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BANYAR SOE : STABILITY ANALYSIS AND SUPPORT DESIGN OF
MANIPURA DIVERSION TUNNELS IN MYANMAR. THESIS ADVISOR :

ASSOC. PROF. KITTITEP FUENKAJORN, Ph.D.,P.E., 112 PP.

TUNNEL/DESIGN/STABILITY/SUPPORT/DIVERSION/MANIPURA

The objective of this study is to perform stability analysis and support design
for two parallel diversion tunnels of the Manipura multi-purposed dam project. The
project is located on the Manipura River, 52 km from the Kalay Town, Kalay
Township, Sagaing Division, Myanmar. The two parallel tunnels are 1,050 m long
with 12 m wide modified horseshoe shape. The diversion tunnels penetrate three
different zones of rock mass : zone 1 : moderately to highly weathered slate; zone 2 :
slightly to moderately weathered slate; and zone 3 : slightly weathered slate with
alternation of greywacke sandstone band. The geotechnical evaluation of these zones
is relied on the exploratory data, field observations and laboratory test results.

The proposed research involves rock mass characterizations, evaluation of
rock mass parameters and stability analysis, and support' design for the rock mass
around the tunnels. The rock masses along the tunnels are classified by using
empirical rock mass classification systems including rock mass rating system (RMR),
NGI tunneling quality index (Q system), rock mass index (RMi) and geological
strength index (GSI). Traditional guidelines for the rock support have been used based
on the results of the site characterizations. A series of numerical simulations (using
Phase’ code) is performed to assess the stability conditions of the tunnels with and without

the support systems. Hoek and Brown failure criterion is used to estimate yielding



zone around the tunnels and the maximum displacement. The support systems
suggested by empirical methods are employed in numerical modeling. The properties
of the support elements, such as bolt length, bolt patterns and thickness of shotcrete
are similar to those proposed by the empirical methods. Before support installation,
yielding zones are observed. The results indicate that there would be some stability
problems for the tunnels. After support installation, the number of yielding zones and
the radius of plastic zone are decreased. The maximum displacement is also reduced.
This indicates that the applied support systems are adequate to obtain the tunnel’
stability. Optimization between the empirical and numerical results is made to obtain

the suitable support design for the Manipura diversion tunnels.
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CHAPTER |

INTRODUCTION

1.1 Background of Problems and Significance of the Study

The Manipura multi-purposed dam project is located on the Manipura River,
52 km from the Kalay Town, Kalay Township, Sagaing Division in Myanmar (Figure
1.1). The project is a part of the Multi-purposed Government Funded Schemes and
has been implemented under the supervision of Irrigation Department, Ministry of
Agriculture and Irrigation in Myanmar. The dam will provide irrigated water for
20,242 hectares and hydro-€electricity to the local area. The two paralle tunnels are
1050 m long with 12 m wide modified horseshoe shape (Figure 1.2). They are driven
underneath the south bank mountain to divert the water whilst a massive rock-fill dam
is built. The diversion tunnels penetrate three distinct zones of rock mass: zone 1 :
moderately to highly weathered slate; zone 2 : slightly to moderately weathered dlate;
and zone 3 : dlightly weathered slate with aternation of greywacke sandstone band.
Within the confined space of a tunnel, it is difficult and dangerous to dea with
stability or water problems which are encountered unexpectedly. Failure to do so will
result in an inadequate basis for the design and could be very costly when unexpected
problems are sometimes encountered at a later stage in the project. In the case of
Manipura diversion tunnel constructions, some tunnel stability problems are expected

based on geological investigations.
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Figure1.1 Location of Manipuramulti-purposed dam project in Myanmar.

Rock mass classification systems are very useful tools for the preliminary
design stage of a project, when very little detailed information on rock mass is
available (Genis, Basarir, Ozarslan, Bilir, and Balaban, 2007). To classify the rock
mass quality, rock mass classification systems including rock mass rating system

(RMR), NGI tunneling quality index (Q system), rock mass index (RMi), and



geological strength index (GSl) are applied in this study. Their rating values are used
to evaluate the tunnel support systems and rock mass parameters. These empirical
methods have been originally obtained from many tunneling case studies and they
have been applied to many construction designs. However, these empirical methods
cannot adequately calculate stress distributions, support performance and
deformational behavior around a tunnel. Therefore, 2D finite element software,
Phase? version 6.0, will be used for numerical simulations. The rock mass parameters
determined by empirical equations are utilized as input data for numerica modeling
(using Phase® code). The comparison will be made the results obtained from

empirical methods with numerical method to assess the reasonable support systems.

Figurel.2 Cross-section of the Manipuradiversion tunnels

(Modified horseshoe shape).



1.2 Research Objectives

The objective of the proposed research is to perform stability analysis and
support design for the two paralel diversion tunnels of the Manipura multi-purposed
dam project. The proposed research involves conducting a design methodology of the
actual diversion tunnel and comparing the support design results obtained from
empirical methods with numerical method. The effort comprises the characterizations
of rock mass by using rock mass classification systems, determination of input
parameters, stability analysis, support design by empirical approaches and numerical
method (using Phase® code). The feasible support designs are assessed by comparing

the results with those obtained from the empirical and numerical methods.

1.3 Research Methodology

This research consists of six main tasks. literature review, geological data
collection, rock mass characterizations, geotechnical rock mass parameter estimation
and stability analysis, support design (empirical methods and numerical method) and
comparisons, and discussions, conclusions and thesis writing. The research
methodology isillustrated in Figure 1.3.

1.3.1 Literature Review

Literature review has been carried out to study the rock mass
classification systems, estimation of rock mass parameters and stability analysis,
determination of support systems by using empirical methods and numerical method
(using Phase? code), and case studies in Myanmar. The sources of information are
from journals, technical reports and conference papers. A summary of the literature

review will be given in the thesis.



1.3.2 Geological Data Collection
Engineering Geology Office 2, Irrigation Department, Ministry of
Agriculture and Irrigation in Myanmar, carried out the preliminary geological
investigation in 2004 by drilling four vertical boreholes along the tunnel aignment
with total depth of 239 m and continuous investigations have been performed. The
geotechnical parameter evaluation of the Manipura diversion tunnels is relied on the
exploratory data, field observations and laboratory test results.
1.3.3 Rock Mass Characterizations
The rock masses along the tunnel alignment are classified by using the
rock mass classification systems; rock mass rating system (RMR), NGI tunneling
quality index (Q system), rock mass index (RMi), and geologica strength index
(GSI). Their rating values are used to evaluate the rock mass parameters and support
designs for the Manipura diversion tunnels.
1.3.4 Geotechnical Rock Mass Parameter Estimation and
Stability Analysis
Geotechnical rock mass parameters such as Hoek and Brown
constants, deformation modulus of the rock mass and uniaxial compressive strength
of the rock mass are estimated by empirical equations. The stability for all sections of
the tunnels has been evaluated in terms of stand-up time of rock mass, estimation of

maximum unsupported span and safety factor.
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1.3.5 Support Design and Comparisons

The empirical methods including rock mass rating system (RMR),
NGI tunneling quality index (Q system) and rock mass index (RMi) are used to
determine the support systems for the diversion tunnels dealing with their rating
values.

The performances of the support elements suggested from empirical
methods are analyzed by numerical method. A series of numerical simulations (using
Phase’ code) are performed to assess the stability conditions of the tunnels with and
without the support systems. Results obtained from empirical methods are compared
with the support systems obtained from the numerical method (Phase? code).

1.3.6 Discussions, Conclusionsand ThesisWriting

The research results will be concluded and provided the recommended
support systems for the Manipura diversion tunnels.

All research activities, methods, and results will be documented and
complied in the thesis. The research or findings will be published in the conferences,

proceedings or journals.

1.4 Scopeand Limitations of the Study

Extensive literature review of the design methodology of the Manipura
diversion tunnels is conducted. The shapes of the Manipura diversion tunnels are
modified horseshoe shape. The engineering geologica properties of the two tunnels
are assumed the same. The two tunnels have been constructed by using drill-and-blast

technique. The geological investigation of the Manipura diversion tunnelsisrelied on



the exploratory data, field observations and laboratory test results. The comparison of

the results obtained from empirical methods and numerical method will be made.

15 ThessContents

Chapter | introduces the thesis by briefly describing the background of
problems and significance of the study. The research objectives, methodology, scope
and limitations are identified. Chapter Il summarizes the results of the literature
review. Chapter 111 describes the geological data collection including geology of the
project area, engineering geology and laboratory test results. Chapter 1V presents the
characterizations of rock mass by using rock mass classification systems. Chapter V
discusses the estimation of geotechnical rock mass parameters by using empirical
equations and stability analysis. Chapter VI describes the evaluation of support
designs for the diversion tunnels. Estimating the feasible support designs of the
tunnels are divided into 3 tests, including (1) support designs by using empirical
methods, (2) numerica simulations (using Phase’ code), and (3) comparisons the
results obtained from empirical methods with numerica method. Chapter VII
concludes the research results and provides recommendations for future research

studies.



CHAPTER I

LITERATURE REVIEW

2.1 Introduction

This chapter summarizes the results of literatevéew carried out to improve
an understanding of rock mass characterizatioabjliy analysis and support design
of tunnels. Topics relevant to this research imgalock mass classification systems
including rock mass rating system (RMR), NGI tummglquality index (Q system),
geological strength index (GSI), and rock mass xn(Mi), Deere’s rock quality

designation (RQD), numerical modeling (PHasele) and published papers.

2.2 Rock Mass Classification Systems

The rock mass characterization processes are ngrosad to assess the rock
mass quality in accordance with the existing ergjimg rock mass classification
systems. The result becomes effective parameterthéoapplication of the tunnel
stability and design. The four methods of quantiatrock mass classification
systems including rock mass rating system (RMR)] N@neling quality index (Q
system), geological strength index (GSI), and no@ss index (RMi) will be applied

in this research.
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2.2.1 Rock Mass Rating System (RMR)

Bieniswski (1973) initially developed the rock ssarating system
(RMR), otherwise known as the geomechanics classiéin. It was modified over the
years as more case histories, became availablet@rmbnform to international
standards and procedures (Bieniawski, 1979).

Bieniawski provided the system as the most commoantitative
method for describing the quality of the rock maes tunneling. Uniaxial
compressive strength of intact rock (UCS), rockligpaesignation (RQD), spacing
of discontinuities, conditions of discontinuitieground water condition and
orientation of discontinuities are utilized paraerst After the determination of the
important ratings of the each parameter, they anensed to describe the basic RMR
rating of the rock mass. In tunneling, the ratirejue must be made adjustment for
discontinuity orientation. The rock mass ratingsslfication table (Bieniawski, 1989)
will be used in this research. Bienawski (1979) Hascribed a chart to check the
stand-up time of rock mass and to estimate maximwmsupported span of
underground openings. In 1989, Bieniawski has piediguidelines for the selection
of rock support for horseshoe shaped tunnel exedvdtty the drill-and-blast
technique.

2.2.2 NGI Tunneling Quality Index (Q system)

The Q system of rock mass classification was logeel in Norway by
Barton, Lien, and Lunde (1974), all of the Norwegi@eotechnical Institute. Its
development represented a major contribution to $hdject of rock mass
classification for a number of reasons: the sysiers proposed based on the analysis

of 212 tunnel case histories from Scandinavia & guantitative classification system
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and it is an engineering system facilitating thesigie of tunnel supports. The Q
system is based on a numerical assessment of¢kenass quality using six different
parameters:

1) Rock quality designation

2) Joint set number

3) Joint roughness number

4) Joint alternation number

5) Joint water reduction number

6) Stress reduction factor

These six parameters are combined to expresgrtiied quality with

respect to stability and rock support in undergbwpening in the following

equation:
Q=R W 2.1)
Jv  Ja SRF

where RQD is rock quality designation, id joint set number,;Js joint roughness
number, dis joint alternation number,Js joint water reduction number and SRF is
stress reduction factor. The rock quality can raingen Q = 0.001 to Q = 1,000 on a
logarithmic rock mass quality scale.

Geol, Jethwa, and Paithankar (1995) suggestepatrameter () for

stress free form Q. In order to calculatg QRF is taken 1 and the equation becomes:

_ RQD _J
QN Jn Ja

ny (2.2)
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Relating the Q index with the stability and supp@quirements of
underground excavations, Barton et al. (1974) rdefened an additional parameter
that is called the equivalent dimension of excara{D.). This dimension is obtained
by dividing the span, diameter or wall height ot@xation by a quantity called the

excavation support ratio (ESR). Hence:

_ Excavationspan diameteror height (m)
ExcavationSupportRatio, ESR

De (2.3)

The value of ESR is the so-called excavation supg@dio. It ranges
between 0.5 and 5. For the diversion tunnel, theaeation support ratio (ESR) is
defined as 1.6. The value of ESR is related taritended use of the excavation and
to the degree of security, which is influence oa spport system to be installed to
maintain the stability of the excavation. The egilent dimension () plotted against
the value of Q is used to define a number of supgaiegories in a chart published in
the original paper (Barton, et al., 1974). Thisrthas later been updated to directly
give the support. Grimstad and Barton (1993) maaather update to reflect the
increasing use of steel fiber, reinforced shotcretenderground excavation support.
The Q-values and support are related to the totaluat of support (temporary and
permanent) in the roof. The diagram is based onemans tunnel support cases.

The use of the Q classification system can be obiderable benefit
during the feasibility and preliminary design stagd a project, when very little
detailed information on the rock mass and, itsssti@nd hydrologic characteristics is

available (Palmstrom and Broch, 2006).
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2.2.3 Rock Mass Index (RMi)

The rock mass index (RMi) was first presentedP’bymstrom in 1995
and has been further developed and presented aradgvapers. It is a volumetric
parameter indicating the approximate uniaxial caapive strength of a rock mass.
The RMi value is applied as input for estimatingkrsupport and input to other rock
engineering methods (Palmstrom, 2009). The RMiesgghas some input parameters
similar to those of the Q system. Thus, the jomd ginting features are almost the
same.

