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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution
Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.13549 3 0.65976 7 2.2101 7
2 Error 0.14319 5 0.58809 3 0.95679 5
3 Error Function 0.59694 15 23.472 15 24.996 15
4 Exponential 0.22361 12 2.8654 11 4.883 12
5 Exponential (2P) 0.22361 13 2.3273 10 4.883 13
6 Gen. Extreme Value 0.0899 1 0.18547 1 0.46789 2
7 Gumbel Max 0.10409 2 0.19831 2 0.17849 1
8 Hypersecant 0.16468 7 0.64488 6 3.0031 9
9 Laplace 0.18707 8 0.77019 8 3.0506 10
10 Logistic 0.14929 6 0.59798 5 2.9012 8
11 Normal 0.14 4 0.59758 4 0.55356 3
12 Pareto 2 0.23211 14 2.972 12 4.8263 11
13 Pert 0.20342 11 2.0462 9 1.9592 6
14 Phased Bi-Exponential 0.19558 9 3.4906 14 0.77648 4
15 Rice 0.20157 10 2.9815 13 6.3998 14
VS 50 oudodls (LS ¥ CanBge 50 8398 &g Sy Ay 9 oylol Y Jgur
Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution
Statistic Rank Statistic Rank Statistic Rank
Cauchy 0.17163 7 131 9 7.3571 12
2 Error 0.18186 9 0.88411 6 2.5522 5
3 Error Function 0.78459 15 62.222 15 226.85 15
4 Exponential 0.31815 13 4.4838 11 13.971 14
5 Exponential (2P) 0.14604 5 4.56 12 0.01626 1
6 Gen. Extreme Value 0.10002 1 0.29247 1 1.7526 4
7 Gumbel Max 0.11575 4 0.32641 2 2.7509 7
8 Hypersecant 0.1894 10 0.92167 7 2.6248 6
9 Laplace 0.21571 11 1.1892 8 6.1366 11
10 Logistic 0.17423 8 0.83624 4 3.4872 9
11 Normal 0.1537 6 0.85508 5 3.512 10
12 Pareto 2 0.34643 14 5.3203 13 12.536 13
13 Pert 0.11534 3 3.1611 10 0.06494 2
14 Phased Bi-Exponential 0.29206 12 8.0877 14 0.12183 3
15 Rice 0.11235 2 0.59208 3 3.1554 8
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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.17149 8 1.9921 10 6.8441 13
2 Error 0.18981 11 1.4877 7 6.2112 11
3 Error Function 0.64602 15 37.061 15 73.892 15
4 Exponential 0.23777 13 2.648 12 0.53302 1
5 Exponential (2P) 0.13926 3 1.5801 8 3.0758 5
6 Gen. Extreme Value 0.10204 1 0.27325 1 2.0812 2
7 Gumbel Max 0.11025 2 0.48575 2 3.6247 7
8 Hypersecant 0.18136 10 1.398 6 6.3824 12
9 Laplace 0.20549 12 1.7867 9 8.0439 14
10 Logistic 0.17309 9 1.2617 5 451 10
11 Normal 0.16317 6 1.2236 4 3.1118 6
12 Pareto 2 0.24932 14 2.8982 13 3.7558 9
13 Pert 0.15449 4 2.6231 11 3.0588 4
14 Phased Bi-Exponential 0.16012 5 3.6378 14 3.6762 8
15 Rice 0.1705 7 1.1679 3 3.0084 3
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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.13262 2 0.64845 3 0.87184 1
2 Error 0.1632 7 1.4135 5 4.3633 6
3 Error Function 0.72086 15 52.862 15 168.32 15
4 Exponential 0.28347 12 4.6887 12 25.865 12
5 Exponential (2P) 0.15389 5 1.8183 10 2.2244 3
6 Gen. Extreme Value 0.10399 1 0.32543 1 1.0476 2
7 Gumbel Max 0.15137 4 0.64222 2 10.198 11
8 Hypersecant 0.18771 9 1.4347 7 3.9078 4
9 Laplace 0.1632 6 1.4135 6 4.3633 7
10 Logistic 0.19993 10 1.5079 8 4.6771 8
11 Normal 0.21528 11 1.766 9 5.0279 9
12 Pareto 2 0.30222 13 5.3678 13 28.806 13
13 Pert 0.14674 3 2.545 11 3.9806 5
14 Phased Bi-Exponential 0.34646 14 12.267 14 28.869 14
15 Rice 0.1862 8 1.0416 4 5.5446 10
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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.13268 5 1.3314 9 0.49359 1
2 Error 0.14199 8 1.0212 7 5.7643 8
3 Error Function 0.63322 15 51.857 15 139.44 15
4 Exponential 0.22188 13 2.9208 11 11.415 14
5 Exponential (2P) 0.21079 12 3.3033 13 10.131 12
6 Gen. Extreme Value 0.06467 1 0.18077 1 1.8189 3
7 Gumbel Max 0.07523 2 0.21579 2 0.57258 2
8 Hypersecant 0.14227 9 1.121 8 4.668 7
9 Laplace 0.15766 10 1.508 10 9.1035 11
10 Logistic 0.14117 7 0.97932 5 5.802 9
11 Normal 0.13988 6 0.93717 4 6.6258 10
12 Pareto 2 0.22533 14 3.0248 12 11.41 13
13 Pert 0.08864 3 0.32293 3 3.0557 5
14 Phased Bi-Exponential 0.18044 11 5.8678 14 1.8656 4
15 Rice 0.13125 4 0.98956 6 4.5534 6

