GSI, 41.88 55.25
D 0.6 0.6
E (MPa) 4000 5700
o, 12 15
¢, 5 5
Y 0.008 0.01
m' 0.428 0.6
s' 3.95E-05 0.002
a' 0.527 0.5
y" (kN/m?) 28.65 2.5
E. (MPa) 277.18 5700
E,; (MPa) 1257.18 5700
b 0, 0.5, 1 0.5

damaged parameters were not specified in this real case and
the required values are calculated based on the available
relationships. Therefore, the accuracy of predictions can be
even higher while accessing to all the required in-field/
laboratory measured parameters.

The second case is the study by Lee and Pietruszczak [9],
in which the effect of strain softening was taken into account
for the problem of circular tunnel in an elastic-plastic rock
mass. The effects of EDZ and the intermediate principal
stress were not considered in Lee and Pietruszczak [9].
Therefore, the proposed relationship is more practical for the
cases of elastic-plastic-EDZ rock masses with strain soft-
ening in the plastic region. Hence, equivalent damaged
parameters must be calculated prior to the analysis since the
original studied case did not consider the occurred damaged
zones. In this regard, damaged zone parameters are assumed
to be identical to the residual zone parameters and the radius
of the damaged zone is assumed to be 1 m (according to the
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FIGURE 6: Verification analysis using field measurements data
reported by Zou et al. [17].

values proposed in the literature). Other affecting and
missing parameters are calculated using the relationships
presented in Ghorbani and Hasanzadehshooiili [26]. The
parameters used in this analysis are presented via Table 3
while Figure 7 depicts the results of comparison. As can be
seen, a good consistency is observed between two studies
which shows the strength and validity of the obtained
equation by evolutionary polynomial regression (EPR) in
this study while keeping simplicity and ease of use. This is
important as the obtained equation can be used as a robust
tool in the preliminary stages of design and construction in
engineering practice by considering the state-of-the-art
features of the problem such as strain softening, the inter-
mediate principal stress, and the degradation caused by
excavation damaged zone in the problem.

4. Multiple-Variable Parametric Study

In this part, using the obtained relationship (equation (5)), a
multivariable parametric study is conducted to investigate
the simultaneous effects of various parameters such as the
extent of excavation damage zone (Rgpy) as well as its
properties such as Young’s modulus at the EDZ-plasticity
boundary and the constant parameter of m' on the ground
reaction curve. Besides, the effect of the intermediate
principal stress parameter (b) is investigated. Such analysis is
also helpful in verifying the obtained formula, by illustrating
its sensitivity to variation of different parameters. In order to
perform this analysis, all the variables were assumed to be
constant equal to their default values, except the one being
investigated.

4.1. Effects of Rgpz on GRC. Figure 8 shows the effect of
considering different values for the extent of the excavation
damaged (EDZ) zone on the GRC by varying the Rgpy

Support pressure (MPa)
S
1

0.00 0.01 0.02 0.03 004 0.05 006 0.07 0.08

Radial displacement (m)

—m— This study
—@— Lee and pietruszczak (2008)

FIGURE 7: Comparison of the results in this study with Lee and
Pietruszczak [9].

between 6.5 and 8 meters. The same figure is represented in
two different views for better observation. As can be seen, the
internal support pressure (P;) increases with increase of the
Rgppz. However, a critical boundary can be identified for
displacements (obtained as 5-7 cm in this case), above which
the Rgpy has no effect on the internal support pressure.

Conversely, in the case of restricting the tunnel’s con-
vergence to displacements lower than the critical boundary
value (5-7 cm), the effect of Rgpy will be more considerable.
In fact, this is implying that the effects of the extent of the
damaged zone around the tunnel can be neglected provided
that the installation time of the support system can have an
enough delay, and the associated displacements are higher
than the critical value. On the contrary, a special consid-
eration should be paid to the extent of the damaged zone
where only low displacements are allowed for the support
system.

4.2. Simultaneous Effects of E, and Rgpy. Figure 9 is pre-
sented to investigate the effects of both the extent of the
damage zone (Rgpy) and its strength properties, simulta-
neously. This figure shows the ground reaction curve with
regard to the different radius of the damaged zone while
three different values are taken for the elasticity modus at the
EDZ-plastic boundary (E;), namely, 1257, 3800, and
5500 MPa. As depicted, with increasing Ej, GRC drops. As
can be seen, (4-6) cm is a critical boundary value for the
tunnel’s convergence. For all cases, a higher internal pressure
is needed to restrict displacements to values lower than 4 cm.
The required internal support pressure increases for higher
radiuses of the damaged zone. Such value will be even higher
for a rock medium with lower E;. On the other hand, the
effect of E; on the GRC decreases as the tunnel’s
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Ficure 10: Effect of variation of m' on the GRC: (a) first view, (b) second view.

displacement increases. Indeed, for displacements higher
than (4-6) cm, effects of E; on the GRC will be negligible.

