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ABSTRACT

In the Lesser Himalayanegion of Nepal, mediunotmegasize hydropower projects, road
tunnelsfor short and effective route ineep terrain andther underground structurase
underconstructon dayby-day.It is found that most hydropower tunnels undengoessive
deformation and support failure during and after construction as it passes through very weak
rock masses with highverburden pressure. The estimation of rock support pressure and
selection of tunnel support are carried out by empirical metsiodsbasically ro& mass
classification approa@sare not adequat® encounter stability problem$o understand

the behavioof weak and jointedock massa detailed®D finite element analysis bheen
performed for different qualitiesf rock masses of six hydropower tunnels located in the
Lesser Himalayamegion.Geological Strength Index (GSI) systésnused to estimate the

peak strength of jointed rock mass based on the geological conditions.

In the numerical modeling, the rock mass is characterized by the GSI method and the rock
mass parameter are estimated using generalized Hoek Brown faileracrtie numerical
analysis is carried out for unsupported and supported wiwithl elasticperfecty plastic

and strairsoftening (residual strength) constitutive models. The disturbance factor (D) is
alsoconsidered for the analysis.tlreelasticperfectly plasticanalysisthe peak GSl is used

only, that is, there is no reduction of GSI. It is assumed that the GSI rahmesasne before

and after tunnel excavation whitbe strainsoftening constitutive model is assumed in

which the residual stretiyis accounted by the reduction of the peak GSI.

Based on the rock mass conditipdgferent rockmassmodek are presented whictan
addresshe real behavior of rock mass. For extremely poor rock masSSl lesghan 30,

the elastieplasticfailure characteristics more appropriate with the disturbance factor taken
as zero. It is found that the disturbance factordgreat influence on the modeling of such

weak rock mass itheHimalayan region.

For very poor to poorrock mass,moderatelyjointed, (30<GSI<50) the strairsoftening
failure characteristics more appropriate. In this cadiee disturbance factor is taken as 0.5.
The residual strength parameters are taken as between 60 and 70 %pedikthelue.
Similarly, for fair to good rock mass (50<GSI<65), the strairsoftening failure

characteristics is suitablehen the residual strength parameters are taken as between 40 and



50 % of the peak valuehich represented crushing of the intact rock and wearing joint

surface roughness.

3D numericalanalysis is carried out for two case studies; namely Kulekhani Ill and
Chameliya hydropower tunneBoth hydropowertunnels pass througéxtremely poor,

poor, fair and good quality of rock masses at different esessors along their routeThe
preliminary conclusion from the 2D analysis is used for modeling such rock mass.
concluded that the appropriate numerical models are suitable for analysis and design of
tunnel supports in such geological conditiofisere is no significant stabilitgroblem as

the tunnel passes through fair and good rock quality. But as the tunnel section passes through
extremely poor and poor rock quality, there could be stability problems of support at the
lower corner othewall and invert. Rock support aroundeé tunnel suggests by theck

mass classification approads uniform support around the excavation, but from the
numerical analysist is observed that the lower corners of wall and invert are more critical

than the crown.
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1 INTRODUCTION

1.1 Background

Nepal has the longest don of the Himalaya occupying theentral sector othe
Himalayan arc. Its extension is about 880 fkom east to west and has a width ranging
from 150 to 250 k. Nepal has tremendous potentitdr hydropower development
because itsteep terrain and fast flamg rivers origirating from the glaciers fulfilthe
basicneed Construction of underground structures like tunnels and caverns are useful
for achieving such development activities withtl®orough understanding of the
geological condition.

Due to activeectonic movement and dynamic monsoon, the rock mass in the Himalayan
is relatively weak and highly deformed, weathered and altered. The major tectonic thrust
faults such asain Central Thrust (MCT) and Main Boundaryrtist (MBT) havea
significant influence on the high degree of shearing and fracturing to the rock mass.
Predicting rock mass quality, analyzing strasticed problems, in particulaiynnel
squeezing, and predictingater inflow and leakage often have been found extremely
difficult. Consideable discrepancies have been found between predictectaldck

mass conditions, resulting gignificant cost and time overrun for most of the tunneling
projects (Panthi & Nilsen, 200.

Fromthelast decade, the construction of underground strugtiilkesunnel and caverns,
has considerably increased dayday inthe LesserHimalaya Due toa few detaied
studies on evechanging Himalayan region and geological condition in Nepal, it has
been difficult topredict the effect of geology aimderground structures. The need of
study is not only relevant to underground strucsteh as tunnelsutalso to thesound

structural stability of small to largecale projects.

This research mainly focuses on tbanel closure analysaf hydropowe tunnel inthe

weak geology.The study area lies within thieesser Himalayaf Nepal where rock
masses are weak, highly jointed, weathered, faulted, foldeédeatonically disturbed

with high overburdenHigh mountainous topography causes high overbupidessure

in the underground structures causing squeezing and other stability problems. This



geological difficultyresulted ina huge financiaburden becausef heavily reinforced

support in the squeezed section.
1.2 Problem Statement

Nepal lies in a highlyseismically vulnerable regiohy its proximity to the young
Himalayan range and the ongoing fieotonic activities in the region. The seismicity of
the country is attributed to the locationtlbéregion in the subduction zone of Indian and
Asian tectonicplate (Khadka, 2013) Due to this active tectonic movement, the rock
masses in Nepal are fragiMeak rock mass quality with high roskress ione of the
major stability problems during tunneling the Lesser Himalayan region dfepal
(Panthi, 2006)Tunnelfailure is mainly due tahe failure of weak rock mass around a
tunnel andthe influence of high overburden pressure or tectonic stresses. Almost all
tunnels constructed in this region exignced excessive deformati®anthi, 2006). In

general, taneling through such weak rock mass may cause severe squeezing problems

On the basis of tunnel closures, the squeezing ground conditivedvéean classified

into four classes by Hoek (2001) as minor, severe, very severe and extreme squeezing
ground condions as shown irFigure 2-8 (Singh & Goel, 2011)Tunnel closure is
defined as the ratio of the wall displacementhaftunnel with respect to tunnel radius.

It depends significantly orthe method of excavation. In extreme squeezing ground
conditions, tunnetlosure may lead more than 88d morethan 4% of tunnel span
should not allow, otherwise support pressstiely to build up rapidly due tthefailure

of rock arch (Singh & Goel, 2011).

Existing hydropower tunneldrom different hydropower projects like Kaligandaki,
Middle Marsyangdi, Modi andhmiti haveaconsiderable amount of squeezing occurred
while tunneling.Similarly, the headrace tunnel of Chameliigdroelectric project
located in the western part of the lesser Himalayan region of Néyal,faced severe
squeezing problem resulted into a huge financial loss because of heavily reinforced
support in the squeezed sectiorherefore, the knowledge on wsgezing or non

squeezinggroundplays an important role in designing the support system.



