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One of the main challenges faced in designing and construction phases of tunneling projects is the determination of maximum allowable
advance step to maximize excavation rate and reduce the project delivery time. Considering the complexity of determining this factor and
unexpected risks associated with inappropriate determination of that, it is necessary to employ a method which is capable of accounting for
interactions among uncertain geotechnical parameters and advance step. The main objective in the present research is to undertake
optimization and risk management of advance step length in water diversion tunnel at Shahriar Dam based on uncertainty of geotechnical
parameters following a statistic-probabilistic approach. In this research, in order to determine optimum advance step for excavation operation,
two hybrid methods were used: strength reduction method-discrete element method- Monte Carlo simulation (SRM/DEM/MCS) and
strength reduction method- discrete element method- point estimate method (SRM/DEM/PEM). Moreover, Taguchi analysis was used to
investigate the sensitivity of advance step to changes in statistical distribution function of input parameters under three tunneling scenarios
at sections of poor to good qualities (as per RMR classification system). Final results implied the optimality of the advance step defined in
scenario 2 where 2m advance per excavation round was proposed, according to shear strain criterion and SRM/DEM/MCS, with minimum
failure probability and risk of 8.05% and 75281.56 $, respectively, at a confidence level of 95%. Moreover, in either of normal, lognormal, and
gamma distributions, as the advance step increased from Scenario 1 to 2, failure probability was observed to increase at lower rate than that
observed when advance step in scenario 2 was increased to that in Scenario 3. In addition, Taguchi tests were subjected to signal-to-noise
analysis and the results indicated that, considering the three statistical distributions of normal, lognormal, and gamma, under the scenario
with poor section, effect of normal stiffness of joints on excavation advance step was larger than that of other parameters. Accordingly, as the
RMR quality increased, normal stiffness of joints decreased, so that deformability modulus became more significant.
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or errors [3]. As such, inappropriate designs may end up with
unexpected risks such as reduced stability of tunnels. In order to prevent
such problems, managers should implement safety risk management
(risk identification, control and assessment) in underground projects
[4]. Meanwhile, in recent years, geotechnical risk management has been
promoted as an important issue in engineering geology and considering
increased complexity and scale of geotechnical projects [5].

Excavation step length represents one of the important parameters in
tunnel design which can lead to dangerous risks in cases where it is failed

1. Introduction

In last two decades, tunneling projects have had a considerable
growth all over the world. Many of such structures are excavated into
mediums of complex geological conditions with high degrees of
uncertainty in rock mass parameters and poor quality of the rock under
extensive stresses resulted by excavation operation [1]. For this reason,
rock mass is generally heterogeneous and required information for

designing underground excavations are mostly extracted from site
investigations and laboratory tests; however, the amount of data to be
obtained from such sources is very limited. Therefore, a large
distribution of ambiguity has encompassed underground excavations
[2]. Nevertheless, in order to analyze and design tunneling projects,
statistical and probabilistic estimations can be useful as they can account
for a wide spectrum of geotechnical parameters affecting the designs,
specially advance step design. Accordingly, based on uncertainties
associated with rock mass parameters, it is extremely important to
determine appropriate values of the parameters at certain level of
confidence when dealing with design and stability of structures
excavated into rock masses, such as tunnels.

Accordingly, in underground space engineering, risk sources and
accidents are generally resulted from either geotechnical uncertainties
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to be appropriately determined. In general, excavation step length is
defined as the unsupported distance or length of span which is
constructed in a single stage [6]. In preliminary tunnel design,
excavation step should be determined as one of the key factors.
Inappropriate excavation step can result in damages due to tunnel wall
and roof displacements, which will continue to the back of tunnel face
[7]1. However, being difficult to determine, this factor is often
determined based on expert judgments and designer’s experiences, and
in cases where wrong decisions are made in this regard, unexpected risks
will threaten the structure (e.g. reduced tunnel stability, economic losses
due to tunnel failure, and over-maintenance). Advance step is closely
related to the time and cost tunnel construction via stage excavation.
Accordingly, optimally determining the excavation advance step
represents one of the main challenges always faced in tunnels [2].

On this basis, design methods will be highly valuable where
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uncertainties and their resultant effect are taken into account. These
methods are known as reliability assessment methods. In a general
classification, reliability assessment methods can be classified into three
classes: analytical methods, approximations, and simulations. Of these,
Monte Carlo simulations (because of its ease of use and results
accuracy) and point estimation method (because of its fastness in
undertaking different analyses) are more popularly used.

Numerous studies have been dedicated to the determination of
excavation advance step in tunneling projects based on numerical
modelling. Among others, one can refer to the study by Vermeer who
utilized PFC software to validate input data into triaxial tests software
to investigate face stability with different step lengths [8]. Within the
same scope, Li and Shobert built physical models to determine the
mechanism and the relationship between tunnel convergence and
excavation step length. In this study, determination of the round length
was investigated for tunnels in weak rock, where the behavior is not
governed by discontinuities. This study focuses on shallow or medium
depth tunnels so that squeezing or rock burst is not concerned. The
behavior mode of the face and unsupported span was investigated by a
series of small scale model tests and PFC3D analyses. Total five types of
behavior modes are suggested for planning of excavation and support.
Based on the results from PFC3D analyses, the equivalent models were
analyzed by a FDM code, using elastic material behavior. The results are
illustrated in the ‘Conditional chart for excavation plan in weak rock
tunneling’ which shows the relationship between the safety factor and
relevant behavior mode as the round length varies [9]. However,
determination of tunnel advance step based on statistical analyses and
risk probabilities has been rarely considered by researchers. In this
regard, one may only refer to the study by Yu et al. where a solution is
proposed to determine excavation advance step for designing a tunnel
based on quantitative risk analysis with an emphasis on tunnel
construction cost assessment from data obtained in similar projects to
the one under consideration (which itself can introduce errors into risk
calculation results) [2]. Moreover, statistical distribution of uncertain
input parameters are solely taken as being normal; but other statistical
distributions should also be further considered. Apart from that, so far,
numerous studies have been conducted on sensitivity analysis of
geotechnical parameters to deformation and stability of the rock mass
surrounding the tunnel. However, in many of such studies, sensitivity
analyses are not undertaken on multiple parameters at the same time,
and the effect of distribution function of uncertain input parameters are
not considered as well, so that just a few studies have accounted for such
phenomena.

The results of a research by Hoy and Zhang showed that the modulus
of elasticity served as the most effective parameter on subsidence and
hence stability and displacements occurred around the tunnel [10]. A
finite element model of variable parameters was established according
to the geological conditions of the Galongla tunnel. Using deformation
monitoring data, back analysis was performed for the mechanical
parameters including elastic modulus, Poisson's ratio, cohesion, internal
friction angle and lateral pressure coefficient in order to get the real
values of surrounding rock. Then a sensitivity analysis was performed to
determine the most effective geo-mechanical parameters. The results
showed that, for vault settlement, the elastic modulus was more sensitive
than the other parameters. For the surrounding convergence which was
opposite to the vault settlement, the Poisson's ratio, cohesion and
internal friction angle were more sensitive than the elastic modulus. Su
and Sanky undertook sensitivity analysis of geo-mechanical parameters
on tunnel stability considering excavation-damaged zone using partial
factorial design (a design of experiment methodology) in FLAC 2D
Software. They simulated the mechanical stability of an underground
opening using FLAC, which is a two-dimensional modeling code, with
a consideration of EDZ. A sensitivity analysis was also carried out with
fractional factorial design. Modeling showed that the behavior and the
stability of an underground tunnel were strongly dependent on the
existence of the EDZ. The sensitivity analysis showed that the key
parameters affecting the factor of safety around the tunnel were in-situ
stress ratio, depth, cohesion, reduction ratio, internal friction angle, and
height and width of the tunnel. It is necessary to consider the EDZ,
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which can significantly affect mechanical stability in tunnel design [11].
The stability analysis of Huocheling tunnel introduced the plastic-elastic
mechanical analysis of surrounding rock stress-strain state, and
explained the sensitivity of mechanical parameters (E,u,C,o)
influencing the surrounding rock stability according to FLAC3D
numerical simulation software. According to the results of sensitivity
analysis, modulus of deformability and friction angle were found to be
relatively more effective than the other two parameters namely Poisson
ration and cohesion force [12]. In all of aforementioned papers, only one
parameter was changed at a time, keeping all other parameters constant.
In cases the parameters interact, the results are inaccurate.