The input parameters used can be determined roynomly used field
observations and measurements. The RMi value caalbelated as follow:

For Jointed rock,

RMi = g x JP (2.4)

whereac. is uniaxial compressive strength of intact rodk,id the jointing parameter
combines by empirical relations JC (joint condispmand \ (block volume) in the
following exponential equation derived from strdndests on large jointed rock

samples:

JP =0.2/JC WP (D =0.37 JC%) (2.5)

where JC = jR x jL/jJA (JR = joint roughness, jA »ipt alteration, and jL = joint

length).
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For massive rock,

RMi = o x f; (applied for cases wherg* JP) (2.6)

where { is called the massivity parameter, given as & (0.05/0)%2 (Dy = block
diameter). In most cases,~ 0.5.

The RMi requires more calculations than the RMi the Q system,
but the spreadsheets have been developed, fronhiecRMi value and the type(s)
and amount of rock support can be found directty. the estimation of RMi value
and RMi support design, RMi-calc., version 2 and iR8fipport, version 3.1
(Palmstrom, 2001) will be used in this research.

2.2.4 Geological Strength Index (GSI)

The geological strength index (GSI), introducgdHoek, Kaiser, and
Bawden (1995), is a system of rock mass charaeteiz that has been developed in
engineering rock mechanics to meet the need f@bilelinput data, particularly those
related to rock mass properties required as inpits numerical analysis or closed
form solutions for designing tunnels, slopes omfdations in rocks. The rock mass
characterization is straightforward and it is baspdn the visual impression of the
rock structure, in terms of blockiness, and thdager condition of the discontinuities
indicated by joint roughness and alteration. Thalzioation of these two parameters
provides a practical basis for describing a widegeaof rock mass types, with
diversified rock structure ranging from very tighihterlocked strong rock fragments
to heavily crushed rock masses. Based on the rads mescriptions, the value of GSI

is estimated from the contours.
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Due to lack of the parameters to describe surtarelitions of the
discontinuities and the rock mass structure in @& system, two terms namely,
structure rating, SR, based on volumetric jointrdqud,) and surface condition rating,
SCR, estimated from the input parameters (e.ggmoess, weathering and infilling)
were suggested by Sonmez and Ulusay (1999). Théistduantitative GSI system
chart (Sonmez, 2001) is used in this research.

The basic input consists of estimates or measemesrof the uniaxial
compressive strengtlod) and a material constant jjnthat is related to the frictional
properties of the rock. Ideally, these basic pripgishould determined by laboratory
testing as described by Hoek and Brown (1997)ibutjany cases, the information is
required before laboratory tests have been contplated the condition that the
laboratory testing is not available. To meet theed, Marions and Hoek (2000)

reproduced the tables that can be used to estirahtes for these parameters.

2.3 Deere’s Rock Quality Designation (RQD)

In 1964 Deere proposed a quantitative index of moelss quality based upon
core recovery by diamond drilling, but it was naitib1967 that the concept was
presented for the first time in a published formete Hendron, Patton, and Cording
(1967). It has come to be very widely used and ieen shown to be particularly
useful in classifying rock masses for the selectibtunnel support.

The RQD is defined as the percentage of core sxedvin intact pieces of 100

mm or more in length in the total length of a baleh(Deere, 1989). Hence:
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Lengthof corein pieces=100mm
Lengthof borehole

RQD (%) = 100 2.7)

Palmstrom (1982) has suggested that when cotmasailable, the
RQD can be estimated from the number of jointsc@@hsinuities) per unit volume
with the following equation:

RQD =115 - 3.3J (2.8)

where J is the total number of joints per cubic meter (wvoétric joint count). The
RQD is used as a standard parameter in drill caygithg and forms a basic element
of the two major rock mass classification systemshsas rock mass rating system

(RMR) and NGI tunneling quality index (Q system).

2.4 Numerical Method

In order to evaluate the stress and deformationrat the tunnel, numerical
method (Phasecode), will be used. Phdseersion 6.0, is a finite element program,
developed by Rocscience (2007) and permits two-asoeal study of the non-linear
deformation of rocks using Hoek-Brown failure crib@ or Mohr-Coulomb failure
criterion. In this program, automatic mesh arouhé tunnel is generated and,
deformations and stresses are computed based onreld#sto-plastic analysis.
Convergence-confinement is a procedure that alivesload imposed on a support
installed behind the face of tunnel to be estimaféte input parameters are unit

weight of rock, Young’s modulus, Poisson’s rationjaxial compressive strength of
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intact rock, in-situ stresses, Hoek-Brown constamt$/ohr-Coulomb constants and

tunnel radius.

2.5 Review of Papers

Basarir, Ozsan, and Karakus (2005) suggested rimae reliable support
design could be achieved by using the finite eldmmaethod together with the
empirical methods. A case study was carried ouhatdiversion tunnel project of
Guledar dam site, which was located at the NortiAmfara, Turkey. Based on the
collected information in the field and rock propestdetermined in the laboratory,
rock masses were characterized by means of rock atassification systems (RMR,
Q, RMi and GSI). These classification systems walis® employed to estimate
support requirements for the diversion tunnel. @Gsgence-confinement method was
employed to perform stability analysis. Based upfenperformed stability analysis it
was decided to use the support systems recommdndedck mass classification
systems. Finite element analysis was utilized s®ss the stability of the tunnel and
evaluate the performance of support recommendethéyempirical methods. The
strength parameters necessary for finite elemealysis were estimated from the
empirical methods and input into the finite elemesde (Phas®

The empirical methods recommend the utilizationboft and shotcrete as
support elements for sandstone formation at Guledlaersion tunnel project.
Convergence-confinement and numerical methods dhdivat small deformations
occur and a limited plastic zone develops arouedinel. When the recommended
support systems by the empirical methods were egplihese yielded elements

disappeared in the finite element analysis. The iecap methods indicate that
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substantial support was necessary for diabase fammaand both convergence-
confinement and numerical methods agreed thatiteedd the plastic zone and the
deformations increase and reach their maximum sgdloiethis formation. However,
after installation of support elements recommenbgdhe empirical method, the
finite element analysis showed that there was mngt yéelded element and plastic
zone around the tunnel. The results proved thaethgirical and numerical methods
agree with each other. Thus, it is suggested tha&nwlesigning a support system for
a tunnel driven in rock mass, empirical and nunakmeethods are to be used together
(Basarir et al, 2005). However, the validity of the proposed suppgystem, obtained
from combination of empirical and numerical modeglishould be verified by
comparing predictions with actual measurementsnduronstruction.

Ozsan and Basaria (2002) carried out the suppgaaity estimation of the
diversion tunnel at Urus dam site located in thetre¢ part of Turkey on the Suveri
River. The project area is in weathered tuff anékveone. Tunneling in weak rock
requires some special considerations, since migjedg in support design results in
costly failures. There are several ways of estingatiock support pressure and
selecting support. However, all systems suffer ftbeir characteristic limitations in
achieving objectives. Thus, it is more useful te d#ferent methods for estimating
support pressure and type of support. The suppesgspre (p was established by
three different methods. These methods are ther(ipjirical methods based on rock
mass rating system (RMR) and rock mass quality xnf@ system), (2) ground
support interaction analysis (GSIA) and (3) numarinethods, namely, Phadmite

element program. Rock masses were characterizentnmts of RSR, RMR, Q system
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and GSI. Finally, the required support system waspg@sed and evaluated by
different methods in the highly weathered tuff avehk zone of the diversion tunnel.

0o (2003) evaluated the rock mass quality andneséid support design of Ye
Nwe diversion tunnel by using rock mass classiicatsystems. The project is
located on Ye Nwe River, near Myochaung village,aiktaga Township, Bago
Diversion, Myanmar. The four methods of engineernogk mass classification
schemes, RMR, Q, RMi and GSI, are independentlyiegppo assess the geological
input data with practical experience and engingefjudgment. According to the
engineering geological data obtained from thoseradterizations, the rock mass
guality is defined as the assigned rating valudschvenable to evaluate the in-situ
rock mass strength, deformation modulus, Mohr-cmlloparameters and Hoek-
Brown parameters. The rock mass strength was dstihiay the empirical method.
The required initial rock support for each struaturegion have been recommended
by RMR, Q and RMi, and then correlated with eadtent

Rasouli (2009) studied at Garmi Chay Diversion fiela Project in the
northwest of Iran focusing on stabilization anaysnd support design. The diversion
tunnel of the dam has a diameter of 5.5 m and gtheaf 420 m and was driven in
slightly to highly weathered micaschist and tra@mdesite rock units. The tunnel
alignment was divided into three geotechnical zoRes every zone, support capacity
of rock masses was evaluated by means of empaitdl numerical methods. The
rock mass classification systems (RMR, Q, GSI, R&SRC and RMi), the
convergence-confinement method and a 2D finite efemomputer software, Phase
were used for empirical and numerical method, retspady. According to the results

acquired from these methods, some stability problesgre expected in the tunnel.
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The support system, suggested by empirical metinad applied and its
performance was evaluated by means of numericakhmgd After installation, the
support suggested by Phageogram, the thickness of plastic zone and deftoms
around the tunnel decreased significantly. Consatpethe agreement of these
methods with each other was resulted and using ec@tibn of them was

recommended for more reliable support design (Ras2l09).



CHAPTER |11

GEOLOGICAL DATA COLLECTION

3.1 Introduction

The careful exploration of local engineering geatal conditions is an
important phase of investigation for tunneling.islta prerequisite to the successful
and optimized design of engineering structures amdlerground excavations.
Accordingly, a site investigation can foresee araile against difficulties that may
arise during construction because of the uncertgif the ground and/or other local
conditions. Investigation should not cease oncetroation begins. It is essential that
the prediction of ground conditions that constittlie basic design assumption be
checked as construction proceeds and designs maditicordingly if conditions are
revealed to be different from those predicted.hia tase of the Manipura diversion
tunnel constructions, four vertical boreholes aldhg tunnel alignment with total
depth of 239 m were drilled by Engineering Geol@jfice 2, Irrigation Department,
Ministry of Agriculture and Irrigation, Myanmar, aa preliminary geological
investigation in 2004 and continuous investigatit)lese been performed. TECHO
Corporation Pte. Ltd. carried out the probe dmjlinvestigations (horizontal drilling
inside the tunnel) as a contract in 2009 (Figulg. 3 he geotechnical parameters are

evaluated base on the exploratory data, field @lsens and laboratory test results.
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Figure3.1 Probe drilling investigation by TECHO Corporatiote PLtd.

3.2 Geology of Project Area

The tunnels are in the Chin Flysch aged of Terte a part of the Rakhine-
Chin-Naga Hill ranges (Win and Aung, 2007). Mostloé main Rakhine-Chin-Naga
Hill ranges are a thick monotonous series of appbrenfossiliferous marine flysch-
type sediments including slaty shales, phyllitated and poorly-graded calcareous
sandstones.

Rock sequence in the project area, known as the Eisch, is folded tightly,
and even isoclinally. Quartz and calcite veins \aey common. The sequence is

predominantly argillaceous (slate), consisting nyaaf yellowish grey to dark grey,
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hard, locally ferruginous and calcareous. Slate, rtfajor rock unit, is fine grained
metamorphic rock derived mostly from shale. Appnoxiely 20 to 25% of the
sequence consists of hard bedded greywackes saadstsually find-grained and

locally micaceous and calcareous.

3.3 Engineering Geology

Geological data collection is carried out to clsghe rock mass as
accurately as possible. It is necessary that eeffiort should be made to obtain
complete characteristics of the rock mass at aly stage of the project. The given
sufficient warning of a potential problem, the aeregr can usually provide a solution
by supporting or reinforcing the rock mass arouhd bpening or by providing
drainage or diverting accumulations of ground wafEnerefore, the integrated
geological data can assist in the design solutiod anticipate any unfavorable
geological condition, which can give rise to probleluring the excavation of the
openings.

Engineering geological descriptions of the rocksses are based on the
procedures suggested by ISRM (1981). In this stgpgcial emphasis is given to the
characteristics of the discontinuities and to tbgrde of weathering, each of which
has an influence on the engineering propertie®df mass. Folds and joints are the
most dominant structural discontinuities observethe study area. The major trend
of the joint is 320/60 (strike/dip) and the tunulglection is N6OE (Win and Aung,
2007). The strike of the joints and tunnel axis aearly perpendicular. The area
shows varying weathering grades of rock. Near gilosurface, rocks are highly to
completely weathered extending to a depth of 2008 The geological cross-

section along the tunnel alignment is drawn basedhe borehole results, surface



24

exposures and time domain electromagnetic survdEM) map. The tunnel
alignment is divided into three distinct zones @tk mass : zone 1 : moderately to
highly weathered slate; zone 2 : slightly to motidyaweathered slate; and zone 3 :
slightly weathered slate with alternation of gregka sandstone band (Figure 3.2).
Each of which has different engineering geologaperties and lithologic types.
The RQD values are defined from borehole data basetthe equation proposed by
Deere (1989) (equation 2.7 in chapter 2).

Zone 1 is slate, which is moderately to highlyatiered. The color is
yellowish grey to grey. Average RQD for this zosel6% and average joint spacing
is 0.3 m. The persistence of joints varies 1-3 amt3 surfaces are generally slightly
rough and undulating. Discontinuities apertureessithan 0.1 mm and mostly filled
by soft filling material with clay content. The gnadwater condition is wet. This
zone is 46.39% of the total length of diversionniein

Zone 2 is slate, which is slightly to moderatelyathered. They are light grey
to grey in color. Average RQD for this zone is 8@and average joint spacing is
0.5 m. The persistence of joints varies 1-3 m. t3osurfaces are generally slightly
rough and undulating. Discontinuities apertureessithan 0.1 mm. Quartz and calcite
veins are observed. The groundwater condition is \Meis zone is 27.26% of the
total length of diversion tunnel.

Zone 3 is slate, alternation with sandstone bagiky(vacke), slightly
weathered, hard and compacted. Greywacke sandséoadsard, dark grey in color
and fine grained. Most of rock units in this zome dark grey in color. Average RQD
for this zone is 60.80% and average joint spa@r@6 m. The persistence of joints is

1-3 m. Joints surfaces are generally slightly roagid undulating. Apertures in
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discontinuities are less than 0.1 mm. Quartz atateaseins are observed and some
of joints are closed and tight. The groundwaterdaion is wet. This zone is 26.35%
of the total length of diversion tunnel.