4.3. Simultaneous Effects of m' and Rgp,. Figure 10 presents
the simultaneous effect the extent of the excavation damage
zone (Rgpz) and m' which represents the material’s constant
of the excavation damaged zone. m’' was varied by taking
three values: m' =0.428, 0.6, and 0.8 regarding the values
available in the database. It can be said the GRC is sharply

surged by increasing m’ even by small steps, leading to severe
increase of the support pressure. This verifies the high
contribution of the EDZ properties on the ground reaction
curve of tunnel, as already suggested by the CAM analysis.
Besides, the boundary value of the convergence is found to
be 7 cm, after which the GRC would be constant.

4.4. Simultaneous Effects of b (the Roll of Intermediate Prin-
cipal Stress) and Rgp,. Figure 11 is presented to show the
simultaneous effect of the intermediate principal stress (b)
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Figure 11: Effect of intermediate principal stress and Rgpz on the GRC: (a) first view and (b) second view.

and Rgpz on the GRC. For this purpose, the intermediate
principal stress factor was varied between 0 and 1 taking five
values in the steps of 0.25. As can be seen, the critical
boundary value of convergence is (5-7) cm. Besides, it can be
inferred that the value of b has a significant effect on the
GRC, such that ignoring this parameter leads to overesti-
mation of displacements and an overdesign supporting
system, consequently. Similarly, increasing b-values result in
decreasing displacements.

5. Conclusion

In this study, an attempt was made to present a simple, yet
accurate and comprehensive method using the genetics
algorithms (GA), to construct the ground reaction curve
(GRC) of circular tunnels in elastoplastic rock mass con-
sidering the state-of-the-art feature of the problem in-
cluding strain softening, effect of excavation damaged zone
(EDZ), the effect of principal stress parameter, and the
exponential decaying dilation behavior via the unified
strength criterion (USC) framework as the material
strength criteria. Incorporating such advanced issues into
the problem usually demands advanced numerical analysis
in a time-consuming procedure and a high level of
knowledge of rock mechanics, constitutive models, etc. The
results of this study can be beneficial in the preliminary
stages of tunnel design in a simple, yet accurate and
comprehensive manner.

A database was gathered from the available data sources
available in the literature including various tunnels in dif-
ferent conditions with different assumptions. Besides, the
database was enriched by adding some new advanced features
such as the effect of the intermediate principal stress, weight of
EDZ, and the exponential decaying dilation parameter ob-
tained by a newly developed algorithm. A relationship was
produced using evolutionary polynomial regression (EPR)
technique, which uses the best features of the genetic algo-
rithm (GA) and the least squared method to predict new
target functions based on their previous learning of the re-
lationship between input and output parameters. This rela-
tionship can be used, via a design spreadsheet, for preliminary
design of the supporting system of the tunnel in a timely
manner and high accuracy. Validity of the results was

confirmed using verification against field measurements data
and comparison to other advanced numerical solutions.
Sensitivity analysis of the database using the cosine amplitude
method showed firstly the importance of taking EDZ into
account in the design procedure and secondly choosing
proper values for stiffness and strength of this zone. Besides, a
multivariable parametric study was performed to show the
simultaneous effects of the extent of excavation damage zone
(Repy) and taking proper properties such as m' (material’s
constant for the EDZ) and E' (Young’s modulus of the EDZ)
for this zone on the GRC. In addition, the effect of inter-
mediate principal stress on the GRC was significant, such that
ignoring this parameter results in an overdesign supporting
system. The boundary values of the tunnel convergence were
obtained 5-7 cm for the Rgpy, 4-6 cm for Young’s modulus of
the EDZ-plasticity boundary (Eg), 7cm for the material
constant of EDZ (m'), and 5 cm for the intermediate principal
stress (b). Most importantly, the boundary value of the tunnel
convergence showed a relatively strong dependency on the
extent of EDZ. Therefore, in case of restricting convergence
conditions, i.e., where a small value of tunnel convergence
(lesser than the aforementioned boundary values) is desired
for the tunnel, the radius of the excavation damaged zone
(Rgpy) should be determined with cautious.

Last but not least, it should be remembered that the
method originated from the ground reaction curve in the
framework of the confinement convergence method.
Therefore, the same assumptions and limitations are applied,
as mentioned above (homogenous rock mass, isotropic
stress field, circular cross section of the tunnel, plain-strain
condition, and neglecting the gravity forces). Besides, the
rock quality should be in the same range with the values
considered in this study (medium quality rock mass) and the
small strain condition is applied.
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In order to study the coal pillar stability of gob-side entry in gently inclined coal seam, a comprehensive method including
theoretical analysis, numerical modeling, and field monitoring was applied to study its fracturing and instability mechanism. The
results show that the uneven horizontal stress was the internal cause of entry asymmetric deformation and failure in inclined coal
seam. In gently inclined coal seam, the rotation movement of the main roof and stress distribution were closely related to
inclination of the coal seam. Based on the asymmetric deformation characteristics and mechanisms of entry, a collaborative
control technology of roof cutting for pressure relief and support strengthening has been put forward. The research results have
practical significance for revealing the mechanism of entry damage in gently inclined coal seam mining and proposing engineering
measures to prevent coal pillar damage and disaster occurrence.