Following a quantitative approach to risk for underground designs,
one can attain a better understanding of relative likelihood of risks
arisen in the course of construction phase, so as to optimize excavation
advance step in terms of both safety and economy. In the current
research, a solution is proposed to determine appropriate excavation
step in tunneling projects based upon risk analysis via two hybrid
methods, namely strength reduction method- discrete element method-
Monte Carlo simulations (SRM/DEM/MCS) and strength reduction
method- discrete element method, point estimation method
(SRM/DEM/PEM), where associated uncertainties are taken into
account; the solution can be used for designing underground structures.
In this probability-based approach, of all rock mass parameter, modulus
of formability, cohesion, internal friction angle and compressive
strength, and of all discontinuity parameters, normal stiffness of joint
sets were chosen as uncertain random variables and used in evaluation
of the probability of failure at Shahriar water diversion tunnel in
response to different advance step lengths and hence associated risks
with each step length.

Further in the present research, effect of the most important geo-
mechanical parameters of rock mass on advance step length at Shahriar
water diversion tunnel were investigated across sections of good, fair
and poor quality (as determined per RMR classification). Effects of
changes in type of statistical distribution function assumed for each
uncertain input parameter on Taguchi test index and thereby on
advance step length were further analyzed. For this purpose,
simultaneous analysis of the relationships among the parameters
affecting rock mass behavior was undertaken; reportedly, this has been
rarely addressed in previous studies. One of the methods which can be
used to address this imperfection and simultaneously analyze effects of
different geotechnical parameters is the design of experiment (DOE)
methodology. Indeed, the main reason for using this methodology is that
it allows user to vary multiple geotechnical parameters at the same time
in a single test. For this purpose, both of under study sections were
modeled in 3DEC Software into different classes. Then, DOE processes
were carried out using Taguchi methodology. Finally, performances of
Monte Carlo simulations and Rosenblueth's point estimation method in
evaluating failure probability and risk assessment under the effect of
different statistical distributions were compared in terms of both
displacement and shear strain.

2. Analysis Methods

2.1 Quantifying uncertainty in geotechnical parameters

Developments of in-situ and laboratory tests, significant uncertainties
in parameters of rock mass and intact rock are well understood. In order
to present accurate regional geological models, these uncertainties
should be quantified using different probabilistic techniques and then
accounted for in design process [13]. Soil and rock represent
heterogeneous and anisotropic media defined by a series of geometrical,
mechanical and strength parameters. It may be the case that these
parameters exhibited different values at two different points of the same
soil or rock mass, making it impossible to express such parameters as
exact values, unless measurements are carried out at every point across
the soil or mass, which is practically impossible to undertake. These
parameters will always have values which are impossible to exactly
characterize. This suggests that these parameters need to be defined via
a statistical process [14].
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In the present research, multiple uncertain geotechnical parameters
(cohesion, modulus of deformability, internal friction angle, uniaxial
compressive strength, and normal stiffness of joints) are quantified and
statistically analyzed using Hoek-Brown relationship and empirical
correlations.

2.11 Hoek-Brown failure criterion

Hoek-Brown criterion was used to determine uncertain parameters
in this research. In order to accurately analyze geotechnical designs such
as underground excavations, one should begin with attaining a
reasonable evaluation of mechanical behavior of rock mass which are
expressed using strength and deformability parameters. In this regard,
some empirical criteria are proposed for special cases. Of these criteria,
Hoek-Brown failure criterion has been widely used in rock masses [15].
This empirical failure criterion is expressed as a nonlinear relationship
between rock mass strength and principal stresses, with its general form
given in Eq. (1) — (4) [16].

0, = 03 + a.(my ? +5)¢ 1)
_ GSI-100
my =m; exp(28—14D) @)
SI—
S= exp(Ggl_—;Dm) 3)
1,1, =651 20
a=;+g(e15 —e3) (4)

In above relationships, o; is the maximum effective principal stress,
g is the minimum effective principal stress, o is uniaxial compressive
strength of intact rock, GSI is geological strength index, D is turbidity
index, and m; is the intact rock constant. The value of m; can be
obtained from specific tables based on rock structure (lithology,
mineralogy, and rock texture). my, is a constant which depends on the
state of rock mass. S and a are other rock mass parameters, with Sbeing
crushing index of the rock. The value of uniaxial compressive strength
of the rock can be obtained from Eq. (5).

Ocmass = Oci X s? (5)

Moreover, Eq. (6)-(8) are proposed for calculating internal friction
angle, cohesion and strength, respectively [16].
6amy, (s+mp,03,)2 1 ]
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Oci

Where 67}, denotes upper bound of confining stress; in tunnels, it
can be obtained from Eq. (9):
O3max O, —
‘j;_m = 0.47( cm/Hv ) 0.94 9)

Where o, represents total rock mass strength, Y is rock mass specific
gravity, and H is the depth from ground surface. In cases where
horizontal stress exceeds vertical stress, the horizontal stress replaces
Hy. Finally, 0., can be calculated by Eq. (10).

myp+4s—a(mp—8s)][mp/4+s]2 1

Ocm = Oci e 2((1lla)(z)]+[a)b/ : 10)

Considering the importance and effect of statistical distribution of
uncertain input parameters on determined advance step length, three
popular statistical distributions, namely normal, lognormal and gamma
distributions, are briefly introduced in the following sections.

2.2, Random variable distribution function

2.21 Normal Distribution

Normal distribution is among the most important continuous
distributions used in statistics. It is widely used as many natural
phenomena follow this distribution.

Probability density function for normal distribution is expressed in
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Eq. (11) [17].
o2 = L T2
f(x; u,0%) = e (11)
Where p is the position parameter with its value being equal to mean,
and o is the scale parameter with its value being equal to standard
deviation.

2.2.2. Lognormal Distribution

In some cases, continuous variable dose not exhibit normal
distribution and rather follows a lognormal distribution. Probability
density function for this distribution is given below [17]:
L

fx; n,0) = ez (12)

Where p is the position parameter and o is the scale parameter, with
mean and standard deviation of this distribution being calculated by Eq.
(13) and (14), respectively.

XOV2T

EX) =e*t7 (13)
St.D = /e2wto*(eo® — 1) (14)

2.23. Gamma Distribution

If the variable X exhibits the following probability density function,
it is said to be of gamma distribution [17]:
f(x;a,b) = a(ax)P"le 2*/T'(b) (15)
In Eq. (15), a is the scale parameter and b is form parameter. Mean
and standard deviation of this distribution can be calculated by Eq. (16)
and (17), respectively.