Total 21 different sections are classified basedheir locally input variables
in terms of engineering geological and geotechnpaiameters and the induced

overburden stress. A section along the tunnel @t is given in Figure 3.2.
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Figure3.2 Geological cross-section of the Manipura divergiomel alignment.
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Laboratory experiments were carried out to deteemihe physical and

mechanical properties of intact rock including umight, Young’s modulus,

Poisson’s ratio and uniaxial compressive strengtitk core samples were collected

from vertical and horizontal borehole drilling irstgations. All laboratory tests were

conducted in accordance with the relevant ASTM ddash (ASTM D 7012-07) and

the ISRM suggested methods (ISRM, 1981). Testteant presented in Table 3.1.

Table3.1 Physical and mechanical properties of intact sock

No. Parameters, symbol, unit Zonel | Zone2 | Zone3
1 | Uniaxial compressive strengit, MPa 16.71 26.22 41.95
2 | Unit weight, y, kN/m® 26.59 27.76 28.94
3 | Young’s modulus, EGPa 10.34 21.04 22.83
4 | Poisson’s ratioy 0.35 0.34 0.30
5 | Hoek and Brown parameter; m 7 7
6 Hoek and Brown parametey, s 1 1




CHAPTER IV

ROCK MASSCHARACTERIZATIONS

4.1 Introduction

This chapter describes the characterizations & nogss around the proposed
tunnels by using rock mass classification systents @mparison of the rock mass
classification results. Rock mass classificatiohesges have been developing for
over 100 years since Ritter (1879) attempted tonédze an empirical approach to
tunnel design, in particular for determining supgpoequirements. Rock mass
classification systems evaluate the quality andeetqul behavior of rock masses
based on the most important parameters that infiethe rock mass quality.
Therefore, the rock mass characterization has Ipeeformed to access the rock
mass quality in accordance with the existing engjimg rock mass classification
systems.

Rock masses along the tunnel alignment are dladdify four individual rock
mass classification systems including rock masegaystem (RMR), NGI tunneling
guality index (Q system), rock mass index (RMi) giedblogical strength index (GSI).
The required input parameters and engineering gemb properties for the rock

mass classification systems are described in ch8pte

4.2 Rock Mass Rating System (RMR)

The rock mass rating system was initially devetbpg Bieniawski (1973),

otherwise known as geomechanics classificationegysit was modified over the
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years as more case histories, became availablet@rmmbnform to international
standards and procedures (Bieniawski, 1979). lrésearch, the 1989 version of the
classification table has been used. Uniaxial cosgive strength of intact rock
(UCS), rock quality designation (RQD), discontiguitspacing, discontinuity
conditions, ground water conditions and discontinarientation are the utilized
parameters of rock mass rating system. Based dnmass rating system, the rating
value and class of rock mass along the diversiondualignment are shown in Table
4.1.

The results show that zone 1 is poor and, zonesd23aare fair. The RMR
rating values for sections 1, 3, 5, and 7 of zorael 36, and sections 15, 17, and 21
of zone 1 are 31. This is due the effects of dinaity orientation in the tunnel. The
two tunnels have been driven from both sides (ialed outlet). The break through
point is between the rock mass sections 11 andri@.major trend of the joint is
320/60 (strike/dip) and the tunnel direction is BG@Vin and Aung, 2007). The strike
of the joints and tunnel axis are nearly perperidicurhe tunnels driven from the
inlet are under very favorable condition and drivieam the outlet are under
favorable condition. Therefore, zones 2 and 3 hise RMR rating values of 48 and

43, and 52 and 47, respectively.
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Table4.1 Rock mass rating value and class of rock mass dlmlylanipura

diversion tunnel alignment.

No. | Zone Section RMR ratingvalue | RMR Class | Description
1 1
2 3
3 5 36
4 1 7 v Poor
5 15
6 17 31
7 21
8 2
9 4
10 6 48
11 8
12 2 10 " Fair
13 14
14 16
15 18 43
16 20
17 9
18 11 52
19 3 12 " Fair
20 13 47
21 19

4.3 NGI Tunnéing Quality Index (Q system)

The Q system proposed by Barton et al. (1974)nsiraerical description of
the rock mass quality with respect to the tunnalbiity and consists of six
parameters, which are estimated from geologicalpimgp in-situ measurements and
drilled core loggings. These six parameters aredtk quality designation (RQD),
(2) joint set number gJ, (3) joint roughness number)J(4) joint alternation number
(Ja), (5) joint water reduction number,jJand (6) stress reduction factor (SRF). The
numerical value of Q index is defined by a functadrthese six parameters (equation

2.1 in chapter 2). Geol et al. (1995) suggestegarameter () for stress free form
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Q. In order to calculate Q SRF is taken 1 (equation 2.2 in chapter 2). 16220
Barton improved the value of Q ta, hormalization of Q value). The Q index value

and class of rock mass classified by Q system@septed in Table 4.2.

Table4.2 Q index value and class of rock mass along theipdaa diversion tunnel

alignment together with Qvalue and Qvalue.

No. | Zone | Section | Q index value | Q Class | Description | Qn Q¢
1 1

5 3 0.2667 0.0446
3 5

4 1 7 05333 E Very Poor | 1.3333 0.0891
5 15

6 17

7 21 0.2667 0.0446
8 2 1.2465 0.3268
9 4

10 6

11 8

12 2 10 2.4930 D Poor 6.2325 0.6537
13 14

14 16

15 18

16 20 1.2465 0.3268
17 9

18 11

19 3 12 3.0400 D Poor 7.60001.2643
20 13

21 19

The results indicate that zone 1 is classifiedexy poor quality and, zones 2
and 3 are poor quality. The Q index values forieastl, 3, and 21 of zone 1 are
0.2667, sections 5, 7, 15, and 17 of zone 1 ai@38,5ections 2 and 20 of zone 2 are
1.2465, sections 4, 6, 8, 10, 14, 16, and 18 oézZvare 2.4930, and sections 9, 11,

12, 13, and 19 of zone 3 are 3.0400. Even thoucfioss are in the same zone, the Q
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index values are different. This is due to the gabi stress reduction factor (SRF).

Stress reduction factor varies according to dept#xoavation.

44 Rock MassIndex (RMi)

Palmstrom (1995) proposed rock mass index (RMi) fgeneral
characterization and it has been developed oveydhses. For the jointed rock, RMi is
defined as the multiplication of the uniaxial coegsive strength of intact roclj
and the reducing effect of joint penetrating (JPjock mass (equation 2.4 in chapter
2). JP is the jointing parameter combined by thepigoal relations jC (joint
conditions) and Y (block volume) as shown in equation 2.5 in cha@eBlock

volume (M,) was estimated by the following equation propdsg&almstrom (1995):

Vo=pxd~ (4.1)

where J is the volumetric joint count arfdlis the block shape factor.

Equations 2.4 through 2.6 in chapter 2 can be tsedtimate the RMi value
of the rock mass. The RMi requires more calculaidman the RMR and the Q
system, but the spreadsheets have been develdpedRMi-calc., version 2 and RMi
support, version 3.1 have been used in this relsed@ie RMi index value and class
of the rock mass along the Manipura diversion turalignment are described in
Table 4.3.

The index values of zones 1, 2, and 3 are 0.2858310, and 2.5153,
respectively. Under the evaluated RMi index valzesmes 1 and 2 are related to low

quality and zone 3 is medium quality.



Table4.3 RMiindex value and class of rock mass along tlaailgura diversion

tunnel alignment.
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No. Zone Section RMi index value Description
1 1
2 3
3 5
4 1 7 0.2858 Low
5 15
6 17
7 21
8 2
9 4
10 6
11 8
12 2 10 0.9310 Low
13 14
14 16
15 18
16 20
17 9
18 11
19 3 12 2.5153 Medium
20 13
21 19
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45 Geological Strength Index (GSI)

The geological strength index (GSI) was proposgdbek et al. (1995). It
has been developed in engineering rock mechaniceetd the need for reliable input
data, particularly those related to rock mass ptogee required as inputs into
numerical analysis or closed form solutions for igiegg tunnels, slopes or
foundations in rock. The GSI is based on the agpear of rock mass and its
structure (e.g very good, good) and the structdréehe rock mass (eg. blocky,
disturbed and disintegrated). Sonmez and Ulusa§9(lproposed two terms namely,
structural rating (SR) and surface condition rat{8§¢R). Structural rating (SR) is
based on volumetric joint count,JJnd surface condition rating (SCR) is estimated
from the input parameters including roughness, kexatg and infilling of
discontinuities.

The modified quantitative GSI table (Sonmez, 2081)sed in this research.
The GSI index value and class of rock mass aloegMianipura diversion tunnel
alignment are shown in Table 4.4. Based on the fieodquantitative GSI table
developed by Sonmez (2001), the GSI values of zn@sand 3 are 28, 38, and 44,

respectively. As a result, zone 1 is poor, zonefair, and zone 3 is good quality.



Table4.4 GSlindex value and class of rock mass along theipdaa diversion

tunnel alignment.

No. Zone Section GSl index value Description
1 1
2 3
3 5
4 1 7 28 Poor
5 15
6 17
7 21
8 2
9 4
10 6
11 8
12 2 10 38 Fair
13 14
14 16
15 18
16 20
17 9
18 11
19 3 12 44 Good
20 13
21 19




35

4.6 Comparison of the Rock Mass Classification Results from Four

Different Rock Mass Classification Systems

Bieniawski (1989) modified the rock mass ratingssification table. There
are five categories of rock mass class : (1) venydgrock, (2) good rock, (3) fair
rock, (4) poor rock and (5) very poor rock. Thesekrmass classes are determined
based on five parameters of rock mass rating system

In NGI tunneling quality index (Q system), there aeven categories of rock
mass class based on Q index value: (1) A : exaegitiogood, extremely good and
very good; (2) B : good; (3) C : fair; (4) D : po@db) E : very poor; (6) F : extremely
poor; and (7) G : exceptionally poor. These roclkssnelasses are determined based
on six parameters.

The rock mass index (RMi) categorizes three roassrclasses : (1) low; (2)
medium; (3) high; based on the uniaxial compressivength of intact rock and the
reducing effect of joint penetrating of rock mabke geological strength index (GSI)
categorizes five rock mass classes based on surtawdition rating (SCR). These
five rock mass classes are the same to those lofmass rating system.

In rock mass rating system, there is no inpuaum&ter for rock stresses but
stresses up to 25 MPa are included in the estinRi¢R value. The number of joint
set is considered indirectly in rock mass ratingssification system. The Q system
considers being a function of only three parametengch are crude measures of
block size, inter-block shear strength and activess. The RMi system has similar
input parameters to those of Q system. Jointingrpaters are almost the same. The
GSI system classifies the rock mass class baseteosurface condition rating such

as roughness rating, weathering rating and inflliating. All systems consider the
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condition of discontinuities. The RMR and Q systeemnsider ground water
condition which is indirectly considered in the Risind GSI systems. The utilized
parameters of the four different rock mass classifon systems are varied.
Therefore, they classify different rock mass classeaccordance with their utilized
parameters. The rock mass classes along the Manghuersion tunnel alignment
classified by the four rock mass classificationtesys are summarized in Table 4.5.
Based on the results, zone 1 is generally idedtiéie poor rock, zone 2 is fair rock

and zone 3 is good rock.

Table4.5 Summary of the rock mass classes from differeck mass classification

systems.
No. | Zone | Section | RMR Class Q Class RMi Class | GSl Class
1 1
2 3
3 5
4 1 7 Poor Very Poor Low Poor
5 15
6 17
7 21
8 2 Very Poor
9 4
10 6
11 8
12 2 10 Fair Poor Low Fair
13 14
14 16
15 18
16 20 Very Poor
17 9
18 11
19 3 12 Fair Poor Medium Good
20 13
21 19




CHAPTER YV

GEOTECHNICAL ROCK MASSPARAMETER

ESTIMATION AND STABILITY ANALYSIS

5.1 Introduction

This chapter describes the estimation of geoteehmack mass parameters
and stability analysis. The geotechnical rock mpasameters are evaluated by
empirical equations which are developed by mangaehers based on the rock mass
classification systems. The stability of tunnaelevaluated in terms of stand-up time,
estimation of maximum unsupported span and factosabety for all sections of

tunnel alignment.

5.2 Geotechnical Rock Mass Parameter Estimation

Rock mass properties such as Hoek and Brown ausstaleformation
modulus of rock mass and strength of rock massmapertant parameters for the
stability analysis and support design of tunnellid®ée input parameters to finite
element method can produce meaningful calculatenms feasible support design.
Field tests to determine some parameters directlfimme consuming and expensive.
Consequently, several authors have proposed empnetationships for estimating
the value of isotropic rock mass parameters basedempirical rock mass

classification schemes.
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5.21 Rock Mass Deformation Modulus
In many designs for the reliable support systefimacaunnel, the

deformations of the rock mass surrounding the tuareeimportant and a numerical
analysis of these deformations requires an estirohtie rock mass deformation
modulus. In-situ determination of the deformatioodulus of rock mass is costly and
often very difficult. Thus, empirical methods arengrally used in estimating of rock
mass deformation modulus. Based on the RMR ratalgey many researchers have
proposed different empirical equations to calcul#te rock mass deformation
modulus. The following describes some equations:

Bieniawski (1978) has defineq,&s:
Em = 2RMR-100 (GPa) For RMR > 50 (5.1)
Serafim and Pereira (1983) have proposed:

[RMR—lO]
En=10" %0 J (GPa) For RMR < 50 (5.2)

Read, Richards, and Perrin (1999) has proposed faflowing

equation:

3
__.(RMR
Em—O.l(l—oj (GPa) (5.3)

where E, is the deformation modulus of the rock mass.
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Based on the NGI tunneling quality index (Q sygte many
researchers proposed several equations to estnmatemass deformation modulus.
Simple equations have been presented from the @rmsyas follows:

Grimstad and Barton (1993) have proposed theteouir Q > 1:

Em=25log Q (GPa) (5.4)

En was expressed as below by Barton (2002):

Em= lOQ% =10 (O 1“&)% (GPa) (5.5)

where Q is the normalization of Q-value armqg is uniaxial compressive strength of

intact rock.
From rock mass index (RMi), Palmstrom (1995) prepgbthe equation
for RMi > 0.1,
Em = 5.6 RMP3" (GPa) (5.6)

Using the geological strength index (GSI), preddthe uniaxial
compressive strength of intact rock is known theknmass deformation modulus, E
for o, < 100 MPa is estimated in GPa from the followingaon (Hoek, Carranza-

Torres, and Corkum, 2002).

o o ol 0
100

En (GPa) = (1—[2)) (5.7)
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Foro. > 100 MPa, use equitation 5.8.