1. Introduction

With the increasing energy demand and mining intensity,
the shallow coal resources gradually exhausted. In order to
improve recovery rate of coal resources in China, gob-side
entry driving (GED) techniques are widely adopted in the
process of entry excavation. The stability of coal pillar is the
key of the GED technique. In recent decades, the research on
mechanical properties of coal pillar mainly reveals the dy-
namic mechanical state of coal pillar through field obser-
vation, theoretical analysis, similar material simulation test,
and numerical simulation, and then puts forward the control
methods of changing the width of coal pillar, optimizing
support parameters and improving the properties of sur-
rounding rock [1-7]. Scholars have studied the relationship
between ground stress distribution and roadway fracture
development by using comprehensive monitoring system
and borehole camera exploration device and developed a
strictly calibrated numerical model to simulate the stress

redistribution under different conditions [8, 9]. Das et al.
[10] developed generic analytical solutions to estimate the
strength of the inclined coal pillars, deriving mathematical
models to obtain the confining stress in the coal pillar and
the corresponding peak stress at the time of its failure. Gao
and Ge [11] proposed a composite rock mass method based
on the mechanical method to obtain the derived stress not
only for the cohesive constraining forces of the coal pillar but
also for the rock mass of the roof and floor. Prassetyo et al.
[12] analyzed the effect of coal-entry friction on the strength
of coal pillar by laboratory tests and modified the empirical
equation for the strength of coal pillar. Dai et al. [13] studied
the intelligent identification method for the stability of coal
pillar in the section, analyzed load transfer law of the
overlying strata in the upper part of coal pillar, and cal-
culated the optimal value of the coal pillar using the Delphi
index evaluation system. Liu et al. [14] improved the method
of coal pillar fracture digitization and established the model
of coal pillar stability evaluation. Gao [15] proposed a new
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method to comprehensively study the stability of the strip
coal pillar based on the elastic-plastic mechanics theories
and the previous studies of the limiting equilibrium method.

Compared with the flat coal pillars, the stress environ-
ment of the inclined coal pillars is more complex because of
the asymmetric stress distribution. Das et al. [16, 17] ana-
lyzed the failure stress states within the coal pillars having
different dip angles and elucidated the procedures to esti-
mate the strength of the inclined coal pillars by the nu-
merical modeling technique. Zhao et al. [18] analyzed the
mechanical characteristics of narrow coal pillars’ gob-side
entry in inclined coal seams and obtained the damage form
of coal pillars with different widths during excavation. Chen
and Wang [19] analyzed surrounding rock deformation
characteristics of gob-side entry driving in deep inclined coal
seam and revealed the asymmetric large deformation
characteristics of such roadway. Zhang et al. [20] analyzed
the support stress distribution law near the gob side and
investigated the relationship between the surrounding rock
stress distribution of the roadway and the coal pillar width
by the numerical method. A review of the previous studies
indicated that (1) the inclination angle of the coal seam has a
significant influence on the stability of the coal pillar and (2)
there was less research on the distribution pattern of coal
pillar abutment pressure under the influence of dip angle of
coal seam. Thus, it is necessary to take the abutment
pressure, generated by roof overburden structure in gently
inclined coal seam, into account in examining coal pillar
stability.

In this study, numerical simulations were conducted to
examine the stability of a mining entry with 2.0 m section
coal pillars under the influence of dip angle of coal seam. A
surrounding rock structure model was established to in-
vestigate dynamic mechanical characteristics of a coal pillar
in the gently inclined coal seam. According to the theoretical
and numerical results, the dynamic mechanical state of the
coal pillar was studied in detail, and a method for controlling
the entry stability was proposed.

2. Geological Setting and Mining Conditions

In this study, the 21015 entry with 2.0 m section coal pillars
in the 21015 working face of the Chensilou coal mine, Henan
Province, was used as the research object, as shown in
Figure 1(a). The coal seam dip angle was 18°, and the average
thickness and burial depth were 2.66 m and 400m, re-
spectively. According to the drilling records, the immediate
roof and floor were sandy mudstone with average thickness
of 2.76m and 3.3m, and the main roof and floor were
medium-fine sandstone with average thickness of 20.4 m and
4.83m. The 2.0 m section coal pillar was reserved between
the 21015 and 21011 working faces. During the actual mining
process, after the end of the 21011 working face, the 21015
entry began to excavate along the edge of the gob. The 21015
entry was supported by anchor-mesh-cable system, as shown
in Figure 1(b). The roof of the entry was supported by
22 x 2200 mm bolts and 21.6 x 8300 mm cables. The pillar
rib and the solid coal rib of the entry were supported by
16 x 2200 mm and 22 x 2200 mm bolts, respectively. The
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roof bolt and rib bolt spacings for the entry was 880 mm and
700 mm, respectively, and roof cable spacing was 1600 mm,
as shown in Figure 1(c).