E(x)=axb (16)
St.D = +ba? (17)

2.3, Strength reduction method (SRM)

Commonly referred to as direct strain control, Sakurai’s method has
been based upon critical strain parameter. Sakurai presented strain
warnings at three levels for a rock, based on the rock’s modulus of
elasticity (E). Of these three warning levels, the critical strain resulted
by the warning level II is suggested as a basis for engineering designs.
Allowable strain can be determined by Eq. (18) — (20) [18].

loge. =—0.25log E — 0.85 (I (18)
loge., =—0.25log E — 1.25 (I1) 19)
loge. =—0.25log E — 1.50 (III) (20)

Where E is in kg/cm?, and ¢, is the critical shear strain under
unconfined compression around the tunnel.

Sakurai et al. proposed Eq. (21) and (22) for calculating three-
dimensional critical shear strain (y.) and critical displacement,
respectively [19].

Ye=(1+v)e (2D
g =% (22)

a

Where u, is critical displacement and a is tunnel radius.

In strength reduction technique, cohesion and internal friction angle
at given safety factor are calculated via Eq. (23). Then, a new model is
developed using newly calculated values of C'and @". Once the model
was balanced, excavation is initiated at a specific advance step length.
Afterward, shear strain of the considered model is compared against
Sakurai’s allowed shear strength. If the shear strength is lower than the
allowed value, the procedure will be repeated with a longer step length;
otherwise the procedure will be stopped.

_ tang _ E
FOS= e =0 (23)
24 Reliability analysis

The basic problem with reliability analyses is determination of the
failure probability (Eq. 24), which is equal to the multiple integral
probabilities [20-23], but in case of normality of the probability density
function and linearity of the basis function, using 3 one could determine
failure probability (Pf) according to Eq. 25 [24-27].
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Pr=08(-f=1-08(p) 25)

In fact it could be stated that the reliability analysis methods, transfer
uncertainties associated with the input parameters to the function’s
output value. In other words, the impact of input parameters’
uncertainty is considered in the output value. This method has two
advantages: first, it allows the designers to manage ambiguities present
in the design and computations in a logical way and therefore accurately
design or determine the sensitivity associated with different variables of
the plan. Second, decision makings are rarely desirable and these
methods provide a more logical basis for decision making in an analysis
which is completely certain.

2.4.1 Monte Carlo Simulation (MCS)

One of the most important simulation methods incorporated in the
geotechnical problems is the Monte Carlo simulation method [28].

The Monte Carlo method has been widely used due to its simple
application and accuracy of the obtained results. Simulation is
applicable for problems in which time factor is not important, therefore
Monte Caro simulation is a static method rather than dynamic. This
method, due to its more simple application compared to other
probabilistic analysis methods, is more appropriate for probabilistic
analysis and investigation of reliability.

Today the Monte Carlo method is widely used for very complicated
problems which have uncertain nature. The sampling procedure in the
Monte Carlo method is random i.e. each sample is randomly selected
from the distribution interval of input data [29].

This method has 5 stages: (a) Taking limited number of samples from
intended input parameters; (b) Analysis of the obtained raw
information; (c) Estimating and determining the type of statistical
distribution governing the samples and obtaining its statistical
properties; (d) Generation of the random values in terms of the
compatible distribution and determining the new statistical distribution
corresponding to the input parameters; (e) Estimating the intended
parameters of the rock mass using randomly generated values in the
previous stage.

2.4.2. Point Estimate Method (PEM)

One of the main reliability analysis methods which employs the
numerical methods in the geotechnical engineering is the point estimate
method [24]. This method was first introduced by Rosenblueth in 1975
in which the probability density functions of random variables are
simulated by points located on the plus or minus of a standard deviation
from the mean value [30-31]. In fact this method is a direct method and
provides rapid acceptable and appropriate results. In this method, in
order to calculate values like the safety factor, two estimation points are
selected with a standard deviation on both sides of the mean from each
side of the distribution, which represent the random variable (p+9 [32].
In other words for n variables, 2" assessments (numerical modeling) are
needed.

2.5, Numerical Modelling

The discrete element method (DEM) works better in underground
excavation analyses of jointed rocks compared to the finite element,
boundary element and finite difference methods [33]. In this research,
3DEC software, which is a 3D discrete element-based numerical
program, was utilized for obtaining the tunnel's safety factors. This
software can simulate the mechanical response of discontinuous
environments subjected to the static loads [34].
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2.6. Design of experiments methodology

The main objective of the present research is to investigate the most
effective geotechnical parameters on advance step length at water
diversion tunnel at Shahriar Dam. Reportedly, simultaneous analysis of
the relationships among the parameters affecting rock mass has been
rarely addressed in previous literatures. For this purpose, here we use
DOE.

In general, DOE is composed of 7 main steps [35]: (A) selection of
independent variables, (B) selection of test levels for each independent
variable, (C) selection of orthogonal array, (D) determination of
independent variables across each column, (E) testing, (F) data analysis,
and (G) inference.

2.6.1 Taguchi method

Generally, DOE follows either of single factor, full factorial, or partial
factorial approach. In single-factor approach, only one factor is changed
at a time, with all other factors kept constant. If the factors interact,
results of this approach will be inaccurate. In full factorial method, all
possible combination of factors will be considered. Although this
method can provide extremely accurate results, it requires a great deal
of time and money. In partial factorial approach, a limited number of all
possible combinations of factors are selected, and once the required tests
were undertaken in this selected set of combinations, data analysis is
undertaken [36]. As one of the most popular partial factorial methods,
Taguchi technique was employed in the present research. In other
words, this technique was used as it allows the user to vary multiple geo-
mechanical parameters of the same numerical model at the same time
before undertaking data analysis.

Therefore, based on the methods presented in this research, a
quantitative approach to risk was developed to assess the effect of
associated uncertainty with geological conditions on excavation advance
step length in tunneling projects, ground response and tunnel stability
performance based upon risk analysis and reliability assessment
methods. Implementation process of the newly proposed approach is
demonstrated in Fig.1.

‘Numerical modeling with
*  3DEC software basedon -
different advance step
c Quamif.ymg of x
o uncertainty by E Determination of maximum
E, Hoek-Brown shear strain and critical
mass ¥ criterion and i I
Oemmoss ; displacement
K empirical
" relationships ]
Comparison of shear strain
and displacement caused by

numerical modeling e
(3DEC) with Sakurai shear 7
strain and displacement

x Construction cost

Expected cost D inati Probability of failure of
of loss of B < advance step foreach <
scenario

Fig. 1. The process of risk analysis to determine the optimal advance step.

3. Project background

Shahriar double curvature storage dam is constructed on Gezel Ozan
River, 40 km downstream of Miyaneh City, at North West of Iran (Fig.
2.a). To protect the dam site against floods, a water diversion tunnel was
constructed at the left abutment of the dam site with the horse shaped
section and the diameter of 147 m and length of 514 m (Fig. 2. b).
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Fig. 2. (a) Location of studied area in Iran (b) The picture of shahriar dam water diversion tunnel.

3.1 Geological Environment

Shahriar Dam site is comprised of volcanic rocks belonging to the
Karaj formation of Eocene age, dioritic masses and quaternary
sediments. The constituent components of the Karaj formation at the
site include Tuff, Agglomerate and Andesite. The dioritic unit which
probably has influenced the Karaj formation during Oligocene period
comprises the major portion of the diversion tunnel. The dioritic rocks
of this formation are green to grey colored and have a fully crystallized

porphyritic texture. At the margins of the unit, especially at the river
upstream where the entrance of diversion tunnel is located, signs of
alteration and formation of hornfels are observed. Also, at the contact
surface of this mass and the Karaj formation, parts of the Karaj
formation are surrounded by the dioritic masses which have been
outcropped by erosion. Totally, less than 60 Km of the tunnel length at
the entrance and exit are located in this area. The remaining parts of the
tunnel are excavated in the dioritic unit. The geological map together
with the rock units’ details and the topography along the longitudinal
axis are shown in Fig. 3.
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Fig. 3. Geological map of Shahriar dam water diversion tunnel.