Y IS 30 ouibosld L ¥ CuxBge 10 23595 @dled S o duiy g oylel ¥ Jgao

Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.14633 2 1.9619 2 6.2173 3
2 Error 0.22872 8 3.9111 7 9.0055 5
3 Error Function 0.60714 15 32.204 15 64.92 15
4 Exponential 0.25283 12 4.1082 10 29.031 14
5 Exponential (2P) 0.15526 4 2.0216 3 5.4791 2
6 Gen. Extreme Value 0.08794 1 0.40894 1 4.5446 1
7 Gumbel Max 0.177 6 2.7476 4 24,955 13
8 Hypersecant 0.22701 7 3.9263 9 10.495 8
9 Laplace 0.22872 9 3.9111 8 9.0055 6
10 Logistic 0.23544 10 4.1127 11 13.605 10
11 Normal 0.24557 11 4.6357 13 19.832 11
12 Pareto 2 0.25746 13 4.198 12 22.013 12
13 Pert 0.15223 3 3.4833 6 9.6778 7
14 Phased Bi-Exponential 0.16397 5 3.206 5 8.5709 4
15 Rice 0.27061 14 6.1081 14 11.157 9
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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic ~ Rank
1 Cauchy 0.12108 2 1.2452 2 1.0121 1
2 Error 0.27788 12 4.3205 8 15.656 6
3 Error Function 0.61599 15 28.466 15 65.515 15
4 Exponential 0.26924 11 4.3297 10 335 13
5 Exponential (2P) 0.16776 3 2.6424 3 11.731 5
6 Gen. Extreme Value 0.1053 1 0.48717 1 4.1903 2
7 Gumbel Max 0.20033 6 3.4176 4 20.018 8
8 Hypersecant 0.25655 9 4.3169 7 31.917 10
9 Laplace 0.27788 13 4.3205 9 15.656 7
10 Logistic 0.2498 8 4.5375 11 32.485 11
11 Normal 0.24499 7 5.1811 13 33.451 12
12 Pareto 2 0.26555 10 4.2776 6 33.91 14
13 Pert 0.18201 4 4.8285 12 11.064 4
14 Phased Bi-Exponential 0.19515 5 4.1448 5 10.408 3
15 Rice 0.33521 14 7.3246 14 28.596 9
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Kolmogorov-Smirnov Anderson-Darling Chi-Squared
No Distribution

Statistic Rank Statistic Rank Statistic Rank
1 Cauchy 0.12909 2 0.95558 2 1.5871 1
2 Error 0.18292 10 1.9194 4 4.5481 5
3 Error Function 0.57295 15 28.772 15 53.943 15
4 Exponential 0.17943 7 3.8768 11 8.3628 11
5 Exponential (2P) 0.17943 8 2.7368 10 8.3628 12
6 Gen. Extreme Value 0.09469 1 0.278 1 1.7814 2
7 Gumbel Max 0.13371 4 1.1873 3 6.073 8
8 Hypersecant 0.17836 6 1.9525 6 3.8849 4
9 Laplace 0.18292 11 1.9194 5 4.5481 6
10 Logistic 0.18846 12 2.1148 7 3.3236 3
11 Normal 0.20075 13 2.5826 8 5.1077 7
12 Pareto 2 0.18285 9 3.9501 12 8.3666 13
13 Pert 0.12931 3 2.6147 9 7.75 9
14 Phased Bi-Exponential 0.17129 5 5.2647 13 7.8174 10
15 Rice 0.23191 14 6.6322 14 9.182 14
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No Distribution Kolmogorov-Smirnov Anderson-Darling Chi-Squared
Statistic Rank Statistic Rank Statistic Rank