1.3 Objectives of Study

Theprimary objectiveof this study igo do tunnel closureralysis of hydropower tunnels
located in the Lesser Himalayan region of Nefpalachieve thgrimary objective the

following secondary objectives astudied in detailed.

1. Tunnel closure analysis of different case studies.

2. Different rock models are used to predict appropriate numerical modeling

3. Stability analysis of tunnels of these studies using existing empirical, semi
empirical and analytical methods.

4. 2D and 3D numerical modeling of tunnels.

To fulfill the above objectivesa detailed literature survey has been carried out and two
hydropower tunneldiave been studied idetail with available data. For numerical
modeling Rocscience finite element analysis softwd&2 and RS3 (Rocscience, 2016)

has been used for analysis of tunnels in 2D and 3D modeéapectively
1.4 Scope of Research

From theexperiencef tunneling in thigegion,the rock mass classification approaches
are not adequate to estimate the tunnel support. Most of the hydropower tunnels
experienced excessive deformation due to poor rock mass and-Bighsiress. Tunnels

from Kaligandaki, Modi, Chameliya hyolpower projects experienced the sevarmel
deformation due to squeezing of rock around the tunnel. It is difficult to tackle the severe
squeezing in tunneling through Himalaya rock massdaii, nauniform solution exists

that may control instability caused by tunnel squeezing of such magnitudes (Panthi,
2006). Therefore, the existingnirical, semiempirical and analytical methods are not
sufficient for analysis and design of support. Proper nig@emodeling should be
carried out tgoredict the excessive deformation of rock mass around the tuiroat.

this research workhe following questionsould be addressed:

A What are the driving forces and factors that cause squeezing problehes in
Himalayan region of Nepal?

A Are the existing support design methods sufficient to address the squeezing
phenomenon of tunnels in different rock masses?

A What types of support elements and arrangement of supports are necessary to

design underground structurediim Himalayan region?



In Nepal, it is very difficult to get published and recorded data from the hydropower
projects due to cost, lack of knowledgetlog investigation and not measuring tunnel
deformation fothefuture and others. Hence, it is not pokstio get much more sources
and information. Thereforegase studies are selected on the basis ofnfoemation
regarding site investigation, laboratory testing, rock mass quality logs, tunnel support

details can be obtained as more as possible.

Based orthe tunnel closure$;oelet al. (1994)defined the degree of squeezing o

tunnel asvery mild, mild, mild to moderate, moderate, high and very high squeezing,
presented iTable2.3 andFigure2-7. Theavailabledatarelated to the ground conditions

of the selected case projects are studied. Numerical analysis is carried out to predict real
ground behavior while tunneling. Differembn-linear stresstrain constitutive modes
adopted to represent the ground surrounding the tunnel. The respitsdicted in terms

of thetunnel closure around the openifignerefore,anonly time-independent analysis

is considered.
1.5 Research Methodology

Limited researclinas been conducted icontext tothe stability analysis of underground
structures in the NepaliMalaya. Stresgnduced failure is the common failure in the
Himalayan geology having high overburden and poor rock mass g&alitk hy dr o p o we
tunnels are selected for the 2D numeri cal
modeling is usgdofotw@8Dhwydodepower tunnel s

and Chameliya, taken as c aerearisgtcangletiens i n t |

To meet th@bovementionedesearchyuestionsthe following research methodology is

applied in this studgs presented iRigurel-1.

1. Literature eview related:
1 To geology of the Himalaya regarding stress regime, rock types, weathering
effect on rock mass and tectoniclugnce
To rock mass classification and support design methods.
To the existing empirical, semi empirical and analytical methods to evaluate
the squeezing potential and design of undergrounds structures.

1 To numerical modeling and analysis of undergrounactures.



2. Data collection: It includes the project details and engineering geological
information on the rock mass condition. Geological properties of rock masses
will be referred from thas provided.

3. Stability analysis: The stability analysis carried out by empirical, semi
empirical andanalytical methods. Support system requirement will be proposed

accordingly in terms of different rock mass classification.

i Field Visit , Data collecti
] el vist, bata coflecion ‘ Literature review H Selection of case studies ‘

i Literature review l
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Figurel-1 General methodologysed in thestudy

4. Numerical Analysis:
1 Commercially available finite element software, from RocScience, RS3 and
RS2 are used for 3D and 2D analysis, respectively.
1 The parameters calculated by empirical methods will be used as input
parameters for thignite element analysis.
5. Based on the existing empirical, sen@mpirical, analytical and numerical
methods, design supports are recommended for the stability analysis of

underground structures.



1.6 Organization of Dissertation

The study isdivided into six chapters. Int@pter 2, various literature related ttee
research works isurveyed indetail Literature related to the geology of Himalaya,
empirical and semempirical methods for ssessing the tunnel stability in terms of
squeezing,rock mass classification system astudied an analytical methodj.e.
Convergence Confinement Method, is discussatialso literature related numerical

methals is also discussed detail

Chapter 3 discusses the different rdakure modek, MohrCoulomb failure criterion
and Genera&ed HoekBrown failure criterionare discussed idetail It discusse®D

numericalmodeling in tunnels anitk suitabilityfor thedesign of tunnal
Chapter 4oresents the study of case studigh description.
Chapter 5 presents 3D numerical modeling of case tunnels in details.

Chapter6 presents the overall conclusgof the study.



2 COMMON DESIGN PRACTI CE OF UNDERGROUND
STRUCTURES

2.1 General

This chapter presents the available literatiated tothe description of Himalayan
geology of Nepal, design practice of tunnel suppontdak mass classification, closed
form solution for analyzing circular tunnel using Hefown criteron. Extensive
researchesand workshave been carried out tesign and ssessingthe squeezing
behavior of tunnel in different parts of the world. A brief description of such research
works is presentedn this chapter which isetevant for this research work in terms of
empiricaland semiempirical methods It also briefly desribes the numerical methods

and its application to underground structures to access the stability.
2.2 General Review of Himalayan Geology

The Himalayarrangeis youngand weak mountain system of the world. It is a broad
continuous arc along the northern fringes ofltitkan subcontinent, from thend of the
Indus River in the northwest to the Brahmaputra River in theMasly scientists believe
that at that time theorthwardmoving Indian plate first touched the southern edge of
Tibetan (Eurasianplate. Thanountain building (orogenic) process continues from the

collision and the mountain is still on making process.

Nepal has the longest division of the Himaldymextension is about 800 km and starts
from the west at the Mahakali River and ends at the east by the Mechi Rigpal
occupying the central sector of Himalayan arc similar topographic division can be seen
throughout. Basically, the geology of Nepaldivided into following five zones; the
Gangetic plain (Terai zone), the SHibmalayan zone, the Lesser Himalayan zone, the
Higher Himalayan zonend the TibetaiTethys zone as shown in Fig2eThe main

rock types found inhteseregiors are shownn Table2.1.