3.2 Study Area

Prior to construction of the tunnel it was predicted that the 350 — 360
m section (scenario 2) would be the most problematic part along the
water length of diversion tunnel due to the presence of uncertainties in
the tunnel’s geo-mechanical parameters. In this section, five parameters
including C, E, @, K, and 6,555 have uncertainties which would result
into high risks in the design of tunnel support system. Based on the high
instability potential of the tunnel, this section of the tunnel was selected
to be analyzed as the study area. This section is an ideal one for the risk
analysis due to a) variety in the rock mass behavior, b) uncertainties in
the parameters and c) this fact that the consequences due to improper
support system could considerably affect the project’s budget.

Although the accurate estimation of the rock mass parameters is a
way for reliable design and stability of the excavated space, estimation
of these parameters is difficult due to the presence of weak
discontinuous plates which produce anisotropy. In the stability analysis
and design of the support system, measurement of the geo-mechanical

quantities of the rock mass is of vital importance, so that accuracy and
validity of the obtained results from the analyses are in close connection
with the precision employed in measuring these quantities.

In cases the rock mass contains important faults and joints, due to
intersection of these discontinuities, some segments of the rock are
separated from the main rock in form of blocks or wedges and there is
possibility of collapse or sliding. These collapses are the result of
intersection of some discontinuity systems after excavation and creation
of free faces.

Therefore, prior to any excavation at these areas, first the probable
wedges shall be identified, and then, to prevent fall of the lose wedges,
the support system shall be designed based on the rock type, weight of
the wedge and other geological conditions. Hence the importance of
accurate and optimal determination of the support system is
understood, so that in case of its precise determination the risks
associated with the tunnel collapse and probable damages could be
avoided. In Table 1, the rock mass and joint sets parameters of three
scenarios of tunnel are shown. All original data of parameters presented
in this research are obtained through field investigation and experiment.
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Table 1. Rock mass and Discontinuities parameters of scenarios.

Intact rock and field properties Value
Scenario 1 Scenario 2 Scenario 3
UCS (MPa) 140 125 100
Max. overburden (m) 160 80 70
E; (GPa) 95 85 80
Joint sets (Dip/Dip Direction) 86/53, 88/230, 73/124 64/137,76/194, 86/44, 83/285, 78/169 65/138, 83/286, 79/170, 85/45, 45/297, 57/213
Aperture (mm) / Spacing (cm) <1/30-60 <1 /30-80 <1 /20-100
Roughness rough Rough rough
infilling Calcite and clay Clay clay
weathering weathering weathering slightly weathering
GSI 60-65 55-65 25-30
RQD 55 70 30
RMR 62 57 39
Q 7.39 4.24 0.58

4. Application of risk analysis

In this section, utilizing the following three stages which are based on
the randomness of rock parameters surrounding the tunnel and the
reliability analysis, the failure probability for each scenario of the
advance step is determined.

Step 1: Quantifying uncertainty

A) Determination of C, E, @:

One of the common methods for determining the geo-mechanical
parameters of rock mass, like cohesion and internal friction angle, is
application of the Hoek - Brown failure criterion. Hoek and Brown
believed that a failure criterion is accurate and successful when the
following three conditions are satisfied by it: a) A full description of the
rock reaction and response against all stress situations. b) Prediction of
the impact and influence of one or more failure sets on the behavior of
arock sample. c) Demonstrating the behavior of a rock sample having a
number of joint sets in full scale.

The analytical results corresponding to the rock masses failure
criteria for the investigated tunnel sections are obtained using RocLab,
2007 software. The input parameters of RocLab software are [37]: o;

the uniaxial compressive strength of intact rock. m;: The intact rock
parameter. D: the disturbance factor. GSI: geological strength index. The
rock mass input parameters are presented in Table 2.

Table 2. The rock mass input parameters of RocLab software.

Parameters Sigci (MPa) GSI my D

Scenario 1 140 60-65 24 0.8
Scenario 2 125 55-65 24 038
Scenario 3 100 25-30 24 0.8

B) Determination of E. . , Ocmass and K, using empirical
relationships:

Estimation of the rock mass deformation is needed nearly for any
kind of analysis in tunnels, slopes and underground spaces as a whole
[38]. In-situ estimation of E,, for a rock mass is costly and difficult [39].
Therefore, empirical methods are often used for E;, estimation.
Utilizing the empirical relationships, the deformation modulus values
are calculated for different sections of 3 defined scenarios which are
given in Table 3. In this way, the fitness ability of different distributions
over the input data is assessed using Minitab software with 95%
confidence level and the type of statistical distribution of intended
parameters is determined.

Table 3. The proposed empirical equations for calculation of Ep,ss (GPa).

Equation Limitation Equation no. Section 1 Section 2 Section 3
RMR=62 RMR=57 RMR=32
Rock mass classification system Q=739 Q=424 Q=058
RQD=55% RQD=70% RQD=30%
E; (elastic modulus of intact rock) 95 85 80
En = 2RMR — 100 [40] RMR > 50 (26) 24 14 -
B, = 10579 1411 RMR <50 (27) - - 531
Em = 0.1(RMR/, )3 [42] - (28) 23.83 1852 593
E, = (1 _ g) 10(“‘4‘010) [43] 6. > 100 Mpa (29) 12.68 10.67 17
1 —
By = 1072 [44] Qc=Q (0,/100) 30) 2179 1743 834
E,, = E;(1000186RQD-191y [45] - 31 1233 2066 3.56
1-D, - 2 19. 14. 2.4
Em = E[0.02 + — o2 [46] 32) 935 53 7
1+e( 11 )
E, = Eiexp[W] [47] - (33) 10.7 718 2.41
Em = E;exp(0.8625logQ — 2.875) [47] - (34) 1134 824 368
Table 4. The proposed empirical equations for calculation of G¢pass (MPa).
Equation Limitation Equation no. Section 1 Section 2 Section 3
RMR-100 - (35) 16.95 11.47 338
Ocmass = Oci e ) [48]
RMR-100 -
Gemass = Oci€ 1075 [49] (36) 18.45 12.62 3.86
MR—-100
Gemmass = Oge 5 [50] - €7) 2874 20.83 630
MR-100
Gemass = Oge i [51] - (38) 1421 9.91 379
Gemass = 0.5e%06RMR[57 1 - (39) 2063 15.28 519
RMR -
Oemass = moci 531 B=6 (40) 29.93 2262 9.60
- Scin1/3
Oemass = 5Y(Q3p)""" [44] - (41) 30,50 2441 1167
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Moreover, being jointed, the medium into which diversion tunnel at
Shahriar Dam is excavated has uncertainties associated with normal
stiffness. Normal stiffness can be calculated by Eq. (42). As can be
observed, this parameters depends on E s and since E ¢ itself is
uncertain, the parameter K,, will be of uncertainty as well. So, it can be
stipulated that, across Sections 1 and 3, six different values were
obtained for the two uncertain parameters of C and @, and 14 different
values were calculated for the three parameters of E,,ss, Ocmass and Ky,
However, the corresponding figures to Section 2 were 11 and 19,
respectively.

_ EEp
Ky = S(E-Em) (42)

S represents average spacing of discontinuities.