1 Cauchy 0.16687 1 0.70267 2 1.2933 7
2 Error 0.37886 11 1.9885 8 3.4596 11
3 Error Function 0.52454 15 7.2578 15 2.1655 9
4 Exponential 0.23717 4 0.73247 4 0.47156 3
5 Exponential (2P) 0.24233 6 2.8964 12 0.81814 6
6 Gen. Extreme Value 0.19906 2 0.6337 1 0.04734 1
7 Gumbel Max 0.30115 7 1.2412 5 0.0734 2
8 Hypersecant 0.38249 12 2.0335 9 3.8314 13
9 Laplace 0.4051 13 2.3452 10 4.1819 14
10 Logistic 0.37509 10 1.9535 7 3.5107 12
11 Normal 0.36626 9 1.901 6 2.982 10
12 Pareto 2 0.23764 5 0.7283 3 0.47747 4
13 Pert 0.36402 8 6.2319 13 1.7894 8
14 Phased Bi-Exponential 0.22031 3 2.5285 11 0.51402 5
15 Rice 0.50989 14 6.316 14 13.864 15
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KEYWORDS ABSTRACT
Particle Breakage
Granular Materials Summary
Discrete Element Method In this paper, the influence of three different parameters (confining pressure,

Particle Shape

Confining Pressure particles shape and mode of failure) on particle breakage in granular media is

studied by discrete element method. The percentage of particle breakage under
four confining pressure levels is presented for three particle shapes and two
modes of failure. At last, the results are compared with the past numerical and
experimental outcomes and the weak and strength points are evaluated.

Introduction

According to the results of experimental tests, various parameters are effective on the behavior of granular materials. In
this paper, the effect of confining pressure, grain shape and modes of failure on propagation of particle breakage in
granular materials has been investigated. To achieve this, numerical simulations of biaxial tests are implemented by
DEM. The numerical methods are not only cheaper and faster, but also more focused on one or several specific
parameters.

Methodology and Approaches

To model the biaxial tests, the modified DEM code POLY (which is a Fortran code) was utilized. For each of the three
mentioned parameters, the results of numerical simulations are represented in terms of curves of particle breakage
percentage against confining pressure. The numerical tests are performed for three different particle shapes (triangular,
square and hexagonal particles) which can be broken in two modes (fragmentation into two halves or erosion of the
angular points).

Results and Conclusions

The outcomes show that an increase in both angularity and confining pressure parameters leads to an increase in particle
breakage of the samples. Also, the mode of failure has a considerable effect on the percentage of particles breakage.
Finally, the results of the numerical modeling with the discrete element code utilized in this study are compared with
the past numerical and experimental outcomes in one figure; a comparison between the results shows their acceptable
agreement. There are also some differences between the outcomes which may be originated from quite a few reasons,
two of which are as follows: 1. The numerical simulations, unlike the real tests, are two dimensional and 2. The
methodology of defining breakage is different for numerical and experimental tests. In overall, utilizing the present
code for the future studies will be logical.
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KEYWORDS ABSTRACT
Reliability
Bearing Capacity Summary
Footings on Rock Masses One of the possible choices for the foundation of large scale structures like

Rock Mechanics

dams and bridges is to build it on rock masses. In comparison with soils, most
Monte Carlo

rocks have more strength- and that means more bearing capacity. So, the load
of structures on rock mass usually causes no problem from bearing point of
view. One of the terms of safe application of foundations is to bear the load
structures or in the other hand bearing capacity of foundation is adequate for
load structures.