GSI—le

40 (5.8)

E, (GPa) = (1—[2)) x 10[

The original equation proposed by Hoek and Brotes been
modified, by the inclusion of the factor D, to alldor the effects of blast damage and
stress relaxation. In the case of Manipura diverdiannel constructions, control
blasting method is used. Therefore, the value ofsCzero. The results of the
deformation modulus of rock mass for all sectiohthe Manipura diversion tunnels

calculated from above mentioned empirical equatarespresented in Table 5.1.
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Table5.1 Calculated deformation modulus of rock masg) @@r all sections of the

Manipura diversion tunnels.

From | From
@ .5 From RMR From Q RMi | csi
No. | & Avg. | SD
N g Eq. Eq. Eq. EqQ. Eq. Eq. Eq.
G| B2 | B3| 5B | B5 | (B |(B7
; ; 3.55 3.47| 1.40
3 5 447 | 4.67
4 1| 7 4.47 3.50 | 1.15 3.65| 147
5 15 '
6 17 3.35 | 2.98 3.09) 1.21
7 21 3.55 291 1.01
8 2 2.39 | 6.89 6.21 | 3.46
9 4
10 6 8.91 | 11.06
11 3 7.76 | 3.16
12 | 2| 10 9.92 | 8.68| 545 | 2.57
13 14
14 16 6.87| 2.62
15 18 6.68 | 7.95
16 20 2.39| 6.89 532 2.34
17 9
18 11 4.00 14.06 8.91| 4.10
19 | 3| 12 12.07/10.81| 7.91 | 4.59
20 13 8.41 | 10.38 9.03| 2.67
21 19

5.2.2 Hoek and Brown Parameters
The Hoek and Brown failure criterion for rock reas is widely
accepted and has been applied in a large numhmofcts around the world. Hoek
and Brown failure criterion for rock masses useg ‘amd ‘S’ constants. Some
empirical equations based on the empirical methads used to calculate those

constants as follows:
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Hoek and Brown (1988) proposed a set of relatlmetsveen the RMR
and the parameters jhand 's’.

For disturbed rock mass,

RMR -100
mi = m exp ——— 5.9
j = m p( 14 j (5.9)
<= ex [{RMRG—looj 5.10)

For undisturbed rock mass,

RMR -100
m = m exp ————— 5.11
j = m p( 8 j ( )
g = ex [{RMRg—looj (5.12)

Singh, Viladkar, Samadhiya, and Mehrota (1997 Hascribed the

following approximations to calculate; gnd $constants for tunnels:

M 20135 Q2 (5.13)
mi
§=0.002 Q (5.14)

where, Q is the stress free from Q, shown in equation 2 hiapter 2.
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Palmstorm (1995) offered a method to calculateHloek and Brown

constants ‘miand ‘s’ as follow:

m=m JP % (5.15)
m; = m JF9'857 (5.16)
5 =JB° (5.17)

where JP is the jointing parameter combines by moabirelations JC (joint
conditions) and Y (block volume) as described in equation 2.5 imptéa2.

Hoek et al. (2002) expressed as @& reduced value of material
constant mand, § They are constants for the rock mass given byfollewing

relationships:

GSI-100
m=mexp ——— 5.18
= m p(28—14Dj (5.18)
GSI-100
= exg — 5.19
§ F{ 9-3D j (5.19)
-GSl -20
a=+ 41 [e 15 —e3 J (5.20)
2 6

where D is a factor which depends upon the degirelesturbance to which the rock
mass has been subjected by blast damage and gl@&sation. It varies from O for

undisturbed in-situ rock masses to 1 for very distd rock masses. For the control
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blasting method, D value is 0. The calculated Haak Brown constants of rock
mass, ‘ni and ‘g’, for all sections of Manipura diversion tunnete ghown in Tables

5.2 and 5.3, respectively, together with their agervalue and standard deviation.

Table5.2 Calculated Hoek and Brown constant of rock masgpsfor all sections of

the Manipura diversion tunnels.

- From From Q From From
Q o} RMR RMi GSl
No. | 6| & Avg. SD
N 5§ Eq. Eq. Eq. Eq.
(5.11) (5.13) (5.15) (5.18
1 1
2 3
3 5 0.7119 0.7013| 0.2423
4 1 7 1.0401 0.5180 0.5350
5 15
6 17 0.5955 0.6722 0.247%
7 21
8 2
9 4
10 6 1.0928 1.1058| 0.4456
11 8
12 | 2 10 1.7391 0.8266 0.7646
13 14
14 16
15 18 0.9141 1.0611 0.4561
16 20
17 9
18 11 1.2606 1.3055| 0.3907
19 | 3 12 1.8580 1.1559 0.9473
20 13 1.0545 1.2539 0.4116
21 19
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Table5.3 Calculated Hoek and Brown constan) {sr all sections of the Manipura

diversion tunnels.

From From From From

© | 5 | RMR Q RMi GSl
No. o] Avg. SD

N @ Eq. Eq. Eq. Eq.

(5.12) (5.14 (5.17 (5.19

1 1
2 3
3 5 0.0008 0.0010 | 0.0011
4 1 7 0.0027 | 0.0003| 0.0003
5 15
6 17 0.0005 0.0009| 0.0012
7 21
8 2
9 4
10 6 0.0031 0.0045 | 0.0054
11 8
12 2 10 0.0125 | 0.0013| 0.001¢
13 14
14 16
15 18 0.0018 0.0041| 0.0056
16 20
17 9
18 11 0.0048 0.0064 | 0.0060
19 3 12 0.0152 | 0.0036| 0.002¢
20 13 0.0028 0.0059| 0.0062
21 19
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5.2.3 Rock Mass Strength

The rock mass strength is one of the importanampaters for the
design of all types of underground excavation atadikty analysis. A frequently
applied approach for estimation of the rock massngth is through an empirical
failure criterion, often in conjunction with rockass classification systems. Many
researchers have proposed several empirical eqsatm calculate the strength of
rock massdc.n) based on rock mass classification systems asafsi|

Ramamurthy (1986) proposed the following equati@sed on the

RMR rating value:

RMR -100
Ocm= OceXp ———— 521
ame e p( 18.75 j (-21)

Goel (1994) suggested the following equation taseQ:

Oc BO.l

Ocm = {MJ (5.22)

where Q is the stress free from Q (equation 2.2 in chap}ey is the unit weight of
rock mass (t/ff), o. is the uniaxial compressive strength of intackrddPa) and B is
the width of tunnel (m).

The main principle in the development of RMi heeen focusing on
the effects of the defects in a rock mass in redythe strength of the intact rock. As
it meant to express the compressive strength ofdbk mass, it can be defined as

(Palmstrom, 1995):
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Ocm = RMi =0, JP (5.23)

where o, is the uniaxial compressive strength of intactkrand JP is the jointing
parameter.

In order to apply the Hoek and Brown criteriorr fstimating the
strength of rock masses, three properties of tble mass have to be estimated. These
are the uniaxial compressive strength of the imack (©.), the value of the Hoek and
Brown constant (m for the intact rock and the value of GSI for tlwek mass.
RocData software version 3.0 (2004) is used in ripsearch to estimate the uniaxial
compressive strength of rock mass by using geabgtrength index (GSI). The
calculated uniaxial compressive strength of rockssnior all sections of Manipura
diversion tunnels is presented in Table 5.4.

To overcome the characteristic limitation of teguations, several
equations proposed by many researchers have beentaisstimate the rock mass
parameters along the Manipura diversion tunnehatignt. The average value is used

as input parameter for numerical simulation antibtaanalysis.
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Table5.4 Calculated uniaxial compressive strength of noass ¢.m) for all

sections of the Manipura diversion tunnels.

From From From

@ _5 RMR 0 RMi From GSI
No.| & | § Avg. SD

N 5§ Eq. Eq. Eq. RocData

(5.21) (5.22) (5.23) | Version 3.0

1 1
2 3
3 5 0.5503 0.4597 | 0.2375
4 1 7 0.7536 | 0.2858 0.2490
5 15
6 17 | 0.4215 0.4275| 0.2297
7 21
8 2
9 4
10 6 1.6375 1.0430 | 0.4021
11 8
12 2 10 0.8386 | 0.9310 0.7650
13 14
14 16
15 18 1.2542 0.9472 | 0.2156
16 20
17 9
18 11 3.2429 2.0282| 1.1351
19 3 12 0.5837 | 2.5153 1.7710
20 13 | 2.4839 1.8385 | 0.9044
21 19
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5.3 Stability Analysis

The classical approach used in the design of eagmg structures is to
consider the relationship between the capacityt@r(gth or resisting force) of the
element and the demand D (stress or disturbingeforthe factor of safety of the
structure is defined as FS = C/D and failure isiaex] to occur when FS is less than
1. In the case of underground excavation, thetinstress is required to analyze for
stability. The stand-up time and estimation of mmaxm unsupported span are also
some of the important issues for the safety olutl@erground excavation.

5.3.1 Stand-up Timeand Maximum Unsupported Span

The stand-up time of the rock mass and the evaluaif maximum
unsupported span are important for the tunnelinyesece and safety for the tunnel
constructionBieniawski (1976) proposed the relationship betwi#enstand-up time
of an unsupported underground excavation span &ed GSIR geomechanics
classification, rock mass rating system (RMR). Thart is useful to estimate the
stand-up time of the rock mass and maximum unstgga@pan. This may lead to
provide effective planning of the excavation angmrting sequences for the tunnel
construction.
Based on the NGI tunneling quality index (Q sygteBarton et al.

(1974) defined an additional quantity, the equintldimension ([, to evaluate the
maximum unsupported span and support requirementa particular dimension of
underground excavation. The equivalent dimensiaf) [®obtained by dividing the
span, diameter or wall height of the excavationabguantity called the excavation
support ratio (ESR) (equation 2.3 in chapter 29r the diversion tunnel, ESR value

is 1.6. In order to estimate the maximum unsupporspan of underground
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excavation, the relationship between the maximumvadent dimension (B of an
unsupported underground excavation and the NGleiimnquality index (Q system)
was proposed by Barton et al. (1974). The estimataximum unsupported span and
stand-up time of the rock mass for all sectiondviainipura diversion tunnels are

shown in Table 5.5.

Table5.5 Estimated maximum unsupported span and stanawngpaf the rock

mass for all sections of the Manipura diversiomtls.

From RMR From Q
©| 5
No. | & | § M ax. Max.
N (% Value | unsupported St?ir;g(-eup Value | unsupported
span span
; :1)’ 0.2667 2.40m
36 1.40 1d
3 5 m ay
4 17 0.5333 2.80m
5 15
6 17| 31 1.20m 16 hrs
7 21 0.2667 240 m
8 2 1.2465 4.00m
9 4
10 6 48 1.75m 8 days
11 8
12 | 2 | 10 2.4930 4.80 m
13 14
14 16
15 18 43 1.60m 4 days
16 20 1.2465 4.00m
17 9
18 11 52 1.80m 14 days
19 | 3 |12 3.0400 5.60 m
20 13| 47 1.75m 7 days
21 19
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5.3.2 In-situ Stress Analysis and Safety Factor

The stresses naturally exist in the rock masseélto the weight of
the overlying strata and the geological history tbE rock mass. When an
underground excavation is made in the rock, théssses are disturbed and new
stresses are re-distributed in the rock in the idiate vicinity of the underground
opening. In that case, failure of the rock adja¢erthe excavation boundary can lead
to instability. Therefore, the estimation of itesistress at the boundary of the
underground opening is required to control theainidity problem.

The condition that the only stresses, which cast @t the boundary of
an excavation, are the stresses tangential toadtedary holds true for all excavation
shapes which are free of internal loading. The ¢atigl stress at the boundary of the
underground opening can be estimated by the fatigweiquations proposed by Hoek
and Brown (1990):

For the tangential stress at roof,

Ooroof = (A xK - 1) Oy (5.24)

For the tangential stress at side wall,

Oewal = (B - 1)oy (5.25)

where o, is the vertical stress, k is the stress ratigq,) and, A and B are the
constants. In the case of Manipura diversion tunmeldified horseshoe shape, A is
3.1 and B is 2.7. The horizontal stress is diffi¢alestimate. It is known that they are

variable at shallow depth, tending to a hydrostatate in deep environment. The
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magnitude of horizontal stress is usually more thartical stress at shallow depths
(less than 500 m) whereas they trend to a hydrosttdte at depth of about 1000 m
below the surface (Hoek and Brown, 1990). In tlesearch, the ratio of horizontal
stress to vertical stress (k) is assumed to be 4uggested by Hoek (2003). The
vertical stressd,) is directly proportional to the unit weighf) (of overlying rock load

and the height of the overburden (H). The vertisaksses for all sections of

Manipura diversion tunnels are calculated by thiedong equation:

oy=YH (5.26)

After estimating the overall stresses for all tees of Manipura
diversion tunnels, these results are summarizethtcalculation of safety factor as
shown in Table 5.6.

The safety factor is taken as the ratio betw&enrock mass strength
and the stress around the underground openingcaleelated values of rock mass
strength for all sections of the Manipura diversionnels are described in Table 4.7
and the average values of rock mass strength acketascalculate the factor of safety.
To maintain stability, the acceptable factor okesakhould be greater than 1.