Since many of natural phenomena exhibit normal distribution, in
many probabilistic investigations on geo-mechanical problems, input
data are assumed to be distributed normally. This is while there are cases
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where available data exhibit non-normal distributions, or no specific
distribution can be well fitted to the data. In such cases, the point is that
how does the form of probability distribution function of input data
affect outputs of a probabilistic method? For this purpose, once finished
with finding all possible values of parameters, two other important and
popularly used distribution functions (lognormal and gamma) were
further used to fit to the five parameters considered in the present study.
Characteristics and parameters of these functions are reported in Table
5. Subsequently, 1000 random data points were generated for each
random variable under each scenario and numerical modelling was
conducted. Further, according to the analysis using point estimation
method, with 5 random variables under each scenario, we ended up with
2" = 32 combinations of parameters based on two estimated points
(lower and upper bounds of each variable).

Table 5. Parameters of normal, lognormal and gamma distribution for each scenario.

Distribution type Normal Log normal Gamma

Variable Scenario Para 1 Para 2 Para 1 Para 2 Para 3 Para 2
C 15073 0.108 0.408 0.066 192.48 0.008
] 55.642 0.713 4019 0.018 6097.2 0.009
E 1 14.633 4445 2.647 0.260 10.837 1350
Gemass 26712 4086 3256 0256 19263 1387
Kn 40.601 16.550 3.638 0.339 6.018 6.746
C 0.944 0.145 -0.068 0144 42222 0.022
] 58192 1211 4064 0.020 23105 0.025
E 2 12.194 3.896 2.455 0.299 9.795 1.245
Gemass 21422 5.750 3.021 0312 13.88 1543
Ky 26.247 9.849 3.207 0.343 7.102 3.696
C 0.271 0.018 -1.306 0.060 23543 0.001
(0] 41762 1.238 3.732 0.027 1138.7 0.037
E 3 3.09% 2.084 0.960 0.552 2205 1403
Gemass 6379 2296 179 0339 7.721 0.826
Ky 5.462 3.906 1511 0.578 1.956 2793

Step 2: Numerical modelling of the statistical analysis results

The selected geometry of built models was 70 m width, 70 m height
and 10 m length and then the discontinuities including the joint sets
were added to them. In this case all boundaries are taken fixed and only
the upper boundary is taken free. After applying the boundary
conditions, the built model was solved for reaching the initial balance.
The proposed excavation method for Shahriar Dam tunnel is by step
method. First, the curved section of the tunnel roof (heading) is
excavated in two stages, then the rectangular section (benching) of
tunnel is also excavated in two stages. Once the model was balanced,
excavation was initiated at a specified advance step length. Then,
maximum critical shear strain of the model under consideration was

compared against allowable shear strain. If the shear strength was lower
than allowed value, the procedure would be repeated with a longer step
length; otherwise the procedure is stopped. Therefore, considering the
1000 data points generated by Monte Carlo simulation and 32 estimated
data points according to the point estimation method, 1032 different
advance step lengths were obtained with all of the three statistical
distributions (normal, lognormal and gamma). Mean, standard
deviation (StD) and coefficient of variation (COV) of advance step
lengths obtained from either of the proposed hybrid methods at 95%
level of confidence are reported in Table 6.

Table 6. Statistical information of advance step obtained from SRM/DEM/MCS and SRM/DEM/PEM methods.

Criterion Method Scenario Normal dist. Log normal dist. Gamma dist.
Mean StD Ccov Mean StD Ccov Mean StD Ccov
1 1.440 0.318 0.220 1446 0.325 0.225 1.440 0.333 0.231
SRM/DEM/MCS 2 1.448 0.325 0.224 1433 0322 0.225 1435 0.333 0.233
(a) Shear strain 3 1437 0331 0.230 1426 0.329 0.230 1415 0.334 0.236
1 1516 0.401 0.265 1531 0.415 0.271 1476 0.383 0.259
SRM/DEM/PEM 2 1.445 0.363 0.251 1492 0.399 0.267 1.445 0.374 0.259
3 1414 0.345 0.244 1375 0317 0.230 1359 0323 0.238
1 1444 0323 0.224 1443 0.334 0.231 1438 0.337 0.234
SRM/DEM/MCS 2 1429 0323 0.226 1419 0.330 0.232 1418 0.330 0.233
(b) Displacement 3 1423 0.339 0.238 1414 0332 0.235 1392 0.336 0.241
1 1602 0.453 0.283 1586 0.443 0.279 1516 0.401 0.265
SRM/DEM/PEM 2 15% 0.448 0.281 1539 0.422 0.274 1555 0.434 0.279
3 1562 0.439 0.282 1570 0.441 0.280 1531 0.425 0.277

Step 3: Estimation of Pr and risk for each scenario
In order to calculate failure probability under either of the scenarios,
number of the samples given by Monte Carlo analysis wherein failure

occurred (advance step lengths smaller than 1 m) was divided by total
number of samples (1000 samples from Monte Carlo simulations plus
32 samples given by point estimation method). In fact, from
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mathematical point of view, a cumulative distribution is defined as the
integral of normalized probability density function, while technically, a
point on cumulative distribution gives that probability; such a point will
refer to a random variable with its value being either smaller or larger
than a given value. A step length of 1 m was chosen because advance
steps of smaller than 1 m were economically unviable. Cost of
constructing 10 m of tunnel was obtained by summing up the excavation
cost and the cost incurred by tunnel maintenance system. Once finished
with calculating maintenance system and excavation costs for each
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section with different qualities (as per RMR classification system) and
accounting for failure probability via both methods, expected cost of
damage was evaluated for different advance step lengths. Figs. 4 and 5
compare the results of failure probability calculation for different
lengths of advance step according to the two proposed methods
considering either of normal, lognormal, or gamma distributions.
Finally, Table 7 presents associated risks with each scenario based on
both shear strain and displacement.
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Fig. 4. Probability of failure for each scenario in SRM/DEM/MCS method based on (a) shear strain (b) displacement.
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Fig. 5. Probability of failure for each scenario in SRM/DEM/PEM method based on (a) shear strain (b) displacement.

Table 7. Risk computed for 3 different distribution types by SRM/DEM/MCS and SRM/DEM/PEM methods.

Criterion Method Scepario  Risk ($) obtained by assuming:
Normal distribution  Lognormal distribution ~ Gamma distribution
1 75875.86 75657.68 7599550
shear strain
2 75525.41 75281.56 75476.64
SRM/DEM/MCS 3 87888.57 87313.15 87560.90
displacement
1 76319.25 76157.38 76284.06
2 76075.83 76138.53 75999.19
3 88360.10 88304.16 88943.52
1 76854.41 7744532 7630517
shear strain 2 76117.63 77169.69 7555328
3 87952.51 8831215 8714531
X SRM/DEM/PEM
displacement 1 77023.04 77959.08 76959.70
2 76654.11 77699.20 76939.77
3 8914333 90094.38 89974.50
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According to the results, it is obvious that a change in probability
distribution of input data, different values of failure probability risk for
each advance step length are obtained with either of the proposed
methods. This is while no changes is imposed to the final solution in
terms of optimum advance step length. In other words, an advance step
length of 2 m was suggested as the optimal advance step length in terms
of both economic factors and safety considerations as it provided lowest
risk level according to either of the two proposed hybrid methods,
considering either of the three probability distribution functions for
input data, and using both criteria of shear strain and displacement.