3. Methodology

3.1. In Situ Monitoring. To fully understand the asymmetric
deformation law of the entry in the gently inclined coal
seam, surface displacement monitoring stations and bore-
hole measuring points were arranged in the tail entry, as
shown in Figure 2. The borehole measurement points No. 1
and No. 2 were located at 12~15m and 28~30m in the
advancing direction of 21015 working face, and only three of
them can be fully observed. The distance between each
stations was 25 ~ 30 m and the first monitoring station was
located 60 m ahead the 21015 working face. According to the
site situation, the borehole measurement point No. 1 was set
within the advanced support range, and the borehole
measurement point No. 2 was set outside the range as a
comparison. As the working face advances, the observation
data of each surface displacement monitoring station can be
compared with the observation data of borehole measuring
points.

3.2. Numerical Modeling. To fully understand the stability of
a mining entry with 2.0 m section coal pillars under the influence
of dip angle of coal seam, a FLAC®" numerical simulation with
the “Mohr-Coulomb criterion” based on the engineering
geological conditions of 21015 working face was established as
shown in Figure 3. The dimension of the numerical model was
150 x 150 x 150 m (width x height x length). The four sides
and the bottom of the model were constrained by dis-
placement, and the top boundary was applied with a vertical
stress of 12.6 MPa. The physical and mechanical rock mass
parameters were obtained via laboratory tests and previously
performed research works [21], as shown in Table 1. The
simulation process was as follows: (1) excavate the mining
entry of the 21011 working face; (2) mine the 21011 working
face; (3) fill the caved zone with the double-yield model; (4)
excavate the mining entry of the 21015 working face; and (5)
mine the 21015 working face (Figure 3).

4. Results and Discussion

4.1. In Situ Deformation Test Results and Discussion. The
observation results are shown in Figure 4. Based on the
statistics of observation results shown in Figure 4(a), it was
found that the internal damage of the coal pillar can be
divided into three areas: relatively complete area (<40 cm),
limited damage area (40~80cm), and loose failure area
(>80cm). It can be seen that the coal pillar was relatively
complete within 40 cm of the shallow part, and there were a
few macroscopic cracks; the coal pillar was relatively broken
within the range of 40~80 cm, the hole wall was in a frag-
mented state, and most of the blocks do not peel off; the area
within the range of 40~80 cm appears loosely broken, mostly
blocky, with large blockiness, and the small hole walls were
peeled off. The roof observation results are shown in
Figure 4(b); it was found that in the range of 0~22 cm, many
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FIGURE 1: Position of the gob-side entry and support parameters.

cracks were distributed in the hole wall, and the roof was  more and more serious, and within a certain inclination,
relatively complete; in the range of 0.68~1.56m, longer = main roof fracture line was located above the coal pillar.

cracks penetrated the hole wall and formed fragmentation Figure 5 shows deformation monitoring curve of entry.
areas; in the further range, the hole wall was completed. It can be seen that the deformation law of surrounding rock
From the above data analysis, we can see that with the = monitored by stations was similar. As the working face
increase of observation depth, entry deformation became  advances, the deformation of the roadway gradually
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TaBLE 1: Numerical simulation parameters.

Rock Rock Ayerage Density Bulk Shear modulus Tensile Internal Internal friction
laver type thickness (kg/m) modulus (GPa) strength stress angle ()
4 (m) (GPa) (MPa) (MPa)

Overlying — 385 2500 12.00 7.8 1.6 2.4 28

strata

Main roof Middle-fine 483 2680 12.23 8.4 2.19 9.1 36
sandstone

Immediate Sandy 33 2659 251 1.36 1.70 1.9 21

roof mudstone

Coal — 3 1212 0.79 0.24 1.52 3.46 22

Immediate Sandy 2.76 2659 2.51 136 1.70 1.9 21

floor mudstone

Main floor Middle-fine 20.04 2680 12.23 8.4 2.19 9.1 36
sandstone

increases, with the deformation of the rib up to 140 mm and
the deformation of the roof and floor up to 64 mm. Com-
pared with the solid coal side, the surrounding rock de-
formation of coal pillar side was larger, and the deformation
of the roof was slightly larger than that of the floor. The surge
in deformation rate was observed at all stations and occurred
30-45m from the working face, where the entry was sub-
jected to front abutment pressure of working face. At a
distance of about 30 m and 15 m from the working surface,
the deformation of the coal pillar side and the roof was
consistent with the failure of the borehole observation. From
the above analysis, it can be concluded that the asymmetry
deformation of entry is obviously, affected by the front
abutment pressure of 21015 working face.