Table2.1 Geomorphic units of Nepal and main types of rocks (Upreti, 1999)

Geomorphic Unit Width(km) | Altitudes(m) | Main rock types

Gangetic plain (Terali 20-50 100-200 Alluvium deposits ,coarse gravel in the

zone) north near the foot of mountains

Siwaliks (Churia Group) | 10-50 2001000 Sandstone, mudstone, shale and
Conglomerate etc

LesserHimalayan Zone | 70-165 100065000 Schist, Phyllite, gneiss, quartzite,
granite, marble and dolomite.

Higher Himalayan Zone | 10-60 > 5000 Gneisses schists and marbles

TibetanTethys zone - 250071 4000 | Gneisses schists and marbles of High

Himalayan Zone and Tethyan sedimen
(limestone, shale, sandstone etc)
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Figure2-1 Geological map of Nepal (Upreti, 1999)

This can be summarized as the madectonic zones- Main Central Thrust (MCT)
tectonic contact between Higher Himalayas &mdser HimalaygsMain Boundary
Thrust (MBT)} active tectonic contact between thesser Himalayaand the Siwaliks
and Himalayan Frontal Thrust (HF;Tor Main Fontal Thrust (MFT): tectonic feature
located between the boundary of Siwaliks and the TEnaiseareactivefaults,asshown

in Figure2-2.
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Figure2-2 Structural cross secti@tross Terai, Siwaliks, Lesser Himalaya Nepal (Up
1999)

2.3 Rock Mass Classification

Extensive researches have been done in the rock mass classification for the design of
underground structure$he most common empirical methods fannelingare Rock
MassRating (RMR)(Bieniawski 1989, RockMass Quality Q systen) (Barton et al.
1974)ard Geological Strength IndefGSI) (Hoek, 1994; Hoek et al, 199Hpek &
Marinos 2000; Marinos et al, 2005; Hoek et2005)in the Himalayan region of Nepal

These threemethods incorporate geological, geometric and design/engineering

parameters in aking at a quantitative value of their rock mass quality.

The similarities between RMR and-@ystemcomefrom the use of identical, or very
similar, parameters in calculating the final rock mass quality rating. The differences
between the systems lietime different weightings given to similar parameters and in the
use of distinct parameters in one or the other schB&R uses compressive strength
directly while Q only considers strength as it relates to in situ stress in competent rock.
Both schemes @ with the geology and geometry of the rock mass but in slightly
different ways. The greatest difference between the two systems is the lack of a stress

parameter in the RMR system.
2.3.1 Rock Mass Rating (RMR)

Bieniawski (1989 published the details of a roakass classification called the

Geomechanics Classification or the Rock Mass Rating (RMR) system. Over the years,

this system has been successively refined as more case records have been examined and
9



it shouldbe noted thaBieniawski has made significant changes in the ratings assigned
to different parameters. The discussion which follows is based upon the 1989 version of
the classification (Bieniawski, 1989).

Table2.2 Guideines for excavation and support of rock tunnels in atanore with the
RMR system Bieniawaskj 1989

Rock mass | Excavation Supports
class Rock bolts (20 Conventional | Steel sets
mm dia. Fully shotcrete
grouted)
Very good | Full face 3 m Generally, no support required except for
rock advance occasional spot bolting
RMR =81
100
Good Rock | Full face 1.01.5 | Locally, boltsin | 50 mm in None
RMR= 61 m advance. crown 3 mlong, | crown where
80 Complete spaced 2.5 m, required
support 20 m with occasional
from face mesh

Fair rock Heading and Systematic bolts 4 50-100mm in | None
RMR= 41 bench. 1.53 m | mlong, spaced | crown and 30

60 advance in 1.52 min crown | mm in sides
heading. and walls with
Commence wire mesh in
support after crown
each blast.
Complete
support 10 m
from face.
Poor rock Top heading and Systematic bolts | 100150 mm | Light to
RMR= 21 bench. 1.61.5 | 4-5m long, in crown and | medium
40 m advance in tog spaced 41.5 min | 10 mm in sideg ribs spaced
heading. Install | crown and wall 1.5 m where
support with wire mesh. required.
concurrently

with excavation
10 m from face.
Very poor Multiple drift Systematic bolts | 150200 mm | Medium to

rock 0.51.5m 5-6 m long, in crown 150 | heavy ribs

RMR<20 advance intop | spaced 4.5 min | mmin sides | spaced 0.75
heading. Install | crown and walls | and 50 mm on| m with steel
support with wire mesh. | face lagging and
concurrently Bolt invert forepoling
with excavation. if required.
Shotcrete as Close invert

soon as possible
after blastig

10



To apply the geomechanics classification system, a given site should be divided into
several geological structural units in such a way that each type of rock mass is represented
by a separate geological unit. The following six parameters are used tdycassik

mass using the RMR system: i) uniaxial compressive strength of rock material, ii) Rock
Quiality Designation (RQD), iii) joint or discontinuity spacing, iv) joint conditions, V)
groundwater conditions, and vi) joint orientation. The rating fronh sacparameters is

used for evaluating the RMR of rock mass.

Guidelines fo selection of tunnel support is presented able2.2, based on the RMR
values,which isapplicable to tunnels excavated with conventional drilling and blasting
method. These guidelines depend upon the factors like depth s@ifage {0 take care

of overburden pressure or in situ stress), tunnel size and shape and method of excavation.

2.3.2 Rock MassQuality (Q- system)

Barton et al. (1974) at the Norwegian Geotechnical Institute (NGI) proposed the Rock
Mass Quality (Q) System of rock mass classification on the basis of about 200 case
histories of tunnels and caverns. It is a quantitative clea8dn system, and it is an
engineering system enabling the design of tunnel supgdresnumerical value of the

index Q varies in logarithmic scale from 0.001 to a maximum of 1000.
The concept upon which the Q system is based upon three fundameuntaimeqts:

Classification of the relevant rock mass quality,

b. Choice of the optimum dimensions of the excavation with consideration
given to its intended purpose and the required factor of safety,

c. Estimation of the appropriate support requirements ftrekcavation.

The QSystem is based on a numerical assessment of the rock mass quality using six

different parameters:

*

$
88—
“32¢ 2.1)

21

*

1

where, RQDis the Rock Quality Designation; i3 the joint set number;,Js the joint
roughness numbgl, is the joint alteration numbely, is the joint water reduction factor

and SRF is the stress reduction factor

11



The three quotients in the Q system can be explaintdlass: the quotient RQD/dis

a crude measure of the block or particleesithesecond quotient/Ja. represents the
roughness and frictional characteristicstloé wall or filling materials, andhé third
guotient J/SRF consists of two parameters. Whilecan be directly related to water
pressure values across the joimhile SRF bears more complicated relationship with a
number of factors such as 1) loosening load in the case of an excahabioght shear

zones and clay bearing rock, 2) rock stress in competent rock, and 3) squeezing loads in
plastic incompetent rock.