The results show that all of the sections aresufallure condition and

they need to be supported to increase safety factor
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Table5.6 Calculated induced stress and factor of safetplicsections of the

Manipura diversion tunnels.

o | Bl S| H | 0 | Owor | Owai | Om | FS | FS
N | 8| (m |MPa)| (MPa) | (MPa) | (MPa) | (Roof) | (wall)

1 1 | 39.88| 1.0608 2.2277 | 1.8034| 0.4597 0.21 0.2%
2 3 | 53.23| 1.4159 2.9734 | 2.4071] 0.4597 0.15 0.19
3 5| 66.97| 1.7814 3.7409 | 3.0284| 0.4597 0.12 0.1%
4 1| 7 | 101.33 2.6954| 5.6603 | 4.5821| 0.4597 0.08 0.10
5 15| 97.84| 2.6025 5.4653 | 4.4243| 0.427% 0.0& 0.10
6 17| 48.31| 1.2850 2.6986 | 2.1846| 0.4275 0.16 0.20
I 21| 38.51| 1.0244 2.1512 | 1.7414| 0.427% 0.2¢ 0.2%
8 2 | 42.79] 1.1896 2.4981 | 2.0223| 1.0430 0.42 0.52
9 4 | 62.63| 1.7411 3.6563 | 2.9599| 1.0430 0.29 0.3%
10 6 | 72.46| 2.0144 42302 | 3.4245| 1.0430 0.2% 0.30
11 8 | 106.12 2.9501| 6.1953 | 5.0152| 1.0430 0.17 0.21
12 | 2 | 10| 149.16 4.1466| 8.7080 | 7.0493| 1.0430 0.12 0.1%
13 14| 109.527 3.0447| 6.3938 | 5.1759| 0.9472 0.1% 0.18
14 16| 58.56| 1.6280 3.4187 | 2.7675] 0.9472 0.2§ 0.34
15 18| 48.31] 1.3430 2.8203 | 2.2831] 0.9472 0.34 0.41
16 20| 48.86| 1.3588 2.8524 | 2.3091| 0.9472 0.33 0.41
17 9 | 132.67| 3.8342| 8.0517| 6.5181] 2.0282 0.2% 0.31
18 11| 173.4| 5.011310.5236| 8.5191 | 2.0282 0.19 0.24
19 | 3 | 12| 173.4| 5.011310.5236| 8.5191 | 1.8385 0.17 0.22
20 13| 140.85 4.0706| 8.5482 | 6.9200, 1.838% 0.22 0.27
21 19| 48.86] 1.4121 2.9653 | 2.4005| 1.838% 0.62 0.77




CHAPTER VI

SUPPORT DESIGN

6.1 Introduction

This chapter describes the estimation of suppqgracéy and the design of
support systems for the Manipura diversion tuniglsising empirical methods and
numerical method. The performance of support eléspesuch as rock bolt and
shotcrete, is analyzed by numerical modeling. Tésigh results are compared with

those obtained from empirical methods and numenmzhod.

6.2 Support Capacity Estimation

The prediction of support capacity is one of thepamant tasks for the
assessment of the reliable support systems for rgralend openings. Several
relations based on rock mass classification systmmsised to estimate the required
support capacity for all sections of the Manipuirgetsion tunnels.

Bieniawski (1974) proposed the following equati@nestimate the support
pressure (Bo)) based on rock mass rating system (RMR):

100-RMR

Proof = (T)WY (6 . 1)
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where Ry is the support pressure (KNmW is the width of opening (m) ands the
unit weight of overburden (kN/#
Another approach, proposed by Barabal.(1974), is based on NGI tunneling

quality index value (Q value) as follow:

@Q% (6.2)
Jr

Proof =
where Ry is the roof support pressure (kNjnand Jis the discontinuity roughness.

The support pressure is calculated by these twatems for all sections of

Manipura diversion tunnels. The results are givemable 6.1.
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Table6.1 Calculated support pressure for all sectionh@fManipura diversion

tunnels.
From RMR From Q
No. Zone Section
Eq. (6.1), (MPa) Eq. (6.2), (MPa)
; L 00429
3 5 0.2042
4 1 7
5 15 0.0541
6 17 0.2201
7 21 0.0429
8 2 0.0717
9 4
10 6 0.1732
11 8
12 2 10 0.0904
13 14
14 16
15 18 0.1899
16 20 0.0717
17 9
18 11 0.1667
19 3 12 0.0966
20 13 0.1841
21 19

The results show that the support pressure olutdnoen the RMR system is
greater than that obtained from the Q system. Tiakhwof the tunnel and the unit
weight of overburden, which are not directly coesetl in Q system (equation 6.2),
are considered in RMR relationship (equation 6The material strength is also
considered in RMR system. Therefore, the suppqaasy value estimated by RMR

relationship is considered more realistic.
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6.3 Support Design using Empirical M ethods

Empirical methods are based on rock mass claaBdit systems: rock mass
rating system (RMR), NGI tunneling quality index g@stem) and rock mass index
(RMi). All these systems have quantitative estimainf the rock mass quality linked
with empirical design rules to estimate adequat& Bupport measures such as rock
bolt, shotcrete and steel set.

6.3.1 Rock MassRating System (RMR)

The rock mass rating system (RMR), proposed lanigivski (1989),
provides guidelines for the selection of rock reraseément for tunnels. The method of
excavation is provided based on the rock massyatitue.

The results suggest the two excavation methdi} top heading and
bench cut excavation method (1.0-1.5 m advanceopn heading, install support
concurrently with excavation, 10 m from face, fene 1) and (2) top heading and
bench cut excavation method (1.5-3 m advance inhegding, commence support
after each blast, complete support 10 m from faarezone 2 and 3 of the tunnel). For
zone 1, the RMR support table suggests that lmghtédium steel sets with spacing of
1.5 m should be installed where required. The sstggesupport systems assessed

based on rock mass rating system (RMR) for eack aom presented in Table 6.2.
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Table6.2 Recommended support systems based on rockrataggsystem

(RMR).
o - Rock bolt
o
No 5 g |RMR  (20mm Shotcrete Steel Sets
N 5§ value | diameter fully
grouted)
L L Systematic bolts
2 3 36 | 4-5mlong, 100-150 mm nght. to .
3 5 ; medium ribs
spaced 1-1.5m | in crown and
4 1 7 ) . spaced 1.5 m
in crown and 100 mm in
5 15 : : . where
walls with wire | sides .
6 17 31 mesh required.
7 21
8 2
9 4 .
10 6 48 Systematic bolts
11 3 4 m long, spaced 50-100 mm
1.5-2 min crown| in crown and
12 2 10 . . None
13 1 and walls with | 30 mm in
12 16 wire mesh in sides
15 18 43 | crown
16 20
17 9 50 Systematic bolts
18 11 4 m long, spaced 50-100 mm
19 3 12 1.5-2 m in crown| in crown and None
20 13 47 and walls with | 30 mm in
wire mesh in sides
21 19 crown

6.3.2 NGI Tunneling Quality Index (Q system)
The NGI tunneling quality index (Q system) isated to tunnel
support requirements by defining the equivalentetisions of the excavation {D
The equivalent dimension is a function of both sk and the purpose of excavation
as described in equation 2.3 in chapter 2. Thdioakhip between the index Q and
the equivalent dimension of an excavation determitiee appropriate support

measures. The support elements include rock bdlffiare reinforced shotcrete. The
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based on Q system is given in Table 6.3.
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Table6.3 Recommended support systems based on NGI togreglality index

(Q system).
o) 5 Q
No.| § | 5§ | index Rock bolt Shotcrete
NOL& | value

1 1 0.2667| BOlts 2.4-3 m long, Fibre reinforced shotcrete
2 3 ' spaced 1.3-1.5m 90-120 mm
3 5
4 1 7 05333 Bolts 2.4-3 m long, Fibre reinforced shotcrete
5 15 ' spaced 1.5-1.7 m 90-120 mm
6 17

Bolts 2.4-3 m long, Fibre reinforced shotcrete
! 21| 0.2667 o oced 1.3-1.5 m 90-120 mm

Bolts 2.4-3 m long, Fibre reinforced shotcrete
8 2 1.2465 spaced 1.7-2.1m 50-90 mm
9 4
10 6
11 8 Bolts 2.4-3 m long Unreinforced shotcrete
g 2 12 24930 spaced 1.7-2.1 m 40-100 mm
14 16
15 18

Bolts 2.4-3 m long Fibre reinforced shotcrete

[m 1
16 20 1.2463 spaced 1.7-2.1 m 50-90 mm
17 9
18 11 .
191 3 12 3.0400 Bolts %.4-3 m long, Unreinforced shotcrete
' spaced 1.7-2.1 m 40-100 mm

20 13
21 19
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6.3.3 Rock MassIndex (RMi)

The rock mass index (RMi) provides two types wport chart, for
discontinuous ground (jointed) and continuous gdb(overstressed). For jointed rock
(discontinuous ground), the relationship betweengitound condition factor (Gc) and
the size ratio (Sr) determines the appropriate suppeasures. For the continuous
ground (overstressed), the required support isdonrspecial support chart using the
competency factor (Cg).

In this study, the RMi support spreadsheet, varsg.1 (Palmstrom,
2001) is used to get direct assessment of supppdastfor all sections of the
Manipura diversion tunnels. The support measureduated based on rock mass
index (RMi) are summarized in Table 6.3. The sutggesupport types based on rock

mass index (RMi) include rock bolts and fibre rentked shotcrete.
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Table6.4 Recommended support systems based on rockinugss(RMi).

o| §| RMi
No.| § | 5 | index Rock bolt Shotcrete
N 5; value

1 1

2 3 Concrete lining or special design
j 1 ? 0.2858 Special bolting for shotcrete for roof and 150-250 mm

. roof and 1x1 m rock ;. ) .
thickness fibre reinforced shotcrete

5 15 bolt for wall for wall

6 17 '

7 21

8 2

9 4

10 6

11 8 E)?% ;oalltngxl m Fibre reinforced shotcrete

12 | 2 | 10| 0.9310 1.25%1.25 m for thickness 150-250 mm for roof
13 14 W'a” ' and 100-150 mm for wall.

14 16

15 18

16 20

17 9

18 11 ?3%&?02% m for Fibre reinforced shotcrete

19 | 3 | 12| 2.5153 réof ana 15x15m thickness 100-150 mm for roof
20 13 f I ' ' and 70-100 mm for wall.

51 19 or wa
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6.4 Support Design using Numerical Method

Phaséversion 6.0, a finite element program developedRbgscience (2007),
has been used for calculating stresses, defornsatamd developed plastic zone
around the tunnels and to evaluate the performafceupport systems. Support
elements used are composed of rock bolts and gtetdrhe properties of the support
elements (length, pattern of bolts and thicknesshaitcrete) are similar to those
proposed by the empirical methods. Hoek and Broailurk criterion is used to
estimate yielded elements and plastic zone of rnakses in the vicinity of tunnel.
Plastic post-failure strength parameters are usedhis analysis. The residual
parameters are assumed as half of the peak strpagimeters. In situ stress for the
finite element models is assumed as hydrostatia@atamatic mesh around the tunnel
is generated. For this study, boundary conditioresdefined as restrained X for both
sides boundary, restrained Y for the lower boundang free surface for the upper
boundary. The finite element mesh and boundary itiond for the analysis of
sections 7, 15, 10, 14 and 12 are shown in Figeueshrough 6.5.

For the numerical simulations, five sections, isast 7 and 15 for the
representative of zone 1, sections 10 and 14 ferrépresentative of zone 2 and
section 12 for the representative of zone 3, alectl. This is because section 7 is
under the highest stress, 5.66 MPa, and sectios fife lowest rock mass strength,
0.43 MPa, among the sections of zone 1. Similadgtion 10 is under the highest
stress, 8.71 MPa, and section 14 has the lowelstmass strength, 0.95 MPa, of zone
2. In zone 3, section 12 is under the highest str#8.52 MPa, and has the lowest
rock mass strength, 1.84 MPa. Two kinds of modetsupported and supported are

simulated for each section of tunnel. The rock mpasameters calculated by
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empirical methods, described in chapter 5, are aseidput parameters in numerical
simulations.

For section 7 of zone 1, Figure 6.6 shows thengtle factor contour, the
radius of plastic zone and the number of yieldeitdi elements around the tunnel
with and without support installation. Before sugpostallation, the radius of plastic
zone is 14.15 m and 839 yielded finite elements @bserved. After support
installation, the radius of plastic zone is redutte8.61 m and yielded finite elements
are also decreased to 432 numbers. Figure 6.11sshimsvdisplacement contour,
displacement vectors and maximum total displacemktite tunnel with and without
support installation. Before support installatitime maximum total displacement is
20.75 mm and after support installation, the maxmtotal displacement is reduced
to 7.33 mm.

For section 15 of zone 1, as shown in Figure #& radius of plastic zone is
13.80 m and the yielded finite elements are 748hm unsupported case. In the
supported case, the radius of plastic zone is estit 8.34 m and the yielded finite
elements are reduced to 335. As shown in Figurg, 6abximum total displacement
is 23.64 mm without support installation and it reduced to 7.84 mm in the
supported case.

For section 10 of zone 2, as shown in Figure & radius of plastic zone is
9.75 m and the yielded finite elements are 652h@ tinsupported case. In the
supported case, the radius of plastic zone is emtite 8.15 m and the yielded finite
elements are reduced to 487. The maximum totalatisment is 9.08 mm without
support installation and it is reduced to 5.88 nftarasupport installation as shown in

Figure 6.13.
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For section 14 of zone 2, as shown in Figure #® radius of plastic zone is
9.00 m and the yielded finite elements are 614h@ tinsupported case. In the
supported case, the radius of plastic zone is egtit@ 7.87 m and the yielded finite
elements are reduced to 389. The maximum totalatisment is 6.69 mm without
support installation and is reduced to 4.72 mmraftgport installation as shown in
Figure 6.14.

For section 12 of zone 3, as shown in Figure @li®radius of plastic zone is
8.25 m and the yielded finite elements are 549h@ tinsupported case. In the
supported case, the radius of plastic zone is egtit@ 7.55 m and the yielded finite
elements are reduced to 370. The maximum totalatisment is 7.31 mm without
support installation and is reduced to 5.57 mmraftgport installation as shown in
Figure 6.15.