4.2. Structure Characteristics of Roadway Surrounding Rock in
Gently Inclined Coal Seam. 1t is generally believed that the
abutment pressure distribution significantly affects the
stability of the roadway. In order to reveal the force con-
dition of roadway under the influence of dip angle of coal
seam, the structure characteristics of roadway surrounding
rock were investigated, as shown in Figure 6.

FIGURE 3: Sketch map of numerical model.
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FIGURE 5: Entry deformation monitoring curve. (a) 1# monitoring station. (b) 2# monitoring station. (c) 3# monitoring station.

The fracture position of key block B can be obtained
from the limit equilibrium theory, and the expression is as

follows [22, 23]:
ln( )

The position where the highest pressure of the coal pillar
occurs can be calculated by the following formula:

AM

3 kyH + (c/tan ¢)
2 tan 0]

(c/tan @) + (P/A)

1

0

ML

B R A(kyH cos « tan ¢, + 2¢c — my sin a)
2 tan (o

A(2c —my sin a) + 2P tan ¢,

Xo

(2)

where X, is the distance between the fracture line of key
block B and gob, m; x, is the place where peak stress occurs; ¢
is the cohesion of the coal, 3.46 MPa; ¢ is the inner friction
angle of the coal, 22°% P is the support resistance of the coal



Advances in Civil Engineering

FIGURE 6: Structure characteristics of roof strata in gently inclined coal seam.

pillar, 0.25 MPa; A is the side pressure coefficient, 1.2; k is the
maximum stress concentration factor, 1.2~1.4; y is the av-
erage density of the overburden, 25 kN/m? H is the depth of
the coal seam, 400 m; and M is the coal seam thickness,
3.0m.

According to Equation (1) and (2), X, was 3.83~4.19m,
and x, was 0.6m. In addition, according to the rock
pressure theory [22] and above field monitoring, the length
of key block B is about 30 m, with an average thickness of
4.83 m.

4.3. Mechanical Principle of Stress Change of Coal Pillar in
Gently Inclined Coal Seam. After the 21011 working face was
mined, the stress in the surrounding rocks of the 21015 entry
was redistributed, and the abutment stress was carried by
gob and solid coal; when the 21015 working face was mined,
the abutment stress was carried by the coal pillar and solid
coal. Under the influence of inclination, the horizontal stress
was transferred to the coal pillar which became the main
load carrier. Figure 7 presents the distribution of abutment
stress.

It can be seen that in gently inclined coal seam, with
the mining of 21015 working face, the main roof gradually
rotates and sinks and forms the key block B analyzed in
4.2. Within this stage, front abutment stress increases
sharply, and the coal pillar is the main bearing body;
therefore, the deformation and stress of the coal pillar
gradually reached the peak value and were obviously
greater than those of solid coal. Additionally, in the
process of abutment stress rebalance, the inclination angle
affects the accumulation of the gob and limits the free
space of the gob-side coal pillar. Therefore, the stress and
strain of the gob-side coal pillar were obviously smaller
than those of the entry side.

Previous research works have shown that horizontal
stress exerted on the coal pillar is closely related to the size of
the key block B and the degree of rotation [24]. Furthermore,

the inclination significantly affects the stability of the coal
pillar. Generally, with the increase of dip angle, the hori-
zontal force will inevitably lead to a sharp increase. The
above proves that in inclined coal seam, the inclination angle
affects the uneven distribution of horizontal stress, and this
uneven horizontal stress environment is the internal cause of
entry asymmetric deformation failure.

In Figure 6, 7., is the shear stress at the interface between
coal seam and roof and floor; 0, is the y-direction stress; P,
is the gob-side resistance.

4.4. Analysis of Numerical Simulation Results. After the entry
was excavated, the original structure of the stratum was
destroyed. Surrounding rock asymmetric deformation was
related to rotary horizontal extrusion of key block B
influenced by inclination. Figure 8 shows horizontal stress
distribution of coal pillar in gently inclined coal seam. It can
be seen that the horizontal stress in the coal pillar generally
shows a trend of decreasing and then increasing with height
changes. The specific performance is as follows. (1) Entry
excavation stage: the horizontal stress in the middle of the
coal pillar was significantly lower than that of the top and
bottom, and the stress of the entry-side coal pillar was
obviously greater than that of the goaf-side coal pillar. (2)
Mining stage: similar to the entry excavation stage, the
horizontal stress in the middle of the coal pillar was sig-
nificantly lower than that of the top and bottom, and the
stress on both sides of coal pillar was basically the same.
In order to further comprehend the effect of inclination
on coal pillar asymmetric deformation failure, Figure 9
presents the displacement distribution of coal pillar in
gently inclined coal seam. It can be seen that the horizontal
displacement of gob side of coal pillar generally shows a
decreasing trend, while the entry side generally increases and
then decreases with height changes. The specific performance
is as follows. (1) Entry excavation stage: the deformation of the
upper and middle part of the coal pillar is significantly larger
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than that of the bottom, and the deformation of the entry-side