For various rock conditions, the rating (numerical values) to these six parameters are
assignedThe details of rating can beund in Barton et al, 1974 he goal of @system

is preliminary empirical design of support system for tunnels and caverns. There are 1260
case records to prove efficacy of this design approach.

The ratings of these parameters obtained for a given rasls 8 substituted in above
eguation to get rock mass quality Q. addition to the Qvaluetwo other factors are
decisive for the suppodesign in underground openingdhesefactors are the safety
requirements and the dimension, i.e., the span or height of the underground opening.
Generally, there will be an increasing need for support with increasing span and

increasing wall height. Safety requirements will depend on thepermf the excavation.

The Qvalue and the equivalent dimension will be decisive for the permanent support
design. In the support chart shownFigure 2-3, the Q véues are plotted along the
horizontal axis and the Equivalent dimension along the vertical axis on thateftside.

For the given combination of-@alue and Equivalent dimension, a given type of support
has been used and the support chart has beeatediuito areas according to type of

support.

In sections with very poor rock mass quality (Q<ginforcedRibs Shotcret€dRRS) in

many cases is a preferred alternative to cast con€igtee2-3, the ribs are constructed

with a combination of steel bars (usually with a diameter of 16 mm or 20 mm), sprayed
concrete and rock bolts. The thickness of the ribs, the spacing between them as well as
the number of ribs @hdiameter of the steel bars must vary according to the dimension

of the underground opening and the rock mass quality.

12



ROCK MASS QUALITY AND ROCK SUPPORT
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Figure2-3 Permanent support recommendations based on Q values and span/ESF
2013)

Singh & Goel(2006, concludedthat insitu stress and water pressure are should be
considered in rock mass classification in Q system because they are external and internal
boundary conditions which are taken into account in all software packages. Stress
reduction factor (SRF) dependpon the depth of tunnel, external boundary conditions,
and needs to be consider in the rock mass classification systegips to develop the

total concept of rock mass quality.is the best among all the classification system for
support in tunnelsQ-system is very useful for empirical design of support system for
tunnels and caverns and it has been extended to the rock mass characterization

successfully (Barton, 2002).

2.3.3 Geological Strength Index (GSI)

The geological strength index (GSI) is a syst#fmock-mass characterizatipmitially
proposed by Hoek (199, that has been developed in engineering rock mechanics to
meet the need for reliableput data, particularly thoselated to rocknass properties
requiredas inputs into numericahalysisor closed form solutions fatesigning tunnels,
slopes or foundationis rocks. The geological charactfrrock material, together with

the visual assessment of the madsritns, is used as a direct input to gedection of

13



parameters relevant fahe prediction of rockmass strengtland deformability. This
approaclenables a rock mass to be conside®ed mechanical continuum withdosing
the influence geology has on itsechanical properties. It also providesield method
for characterizingliffi cult-to-describe rock massdagure2-5 presents the general chart

for GSI to estimate the rock mass parameters for poor and weak rock mass

Marinos et al., 2006ommented and compared GSI with RMR and Q methods. These
approaches (RMR and Q) are less reliable for azjng, swelling, clearly define
structural failures or spalling, slabbing and rock bursting under very high stress
conditions. More importantly, thestassification systems are of little help in providing
information for the design of sequentially installed temporary reinforcement and the
support required to control progressive failure in difficult tunnetiogditions. Both the

RMR and the Q classifation include and arheavily depended upon the RQ&Ince

RQD in most of the weak rock mass is essentially zero or meaninglessaihe
necessary to consider an alternative classification system. The required system would not
include RQD, would place gager emphasis on basic geological observation of rock mass
characteristics, reflect the material, its structure and geological history and would be
developed specially estimate rocknass properties rather than fonnel reinforcement

and support.

The general approach adopted for desgmd estimationof tunnel support in the
Himalayan region of Nepal is shown in tlregure 2-4. Rock mass classification
approachedyasically Qsystem and RMR are very popular for the initial estimation of
tunnel support. After excavation, the tunnel support may be revised based on the tunnel
face.From the past experiencejs also found that the 4&stimation of tunnel support is

also notadequate for stability.

14
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.

IR
mooth, moderately weathered and altered surfaces

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments
Slickensided, highly weathered surfaces with soft clay

Rough, slightly weathered, iron stained surfaces
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Figure2-5 General chart for GSI estimates from geological observation (Marinos ¢
2005)
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2.4 SqueezingAssessment

Extensive researches have been carried out for the assessment of squeezing and support
design of undergrounstructures througlease studies in diffent pars of the world.
Many researchers and authors have proposed a numépaical and serrémpirical
approaches for quantifying the squeezing behavior and support design. These approaches

can be classified in the following manner:
2.4.1 Empirical Approaches

Theseempirical approachesrebased on the rock mass classification schetmesigh
the study of different case histories of tunneling in weak and squeezing ground

conditions

Singh et al. (1992)lotted a clear cut demarcation line to differentiate squeezing cases
from nonsqueezing cases as shownHigure 2-6.This approach based on 39 case
histories, by clbecting data on rock mass quality Q (Barton et al. 1974) and overburden
depth H The data points lying above the line represents squeezing conditions, whereas
those below this line represent non squeezing conditions. The equation of demarcation
line is H=350Q"3(m). This can be summarizes for squeezing condition: H350Q"3

(m) and for norsqueezing conditions:H < 3503 (m).

Based on the back analysis of several tunnels, Singh et al. (1997) have suggested the
relation for rock mass strength a&m = 73 (QMP a) , cwib the eniaxial
compressive strength of rock mass i n MPa

Q is the rock mass quality.

Goel et al (1995) approachGoel et al. (1995) defined the rock mass number, denoted

by N, as stessfree rock mass quality Q. Stress effect has been considered indirectly in

the form of overburden height H. Thus N can be defined as with stress reduction factor
(SRF) is equal to 1 of Q system of Barton et al. (1974). Rock mass number, N, is needed
bemause of the problem and uncertainties in

parameter and it is given by
. YO 'OU
V) — — U
v v (2.2
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where, N is the rock mass number, RQD is the Rock Quality Designai®ithel joint
set number,Jis the joint roughness numbey i3 the joint alterationumber, and W] is

the joint water reduction factor
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Figure2-6 To predict squeezing conditig®ingh et al., 1992)

Considering the overburden depth H, the tunnel span or diameter B, and the rock mass
number N from 99 tunnel sectionsp& et al (1995) plotted the available data on-og
log diagram, as shown Figure2-7, between N and HE. Out of 99 tunnel seicin data,

39 data wer e

taken from Bartonos

case

hi

those 60 data 38 data were from 5 projects in Himalayan region. All the 27 squeezing

tunnel sections were observed in those 5 projedtsnalayanregion. Othe 72 data sets

were from norsqueezing sections. As showrtlre samdigure, a line AB distinguishes
the sqeezing and noisqueezing cases.