Estimating bearing capacity of foundations has been one of the most important problems for geotechnical engineers and
because of its importance; several relations have been suggested with different researches. A typical method in design
of structures in geotechnical engineering is safety factor that is a stuffy method and even in most cases lead to increase
in project costs. However, not paying attention to the reliability of soil or rock parameters, even in a small scale, and
using just a number as safety factor is not logical. Reliability and error is a common problem in geotechnical
engineering and especially in rock mechanics. So, using reliability methods in geotechnical engineering has been
common. In these methods, by using a range of probable values for parameters, variation of the function will be
determined. Since using probability methods especially in geotechnical engineering is so limited, in this study, the most
common method for reliability analysis “Monte Carlo” was introduced and reliability relations for bearing capacity of
footing on rock masses was proposed. Using the proposed method in this research, bearing capacity of a strip footing on
rock mass located in Ankara (Turkey) was studied and finally, the accuracy of results from different probabilistic
methods is compared with results of deterministic method. The modified Hoek-Brown failure criterion was used to
study the bearing capacity. Finally, a probability distribution of the bearing capacity was estimated and the probability
of failure was calculated.
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KEYWORDS ABSTRACT
Non-hydrostatic stress
Concrete lining Su_mmary L . o . .
Support stiffness This paper is aimed to introduce the Longitudinal Deformation Profile of supported
FLAC3P tunnel. Tunnel depth, RMR value, coefficient of lateral pressure along with support
RMR stiffness and non-supported length behind the tunnel face are selected as main
SLDP effective parameters. Tunnel support may be concrete or shotcrete. To obtain the
LDP supported LDP curve which is known as SLDP, FLAC3® numerical code is utilized.

Statistical processing of numerical experiments allows us to drive some relations,

characterizing different parts of SLDP curve. Results show that existence of lining

changes the shape and magnitude of deformation profile.

Introduction
Considering the importance of underground structures, selection of a suitable location for support system installation
behind the tunnel face is of a great importance for stability analysis. The usual way to solve this problem is the
application of LDP, one of the three tools of Convergence-Confinement method. The LDP is the graphical representation
of the radial displacement that occurs along the axis of an unsupported cylindrical excavation for sections located ahead
of and behind the excavation face. Many researchers, such as Panet and Guenot (1982), Panet (1993, 1995), Chern et al.
(1998), Hoek (1999), Unlu and Gercek (2003), Vlachopoulos and Diederichs (2009) have suggested elastic or elasto-
plastic relations for the LDP. Anyway, these solutions do not incorporate the stiffness of support in the deformation
profile. Other researchers including Bernaud and Rousset (1992), Nguyen-Minh and Corbetta (1991), Nguyen Minh and
Guo (1993) and Bernaud and Rousset (1996), Vardakos (2007) discussed the effects of the support mechanical or
geometrical characteristics in the deformation profile.

Methodology and Approaches

In this research, the LDP of supported tunnels was modeled using FLAC3® software and assuming the following
conditions: non-circular lined tunnel in elasto-plastic rock mass with different RMR values (40-70), depth of overburden
from 100 to 300 m, three values of in situ stress field (0.5, 1 and 1.5), changing length of non-support interval from 1 to 5
m and different support stiffness. In order to differentiate supported LDP from non-supported one, it is named SLDP. In
SLDP curves, deformation profile has a hump shape between the tunnel face and support edge. Also, the ultimate
deformation of supported profiles is less than the non-supported ones. Based on the statistical processing of huge number
of numerical modeling results for different combination of above mentioned parameters, a series of relations for
calculation of different parts of SLDP were presented.

Results and Conclusions

The SLDP profile and given equations can be used to determine the final displacement and the displacements in the
important points of non-supported interval, including tunnel face, at the peak of hump and edge of support system,
however, the newly presented concept - SLDP is more practical than LDP for tunnels under construction. In addition,
existing equations concerning supported tunnels are only applicable for circular tunnels under hydrostatic condition,
while the presented equations are valid for non-circular tunnels under hydrostatic and non-hydrostatic conditions.
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KEYWORDS ABSTRACT
Sand Production
Discrete Element Method Iran has the first world's gas reserves and the fourth largest oil reserves, which
Confining Pressure most of them are located in the sandstone reservoirs. In fields such as
PFC® Software Mansoori, Ahvaz and Rag Sefid have more problem of sand production than
Fluid Flow other reservoirs. This problem should be investigated for these reservoirs.

Summary

The problem of sand production as one of the major challenges has attracted

many researchers over the years. In this regard, many techniques have been
developed and significant evolutionary growth. Some of these methods are laboratory, analytical and numerical
methods. The effect of various parameters on the sand production is studied by using these methods. The best approach
is three-dimensional modeling of sand production due to the complexities of this problem. In this paper, three-
dimensional modeling is done in PFC®" software. The results showed that sand production is raised with increasing of
confining pressure.