coal pillar is obviously larger than that of the gob-side coal

pillar. (2) Mining stage: similar to the entry excavation stage,

the deformation in the middle of the coal pillar was signif-

icantly lower than that of the top and bottom, and the de-

formation on both sides of coal pillar is basically the same.
The analysis was as follows:

(1) During the entry excavation, the overlying strata have
not broken, and the abutment pressure was carried by
the gob and solid coal. The horizontal stress of the coal
pillar basically showed a low degree. With the mining
of working face, the overlying strata gradually

fractured and rotated, and the pressure of Key block B
was carried by the coal pillar and solid coal as shown
in Figure 10. The horizontal stress decreased and then
increased from the shallow part of roof to coal pillar,
which presented an obvious uneven stress distribu-
tion. Moreover, because of the crushing and
expending effect of immediate roof, the gob was
sufficiently filled and relatively decrease breaking and
deflection degrees of the gob-side coal pillar.

(2) Comparing the variations of horizontal stress and

deformation of coal pillar during entry excavation
and working face mining, when the inclination
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increases, the key block B may be deformed and 5. Stability Control Technique of Entry

unstable, which results in coal pillar expansion, Influenced by Inclination
squeezing, breaking, and deformation. It is clear that

the inclination directly affects the rotation motion of =~ The asymmetric deformation failure characteristics of entry
the overlying strata and intensifies the uneven stress ~ surrounding rock in gently inclined coal seam were caused
and deformation situation of the surrounding rock ~ by uneven external forces. The symmetric supporting
of the entry, which was basically consistent with the ~ structures have high bearing capacity under the uniform
stress characteristics obtained from Section 4.3. external force, but it will fail under the action of uneven
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external force [25]. The asymmertric control that can be
effectively coordinated with roadway surrounding rock
influenced by inclination should be put forward. Moreover,
human intervention in the evolution of the roof overburden
structure was an effective technique for reducing the stress
and deformation of the entry influenced by inclination.

5.1. Entry Stability Control Method. To ensure the normal
use of the mining entry under the influence of gently in-
clined coal seam, it is necessary to adopt a collaborative
control technology of roof cutting for pressure relief and

support strengthening. According to the instability mech-
anism of the entry under the influence of gently inclined coal
seam, the following methods were proposed for controlling
entry stability: @D relieve the uneven external forces of entry
surrounding rock; @ improve the support strength of weak
structure such as coal pillars and solid coal rib; and ®
strengthen the overall structure of the roof and deep rock
formations.

5.2. Entry Stability Control Technology. According to the
foregoing entry stability control method, the optimized
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support schemes and parameters are presented in
Figure 11(a). Considering the roof and the advancing speed
of the working face, the cutting height was 8.13m, the
drilling depth was 8.70 m, the diameter was 38 mm, the angle
was 20°, the spacing was 600 mm, the sealing length was
2.7m, the loaded length was 6m, the explosive load per
meter was 0.45 kg, and the shaped charge tube was used for
forward blasting and series detonation.1#, 3#, 5#, 7#, 9# were
blasting holes and 2#, 4#, 6#, 8# were pilot holes, as shown in
Figure 11(b).

5.3. Application Effect. To verify the effect of the entry
asymmetric control form of the surrounding rock, surface
displacement monitoring was set up to monitor the defor-
mation of roadway surrounding rock during the mining
process. The measurement results are shown in Figure 12. The
maximum convergence of the coal pillar rib was 40 mm, the
solid coal rib was 15 mm, the roof was 20 mm, and the floor was
15 mm, respectively. Compared with the control effect before
repairing, the maximum deformation of coal pillar rib has been
reduced by 38%, the maximum deformation of solid coal rib
has been reduced by 53%, and the deformation of roof and
floor was basically unchanged. It can be seen that entry de-
formation was significantly reduced and there was no surge in
deformation rate, which showed that the collaborative control
method of roof cutting for pressure relief and support
strengthening satisfied the long-term stability of entry. In
addition, no roof fall, collapse, or rib spalling occurred during
the service period of the entry. The surrounding rock control
method provides a reference for similar asymmetric defor-
mation entry affected by inclination.

6. Conclusions

Based on the above field investigation, theoretical analysis,
and numerical simulation results, the conclusions can be
summarized as follows:

(1) In gently inclined coal seam, the fracture line of the
main roof was positioned above the coal pillar.
Under the influence of inclination, horizontal stress
was transferred to the coal pillar which was the main
load carrier.