The equatiorof thatline isH = 275 N3B01 where H is in mThe data points lying

above the time representgugezing conditions, whereas those below this line represent

non-squeezingondition.
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This can be summarized & squeezingonditionsthe overburden depth is given by
H>275 N*3891and for norsqueezing conditions, the overburden depth is giveH by
< (275 N*8B91 where N is rock mass number, B is width of tunnel in m and H is

overburden depth in m
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Figure 2-7 Criteria for predicting squeezing ground conditions using rock r
number N(Goel et al., 1995)

Estimation of support pressure and tunnel deformation in squeezing ground conditions:

Different authors predicted support pressamd tunnel deformation in squeezing ground
conditions based on the measured in situ data in different support conditions.

In 1993, Grimstad and Bartorsuggested an empirical approach us®yalue for
estimation of roof support pressure in tunnels. Adoglgl, the support pressure is
independent of the span or diameaitthe tunnel and is given by

5 ™V 23)

v ;
U
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where R is the ultimate roof support pressue MPa, J, the joint set number;,Xhe

joint roughness number, and Q, the rock quality index.

In 1994, Goel developemvo sets of empirical relation to estimate the support pressure
for both squeezing and nagueezing ground conditionShe relationwas developed
usingRock Mass Number (NBnd the measured values of support pressures, the tunnel
depth H, the tunnel rags a, and the expected tunnel cloaur#Fom 25 tunnel sections
(Goel et al., 1995a; Singh et al., 1997).

For nonsqueezing conditions

O 88
N oQa % 8t o Y (2.4)
For squeezing ground condition
"Ql'j 8 8
iR — 8 2.5
nin ——opm (2.5)

where pyv (el) is the ultimate support pressure in +sgueezing ground conditions,
pv(sq)is the ultimatsupport pressure in squeezing ground condition in MRQ.,i$ the
correction factor for tunnel closugiven inTable2.3, H is the depth of tunnel (mg is

theradus of tunnel (m), and N is the rock mass number.

Table2.3 Correction factor forunnel closure in equatiosingh & Goel, 201}

SN | Overburden depth, H (m) Degree of Normalized f(N)
squeezing tunnel closure (%

1 275N°3B0-<H<360N33B01 Very mild 1-2 1.5
2 360N38B0-<H<450N33B-0-1 Mild 2-3 1.2
3 450N 3B 0 1<H<540N3B0 ! Mild to moderate 3-4 1.0
4 540NP3B0-<H<630N33B01 Moderate 4-5 0.8
5 630N-380-<H<800N33B-0-1 High 5-7 11
6 800NP3B0<H Very high >7 1.7

Note: Tunnel closure depends significantly on the method of excavation. In highly squeezing ground condition, heading an
benching method of excavation may lead to tunnel closure >8%

Goel (1994)also developed an empirical correlation to estimate the tunnel deformation
on the basis of measured tunnel closures from 60 tunnel sections, for baitueazing

and squeezing ground condition. The correlations are given below:
Nonsqueezing ground corains

o) 08
@ ¢y 8y 8
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Squeezing ground condition

6 08

e ?p
®w p1a?dos (2.7)

where us/a is the normalized tunnel closure in percetg,is the effective support
stiffness(=p.aluy), H is the tunnel depth aralis the tunnel radius.

These correlations can also be used to obtain desirable effective support Siffinets
the normalized tunnel closure is contained witd percent (in squeezing ground

ground).

Using rock mass quality (QRhasin and Grimstad (199@¢veloped aelationto predict
ultimate roof support pressure by considering the span of tunnel for poor quality rock
mass. They used the data of Singh et al. (;9598elet al. (1995pand also includedhe

case studies fromca&ndinavian tunnels he correlation is a@®llows:

- L1t 100 7
v —808
v (2.8)

WherePy, defines the ultimate roof support pressar®iPa, Dis the diameter or span of

the tunnein m, Jris the joint roughness number, and Q isthe rockitumidex.

Dwivedi et al.,(2013 analyzed the 52 tunnel sections along the Himalayan region
including 16 tunnel sections froiresser Himalayan region of Nepal. These sections

have high irsitu stress, poor rock mass qualitgingexcavated in squeezingaynd.

They developea dimensionally correct empirical correlation for assessment of support
pressure in tunnels which are excavated in squeezing ground conditiosriEhation

uses the concept of O6joint f aoeabecldsurgs a m
depth and radius of opening as the governing parameters. The predicted results have been
compared with the results obtained via existing approaches, discussed above, based on
rock mass quality (Q) and rock mass number (N). It was oldé¢inat the proposed
correlationfits betterthe collected dataith a correlation coefficient of 0.92.

21



p T[,, 8 'Q 38 —_ (2.9)

where, Ris ultimate support pressure in MPaiJs t h e | @dthetvertitahicr t or , l'
situ gitg etstsg Wni axi al compr esshivherizentalr engt h
in situ stress in MPa andlis the radial tunnel deformation (#a*100, u is the radial

tunnel deformation andis the tunnel radius).

In equation2.17, theultimate support @ssure should be increaséth in-situ stress and
decrease with allowed tunnel deformation. Also a competent rock will exert a small
support pressure and low value ol resultin lower support pressur#.is anhandy

tool to predict the support @sure in squeezing ground conditions and take appropriate
measures for the stability of underground structures.

Similarly, Dwivedi et al., (2013) predicted the tunrebsureby analyzing 63tunnel
sections including 37 tunnel sections frdrasser Himalagn region of Nepal. The
dimensionally correct empirical correlation has been developed with correlation factor
of 0.94 to predict tunnel deformation for squeezing ground,

Using J:

6 uvzpm , 0 8

® 0 ™ mus (2.10)
Using Q:

0 T8t D B8

— p il TBITC U

@ 0 p

(211

where 4 is the predicted radial deformation of tunieim, a is the radius of tunnel in
m, i s t he | odtheertitahimsitu stress in MPa, K is the support stiffness,

MPa, and Q is the rock mass quality.
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2.4.2 Semi empirical approach

The semiempirical approache®ot onlygiveindicator for predicting squeezing, but also

provide someools for estimating th expected deformation around the tunnel and/or the
support pressure required, by using closed form analytical solution for a circular tunnel

in hydrostatic stress field. The common starting point of all these methods for quantifying

the squeezingpotentia of rock i s the use of fAcompeten
ratio of uniaxial compressive strength of raoka s sm,‘to ovierburden stressH. This

competency factor was initially proposed by Muirwood (0)9#ad later used by Nakano

(1979), Barlg1995) and Hoek (1999).