Introduction

Studies show that many factors affected on the failure and separation of sand grains from reservoir rock. The prediction
of sand production is very complicated, because of the combination of hydrodynamic and geomechanical processes in
the mechanism of failure, erosion and transport of grains at the same time. One of the methods for examining of the
mechanism of sand production in the well is numerical modeling of reservoir rock and fluid flow with integrated
solving of fluid and rock equations. One of the parameters in the sand production is confining pressure, in other words
earth lateral pressure that the effect of this parameter should be studied.

Methodology and Approaches

In this paper, the effect of confining pressure was investigated by using Discrete Element Method in PFC®® software.
The Navier-Stokes equation is used for modeling of fluid flow between the particles and the effect of liquid on solid
particles in the path of fluid flow is considered in each of the elements. At the first, the numerical results were compared
with experimental model. The impact of confining pressure on sand production is investigated after validation of the
numerical.

Results and Conclusions

Sand production rate in numerical models has a good agreement with experimental results in the wells without gravel
pack. Numerical results showed that rock around the wells are loosed with beginning of the sand production and loosed
region is expanded with increasing of production. The results also showed that the weak formations, that confining
pressure is high, are more stimulated compared with the formations have less stress. So, sand production is risen with
increasing confining pressure.
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KEYWORDS ABSTRACT
Risk assessment
Management Summary
Blasting An approach based on the failure modes and event analysis (FMEA) was

Ground vibration
Fuzzy FMEA
Sungun mine

developed considering a three-member team of blasting experts in order to
assess the ground vibration risk resulted from blasting. Fourteen states of
occurrence were considered focusing the impacts of ground vibration on the
infrastructures and structures of Sungun mine. Through statistical analysis, a
relation was provided to determine the minimum vulnerable distance from a
blast source. After presenting the qualitative and fuzzy number ratings of the
risk factors, the fuzzy number of each 14 states was determined together with the fuzzy weights of each factor
according to the ideas of experts. The fuzzy risk priority numbers of the states were calculated considering the
geometric mean of the fuzzy weights. Results indicated that the states C-4 (industrial site), F-9 (gas station), and G-10
(treatment site) have high risk values. Crusher (A-1) and explosive storage (I-13) both had less than an average risk and
the other states included negligible risk.

Introduction

Ground vibration as one of the undesirable consequences of blasting can impose numerous risks to open pit walls,
infrastructures, and structures within or around a mine. Considering the specific conditions of Sungun mine, this
problem is very sensitive. The main purpose of this research is to develop an approach in an uncertain environment
based on the failure modes and effect analysis (FMEA) for particularly assessing the ground vibration risks caused by
blasting.

Methodology and Approaches

Fourteen cases including the infrastructures and structures sites, which were under the ground vibration risks, were
considered. The location of the sites was indicated on the map of Sungun area. Blasting data were statistically analyzed
using SPSS software, in order to obtain a relation for determining the minimum vulnerable distance from a blast. The
main process of the ground vibration risk assessment was made using the FMEA approach, which was developed by
presenting the qualitative and fuzzy number ratings of the related risk factors and also by considering the fuzzy weights
of each risk factor according to the ideas of an expert team.

Results and Conclusions

Results indicated that only the industrial site, gas station, treatment site, and almost crusher had considerable ground
vibration risk; hence, they should be essentially managed in order to decrease their risk levels by employing the
available solutions. Because of a long distance from the blast sources, other sites had negligible risk.
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KEYWORDS ABSTRACT
Tunnel Summary
‘Ige:npt?:'irysupport In this paper, Probability Density Function (PDF) for thickness of the
Sﬁ Oltacrletley shotcrete cover in tunnel temporary support is investigated. Based on collected

Probability distribution function data from a recently constructed tunnel in Iran, the proper PDF is suggested.

Random variable To achieve this, three goodness of fit statistical methods are considered to find
the appropriate distribution function. The results show that the Generalized
Extreme Value distribution function has the best rank with respect to other
distribution functions.

Introduction

One of the most important issues in the reliability analysis of the structures is proper selection of the distribution
function for existing random variables. In tunnels, the problem of temporary supporting system involves many random
variables including thickness of the shotcrete. In this research, based on the data obtained from an existing tunnel in
Iran, the probability distribution function for the shotcrete thickness is determined by using curve fitting techniques.