(2) Due to the influence of inclination, the overlying
strata fracturing and rotation occur severely, the
front abutment stress increases sharply, which is the
internal cause of entry asymmetric deformation
failure.

(3) According to asymmetric failure characteristics of
entry, collaborative control technology of roof cut-
ting for pressure relief and support strengthening is
put forward.

Data Availability

The experimental test data used to support the findings of
this study are included within the article.
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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. The
numerical modeling accuracy is validated using the available analytical and numerical solutions for both two-dimensional and
three-dimensional simplified cases. The 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. There 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. This 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. They 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. The 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. They
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. They showed that the transverse set-
tlement profile of the free field and the model with the
consideration of the superstructure follow a relatively
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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. The 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. Thus, 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

This 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. The 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. The 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. The 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, P; , to the initial field stress, P,),
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]:

o=0.4,+K, (1)
where
2c cos ¢
O =70
M 1—sin ¢
(2)
_l+sin ¢
C1-sin¢

where o, is the uniaxial compressive strength of materials
(in MPa), ¢ is the cohesion (in MPa), and ¢ represents the
friction angle. The minimum internal lining pressure
(critical pressure, P_,), 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 py and an inner pressure of P; (from the
internal support to the tunnel wall), if P; > P, (Figure 1), the
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FiGUre 1: The geometry of the two-dimensional model used to perform the validation.

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:

_ 2PO O
Po=a( ") )
”iezwwo‘})i)’ (4)

where v 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 12™ x 12™ with a 2 m in diameter circular
tunnel is considered for the modeling purposes. Poisson’s
ratio and Young’s modulus of materials, respectively, were
assumed to be v = 0.22 and E = 60 MPa. Far-field, in situ
stress is P, = 1.25 MPa. 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 Dragojevié. In this section, a two-dimensional
model is developed to model the problem previously solved
by Dragojevi¢ as the second validation phase. Geotechnical
and geomechanical properties of the layered studied soil are
presented in Table 1. Dragojevi¢, 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  =63% for his two-
dimensional models [30]. Like dimensions and features of
the original problem, a 50™ x 80™ model is developed
(Figure 3), in which the depth of tunneling and the tunnel
diameter are, respectively, 15m and 6 m 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. The thickness of concrete is
0.35m and other mechanical properties of the support
system are v = 0.15, E = 15GPa, and P = 2500kg/m>. 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 Dragojevi¢ [30].

3.2. Three-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:

S, (x) = Svmax(x)(O.ZS N 0.72(1 —(%)2» (5)

where X is the distance between the desired section and the
tunnel face, S, (X) presents the longitudinal ground settle-
ment across the excavation direction, S, .. (X) is the
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FIGURE 2: Comparison between the ground reaction curves calculated from the two-dimensional finite difference modeling and the
analytical relationships of Hoek.

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

Parameter Index Unit First layer (h,) Second layer (h,) Third layer (h;)
Coefhicient of lateral soil pressure k — 0.65 0.85 0.58
Density p kg/m’ 1850 2000 2000
Friction angle ¢ (o) 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
Contour of Z-displacement
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FIGURE 3: Geometry and meshing of the two-dimensional model used for validation, as well as vertical displacement contour.

maximum longitudinal ground settlement at the steady state B, \’ .

condition, and X* = (X/R) (R is the tunnel radius). Sy (%) = Sy max (%) [(0-22“ +0.19) +Ab<1 _<W) >] (x">0),
Unlu and Gercek presented a continuous function for

the prediction of the longitudinal settlement in the elastic (6)

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 A, =—(0.22v+0.19),

and behind the tunnel face [32]. B, = 0.39v + 0.65. 2

where v is Poisson’s ratio of the ground and
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FIGURE 4: Comparison between the ground’s transverse settlement profile of the present study and Dragojevi¢ [30].

Geometry of the model is discretized using 8-node,
quadratic grids. Model dimensions are, respectively, 80 m,
140 m, and 85 m in width, length, and height. The depth and
the diameter of the tunnel are, respectively, 30 m and 6 m.
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 80 m distance from the
initial side boundary. Mechanical behavior of the concrete
support system is linear elastic. Its thickness is 0.4 m, and
other elastic parameters of the support system, which is
installed with a delay step: v =0.15, E =20GPa, and
P =2500kg/m>. 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-
Dimensional Modeling versus Free-Field Case

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, 140 m, 140 m, 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). Three-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 6 m in length and the height of all stories is 3 m.
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).

The 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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FI1GURE 6: Geometry and meshing of three-dimensional models and surface structures.