2.4.2.1 Aydan et al. (1993) approach

Aydan et al. (1993), pr opos edgtothemverbedemat e t h
pressure 9H. Il n which the unimandiofahe rocko mpr e ¢
massUcm arethe same.The fundamental concepts of the method based on the analogy
between the stresgrain responseas the rock in laboratory testing and tangential stress

strain response around tunnddgased on a closed form analytical solution, which has
beendevelope f or comput i gaounhdraeircidat tunael ima hydeostatid U
stress field, five differentlegree of squeezing are defiresl shown inTable 2.4 with

some comments on expected tunnel behavior.

Table2.4 Classification othe degree of squeezingydan et al.,1993)

Class | Squeezing Degree | Theoretical Comments on tunnel behavior

No. Expression

1 No-squeezing - - p The rock behaves elastically and the tunnel wil
be stable as the face effect ceases

2 Light-squeezing p - - The rock exhibits a straihardening behavior. As

- a result, the tunnel will be stable and the
displacement will converge as a face effect ces
3 Fair-squeezing - - - The rock exhibits a straisoftening behavior, ang
- the displacement will be larger. Howevenitl
converge as the face effect ceases

4 Heavysqueezing |- - j- The rock exhibits a straisoftening behavior at
- much higher rate. Subsequently, displacement
will be larger and it will not take to converge as
the face effect ceases

5 Very heavy - - - The rock flows which will result in the collapse
squeezing the medium and the displacement will be very
large and it will be necessary toegcavate the
opening and install heavy support
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2.4.2.2 Hoek and Marinos (2000) approach

Based upon a simple closed form solution for a circular tunnel with hydrostatic stress
field, the support is assumed to act uniformly on the entire perimeter of the tunnel. These
conditions are seldom met in the field in reference to the excavation metioel, shape

and in situ stress c o p(definedas thespercetagp ratio of o f
s tfgiven by Aydas U

agai n&/tp could be used tedttively to assess squeezing

radial tunnel wall displacement to tunnel radiies,thes a me
et al., 199 3)
conditionsasshown inFigure2-8.

Based on the above and consideration of different case historissvinaltunnels in
Venezuela, Tiwan and India, Hoek (2000) gave a cur¥eguire2-8to be used as a first
estimate of tunnel squeezing. To compare with the previously reported classes of
squeezing conditions as given by Aydan et al., (19R8)le2.5 gives the range of tunnel

strains expected in two cases.

Table2.5 Compaasion of the approacheSifgh et al. 2007)

Class no| Aydan et al. (193) Hoek (2000)

Squeezing level Tunnel strain Squeezing level Tunnel strain (%)

(%)

1 No-squeezing - 01 Few support problems - O 1
2 Light-squeezing p - O2. 0 | Minorsqueezing p -02.5
3 Fair-squeezing ¢gt - O3 . 0] Severe squeezing ¢® -05.0
4 Heavysqueezing o8t - O5. 0| Very severe squeezin v8&t - O1 0. (
5 Very heavysqueezing |- O5. 0 Extreme squeezing | - >10.0
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Figure2-8 Classificaton of squeezing behaviad$ek andvarinos,2000)

2.4.3 Analytical Methods: Rock Support Interaction

The rock support interaction curves, suggested by CarBmizas and Fairhust (20Q0)

as shown irFigure2-9, is one of the simple and useful method to design tunnel support.

It can be drawn by assuming the tunnel is circular with radius R through a rock mass that
is to be subject i nitioaslshownifFigurez210(nkof or m
the simplicity, it is assumed that all the deformation occurs in a plane perpendicular to
the axis of tunnel. Radial displacementand internal pressure pe. the eaction of
support on the walls of the tunnel are uniform at the sedtigure2-10 (c) showsthat

the circular annular support of thicknesartd external radius R installed at the section

A-A6. The sppresants unifoem |éad transmitted by reockss to the support.

Carranzalorres and Fairhurst (2000) concluded that the Longitudinal Displacement
Profile (LDP), the Ground Reaction Curve (GRC) and theg8upCharacteristics Curve
(SCC) are the three basic components of Convergence Confinement Method TBEM).
application of CCM requires the knowledge of the deformation characteristics of the

ground and of the support. CCM is the procedure that allowsademposed on support
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installed behind the face of tunnel to be estimated. If the support is installed immediately
near face, it does not carry out full load to which it is supposed to. The part of load is

carried by face itself.

As tunnel face advanawvay from the support, face effect decreases, and support must
carry more loads. When the tunnel moves well away from face, the support will be
subjected to full design load. LDP is the graphical representation of radial displacement
that occurs along thaxis of unsupported cylindrical excavation i.e. for the sections
located ahead of and behind tunnel face. The upper diagraigure2-9 represents the
typical LDP. The diagram indicates that at some distance behind tunnel face the effect of
face is negligibly small, so that beyond this distance the tunnel has converged by final
value i.e. ¥. At some distance ahead of face, the tunnel excavation has no effect on the
rock mass and the radial displacement is zero. Hence, it provides insight into how quickly
the support begins to interact with rock mass behind the face of tunnel. GRC is the
relationship between decreasing internal pressuaagincreasing radial disggement

of tunnel wall w. The relationship depends upon mechanical properties of rock mass and
can be obtained from the elagilastic solution of rock deformation around an
excavation (Carranz@orres and Fairhurst, 2000). The curve OEMrigure2-9 is the

typical diagram of GRC. SCC is defined as the relationship between increasing pressure

pi on the support and increasing radial displacemeofttbe support.
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It can be constructed form the elastic relationship between applied pressure and resulting
displacement for the section of support of unit length in the direction of tunnel. The
applied stressspcan be expressed terms of elastic stiffness of the suppod atd

resulting closure din the following way;