Methodology and Approaches

Different distribution functions have been studied and compared based on three well-known goodness of fit tests, called
Chi-Squared, Kolmogorov Smirnov and Anderson Darling. For this purpose, nine points in each section and 43
individual sections are considered in the tunnel route. It is reasonable an individual point in all sections is considered to
obtain a distribution function. Also, 15 types of distribution functions are chosen to have an appropriate fit over the
data. The EasyFit software is utilized for assessment and finding the appropriate distribution function using the three
mentioned goodness of fit tests.

Results and Conclusions

According to the results, the Generalized Extreme Value Distribution is recommended for PDF of shotcrete thickness in
tunnel supporting systems. It is noted that this distribution function has the best rank in all three goodness of fit tests.
Although the results are obtained by using data from a specific tunnel project, they can be improved by considering
more data from other projects. The distribution function can be used to obtain uncertainties of thickness of shotcrete in
reliability analysis of tunnels.
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DAT Innovative Model
Time and Cost Uncertainty Schedules are major concerns in construction planning and management. The
Geological Model mutual interferences among construction activities of tunnels are complicated,

Construction Model

Updating the DAT which will affect scheduling to some degree. Ground condition and

construction (excavation & support system) time and costs are key factors in
decision making during the planning and design phase of a tunnel project.

In this work the DAT innovative methodology for the probabilistic estimation
of ground condition and construction time and costs is used. As construction
progresses, geologic information is checked based on the excavated part of the tunnel and, therefore, the uncertainty
about this part of the tunnel will disappears. This new information can be used to update the geology condition of the
tunnel in order to obtain more precise prediction for unexcavated part.

In this paper, an engineering application to Garan road tunnel is well presented to demonstrate how the ground
conditions and the construction time and costs are updated during construction. Finally, the results of simulations for the
initial prediction and the updated prediction will be compared in order to see how the construction time and costs
distributions of the given tunnel are changed after the geologic updating.Finally, reducing of uncertainty about the
construction time and costs is resulted. It facilitates both the owners and the contractors to be aware of the risk they
should carry before construction of unexcavated part, and it is useful for both tendering and bidding.

Summary

Firstly, each case of construction time and cost is obtained by using DAT innovative model; applying data before
starting excavation. Then by providing new data according to the 100 excavated meters of both entry and exit of tunnel,
the model is updated. Finally less uncertainty is achieved due to updating the model for produced time and cost.

Introduction

From among the significant discussions pertaining to the project design and planning, the minimizing of uncertainties is
important issue. Usually the uncertainties in subsurface projects arise from the unknown ground conditions which may
cause the designer fail to consider all the potential issues prone to occur during the construction procedure. total time
and costs uncertainties can be considered as the most important uncertainties; the time and costs are directly connected
with cognition of the subsurface conditions. Accordingly in subsurface projects the actual time and costs are not
ascertainable, and hence the probability methods should be used to assess such factors[1].

Various commerical software for risk analysis of tunnel construction have been developed over the years, the most
important of which is the DAT (Decision Aids for Tunnelling), developed at MIT in collaboration with EPFL (Ecole
Polytechnique Federal de Lausanne). DAT tool primarily included only two construction and geological models, but
later a further model was added to the DAT models called the resource model [2]. Afterwards a method for assessment
of the full-face tunneling technology was introduced using the DAT method [3]. The DAT model was developed so that
it capable to update the model during the construction if new more real data compared with the initial data was obtained
and reduced the uncertainties about the final time and cost of tunneling in comparison to the previous model [4]. In
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order to estimate the total time and costs of tunneling, the DAT method employed in many projects such as Soocheon,
Wonhyo and north Kenmore tunnels [5].

DAT model updating using new real geological data during tunnel excavation, first the total time and costs of a tunnel
was estimated using the initial geological data through implementing the DAT method; Then a new estimation of total
time and costs was obtained through updating the DAT model by new geological data collected during tunneling and
finally the results were compared [5]. For modeling the uncertainty in the underground subway line of New York City
and also estimating the total time and costs of the tunnels in the Portuguese Railway project the DAT model was also
used. The most recent works using DAT model is the total time and costs estimation of well drilling for EGS [6.]