As can be observed from the results of Monte Carlo simulation and
point estimation methods for optimization of advance step length, in
spite of the optimality of the 2 m advance step length, final risks
associated with different scenarios are just slightly different. Such a
slight difference can be explained by the number of data points
modelled in terms of C, E, and () values. Indeed, only two points (upper
and lower bounds of the parameters of the variable) were accounted for
in the point estimation method while Monte Carlo simulations were fed
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by 1000 data points when it came to reliability calculations. In other
words, it can be concluded that, one can end up with more reliable
results by taking into account all possible values of uncertain parameters
in risk assessment and reliability calculations. Hence, generally speaking,
it can be said that, one can attain higher confidence levels in
determining excavation advance step length in tunneling projects by
increasing the number of tests or more generally the deal of available
random data for risk assessment and reliability analysis. Moreover, it is
seen on Figs. 6 and 7 that, under different scenarios, an increase in
advance step length can boost failure probability, such that as the step
length is increased from 15 m to 2 m, corresponding probability of
failure increased at lower rate, while the probability increased at
considerably higher rate when the step length was further increased to
3 m. Moreover, it should be noted that, failure probabilities obtained
with shear strain, rather than displacement, as failure criterion were
more in agreement with experimental data regardless of the statistical
distribution assumed.
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Fig, 6. The relationship between the Py with the expected costs of the failure in SRM / DEM | MCS method.
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Fig. 7. The relationship between the P¢ with the expected costs of the failure in SRM / DEM | PEM method.

5. Sensitivity analysis

In the present research, in order to investigate the effect of type of
probability density function of uncertain parameters on optimum
length of advance step in tunneling excavations, three types of
probability distribution functions (normal, lognormal, gamma) were
chosen to be fitted on quantified data. Characteristics of required
parameters for each of the distribution functions are reported in Table
8. Once required parameters for each probability density function were
obtained, mean and standard deviation of each uncertain input
parameter was calculated for either of the three distribution functions.

5.1 Determination of test levels, orthogonal arrays and test index
relationships

In order to apply DOE methodology, three levels were assumed for

each factor: good, fair, poor. The three test levels for each variable with
each distribution function were determined according to the following
approaches: (A) unbiased point estimator, and (B) the two points
returned by Rosenblueth's point estimation method [54-55]. In other
words, the parameter p was recognized as having three estimators: &,

M, and M,,. However, it has been shown that fluctuations in mean are
less than those of median and mode, i.e. mean value is more stable than
median or mode, and the most important characteristic of mean is its
unbiasedness. So, the three levels considered for each parameter at three

sections in the present research were (I + o, WU — o) . Quantitative

values of the four levels determined for the considered factors are
presented in Table 9.
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Table 8. Mean and standard deviation for each of the distribution functions.

Variable  Scenario = Normal Distribution Lognormal Distribution Gamma Distribution
Mean StD Mean StD Mean StD
1 1507 0.108 1.507 0.099 1501 0.108
C 2 0.944 0145 0.944 0137 0.946 0.145
3 0.271 0.017 0.271 0.016 0.259 0.017
1 55.642 0.713 55.644 0.651 55.480 0.710
17 2 58192 1210 58195 1146 58220 1210
2 4176, 1937 41761 1132 41790 1240
1 14.633 4445 14590 3.85 14.633 4450
Emmass 2 12194 3.896 12184 373 12190 3.890
3 3.094 2.083 3.043 182 3.090 2.080
1 26.712 4086 26.804 6.98 26.710 6.080
O mass 2 21422 5.750 21.545 6.89 21420 5.750
3 6379 2.296 6.380 495 6.380 2290
1 40.601 16.550 40.392 14.55 40.600 16.550
K, 2 26.247 9.849 26195 9.25 26.250 9.850
3 5.462 3.906 5.355 337 5.460 3.910
Table 9. Quantitative values of the four levels determined for the considered factors.
Variable  Scenario Normal Distribution Lognormal Distribution Gamma Distribution
1 1507, 1.616,1.399 1507, 1.606, 1.408 1501, 1.609, 1.393
C 2 0.944,1.089, 0.799 0.944,1.081, 0.807 0.946, 1.091, 0.801
3 0.271, 0.289, 0.254 0.271, 0.287, 0.255 0.259, 0.276, 0.242
1 55.642, 56.355, 54.929 55.644, 56.295, 54.993 55.480, 56.190, 54.770
a 2 58192, 59.403, 56.981 58195, 59.341, 57.049 58220, 59.430, 57.010
3 41.762, 42.999, 40.524 41.761, 42.893, 40.629 41.790, 43.030, 40.550
1 14.633,19.078,10.188 14.590, 18.440, 10.740 14.633,19.083,10.183
Emass 2 12194, 16.090, 8.298 12184, 15.914, 8.454 12.190, 16.080, 8.3
3 3.094, 5178, 1.010 3.043, 4.863,1.223 3.090, 5.017, 1.010
1 26.712, 32.798, 20.626 26.804, 33.784,19.824 26.710, 32.790, 20.630
Ocmass 2 21.422,27172,15.672 21.545, 28.435, 14.655 21.420, 27170, 15.670
3 6.379, 8.675, 4.083 6380, 11.330, 1.430 6380, 8.670, 4.090
1 40.601, 57.151, 27.051 40.392, 54.942, 25.842 40.60, 57.15, 24.05
Kn 2 26.247, 30.0961, 16.398 26.195, 35.445, 16.945 26.25, 3610, 16.40
3 5462, 9.368,1.556 5.355, 8.725,1.985 5460, 9.370, 1.550

According to DOE methodology, a parameter called test index can be
used to help the user make proper judgments. An appropriate test index
should be 1) sensitive to input parameters, and 2) measurable [56]. In
the present research, the test index is defined in Eq. (43) and (44).

TI = (8;Sa:::ai) (43)
TI= (Es‘:—) (44)

Where TI is the test index, 8,4 represents maximum displacement
around the tunnel, &,,, is maximum shear strain (as obtained from
3DEC software), and 8g,yrq; and €gaiura; are allowable displacement
and shear strain from Sakurai’s relationships.

In order to calculate test index, once finished with numerical
modelling and extracting maximum displacement and strain for the 27
Taguchi tests assuming different probability distribution functions,
values of displacement and shear strain were further calculated by
Sakurai’s relationships. Finally, dividing maximum displacement and
shear strain by corresponding values obtained by Sakurai’s relationships,
test index was calculated.

When designing experiments according to Taguchi, special tables
called orthogonal arrays are used. Application of these tables largely
facilitate the DOE process. For this purpose, in order to investigate the
effect of the factors under test, one should consider appropriate
orthogonal arrays. Next, appropriate orthogonal arrays are selected for
each section in each probability distribution. Taguchi orthogonal arrays
are expressed as L, (b®) where a represents the number of times the test
has been conducted (numerical modeling), b denotes the number of
levels considered, and c is the number of factors [57]. As such, in the
present research, considering five uncertain parameters and three test
levels for each, we ended up with orthogonal arrays of the following
form (L,,(3%)).

5.2. Numerical modelling and test index

After statistically analyzing the uncertain parameters at each section
and determining test levels and Taguchi’s orthogonal arrays, 27
numerical simulations were run for each section and each probability
distribution (L, (3%)).

Considering discontinuity of the medium into which water diversion
tunnel at Shahriar Dam is excavated, numerical simulations were
undertaken utilizing 3DEC finite element software. Considering the
order and sequence of excavations, the tunnel is excavated in stages, ie.
four stages.

5.3. Taguchi sensitivity analysis

In DOE via Taguchi’s methodology, targeted and simultaneous
changes are made in factors affecting a system, and the resulting changes
in outputs are investigated to attain an extensive understanding of how
such factors affect the outputs. Identification of the factors of high
signal-to-noise ratios will attenuate the effect of adverse factors [58]. In
this section, once finished with determining test levels, orthogonal
arrays, and test index, the orthogonal arrays were analyzed on the basis
of the statement “the larger, the better” as defined in Eq. (45) [59]1.

n; = —-10 lOglO[iZ{éi:l%] (45)
ij

Where nj;; denotes signal-to-noise ratio of the ith test and nth
replicate of the tests.