The plastic part of the SCC i.e. horizontal segment starting at poinFigune 2-9, is
defined by the maximum pressuré'fj that the support can accept before collapse. For
different support system such as; concrete or shotcrete linings, ungrouted bolts and
cables, steel ribs, lattice girders etc, the main task isdotfie maximum pressure and

elastic stiffness for the construction of SCC.
2.5 Numerical Analysis

The use of numeri cal anal yoporatiois beloa @.3;i s abl
and it is highly recommended if this ratio falls below about 0.15, viterstability of

the tumel may become a critical issugignificant advantages are envisaged by using
numerical analysis at the design stage, when very complex support/excavation
sequences, including peeipport/stabilization measures are to be adopted, in order to

stabilize the tunnel during constructigBara, 2002) The most commonly applied
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numerical methods for rock mechanics problems are: i) continuum metfioids
difference method (FDM), finite element meth@@EM), and the boundary element
method (BEM), ii) discrete methodshe discrete element nietds (DEM), discrete
fracture network (DFN) methods, iii) Hybrid continuum/discrete method (Jing et
al.,2002). Rock mass can be modeled either by the continuum approach or the
discontinuum approacfnteregger et al2015).The continuum approach can bsed

if only a few fractures are present and if fracture opening and complete block detachment
are not significant factors. The discontinnum approach is most suitable for moderately
facture rock masses where the number of fractures is too large for tireuaomtvith-
fractureelements approach, or where laggale displacements of individual blocks are
possible. There are no absolute advantages of one method over another (Jing et al.,2002).
Unteregger et al(2015 suggested thahé choice of the appropite approach depends

on many problem specific factors, and mainly on the problem scale and facture system
geometry. Discontinnum approach wouldapgropriate to shallow tunnels sirfedures

of the rock mass are often controlled by the discontinuitiesemt in rock mass.
Continuum approach is commonly employad underground excavation with high

overburden exhibits large stress changes accompanied by plastic deformation.
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3 MODEL ING OF WEAK ROCK

3.1 General

Most of the hydropower tunnels in theesser Himalayamegion of Nepalundergo
excessiveleformation due toock squeezingndit would beahigh probability for nevly
proposed tunnels. Rock squeezing is mainly failure of a weak rock mass around a tunnel
under influence of high overburden peee or tectonic stresses. These tunpelss
through jointed weak rock mass and high overburden. Fronexperience it was
experienced a huge financial loss and time because of the necessity of heavily reinforced
support in the squeezed sectidhe heavily reinforced concrete ring around ¢hess
sectiontunnel is not a good option always. Therefore, the knowledge of rock mass
strength, including the peak and residual strengths, and deformation behavior is

required for the economic designtahnel in such geological conditions.

Extensive researches have been donedmpusresearchers to devel@constitutive

model to describe the strength and deformation behaviors of such rock masses with so
many parameters. It is generally impossiblegwadop a universal model that can be used

to prior to prediang the strength of rock mass and traditional methods including-plate
loading testing and #situ block shear test for determining these parameters are costly in
initial stages of the project (Cet al. 200). Hoek et al. (1995)eveloped the Geological
Strength Index (GSI) system to estimate the peak strength of jointed rock mass based on
the geological conditions of the rock mass. It provides the complete set of mechanical
properties for botlHoek-Brown failure criteria and equivalent MeRroulomb failure
criteria. GSl itself, or by any other system, is not able to give the guidelines for estimation

of residual strength that yield consistent results.

In this chapter a proper rock modeling agawrh is proposed for modeling the jointed
weak rock mass in tHeesser Himalayaregion of Nepal by use of field data of different
hydropower tunnels and laboratory datdoich is abldo predictthe real behavior of the

rock mass during tunneling.
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3.2 Peakand Residual strength of Rock Mass

Peak strength is the maximum shear strength or shear stress at yield point given by a
curve obtained by plotting shear displacement against shear stress at constant normal
stress. Residual strength is the shear stremgthlévels out at a constant value with
increasing shear displacement in a shear test at a constant normal stress (Goodman,
1989). The peak and residual strengtbshown inFigure3-1.

4-‘ ’<~ shear displacement &

shear stress

normal stress o,

peak strength

peak strength ﬁ

residual strength

shear strength t©

residual strength

—c — shear strength

displacement § normal stress o,

Figure3-1 Peak and residual strengtidek, 2007)

Cai, et al. (2007), suggested that understanding of the rock mass strength behavior,
including the peak and residual strength, faidlilitate the coseffective design of tunnel
support. Hoek, (2007) had suggested post failure characteristics for different quality of
rock masses. Elastirittle, strainsoftening, and elastiglastic failures are
characteristics for very good qualtiard rock mass, average quality rock mass and very

poorquality rock mass respectively, shown in FigGr2.
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Figure3-2 Suggested post failure characteristics for different quality of noags anc
tunrel behavior KHoek, 2007 and Lorgi, et al. 2013)

Cai, et al. (2007) mentioned that rock masses, in general, exhibit-Saftening

behavior, except when highly disturbed, so that the residual strength parameter are lower
than the peak parameters. Peak and residual strength parameters are requésighfor d
Strainsoftening behavior describes the gradual loss of load bearing capacity of a
materi al . They also mentioned that for ha
more appropriatesohtbanimg@otlee oa i Sdctiomo ht e ni

of rock stiffness.
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In case of elgtic-perfectly- plastic behavior of rock, the residual strength of rock mass
parameter is considered as equal to the peak strength of rock mass parameters as

suggested by Hoek et al.

Similarly, Cal, et al. (2007)also discussed on the importance, necessity and existing
approach for estimating of the residual strength of rocks on design support for the

underground excavation.
Influence of residual strength of rock mass to design underground structure:

1 The postipe& behavior of rock is important in the design of underground
excavation because it has significant influence upon the stability of the
excavation.

1 The rocks retain some strength even when their maximurrclaaging capacity
has been exceeded.

1 The peak amh residual strength of rocks increase with increasing confining
pressure as shown kigure3-3, triaxial test on marbl@fter Cai. et al, 2007At
low confinement sessesthe loss of cohesive strength component around peak
load leads to strain localization with significant strésgp,which is traditionally
called strairsoftening behavior.

300
48.3 MPa

= 34.5 MPa
= ~7
< 200 I ———
- ﬁ(/ P
5-_5
= # _2'[]_? MPa
E 100 13.8 MPa
=

| t —— 1

0 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Axial stress, €, (%)

Figure 3-3 Stresgstran curves for Tennessee Marble at eliéint confining stresse
(Cai, et al. 2007)
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Need of accurate determination of the residual strength of rock mass:

1 The postpeak strength depends on the resistance developed on the failure plane
against furthestraining. Initially, the facture orientation, degree of interlocking,
surface irregularity or roughness will affect the level of resistance. However, as
strain increases, the residual strength will be less.

1 Inthe field, the pospeak strength will benfluenced by the boundary conditions
as well. If further straining is constrained, then, the residual strength level cannot
be reached and the rock mass can thus support a higher load than the residual
strength would suggest.

1 Itis very challenging and fficult task to correctly represent the straoftening
behavior of rock masses due to a lack of large scale test data.

1 Most numerical tools designed for the rock engineering application, however,
provide strairsoftening constitutive models of varyisgphistication to describe
the behavior of jointed rock masses.

1 In these models, the residual strength of rock mass and the rate of tpegdost
strength degradation play an important role in the determination of the size of the
plastic zone and the assated rock mass deformation, affecting the final rock
support system design.