Even though the maximum total displacements ang small in all numerical
modeling results, the extent of plastic zone araddgid elements suggest that there
would be some stability problems for tunnels. Phése small strain finite element
program and thus it cannot accommodate the vege latrains (Basarir, Ozsan, and
Karakus, 2005). In the case of Manipura diversiomel support design, it is more
important to consider the extent of plastic zond gielded elements rather than the
magnitude of displacement. According to plastidityeory, a plastic zone occurs
around a tunnel after excavation when induced stseexceed the rock mass strength.
After support installation, both the number of giedl elements and the extent of
plastic zone are decreased as shown in Figureshofigh 6.10. Maximum total

displacement is reduced as well in the supportsgscas presented in Figures 6.11
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through 6.15. The results indicate that the appdiedport systems are adequate to

obtain tunnel stability.
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Figure6.1 Finite element mesh and boundary conditions formathedysis

of section 7 of zone 1.
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Figure6.2 Finite element mesh and boundary conditions foatiaysis

of section 15 of zone 1.
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Figure6.3 Finite element mesh and boundary conditions foatiaysis

of section 10 of zone 2.
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Figure6.4 Finite element mesh and boundary conditions forathedysis

of section 14 of zone 2.
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Figure6.5 Finite element mesh and boundary conditions foatiaysis

of section 12 of zone 3.
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Figure6.6 Strength factor contour and radius of plastic zoingection 7

of zone 1 before and after support installation.
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of zone 1 before and after support installation.
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Strength factor contour and radius of plastic zoihgection 14

of zone 2 before and after support installation.
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of zone 3 before and after support installation.
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6.5 Comparisons

The estimation of reliable support system is ohthe most difficult tasks in
rock engineering. Several systems have been deacklop estimate the support
system. In the case of Manipura diversion tunnaktmictions, the empirical methods
and numerical method are used to assess the eslglgpport system and the
comparison is made between the results obtainech fenpirical methods and
numerical method.

For zone 1, the rock mass rating system provides dupport system
(systematic rock bolts 4-5 m long, 1-1.5 m spaci@)-150 mm thickness shotcrete
and light to medium steel ribs spaced 1.5 m wherpired). The NGI tunneling
quality index (Q system) provides systematic rockt$2.4-3 m long, 1.3-1.5 m
spacing and 90-120 mm thickness Fibre reinforcemtcsbte. The rock mass index
(RMi) system provides special bolting for roof aystematic rock bolts 1 m spacing,
and concrete lining or special design shotcreterdof and 150-250 mm thickness
fibre reinforced shotcrete for wall. The numerioa¢thod provides systematic rock
bolts 3 m long, 1.3 m spacing, and 200 mm thickisbsscrete.

For zone 2, the rock mass rating system recommiredsupport system; the
systematic rock bolts 4-5 m long, 1.5-2 m spacimgl &0-100 mm thickness
shotcrete. The NGI tunneling quality index (Q sgsterecommends providing
systematic rock bolts 2.4-3 m long, 1.7-2.1 m spg@nd 50-90 mm thickness fibre
reinforced shotcrete. The rock mass index (RMijesysrecommends providing 1 m
spacing rock bolts for roof and 1.25 m spacingviatl, and 150-250 mm thickness

fibre reinforced shotcrete for roof and 100-150 ntinickness fibre reinforced
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shotcrete for wall. The numerical method recommepis/iding systematic rock
bolts 3 m long, 1.5 m spacing, and 150 mm thickisbsscrete.

For zone 3, the rock mass rating system suggestsupport system; the
systematic rock bolts 4 m long, 1.5-2 m spacing 2®d.00 mm thickness shotcrete.
The NGI tunneling quality index (Q system) suggestviding the systematic rock
bolts 2.4-3 m long, 1.7-2.1 m spacing and 40-100 nmakness unreinforced
shotcrete. The rock mass index (RMi) system suggasividing 1.25 m spacing rock
bolts for roof and 1.5 m spacing for wall, and BB mm fibre reinforced shotcrete
for roof and 70-100 mm thickness fibre reinforcédtsrete for wall. The numerical
method provides systematic rock bolts 3 m long, m5spacing, and 120 mm
thickness shotcrete.

The rock mass rating system suggests longer rotkkthan do numerical
method and other empirical methods. The thickndsshotcrete is similar with
numerical method. The support systems suggest@ét@dyunneling quality index (Q
system) has thinner shotcrete thickness than dee®mcal method. The rock mass
index (RMi) suggests overestimate support systérms humerical method and other
empirical methods. Kaiser and Gale (1985) indicdlted the Q system gave a better
forecast of support quantities. The results fromribck mass rating system and NGI
tunneling quality index (Q system) reasonably aguté numerical method. Very

small discrepancies remain.



CHAPTER VII
DISCUSSIONS, CONCLUSIONS, AND

RECOMMENDATIONS FOR FUTURE STUDIES

7.1 Discussions

In this study, empirical methods are applied along with numerical method to
assess reliable support systems for rock zones around the Manipura twin tunnels. The
RMR system considers the orientation of discontinuities and material strength, which
are not directly included in the Q system. However, the Q system considers stress and
the joint set number of rock mass, which are only indirectly considered in the RMR
system. Both systems include condition of discontinuities and ground water. The
largest difference between the RMR and Q systems is the lack of stress parametersin
the RMR system. The RMi system has similar input parameters to those of Q system.
The RMi system applies best to massive, jointed and crushed rock masses where the
joints in the various sets have similar properties. The GSI system is based on the
visual impression of the rock structure, in terms of blockiness, and the surface
condition of the discontinuities indicated by joint roughness and alternation. All
empirical methods have their characteristic limitations to achieve their objectives,
therefore, to overcome these limitations, the rock mass strength parameters along the
tunnel alignment are estimated by four different empirical methods and their average

values are used as input parameters for finite element analysis.
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For the rock support systems of the Manipura diversion tunnels, the results
indicate that the numerica method suggests more shotcrete thickness than do the
empirical methods. The empirical methods suggest longer rock bolt than does the
numerical method. This may be because the numerical method considers the
overburden as continuous medium and the empiricd methods considers the
overburden as discontinuous medium.

The comparison is made between the support systems obtained from empirical
methods and the results obtained from numerical method for every zone. After severd
trials of the finite element program are carried out based on the support systems
suggested by empirical methods, the final reasonable estimate of tunnel support
systems are determined as shown in Table 7.1.

In addition, the excavation methods which are top heading and bench cut
excavation method (1.0-1.7 m advance in top heading, install support concurrently
with excavation and 10 m from face) is recommended. Concrete lining or specia
design shotcrete is suggested to support at the corners of the tunnel floor to prevent

high stress concentration caused by corner effect.



Table7.1 Fina recommended support systems for the Manipura diversion tunnels.

Fully grouted rock bolt

No. | Zone | Section (20 mm diameter) Shotcrete
1 1
2 3
3 5 .
4 1 - Length=3m Thickness = 200 mm
5 15 Spacing=13x1.3m with wire mesh
6 17
7 21
8 2
9 4
10 6
11 8 .
1 5 10 Length=3m Thickness = 150 mm
13 ” Spacing=15x15m with wire mesh
14 16
15 18
16 20
17 9
18 11 .
19 3 1 Length=3m Thickness =120 mm
20 13 Spacing=15x1.5m with wire mesh
21 19
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7.2 Conclusions

Rock masses along the Manipura tunnel alignment are characterized by means
of rock mass classification systems based on the vertical borehole data, field
investigations, engineering geological observations and laboratory test results.
According to the results acquired from the rock mass characterizations and stability
analysis, there are some stability problems in each zone. The empirica methods, rock
mass classification systems, are also employed to estimate support requirements and
required support capacities for the diversion tunnels. Five numerical models are
constructed by using finite element software, Phase” code, to determine the induced
stresses, deformations developed around the tunnel and evaluate the performance of
the support system recommended by the empirical methods.

The strength parameters required for finite element analysis are estimated
from the rock mass classification systems including rock mass rating system (RMR),
NGI tunneling quality index (Q system), rock mass index (RMi) and geologica
strength index (GSI). Used support elements are rock bolts and shotcrete as proposed
by the empirical methods. The properties of support elements including length,
pattern of bolts and the thickness of shotcrete are similar to those proposed by RMR
system and Q system. Severd iterations of the finite element program are performed
to assess the more appropriate support elements. It leads to the final reasonable
estimate of tunnel support systems. When the recommended support systems have
been applied, the number of yielded elements and displacements are reduced
significantly in numerical analysis. These results indicate that the recommended
applied support systems are adequate to obtain tunnel stability. It also proves that the

empirical methods reasonably agree with numerical method.
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In many tunnel support designs, empirical methods are widely used due to
their simplicity, however, they fail to predict interaction between the surrounding
rock mass and supporting system.

Based on the result findings, it can be postulated that empirical methods
should be applied together with numerical method for the safe tunnel support design.
A great deal of judgment may be needed in the application of all kinds of rock mass

classification systemsin support design.

7.3 Recommendationsfor Future Studies

Hoek and Brown failure criterion has been used in this research. This failure
criterion is widely accepted and has been used in a large number of projects around
the world. In addition, the use of the Mohr-Coulomb criterion with strength
parameters (cohesion and friction angle) is desirable to assess the effects of
discontinuity conditions. The friction angle of the rock mass can be interpreted as the
friction resistance along pre-existing discontinuities and asperities on these
discontinuities (overriding of asperities). The cohesion can be thought of as the shear
resistance of intact rock bridges in the rock mass, or the shear resistance of asperities
on a discontinuity surface (shear through asperities). Therefore, studying the
application of Mohr-Coulomb criterion for the estimation of underground support
systems should be conducted. Moreover, the validity of the proposed support systems,
obtained from combination of empirical and numerical method, should be checked by
comparing predictions of the rock mass quality with actual measurements carried out

during construction.
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ABSTRACT: This paper presents the analysis of support design for two parallel diversion
tunnels of the Manipura multi-purposed dam project in Myanmar. Rock masses along the
diversion tunnel alignment are classified by rock mass classification systems mcluding rock mass
rating system (RMR), NGI tunneling quality mdex (Q system). rock mass index (RMi). and
geological strength mdex (GSI). The relationship between the rock mass quality and rock support
measures i accordance with existing rock mass classification systems 1s used to estimate the
support system for the tunnels. A series of numerical simulations (using Phase’ code) is
performed to assess the stability conditions of the tunnels with and without the support systems.
Mohr-Coulomb failure criterion 1s used in mumerical analysis. The required mput parameters for
numerical modeling (Phase” code) are defined from empirical relations. Several trials of the finite
element analysis are performed to optimize the results obtained from empirical methods and
numerical method. After installation of the recommended support system, the simulated extent of
yielded zone and the radius of plastic zone significantly decrease. The use of empirical methods
together with numerical method can provide the reasonable support systems for the underground
openings.

1 INTRODUCTION

The Manipura multi-purposed dam project will provide the imgated water and hydro-electricity
to the local area. The project 1s located on the Manipura River, 52 km from the Kalay Town,
Kalay Township. Sagaing Division i1 Myanmar (Figure 1). The two parallel tunnels are 1050 m
long with 12 m wide moditied horseshoe shape. They are driven undemeath the south bank
mountain to divert the water whilst a massive rock-fill dam is built. Failure to do so will result in
an inadequate basis for the design and could be very costly when unexpected problems are
sometimes encountered at a later stage in the project. Based on the geological investigations,
some stability problems are expected in Manipura diversion tunnel constructions.

Rock masses along the diversion tunnel alighment are classified by rock mass classification
systems including rock mass rating (RMR), NGI tunneling quality index (Q system), rock mass
mdex (RMi1) and geological strength mdex (GSI). Therr rating values are used to determine tunnel
support systems and to estimate the rock mass parameters. The finite element program, Phase”
version 6.0 developed by Rocscience (2007), 1s used to evaluate deformations, developed plastic
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zone around the tumnels and the performance of support system. The rock mass parameters
estimated by empirical relations are used as input data for the numerical modeling. Optimization
between the empirical and numerical results 1s made to obtain the suitable support design for the
Manipura diversion tunnels.

Manipura Multi-purposed Dam Project

Figure 1. Location of the Manipura multi-purposed dam project.
2 GEOLOGY AND ENGINEERING GEOLOGY OF THE PROJECT AREA

Geological data collection is carried out to classify the rock mass in the project area. The
integrated data can assist in the design solution and anticipate any unfavorable geological
condition. which can give rise to problem during the excavation of the openings. The tunnels are
in the Chin Flysch of Tertiary as a part of the Rakhine (Arakan)-Chin-Naga Hill ranges (Win and
Aung, 2007). Most of the main Rakhine-Chin-Naga Hill ranges are thick monotonous series of
unfossiliferous marine flysch-type sediments including slaty shales, phyllite. slates and poorly-
graded calcareous sandstones. Quartz and calcite veins are common. The sequence 1s
predommantly argillaceous (slate). consisting mainly of vellowish grey to dark grey, hard, locally
ferruginous and calcareous. Slate, the major rock unit. is fine grained metamorphic rock derived
mostly from shale. Approximately 20-25% of the rock sequence consists of hard bedded
greywackes sandstone, usually find-grained and locally micaceous and calcareous.

Engineering geological descriptions of the rock masses are based on the procedures suggested by
ISRM (1981). The area shows varying weathering grades of rock. The tunnel alignment 15
divided into three distinct zones of rock mass: zone 1: moderately to highly weathered slate: zone
2: slightly to moderately weathered slate; and zone 3: slightly weathered slate with alternation of
greywacke sandstone band. Each of which has different engineering geological properties and
lithologic types. The major trend of the joint is 320/60 (strike/dip) and the tunnel direction 1s
N6OE (Win and Aung. 2007). The strike of the jomts and tummel axis are nearly perpendicular.
According to the rock mass rating svstem (RMR), the tunnels driven from the inlet are under very
favorable condition and driven from the outlet are under favorable condition. Total 21 different
sections are classified based on their locally input vanables i terms of engineering geological
and geotechnical parameters and the induced overburden stress. A section along the tunnel
alignment 1s given i Figure 2.
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Figure 2. Geological cross-section along the Manipura diversion tunnel alignment.
3 LABORATORY TESTING

Laboratory experiments were carried out to determine the physical and mechanical properties of
the intact rock. Rock core samples were collected from vertical and horizontal borehole drilling
investigations. All laboratory tests were conducted in accordance with the relevant ASTM
standards and the ISRM suggested methods. Uniaxial compressive strength of mtact rock for
zones 1, 2 and 3 are 16.71, 26.22 and 41.95 MPa, respectively. Unit weight of zone 1 is 26.59
KN/m’, zone 2 is 27.76 kN/m’ and zone 3 is 28.94 kN/m’. Young’s modulus of zone 1 is 10.34
GPa, zone 2 1s 21.04 GPa and zone 3 1s 22.83 GPa. Poisson’s ratio of zones 1. 2 and 3 are 0.35,
0.34 and 0.30, respectively. Hoek and Brown constant (i) of intact rock of zones 1, 2 and 3 are
7.