Design process of underground structures are often performed with
some approximate knowledge of geo-mechanical parameters of rock
mass. This is while an accurate knowledge of such parameters is
necessary for determining excavation methods, designing maintenance
systems, and finally analyzing stability state of the structure. Among
these four parameters, Young’s modulus is the most highlighted
parameter indicating mechanical behavior of rock mass; it is necessary
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for stress distribution and displacement analyses, or more generally,
describing rock mass behavior in rock engineering projects [60].
Moreover, discontinuities in rock masses surrounding a tunnel (e.g.
faults, joints, fractures) play a critical role in rock mass stability around
the tunnel, particularly tunnels excavated into hard rocks [61]. Many
rock structures are designed to be constructed into jointed rock masses
at large scale; this makes the rock structure difficult to design and
maintain. Stability of these structures is mainly affected by the
distribution and behavior of discontinuities [62]. As such, in
discontinuous rock medium, instability conditions are further

Gamma
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controlled by strength coefficients of discontinuities. Among these
parameters, normal stiffness of joints are of the most important
parameters affecting the behavior exhibited by discontinuities and
hence stability of rock structures. According to the aforementioned
discussion, one can conclude that modulus of deformability and normal
stiffness of joints significantly affect stability and behavior of rock mass.
Results of the analyses undertaken by taking displacement and strain as
test index in Minitab Software are presented in Figs. 8 and 9,
respectively.
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Fig. 8. The effect of the uncertainty variables on the advance step based on displacement test index.



172 S. Ghorbani et al. / Int. J. Min. & Geo-Eng. (IMGE), 51-2 (2017) 161-176 UMGE I
Gamma
Main Effects Plot for SN ratios Main Effects Plot for SN ratios Main Effects Plot for SN ratios
Data Means Data Means Data Means
E mass [ocmass| Kn 0 E mass'sc_cmass] K n C E mass[c cmass K n

0-2 m'3 &
Q =) C 34!
=-3 = . =30
g 4 g 835
z Z; 740
h-3 %) Nyl
- = w
0-6 °% .50/
= = £

- g 5.5
e $a 5
5> -8 z E-ﬁ.»r

9 k] L i . i 6.5

131231231231123 3123113113113 131231231231123

Signal‘—tn—nu?se:Larger is better SIgDﬂl ttHlOlSE Larger is better Signal- tu—nmse Larger is better

Main Effects Plot for SN ratios

Data Means

Main Effects Plot for SN ratios
Data Means

Main Effects Plot for SN ratios
])ata \1eans

mass 6 cmass) K n
) w3
] 0
L £4
z+ 4
1) n-s
54 5
: g
g 5
2 >
-7
3

1231231231231123
Signal-to-noise: Larger is better

E mass /s cmass] K n W E mass/e_cmass] K n
w -
;E-s.s
i'-1.0
Z
HEN
.
Q50
£
=55
b
>0
6.5
3123113 1231213113

Slg]]ﬂ] tu-nﬂlse 1L:mger]s better

Slgnal t&nmse Larger is better

Main Effects Plot for SN ratios

Main Effects Plot for SN ratios

Main Effects Plot for SN ratios

Data Means Data Means Datah\leﬂns -

W 0 E mass /6 cmass] K n C 0 T massls s K1 i mass 6_cmass] Kn
s 5 ki
=35 =4 =
2 ]
L L k4 -
z4 Z50 4 2

S

A4S Dss R o
c "5 ° [}
£-50 pall g =
S .. 565 §4
= | >

6.0 13 1

o 123123123123113
Signal-to-noise: Lavger is better

S]gnal tu-nmse ]Largerls beﬂer

3123113

. 2312311
R Slgnai—tu-nullse:]_argerllsberter

Fig. 9. The effect of the uncertainty variables on the advance step based on shear strain test index.

As the results show, for both criteria (displacement and shear strain),
different levels of sensitivity were found depending on the type of used
probability function. Therefore, as rock mass quality (as measured per
RMR classification system) decreases, effect of normal stiffness on
tunnel stability increases. This is while a reduction in rock mass quality
was observed to increase the effect of deformability modulus on the
tunnel stability. At scenario 1, for both test indexes, Ey,ss and @ in the
normal distribution, E; . and C in the lognormal and gamma
distribution were found as the most effective parameters on tunnel
stability. Moreover, at scenarios 2 and 3, one can see that normal
stiffness of joints represent the most effective parameter on the tunnel
stability. At scenario 2, according to displacement criterion, three
parameters of E s, @ and C were found to be of large contributions
into tunnel stability, while the other four parameters were found to be
of virtually the same deals effective when shear strain was taken as test
index. Finally, at scenario 3, following normal stiffness, the parameter

@, in normal distribution, and the parameters @ and C, in lognormal
and gamma distributions, were found to be the most effective
parameters. According to these results, one can say that, failing to
consider type of probability distribution function of uncertain input
parameters when calculating tunnel stability is likely to introduce
significant deals of error into calculations. Accordingly, achieving more
accurate estimations is easy by prioritizing the distributions based on
their effectiveness.

Table 10 reports statistics of test index based on both criteria:
displacement and shear strain. Moreover, by simultaneously changing
probability density distribution functions of all five uncertain variables,
values of Taguchi test index were seen to change. Considering median
of the confidence interval over the three confidence intervals calculated
for test index of each section, and determining maximum difference
between the three medians, one can determine maximum difference in
values of test index as types of probability density distribution functions
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of five uncertain factors change. It is worth noting that, within the
mentioned confidence intervals, the median of confidence interval is the

same as mean of data (Table 11). Maximum difference in the values of
test index across the three sections is presented in Table 12.

Table 10. Statistical information obtained from Taguchi experimental index in each scenario of tunnel.
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Criterion Scenario Distribution Mean StD Median Maximum Minimum
Normal 0.644 0.249 0.64 1 016
1 Lognormal 0.608 0232 0.64 1 016
Gamma 0.628 0.251 0.64 1 016
Normal 0.604 0.237 0.64 1 015
Displacement 2 Lognormal 0.602 0227 0.64 0.94 015
Gamma 0.606 0.203 0.59 0.94 015
Normal 0.579 0.198 0.59 0.94 015
3 Lognormal 0.576 0170 0.58 091 015
Gamma 0.589 0.180 0.59 091 015
Normal 0.644 0.225 0.64 1 017
1 Lognormal 0.611 0.210 0.64 1 016
Gamma 0.651 0.246 0.69 1 016
Normal 0.645 0218 0.64 1 015
Shear strain 2 Lognormal 0.587 0.232 0.59 0.94 0.15
Gamma 0.622 0.216 0.64 0.94 015
Normal 0.591 0180 0.59 0.94 0.19
3 Lognormal 0.589 0.180 0.58 091 015
Gamma 0.626 0.186 0.59 0.95 0.15
Table 11. Confidence intervals of Taguchi experimental index.
Criterion Scenario Normal Distribution Lognormal Distribution Gamma Distribution
1 0.520-0.767 0.493-0.723 0.504-0.753
Displacement 2 0.487-0.722 0.490-0.714 0.505-0.707
3 0.481-0.677 0.491-0.660 0.500-0.678
1 0.532-0.755 0.507-0.716 0.529-0.772
Shear strain 2 0.537-0.753 0.472-0.702 0.515-0.729
3 0.502-0.680 0.500-0.679 0.534-0.718

Table 12. Maximum difference in the values of test index.

experimental index Scenario 1 Scenario 2 Scenario 3
Displacement 359 037 137
Shear strain 392 578 3.66

6. Results and discussion

Uncertainty is inherent in geological engineering problems and can
have a significant impact on design performance if it is not properly
taken into account. Currently, the reliability-based design approach is
the only methodology that quantifies uncertainty and provides a
consistent measure of safety by determining the probability of failure
for a system. In this paper a new quantitative risk method based on
reliability approach was presented that utilizes discrete element method,
point estimate method, Monte Carlo simulation and strength reduction
method to assess advance step length. To demonstrate the value of this
methodology, a case study was performed for the diversion tunnel of
Shahriar dam. The benefits of such an approach were demonstrated
through the assessment of different advance step categories along a
section of the tunnels.