The DAT allow engineers to simulate tunnel construction considering uncertainties in geology and construction
processes for a given tunnel and, as a result, obtain distributions of the total cost and duration of tunnel construction.
The DAT model uses probabilistic modeling of the construction process to analyze the effects of geotechnical
uncertainties and construction uncertainties on construction costs and time. This tool in geological model considers
different geological conditions and defines every setting as a ground class that includes the special excavation method
and support system. In the geological model the occurrence possibility of each ground class is obtained using Markov
method in any location along the tunnel. In construction model by allocating the time and costs to each classes using the
expert views and the experience from the previously carried out projects in similar conditions, the time and costs
relating to each class can be estimated in different locations along the tunnel. Then the total time and costs of the tunnel
can be probabilistically estimated from the sum of the times and costs in the all locations along the tunnel.

In DAT method due to pre-constructional unknown state of the subsurface conditions, there are uncertainties
concerning the input data of the tool; However by the commencement of the construction and drilling some parts of the
tunnel, the DAT model can be updated through acquiring the actual data of the drilled parts, resulting in the reduction of
the uncertainties concerning the time and cost of the tunnel construction. For updating DAT tool in case of obtaining
actual data subsequent to drilling part of the tunnel, the previous data must be replaced with the actual data in the
similar locations and then all of DAT method steps for the geological and construction models mentioned in previous
sections must be performed entirely from the beginning to the end .

In this letter due to the unavailability of the DAT tool, the DAT innovative model is proposed. Where, the Matlab
software is used to coding the Marcov model and the PertMaster is used for Monte Carlo simulation. In many cases
through input data questioners, the opinions of experts are considered.

In this work, the Hamro road tunnel is selected as a case study. Firstly, each case of construction time and cost is
obtained by using DAT innovative model; applying data before starting excavation. Then by providing new data
according to the 100 excavated meters of both entry and exit of tunnel, the model is updated. Finally less uncertainty is
achieved due to updating the model for produced time and cost.

Methodology and Approaches

In accordance with the research methodology, In the geological model first the total tunnel alignment was divided into
several equal parts (cells) each with 10m length. A number of 6 cells that related to 4 borings' locations and 2 entry and
exit positions were called as ‘observational cells’ due to specified to the probability of occurrence of the parameters'
different states considered in this study (rock type, RQD and underground water). However in this study due to
inaccessibility to the data pertaining to the exact location of the borings and also because initially a length of 200m
relevant to the entry and exit portal of the tunnel had not been excavated, all the observations were considered as non-
deterministic. Afterwards in order to find the occurrence probability of the parameters' statuses in other cells (unknown
cells), programming of Markov model was performed in MATLAB software and with the aid of observational cells
other cells were also predicted, consequently specifying a profile titled parameter profile for each parameter which
could determine the occurrence probability of each status of the parameter inside each cell. Ultimately, through
combining different statuses of the parameters, different geological settings for the tunnel alignment were obtained for
which several ground classes (each including the special excavation method and support system) were introduced by 10
experts so that each one of the classes were responsible for a specific number of ground conditions obtained as
described above. In the next stage a profile was obtained through combining parameter profiles which could determine
the probability of each one of the ground classes inside each cell which was nominated as the ‘ground class

Because each ground class has a different time and costs, there is the possibility for occurrence of different time and
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costs within each section. In the next stage to obtain the total time and costs of tunnel construction (construction model),
the time and costs of the all sections were added up using Monte Carlo simulation method in the PertMaster program.
Finally with the aid of cumulative graph, different total time and costs with specific occurrence probability
(uncertainties) were obtained

Then through updating data during construction of 100m in each one of the tunnel entry and exit positions, the DAT
innovative model was updated and consequently less uncertainties compared with pre-updating state was obtained
concerning the cost and time of the project execution.

Results and Conclusions

The geological uncertainty is the main source of risk in underground construction, often leading to assumption of the
worst ground conditions and thereby increasing in the cost amounts considerably. Decreasing the designing costs,
conservative construction and selecting suitable drilling methods and support systems based on the existing geological
conditions would result in considerable saving during construction process. Various commerical software for risk
analysis of tunnel construction have been developed over the years, the most important of which is the DAT (Decision
Aids for Tunnelling), developed at MIT in collaboration with EPFL (Ecole Polytechnique Federal de Lausanne). The
DAT allow engineers to simulate tunnel construction considering uncertainties in geology and construction processes
for a given tunnel and, as a result, obtain distributions of the total cost and time of tunnel construction. In this paper,
using the DAT innovative model and considering the pre-construction data of Hamro road tunnel, the probabilistic
construction time and cost of the entire tunnel was predicted. Consequently the minimum and maximum time were
obtained as equal to 2182 and 2373 days respectively; also the minimum and maximum costs were obtained as equal to
74,175,354,696 and 78,435,268,015 Tuman respectively. In the next stage, by updating data during construction of
100m in each one of the tunnel entry and exit positions, the DAT innovative model was updated and consequently less
uncertainties compared with pre-updating state were obtained concerning the cost and time of the project execution. So
that the minimum and maximum time were obtained as equal to 2215 and 2321 days respectively; also the minimum
and maximum costs were obtained as equal to 75,257,456,387 and 77,121,654,367 Tuman respectively.
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KEYWORDS ABSTRACT
Rock masses
Empirical relation Summary
Southwest Iran Knowing geomechanical parameters of soil and rock is among the important