4 ROCK MASS CHARACTERIZATIONS

Four individual rock mass classification systems mcluding RMR (Biemiswski, 1973). Q
system (Barton, Lien, and Lunde, 1974), RMi (Palmstrom, 1995) and GSI (Hoek et al., 1995),
are currently applied to classify the rock mass quality along the tumnel alignment. The
classification table proposed by Biemawski (1989) and the modified quantitative GSI table
proposed by Sonmez (2001) are used 1n this study. For the estimation of RMi value and RMi
support design, the spread sheet softwares (RMi-calc., version 2 and RMi support, version 3.1)
are applied. The rock mass classes for every zone based on these four classification systems are
summarized in Table 1.

Table 1. Summary of the rock mass classes and their values.

Zone RMR Q RMi GSI
Value Class Value Class Value Class Value | Class
1 31 Poor rock | 0.5333 | Very Poor | 0.2858 | Low 28 Poor
2 43 Fairrock | 2.4930 | Poor 0.9310 | Low 38 Fair
3 47 Fairrock | 3.0400 | Poor 2.5153 | Medium 44 Good
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5. GEOTECHNICAL ROCK MASS PARAMETERS ESTIMATION

Rock mass properties such as deformation modulus of the rock mass, Mohr-Coulomb parameters
and rock mass strength are utilized parameters for the stability analysis and support design of
tunnel. Field tests to determine some parameters directly are time consuming and expensive.
Some empirical relations used here to calculate rock mass parameters are given m Tables 2
through 4. The calculated values are presented mn Tables 5 through 8.

Table 2. Empirical relations for estimating deformation modulus of rock mass (E,,) m GPa.

Eq. no. Equations References
) E,,= 2RMR-100 For RMR > 50 Bieniawski (1978)
( Rlxmflo']
@ E,=100 40 For RMR < 50 Serafim and Pereira (1983)
3
RMR
(3 E.=01] —— Read et al. (1999)
10
(4 En=25logQ ForQ=>1 Grunstad and Barton (1993)
1 Ge
(5) Em= IOQCA =10 (Qx )/1@ Bartor (2002)
100
(6) Em= 5.6 RMi%*" For RMi> 0.1 Palmstrom (1995)
—_— (GSI-10
D |o { 30 ]
(7 En=(01-—),]— %10 Foro, =100 MPa Hoek et al. (2002)
2" V100
b ( GSI—IO]
() Em=(1-—)x10%\ 40 Foro, > 100 MPa Hoek et al. (2002)
2

Table 3. Empirical relations for estimating Mohr-Coulomb parameters (¢; and ¢;).

Eq. no. Equations References
RQD 1 Ge
(12) Gg=|— || — (MPa) Barton (2002)
Tn SRF 100
o 1 I T T w
(13) @j =tan Barton (2002)
Ta

Table 4. Empirical relations for estimating rock mass strength (c.,,) in MPa.

Eq. no. Equations References
RMR —100
9) G = O &Xp| ——— Ramamurthy (1986)
18.75

5.5v.Qx ‘

(10) G = 01 B = Width of the munnel Goel (1994)
cc BT

(11 G =RMi=g.JP JP = Jointing parameter Palmstrom (1995)
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Table 5. Calculated values of rock mass deformation modulus (E.,) in GPa.

Zone From RMR Irom Q From RMi | From GSI Ave D
Eq.2 Eq. 3 Eq.4 | Eq.5 Eq. 6 Eq.7 = ‘
1 3.3497| 29791 44664 3.5012 1.1521 [ 3.0897 | 1.2144
2 6.6834 7.9507 | 99181 | 8.6788 5.4519 2.5664 | 6.8749 | 2.6191
3 8.4140 | 10.3823 | 12.0718 | 10.8131 7.9142 4.5853 1 9.0301 | 2.6698
Table 6. Mohr-Coulomb parameter (¢;) in MPa.
Zone | From RMR | From Q (Eq. 12) | From GSI (RocData 3.0) Avg. SD
1 0.1526 0.0891 0.2170 0.1529 | 0.0640
2 0.2158 0.4358 0.3640 03385 0.1122
3 0.2368 0.8502 0.6820 0.5897 | 0.3170
Table 7. Mohr-Coulomb parameter (¢;°).
Zone | From RMR | From Q (Eq. 13) | From GSI (RocData 3.0) Avg. SD
| 20.26 45.00 30.51 3192 1243
2 26.58 56.31 36.15 3068 | 15.18
3 28.68 56.31 37.76 4092 | 14.08
Table 8. Rock mass strength (Gew) in MPa.
Zone Eq.9 Eq. 10 Eq. 11 (RocData3.0) Avg. SD
1 04215 0.7536 0.2858 0.2490 0.4275 0.2297
2 1.2542 0.8386 0.9310 0.7650 0.9472 0.2156
3 24839 0.5837 2.5153 1.7710 1.8385 0.9044

6. SUPPORT DESIGN USING EMPIRICAL APPROACHES

Traditional gwdelines for the rock support are used based on the results of the site
characterizations including rock mass rating system (RMR), NGI tunneling quality index (Q
system) and rock mass index (RMi). All these systems have the relationship between the rock
mass quality and the empirical design rules to estimate adequate rock support measures such as
rock bolt, shotcrete and steel set. The results are summarized in Table 9.

The RMR system considers the orientation of discontinuities and material strength, which are not
directly mcluded m the Q system. However, the Q system considers stress and the jomnt set
number of rock mass, which are only indirectly considered in the RIVIR system. Both systems
mnclude condition of discontinuities and ground water. The largest difference between the RMR
and Q systems 1s the lack of stress parameters in the RMR system. The RIMi system has similar
input parameters to those of Q system. Ground water condition is indirectly considered in RMi
system. All empirical methods have their characteristic limutations to achieve their objectives.
Support design by empirical methods alone is conservative because these empirical methods
cannot adequately calculate stress distributions, support performance and deformational behavior
around a tunnel.
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Table 9. Suggested support systems based on empirical approaches.

Zone From RMR From Q From RMi
BL:4-5m.BS: 1-1.5m BL:24-3m special bolting. concrete lining or special
CS(W): 100-150 mm e design shotcrete for roof and 150-250

1 BS: 1.5-1.7m . .
WS(W): 100 mm CS(W): 90-120 mm mm thickness fibre reinforced shotcrete
SR: 1.5 m spaced where required ) for wall
BL:4m BS:1.5-2m BL:24-3m CBS: 1> 1m. WBS:1.25%1.25m
2 CS(W): 50-100 mum BS:1.7-2.1m CS(W) : 150-250 mm
WS(W): 30 mm CS: 40-100 mm WS(W): 100-150 mm
BL:4m. BS:1.5%2m BL:24-3m \C,%Sg'_ll'zf . llffnm
3 CS(W): 50-100 mun CBS:1.7-21m CS(-\\;) .'"100_'1‘50 o
WS(W): 30 mm CS: 40-100 mm ; ’ y

WS(W): 70-100 mm
BL: bolt length for crown and wall, BS: systematic bolt spacing for crown and wall. CS: shotcrete thickness for crown
WS: shotcrete thickness for wall. CBS: systematic bolt spacing for crown. (W): shotcrete with wire mesh

WBS: systematic bolt spacing for wall, SR: steel 1ib.

7. SUPPORT DESIGN USING NUMERICAL METHOD

A series of numerical simulations is performed by using a finite element program, Phase” version
6.0. Mohr-Coulomb failure criterion is used in finite element analysis. In situ stress 1s assumed as
hydrostatic. Automatic mesh around the tunnel is generated. Support elements used are composed
of rock bolts and shotcrete as proposed by the empirical methods. In this analysis, boundary
conditions are defined as restrained X for both sides boundary, restrained Y for the lower
boundary and free surface for the upper boundary. The strength factor contours, yielded finite
elements, radius of plastic zone, maximum total displacement and displacement vectors are
described in Figure 3. The results of the supported and unsupported cases are summarized in
Table 10.

Max. Total Dis 4 ' Total Displacement = 2.09 mm

Figure 3. Yielded finite elements, radius of plastic zone. strength factor contour, maximum
displacement and displacement vectors for unsupported and supported case of zone 1.

The small amount of total displacement 1s observed in each zone. The extent of plastic zone and
yielded elements suggest that there would be some stability problems for tunnels. Phase™ is a
small strain finite element program and thus it cannot accommodate the very large strains. In the
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case of Manipura diversion tunnel support design, 1t 1s more important to consider the extent of
plastic zone and yielded elements rather than the magnitude of displacement. After support
mstallation, both the yielding zone and the radius of plastic zone are decreased as shown in
Figure 3. Maximum total displacement 1s also reduced for the supported cases. This suggests that
the applied support systems are adequate to obtain tunnel stability.

Table 10. Yielded finite elements, radius of plastic zone and maximum total displacement for
unsupported and supported cases.

Yielded finite elements Radius of plastic zone | Maximum total displacement

Zone (no (m) (mm
unsupported | supported | unsupported | supported | unsupported | supported
l 786 418 13.690 8.324 23.84 8.09
2 626 440 9.001 7.855 6.32 4.69
3 580 444 8.393 7.837 712 5.59

8. DISCUSSIONS

The results indicate that the munerical method suggests thicker shotcrete and shorter bolt than do
the empirical methods. This may be because the numerical method considers the overburden as
continuous medium and the empirical methods considers as discontinuous medium. After several
trials. a reasonable estimate of tunnel support systems 1s achieved as presented m Table 11.

Concrete lining or special design shoterete 1s suggested to support at the corners of the tunnel
floor to prevent high stress concentration caused by comer effect. The excavation method which
1s top heading and bench cut excavation method (1.0-1.7 m advance in top heading, mstall
support concurrently with excavation, 10 m from face) 1s also reconumended.

Table 11. Recommended support systems for Manipura diversion tunnels.

Zone Rock bolt (20 mm diameter) Shotcrete
1 Length=3m Spacing=13x13m | Thickness =200 mm with wire mesh
2 Length=3 m, Spacing=1.5x 1.5m | Thickness = 150 mm with wire mesh
3 Length=3 m. Spacing=15x1.5m | Thickness = 120 mm with wire mesh

9. CONCLUSIONS

Rock mass characterization 1s performed by using rock mass classification systems. The required
support measures are determined by using the traditional guidelines which are based on rock
mass classification systems. Six numerical models are constructed by using Phase’ code to
determine the mduced stress. deformations developed around the tunnel and to evaluate the
performance of the support systems recommended by the empirical methods. Empirical relations
are used to estumate the required rock mass parameters for finite element analysis. Used support
elements are rock bolts and shotcrete as proposed by the empirical methods. Several trials of the
finite element analysis are performed to assess the more appropriate support elements. It leads to
the final reasonable estimate of tunnel support systems. When the recommended support systems
are applied, the extent of yielded zone and displacement significantly reduce in numerical
analysis. These results mdicate that the recommended applied support systems are adequate to
obtain tunnel stability. It also suggests that the empirical methods reasonably agree with the
numerical method.
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It can be postulated that a more reliable support design can be achieved by using a numerical
method supported by the empirical methods. A great deal of judgment may be needed in the
application of all kinds of rock mass classification systems in support design.
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ABSTRACT

This paper presents the stability analysis and support design for two parallel diversion tunnels of the Manipura
multi-purposed dam project in Myanmar by using empirical approaches and numerical method. The geological
evaluation of the Manipura diversion tunnels is relied on exploratory data, field observations and laboratory test
results. Rock mass rating system (RMR), NGI tunneling quality index (Q system). rock mass index (RMi). and
geological strength index (GSI) are applied to assist in the support designs. Traditional guidelines for the rock
support are used based on the results of the site characterizations. A series of numerical simulations (using
Phase” code) is performed to assess the stability conditions of the tunmels with and without the support systems.
The required input parameters for numerical modeling (Phase” code) are evaluated by empirical equations. After
support installation. the extent of yielded zone and the radius of plastic zone significantly decrease as shown in
the numerical results. Optimization between the empirical and numerical results is made to obtain the suitable
support design for the mmnels. The results indicate that the use of empirical methods together with numerical
method can provide the reasonable support systems for the underground openings.

1. INTRODUCTION

The Manipura multi-purposed dam project is located on the Manipura River, 52 km from the Kalay Town. Kalay
Township, Sagaing Division in Myanmar (Figure 1). The project is a part of the Multi-purposed Government
Funded Scheme and has been implemented under the supervision of Tirigation Department, Ministty of
Agriculnwre and Irrigation. Myanmar. The dam will provide irrigated water for 20242 hectares and hydro-
electricity to the local area. The two parallel tunnels are 1050 m long with 12 m wide modified horseshoe shape.
They are driven underneath the south bank mountain to divert the water whilst a massive rock-fill dam is built.
Within the confined space of a tunnel. it is difficult and dangerous to deal with stability or water problems which
are sometimes encountered unexpectedly. In the case of Manipura diversion tunnel constructions. some tunnel
stability problems are expected based on geological investigations.

Manipura Multi-purposed Dam Project

|y

Figure 1. Location of the Manipura multi-purposed dam project
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To classify the rock mass quality, rock mass classification systems including rock mass rating system (RMR)
[1], NGI tunneling quality index (Q system) [2]. rock mass mndex (RMi) [3], and geological strength index (GSI)
[4] are applied. Their rating values are used to deternune tunnel support systems and to evaluate the rock mass
parameters. These empirical methods have been originally obtained from many underground case studies and
they have been applied to many construction designs. These empirical methods cannot however adequately
calculate stress distributions. support performance and deformational behavior around a tunnel. Therefore, 2D
finite element code, Phase® version 6.0, has been used. The rock mass parameters evaluated by empirical
equations are used as input data for the numerical modeling. Several trials of the finite element analysis are
performed based on the support systems proposed by empirical methods to optimize the results and to assess the
reliable support systems.

2. GEOLOGY OF THE PROJECT AREA

The tunnels are in the Chin Flysch aged of Tertiary as a part of the Rakhine(Arakan)-Chin-Naga Hill ranges[5].
Most of the main Rakhine-Chin-Naga Hill ranges are thick monotonous series of apparently unfossiliferous
marine flysch-tvpe sediments including slaty shales. phyllite, slates and poorly-graded calcareous sandstones.
Rock sequence in the project area. known as the Chin Flysch. is folded tightly, and even isoclinally. Quartz and
calcite veins are very common. The sequence is predominantly argillaceous (slate). consisting mainly of
vellowish grey to dark grey, hard. locally ferruginous and calcareous. Slate. the major rock unit. is fine grained
metamorphic rock derived mostly from shale. Approcimately 20 to 25 % of the rock sequence consists of grey.
hard, thin and thick bedded greywackes sandstone, usually find-grained and locally micaceous and calcareous.