The combinations of SRM/DEM/MCS and SRM/DEM/PEM methods
in selection of optimal advance step for each scenario can be seen in Fig.
1.Itis clear due to the Figs. 4 and 5 that scenario 2 (2m) shows the lowest
P; based on shear strain criterion when compared to other scenarios.
While advance step of scenario 3 in SRM/DEM/PEM method has the
highest risk, the high probability of failure leads to the financial damage.
The results for all scenarios are shown in Table 7. The benefit of
presented new approach in this paper is decreasing of negative impact
of simplifications made by the numerical modelling and uncertainty of
geotechnical parameters on the results.

7. Conclusion

In stage excavation, excavation step length serves as the most
principal factor form both economic and operational points of view.
This factor is closely related to the time and cost to construct tunneling
projects via stage excavation. As such, optimal determination of this
factor is among the main challenges in tunneling projects. When
determining tunnel excavation advance step length using deterministic
method, uncertainties within the rock mass are neglected, so that the
final result is neither accurate nor reliable. As such, more reliable results
can be achieved by statistical and probabilistic risk analysis. In the
present research, a novel approach was proposed based on two hybrid
methods (SRM/DEM/MCS and SRM/DEM/PEM) to undertake risk
analysis on the tunnel excavation advance step length at Shahriar Dam
following a statistic and probabilistic approach. Further, sensitivity of
the excavation advance step length in water diversion tunnel at Shahriar
Dam to each of the uncertain geo-mechanical parameters of rock mass
was addressed according to Taguchi’s DOE methodology based on two
main criteria (displacement and shear strain) playing fundamental roles
in stability of underground spaces.

Therefore, according to investigations and considering the results of
geotechnical-statistical researches, the following conclusions can be
drawn:

o Optimum excavation advance step length under scenario 2 with fair
quality as per RMR classification system based on both hybrid methods
(SRM/DEM/MCS, SRM/DEM/PEM) considering the three probability
distribution functions for input variables was found to be 2 m. This step
length was analyzed by comparing the shear strain and displacement
obtained from Sakurai’s relationships to those of numerical modelling
in 3DEC discrete element software. Shear strain and displacement are
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two important parameters in the field of tunnel and underground space
stability.

o In the present research, effect of the type of probability distribution
function of input parameters on failure probability and associated risk
with different lengths of advance step at different scenarios was
investigated. According to Figs. 4 and 5 and Table 8, different values of
failure probability and risk were obtained with different methods,
criteria, and types of probability distribution function assumed for input
parameters. However, in all cases, the advance step length of 2 m was
found to result in the lowest failure probability and risk.

e Under scenario 2 with an advance step length of 2 m, minimum
failure probability (8.05%) was that of shear strain criterion in
SRM/DEM/MCS method with lognormal probability distribution
function, while the maximum failure probability (11.52%) was found
based on displacement criterion in SRM/DEM/PEM method with
lognormal probability distribution function.

o Also, at optimum scenario 2, minimum risk (75281.56 &) was that
in SRM/DEM/MCS method with lognormal probability distribution
function, while the maximum risk (77699.20 $) was found in
SRM/DEM/PEM method with lognormal probability distribution
function.

o As advance step length was increased from 1.5 m to 3 m, failure
probability increased accordingly; however, the increase in failure
probability followed a slower rate when step length was increased from
1.5 m to 2 m, rather than when it was further increased to 3 m. Moreover,
as advance step length was increased from 1.5 m to 3 m (incurring
increased failure probability), expected cost of damages incurred by
tunnel failure increased rapidly.

According to Taguchi’s sensitivity analysis undertaken in the present
research, the following important conclusions were drawn:

o At the scenario of good quality, considering wither of displacement
or shear strain as the judgment criterion, advance step length exhibited
highest sensitivity to the three main parameters of Emass, O¢mass, and C.
Indeed, when input parameters were considered to be distributed
normally, @ and Emas where of the largest contributions into advance
step length, while C and oy,ss played the same role when input
parameters were assumed to follow a lognormal distribution.

o At the section of fair quality, K. was found to be of more effective
role, while other parameters had virtually the same deals of effect on the
excavation advance step length. Indeed, according to both displacement
and shear strain criteria, Kn was recognized as effective with normal and
gamma distributions of input parameters, while Kn and 0y,ss Were
found as the most effective parameters on the excavation advance step
length when input parameters were assume to follow normal
distribution. Further, with normal distribution of input parameters and
based on shear strain, Kn and Emass were identified as the most effective
parameters.

o At the scenario of poor quality, Kn was found to be of primary and
fundamental role, followed by C and Q, on the excavation advance step
length. Results of sensitivity analysis at this section were different from
those at the section of fair quality in that K, was by far more sensitive at
this section rather than the fair section. So that, according to
displacement criterion, in normal distribution, Kn followed by @, in
lognormal distribution, Kn followed by C and then @, and in gamma
distribution, Ku followed by C were found to be of the largest
contributions into the excavation advance step length. Further
according to shear strain criterion, in lognormal distribution, Kx and C
exhibited similar effects on the excavation advance step length, implying
the role played by cohesion of rock masses in the excavation advance
step length at poor sections.

o In general, in all three probability distribution functions (normal,
lognormal, and gamma), with increasing the RMR value of rock mass,
three parameters of Emas, Ocpass and C (specially Emass) exhibited
further effectiveness on the excavation advance step length. This was
while, at sections of poor RMR, contributions from K. were by far larger
than those of other rock mass parameters (E 55, Ocmass and C).

e Calculated confidence intervals based on 95% confidence level
(Table 10) for Taguchi test index for both criteria at all three scenarios
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were of finite ranges. This properly demonstrates enhanced confidence
within the data once Taguchi sensitivity analysis was undertaken. This
is because application of most of existing empirical correlations and
Hoek-Brown failure criterion and also the relationship for determining
normal stiffness of joints (Ku), virtually all viable combinations of
uncertain parameters are practically identified for probabilistic analyses
and incorporated into computations, so that the number of
combinations omitted from computations is very limited.

o The changes in Taguchi test index in response to simultaneous
change of types of probability distribution functions assumed for all of
the five uncertain variables (C,Q , Enasss Gcmass and K,) were different
at different sections along the tunnel. In fact, according to displacement
criterion, in the fair scenario, a change in probability distribution
functions resulted in minimum change in test index (0.37% ), while the
same change at the good scenario (as per RMR) resulted in largest
change in test index (3.59%). Moreover, when Taguchi shear strain
criterion was concerned, the minimum (3.66%) and maximum (5.78%)
changes in test index were observed in the section of firm quality.

Totally, the rock mass properties affected by the random nature of
discontinuity characteristics and intact rock properties, which are
widely scattered and variable, cannot be sufficiently represented by a
single value for each input characteristic and a single output value.
Therefore, it is highly recommended that other probabilistic- reliability
analyses should be applied, such as First Order Reliability Method
(FORM), Second Order Reliability Method (SORM) and First Order
Second Moment (FOSM) methods. Moreover, statistical distribution of
uncertain input parameters are taken as being normal, log normal and
gamma; but other statistical distributions such as beta, F, exponential
and binomial should also be further considered.
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