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 p kg/m? 1700
Ground friction angle ¢ (o) 30
Ground cohesion c kPa 30
Ground Young’s modulus E MPa 60
Ground Poisson’s ratio v — 0.25
Radius of tunnel R m 3
Depth of tunnel Z m 30
Round length L,.. m 22
Density of support system p kg/m? 2500
Young’s modulus of support system E GPa 25
Poisson’s ratio of support system v — 0.15
Thickness of support system t m 0.4




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 v - 0.25
Cross section of beams BxH ccm?> 20x20
Cross section of columns BxL cm? 20x40
Moment of inertia of the beams (y) I, cm*  106666.7
Moment of inertia of the beams (z) I, cm?*  26666.7
Moment of inertia of the columns I, =1, cm® 2133333

0.2

Building

Position of the tunnel ¢ 5

Surface settlement (cm)

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

20 40 60 80 100 120 140
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FIGUurRe 7: Comparison between longitudinal tunneling-induced
settlement profiles of the free-field and three-dimensional super-
structure cases with regard to the tunnel advancement.

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
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different tunnel diameters, 8 m, 12 m, and 16 m. 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
45 m, 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, 18™x18™, 30™x30™, 30™ x 30™,
and 42™ x 42™. 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
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FIGURE 9: Stress contours in the vertical direction induced by the tunnel advancement for the model of tunnel with an 8-story

concrete structure.

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). The
studied beam and columns are, respectively, shown using B,
and C,, C;,C, symbols (Figure 23) and the variation of the
axial force and the vertical displacement of the columns
C,,C;, Cy; also, the bending moment and the vertical dis-
placement of the beam B, (at the beginning, middle, and the
end of the beam) with the tunnel advancement are then
depicted.

Vertical displacement of the column C,, C;, C, 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. The 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 C,
has the shortest distance to the axis of the tunnel, 1.4 cm,
while for columns C; and C, it is 1.1cm and 0.83 cm,
respectively.

The 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 C, column settlement causes
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Figure 10: Comparison of longitudinal settlement profiles between free-field and superstructure-included cases for the tunnel with the
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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 12 m.

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). The axial force released from this
column is transmitted by beams to adjacent columns. In the
case of column C; 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. This
is because the transfer of axial load from column C, to this
column modulates the decreasing trend of the axial force of
this column. Next, for column Cy, it can be seen in Figure 29
that, unlike the two adjacent columns, the absolute magnitude
of its axial force increases as the tunnel progresses. In other
words, although the subsidence of this column reduces its
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F1GURE 13: Comparison of the longitudinal tunneling-induced settlement profiles under the structure for different diameters of the tunnel.

axial force, the share of axial force from the two columns C,

and C; ultimately increases its axial force.

The 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 14: Comparison of longitudinal settlements between free-field and superstructure-included cases for the tunneling depth of 15 m.
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FIGURE 15: Comparison of longitudinal settlements between free-field and superstructure-included cases for the tunneling depth of 30 m.
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FiGure 16: Comparison of longitudinal settlements between free-field and superstructure-included cases for the tunneling depth of 45 m.
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F1GURE 17: Comparison of the longitudinal tunneling-induced settlement profiles for different depths of tunneling.
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F1Gure 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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F1Gure 20: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 12-story structure.
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FiGure 21: Comparison of longitudinal settlements between free-field and superstructure-included cases for the 17-story structure.
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F1GURE 22: Comparison of the longitudinal tunneling-induced settlement profiles under the structure for different numbers of stories of the
superstructure.

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 C; versus the tunnel advancement.
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FIGURE 26: Variation of the vertical displacement of column C, versus the tunnel advancement.
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FIGURE 28: Variation of the axial force of column C; versus the tunnel advancement.
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FIGURE 30: Variation of the bending moment of beam B, with the tunnel advancement.

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. The
developed numerical model is first validated against available
two-dimensional and three-dimensional, analytical, and
numerical models. Then, 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:

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-
(i) For the free-field case, with advancing the tunnel 8 J

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. This 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-

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) The 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.
The 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 8 meters under an 8-
story building and at a depth of 30 m causes the
column located at a distance of 3 m from the axis of
the tunnel (C,) to settle 1.4 cm and its axial force is
reduced by 31kN, and the column, located 9m
from the axis of the tunnel (C;), settles 1.1 cm and
its axial force is reduced by 14kN and column
located 15 m from the axis of the tunnel (C,) will
settle 0.82 cm, but its axial force will increase by
25kN.

pared to the free-field condition, but when the Data Availability
tunnel is at a depth of 45 meters under an 8-story

. . No data were used to support this study.
structure, only a 15% increase in settlement occurs. PP Y

(v) In creasing the depth of the tunneling increases
both maximum ground settlement and the value of
the settlement at the tunnel opening.
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(vi) When the tunnel face completely passes through the
superstructure, the longitudinal settlement profile of
the 6-story building shows a slight heaving behavior,
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structure. In such a condition, the settlement profile of the Art, pp. 225-290, Mexico, MX, USA, July 1969.
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