3. ENGINEERING GEOLOGY

Geological data collection is carried out to classify the rock mass as accurately as possible. The integrated
geological data collection can assist in the design solution and anticipate any serve geological condition. which
can give rise to problem during the excavation of the opemng. Engineering geological descriptions of the rock
masses are based on the procedures suggested by ISRM [6]. The major trend of the joint 1s 320/60 (strike/dip)
and the tunnel direction i1s NGOE [5]. The strike of the joints and tunnel axis are nearly perpendicular. The area
has the presence of varving weathering grades of rock. The geological cross-section map along the tunnel
alignment is drawn based on the borehole results. surface exposures and fime domain electromagnetic survey
(TDEM) map. The tunnel alignment is divided into three different zones of rock mass: zone 1: moderately to
highly weathered slate; zone 2: slightly to moderately weathered slate; and zone 3: slightly weathered slate with
alternation of greywacke sandstone band. Each of which has different engineering geological properties and
lithologic types. Total 21 different sections are classified based on their locally input variables in terms of
engineering geological and geotechnical parameters and the induced overburden stress. The details sections
along the tunnel alignment are described in Figure 2.
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Figure 2. Geological cross-section of the Manipura diversion tunnel alignment
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4. LABORATORY TESTING

Laboratory experiments were carried out to determine the physical and mechanical properties of infact rock.
Rock core samples were collected from vertical and horizontal borehole drilling investigations. All laboratory
tests were conducted in accordance with the ASTM [7] and the ISRM suggested methods. Uniaxial compressive
strength of intact rock for zones 1. 2 and 3 are 16.71, 26.22 and 41.95 MPa. respectively. Unit weight of zone 1
is 26.59 KN/, zone 2 is 27.76 KN/m® and zone 3 is 28.94 kN/m’. Young’s modulus of zone 1 is 10.34 GPa,

zone 2 is 21.04 GPa and zone 3 is 22.83 GPa. Poisson ratio of zonesl. 2 and 3 are 0.35. 0.34 and 0.30,
respectively. Hoek and Brown constant (m;) of intact rock of zones 1, 2 and 3 are 7.

W

ROCK MASS CHARACTERIZATIONS

The rock mass characterization has been performed to access the rock mass quality in accordance with the
existing engineering rock mass classification systems. Four individual rock mass classification systems
including RMR. Q. RMi and GSI. are currently applied. The classification table of Bieniawski [8] and the
modified quantitative GSI table [9] are used in this study. For the estimation of RMi value and RMi support
design. RMi-calc.. version 2 and RMi support. version 3.1 [10] are applied. The rock mass classes for every zone
based on these four rock mass classification systems are summarized in Table 1.

Table 1. Summary of the rock mass classes and their values

Zone RMR Q RMi GSI
Value Class Value Class Value Class Value Class
1 31 Poor rock 0.5333 | Very Poor 0.2858 | Low 28 Poor
2 43 Fair rock 2.4930 | Poor 0.9310 | Low 38 Fair
3 47 Fair rock 3.0400 | Poor 2.5153 | Medium 44 Good

6. GEOTECHNICAL ROCK MASS PARAMETERS ESTIMATION AND STABALITY ANALYSIS

Rock mass properties such as Hoek and Brown constants. deformation modulus of the rock mass and rock mass
strength are utilized parameters for the stability analysis and support design of tunnel. Field tests to determine
some parameters directly are time consuming and expensive. Some empirical relations used here to calculate
rock mass parameters are given in Tables 2. 3 and 4. The calculated values are presented in Tables 5. 6. 7 and 8.

Table 2. Empirical relations for estimating deformation modulus of rock mass (Ep).

Eq. no. Equations References

(1) E.. = 2RMR-100 (GPa) For RMR > 50 [11]
I’R.MR*IO‘&

(2) Ex=10" %/ (GPa) For RMR < 50 [12]
3

(3) E,=01 % (GPa) [13]

# E.=2510gQ (GPa) For Q=1 [14]

() E,.= IOQC% = 10{Q><1%°0 V5 (Gpa) [15]

(6) Ewm = 5.6 RMi™" (GPa) For RMi> 0.1 [3]

b o GSHD']
7 E.=(-—) %= xj0\ ® GPa For 6. <100 MPa 16
(7 ( > {100 (GPa) b [16]
[GSI—LD'

D
(8) Eu=(1- ?) x 10+ 40 (GPa) For 6. > 100 MPa [16]
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Table 3. Empirical relations for estimating rock mass strength (G,)

Eq. no. Equations References
o "RMR —100
9 O = GEEX)[—] 15
©) ] T ) [17]
55750 o
(10) Oem = {7;1 B = Width of the tunnel [18]
G. B~
(11) Gem=RMi=0c.JP JP = Jointing parameter [3]
Table 4. Empirical relations for estimating Hoek and Brown parameters (1 and s;)
Eq. no. Equations References
(13) m; = 1y e:»;p' w ] For disturbed rock mass [19]
(14) 5 = exp‘ M ; For disturbed rock mass [19]
(15) 1, = 11; exp ( %{;MO J For undisturbed rock mass [19]
(16) s =exp M For undisturbed rock mass [19]
m;j I 4 RQD Iv
(17) —1=0135Qy (Qu = =) [20]
m; Ju Ja
(18) 5, =0.002 Qu [20]
(19) m; = 1y Jpi e For undisturbed rock mass [3]
(20) m; = 1y 1P For disturbed rock mass [3]
1) 5 =Jp*’ [3]
(22) m; = 1y exp{ GSI-100 T D = Disturbrance factor [16]
L 28-14D |
(GSI-100)
23 5 —ex [ = 16
(23) ) P 9_3D [16]
1 | [ -GSI -20)
. L 15 _a3
(24) a > + . e e [16]
Table 5. Calculated values of rock mass deformation modulus (E,,)
From RIVIR. From Q From RMi From GSI
Zone = . Avg. sD
Eq.2 Eq. 3 Eq. 4 Eq.5 Eq.6 Eq.7 i
1 3.3497 2.9791 4.4664 3.5012 1.1521 | 3.0897 | 1.2144
2 6.6834 7.9507 | 99181 8.6788 5.4519 2.5664 | 6.8749 | 2.6191
3 8.4140 10.3823 | 12.0718 | 10.8131 7.9142 4.5853 | 9.0301 | 2.6698
Table 6. Rock mass strength (Germ)
Zone Eq.9 Eq. 10 Eq. 11 (RocData 3.0)[21] Avg. SD
1 04215 0.7536 0.2858 0.2490 0.4275 0.2297
2 1.2542 0.8386 0.9310 0.7650 0.9472 0.2156
3 2.4839 0.5837 2.5153 1.7710 1.8385 0.9044
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Table 7. Hoek and Brown parameter (1)

FromRMR From Q From RMi From GSI
Zone Eq. 14 Eq. 16 Eq. I8 Eq.21 AVE. SD
1 0.5955 1.0401 0.5180 0.5350 0.6722 0.2475
2 0.9141 1.7391 0.8266 0.7646 1.0611 0.4561
3 1.0545 1.8580 1.1559 0.9473 1.2539 04116
Table 8. Hoek and Brown parameter (s;)
Zone From RlEIR From Q From RMi From GSI Ave. sD
Eq. 15 Eq. 17 Eq. 20 Eq. 22 "
1 0.0005 0.0027 0.0003 0.0003 0.0009 0.0012
2 0.0018 0.0125 0.0013 0.0010 0.0041 0.0056
3 0.0028 0.0152 0.0036 0.0020 0.0039 0.0062

7.  SUPPORT DESIGN USING EMPIRICAL APPROACHES

Empirical methods are based on rock mass classification systems including rock mass rating system (RMR),
NGI mmneling quality index (Q system) and rock mass index (RMi). All these systems have quantitative
estimation of the rock mass quality linked with empirical design rules to estimate adequate rock support
measures such as rock bolt, shotcrete and steel set. The results are summarized in Table 9.

Table 9. Suggested support systems based on empirical approaches

Zone From RMR From Q From RMi

BL:4-5m. BS: 1-1.5m BL: 24-3m spec@al boltling. concrete lining or

) CS(W): 100-150 mum BS: ].S-i 7m special design shotclrete for roof
WS(W): 100 mm CS&“‘S' 96_1 20 1 and 150-250 mm thickness fibre
SR: 1.5 m spaced where required ) reinforced shotcrete for wall
BL: 4 m. N CBS:1>x1m

) BS: 1.5-2m EIS'_' fj; T WBS: 125« 1.25m
CS(W): 50-100 mm Cs: 4'0_1'60 m CS(W) : 150-250 mm
WS(W): 30 mm ) WS(W): 100-150 mm
BL:4m BS: 15+2m BL: 2.4-3m %%s;l.zss i llfilm

3 CS(W): 50-100 mm CBS:1.7-2.1m CS(\K}) _'"100_'1“;0 nm
WS(W): 30 mm CS: 40-100 mm : -

WS(W): 70-100 mm
BL: bolt length for crown and wall, BS: systematic bolt spacing for crown and wall, CS: shotcrete thickness for
crown, WS: shotcrete thickness for wall. CBS: systematic bolt spacing for crown. (W): shotcrete with wire
mesh, WBS: systematic bolt spacing for wall, SR: steel rib

8. SUPPORT DESIGN USING NUMERICAL METHOD

Phase” version 6.0, a finite element program developed by Rocscience [22]. has been used to perform a series of
numerical simulations. Support elements used are composed of rock bolts and shotcrete as proposed by the
empirical methods. Hoek and Brown failure criterion is used to estimate yielding zone around the tunnels and the
maximum  displacement. Plastic post-failure strength parameters are used in this analysis. The residual
parameters are assumed as half of the peak strength parameters. In situ stress for the finite element models is
assumed as hydrostatic and automatic mesh around the tunnel is generated. For this study. boundary conditions
are defined as restrained X for both sides boundary. restrained Y for the lower boundary and free swrface for the
upper boundary. The strength factor contours, yielded finite elements. radius of plastic zone. maximum total
displacement and displacement vectors are described in Figure 2. The results of the supported and unsupported
cases are summarized in Table 10.
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Even though the maximum total displacements are very small in all numerical modeling results. the extent of
plastic zone and yielded elements suggest that there would be some stability problems for mnnels. Phase” is a
small strain finite element program and thus it cannot accommodate the very large strains [23]. In the case of
Manipura diversion tunnel support design. it is more important to consider the extent of plastic zone and yielded
elements rather than the magnitude of displacement. After support installation, both the yielding zone and the
radius of plastic zone are decreased as shown in Figure 3. Maximum total displacement is also reduced for the
supported cases. This suggests that the applied support systems are adequate to obtain tunnel stability.

Yielded

Max. Total Displacement =23.64 mm Max. Total Displacement =7.84 mm

Figure 3. Yielded finite elements. radius of plastic zone. strength contour. maximum total displacement and
displacement vectors for unsupported and supported case of zone 1.

Table 10. Yielded finite elements. radius of plastic zone and maximum total displacement for unsupported and
supported cases.

Zone Yielded finite elements (no) | Radius of plastic zone (m) ‘ Maximum total displacement (1mm)
unsupported supported | unsupported supported unsupported supported

1 748 335 13.800 8.336 23.64 7.84

2 614 389 9.001 7.865 6.69 4.72

3 549 370 8.249 7352 7.31 5:57

9. DISCUSSIONS

Many empirical methods have been developed by several researchers and the utilized parameters are varied. All
empirical methods have their characteristic limitations to achieve their objectives. As a result, to overcome these
limitations, the rock mass parameters along the tunnel alignment were estimated by four different empirical
methods and their average values were used as input parameters for finite element analysis.

The results indicate that the numerical method provides more shotcrete thickness than do empirical methods. The
empirical methods suggest longer rock bolt than does the numerical method. This may be because the numerical
method considers the overburden as continuous medium and the empirical methods considers as discontinuous
medium. After several trials. the final reasonable estimate of tunnel support systems are achieved as presented in
Table 11.
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In addition, the excavation method which is top heading and bench cut excavation method (1.0-1.7 m advance in
top heading. install support concurrently with excavation. 10 m from face) is recommended. Concrete lining or
special design shotecrete is suggested to support at the corners of the tunnel floor to prevent high stress
concentration caused by corner effect.

Table 11. Recommended support systems for Manipura diversion tunnels

Zone Rock bolt Shotcrete
1 Tength=3 m. Spacing=13x13m Thickness = 200 mm with wire mesh
2 Tength=3 m Spacing=15x15m Thickness = 150 mm with wire mesh
3 Length=3m, Spacing=15x1.5m Thickness = 120 mum with wire mesh

10. CONCLUSIONS

Rock masses along the Manipura twin munnel alignment are characterized by means of rock mass classification
systems based on the wvertical borehole data. field investigations, engineering geological observations and
laboratory test results. According to the results acquired from the rock mass characterizations and stability
analysis. there are some stability problems in each zome. The empirical methods, rock mass classification
systems, are employed to determine the required support systems for the Manipura diversion tunnels. Three
numerical models are constructed by using finite element software, Phase® code, to determine the induced
stresses, deformations developed around the tunnel and evaluate the performance of the support system
recommended by the empirical methods.

The strength parameters required for finite element analysis are estimated from empirical relations based on the
rock mass classification systems. Used support elements are rock bolts and shotcrete as proposed by the
empirical methods. Several trials of the finite element analysis are performed to assess the more appropriate
support elements. It leads to the final reasonable estimate of funnel support systems. When the recommended
support systems are applied. the extent of yielded zone and displacement significantly reduce in numerical
analysis. These results indicate that the recommended applied support systemns are adequate to obtain tunnel
stability. It also suggests that the empirical methods reasonably agree with the numerical method.

Based on the result findings. it can be concluded that empirical methods should be applied along with numerical
method for the safe tunnel support design. A great deal of judgment may be needed in the application of all kinds
of rock mass classification systems in support design.
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