Deformation Modulus

e . items of designing and constructing engineering structures. Deformation
Multivariate linear regression

modulus may be determined through in-situ tests and indirect methods. For
indirect estimating of this module, empirical relations are simple and
inexpensive methods, but their uses in other parts of the world were associated
with errors due to the variation of rock type and the nature of rock mass. In the
present article we attempted to estimate the deformation modulus (E,,) of the
rock masses of southwestern Iran by using intact rock elastic modulus (E;) and
Rock Mass Rating (RMR) parameters. To do that, the multivariable linear
regression method was used. The database used included 333 data. In order to study the relation performance and to
evaluate its accuracy, R? coefficient (coefficient of determination) and RMSE (root-mean-square error) were used. For
this data R? coefficient was 0.811 and RMSE value was 0.1921.

Introduction

One of the indirect methods of estimating deformation modulus is using engineering classification of rocks. These
relations are provided for determining deformation modulus of rock mass based on geomechanical parameters and
various rock mass classification systems such as Rock Mass rating (RMR), Rock Mass Index (RMi), Geological
Strength Index (GSI), Rock Quality Designation (RQD) and Q classification system, and by using in-place tests results
done at different places of the world. Some of the empirical relations for estimation of deformation modulus of rock
mass are presented in Table 1 along with the year of introduction and the researchers' names.

Table 1. Some of the empirical relations for estimation of deformation modulus of rock mass

Researchers' Names Empirical Relation
Hoek et al. Eq = (1-DI2) |2 10(RMR-10)/40 0<D<]
Gokeeoglu et al. E; =0.0736 ¢00755RMR
Galera et al. E, = 147.28 ¢(RMR=100)/24 _ (0 202RMR
((RMR-100)(100—RMR)]
Sonmez et al. —RMR

Ed - E110 4000 exp(: 100 )
Mohammadi and Rahmannejad E; =0.0003 RMR® — 0.0193RMR? + 0.3157 RMR + 3.4064
E;: deformation modulus of rock mass (GPa), oci: Uniaxial compressive strength of intact rock
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Methodology and Approaches

The data used in this research included 333 samples which were obtained from dilatometer tests done in the projects
locating at the southwest of Iran. The dilatometer used in these tests was of 1F096 Type. To introduce empirical relation
for rock masses of southwestern Iran, the results of dilatometer tests performed in seven dam sites including Bazoft,
Bakhtyari, Tang Mashooreh, Khersan 2, Khersan 3, Seymareh and Karoon 1, which were located at southwest of Iran,
were used. The numbers of data for each of the dams were 28 data for Bazoft Dam, 74 data for Bakhtyari Dam, 50 data
for Tang Mashooreh, 61 data for Khersan 2, 57 data for Khersan 3, 53 data for Seymareh, and 10 data for the
development plan of Karoon 1.

In this research, we attempted to do the required analysis on the gathered data and by using multivariable linear
regression technic in SPSS Software and finally, to make a logical relation and a new regression equation by studying
the relation between input parameters and the deformation modulus of the rock mass.

Results and Conclusions
Equation 1 was achieved for deformation modulus of rock mass based on the statistical analysis.

Log E,=-0.674+0.406logRMR+0.842logE; (1)

Where:
Em, Ei and RMR are deformation modulus of rock mass (in GPa), Elastic modulus of intact rock (in GPa) and rock
mass rating, respectively.

In multivariable linear regression method, the correlation coefficient indicated that 81.1 percent of the rock mass
deformation modulus variations might be justified by variations in RMR and elastic modulus of intact rock. The value
of root-mean-square error was calculated for different relations as well as the introduced relation. The value of root-
mean-square error for the relation obtained in this article was 0.1921 which showed that the deformation modulus of
rock mass could be estimated with less error than by other researchers' relations.
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