1 If the residual strength is not determined appropriately, an optimal rock support
design can never be achieved. Therefore, the basic guidaetethat the residual
strength of ock masses has to be properly determined in order to design the

appropriate rock support system.
Existing methods to determine the residual strength of rock masses:

1 Hoek also suggested that in the case of an average quality rock mass, it is
reasonable t@ssume that the pefdilure characteristics can be estimated by
reducing GSI value from the -gitu value to a lower which characterizes the
broken rock mass.

1 Cai, et al(2007) mentioned, in 1998usso et alproposed to set the residual GSI
value at 3606 of the peak GSI value. This empirical relation may underestimate
the residual GSI values for poor quality rock masses on the other hand, for very

good quality rock masses, it may overestimate the residual GSI values.
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1 Cai, et al. (2007) mentioneth 20M® Ribacchi suggestetb use the following
relation to estimate the residual strength of jointed rock masse<.8bm, s=
0. 04sc)or 0 ¢ fheré m and s are the HoéBrown peak strength
parameters, the subscr i pndl s ¢e oniaxiai ndi c a
compressive strength of the intact rock. Taking into account the structure of the
tested rock, these relations may be valid only for rock masses in which joints are
characterized by a thin infilling or slightly weathered to unweathgint walls.
The corresponding GSI reduction that would fit such parameters is approximately
GSk=0.7GSl.

1 Several attempts have been made to estimate the residual strength of the jointed
rock mass. The reduction of GSI to its residual value is a twice because the
failure of rock masses is associated with the crushing of intact rock and the

wearing of the joint surface roughness.

3.3 Failure Criteria and Strength Parameter Estimation Using GSI

Squeezingof tunnelsare mainly governed by weak rocknas and high overburden
pressure (Singh et al. 2007Boundary conditions (geological, stress state and
hydrogeology)mustbe identified to be able to analyze the system and to classify the
condition. Estimation of the ground properties is one of the difigtult tasks, which

are based on the GSI. An empirical relation/classification system cannot be applied to
identify the complex notinear relationship between tigegoundsconditionsinvolved in
squeezing rock conditions. Opening at gredegth,the extent and depth of failure is
predominantly a function of then-situ stress and rock mass strength. Traditional
approaches of modeling rock mass failure are often basedlioear MohrCoulomb
failure criterionor on nonlinear criteria such as the Ho&own failure criterion
(Hajiabdolmajid et al., 2002). In this chapter both failarigeria arestudied indetail

through case study.
3.3.1 Mohr- Coulomb failure criter ion

The MohrCoulomb failure criterion is a set of linear equationsheprincipal stress

space describing the conditions for whartisotropic material will fail, with any effect

from the intermediate principal strassMo hr 6 s @ssumethat failarenenvelope,

the | oci of a, U acting o nlinear Molar,il900)r e pl a
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Coul ombds conditions are based on a | inea
failure on some plane (Labuz and Zang, 20T MohrCoulomb strength criterion is

one of the most widely used strength criteria in geotechnical engigespiicatiors,

including in rock engineering modelling and design (Zhao, 2000) b&ke concept of

this criterionsuggest that the shear strength of a rock material is made up of two parts

a constant cohesipand a friction varying with normal stress

by T4 c) oa
2 g
/”, 2B //
P 7 5

Figure 3-4 The Mohr Coulomb strength criterion: (a) shear failure on plasg (b)
strength envelope of shear and normal stresses, and (c) strengtipenfeprincipal
stresseszZhao, 2000)

As shown inFigure3-4, the shear strengtth, that can be developed on a plane such as
ab in Figure3-4(a)is given by

z A K OA (3)

where c isc 0 h e siisdhe normélstress acting on planeba and « is theangle of
internal friction.

Applying the stress transformation equations gives

alhe
|©

L ATqD (3%)

T ., . OHKf (3%0)

N |0

Subst it watnidroglequations3.&) and B.3) in equation(3.31) and rearranging
gives the Iimiting stress condition on an\
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There will be a critical plane on which the available shear strength will be first reached
a siisincreased. The Mobhr circle constructiorFafure3-4 (b) gives the orientation of

this critical plane as

[ - = (38)

For the critical cpolsaimdeand=eguatiogs.2)beducestoo s
COATnd , p ORI

—— 3
: ST (389)
This |inear r el ateiakn vdigshevainFiguie3-4@rmNdtet he p
that the slope of this envelope is related toy the equation
~ .- p omi
_— 3
OAT L (3%)

and that the wuniaxical amcedmpniasi akh)aeenshhbe

related toc and « by

CGA 1rO
© 5 OB (38)
and,
COA 10
» 5 OBl (33)

|t can b e lUnandicard proportonally Gielatednifis constant. For practical
pur poses, i n rock mechani)ofen hadahceff valoe a x i a |

thatis frequently assumed as null (0).

3.3.2 Generalized Hoek Brown failure criterion

The Hoek Brown strength criterion is an empirical criterion which was developed by
trial and error and is based on the observed behavior of rock masses, model studies to

simulake the failure mechanism of jointed rock, and triaxial compression tests of

37



fractured rock (Hoek et al., 2002). Hod&cown follows a nodinearthat distinguishes

it from the linear MohirCoulomb failure criterion as shown igure3-5. The criterion
includes companion procedures developed to provide a practical means to estimate rock
mass strength from laboratory test values and field observationsi Btogkn assumes

independence of the intermediate principal stress.

The original nodinear Hoek Brown strength criterion for intact rock is defined by
(Hoek and Brown, 1980) as:

>

S SR O O (38.0)

A

w h e rc és thé unconfined compressive strength of the intact lbckndA are the
major and minor effective principal stresses, respectively; and m and s are material

constants.

This criterion was later updated (Hoek & Brown, 1988) and modified (Hoek et al., 1992)

to the current generalized form as follows:
- K ]
K & KT £ 0 (381

where my is the reduced value of material constapfonthe rock mass; and s and a are
constants that depend on the characteristics of the rock mass.
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Figure 3-5 Comparison of the linear Moh€oulomb and nonlinear HoeRrown
failure envelopes plotted against triaxial test data for imtatt (Eberhardt, 2012)

The parameters gns and a can be estimated from the Geological Strength Index (GSlI)
as follows (Hoek eal., 2002):
OO T T
a a Qwhi——x (382
Y pO
OYOnn

L Rer e 249

Vallhe)

Q- QO (384

S10°

D is a factor which depends upon the degree of disturbance to which the rock mass has
been subjected by blast damage and stress relaxation. It varies from 0 for undisturbed in
situ rockmasses to 1 for very disturbed rock mass. The unconfined compression strength

is obtained by setting =0 in equatior(38.1), giving
" b (385

and tensile strength is

\ - (38.6)
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Priest (200} suggestedhiat the HoekBrown criteria hasbeen used widely in rock

engineering practice for the following reasons:

It has been developed specifically for rock mateaald rock masses
It has been applied for almost three decades by practitioners iemgokeering
andhas been applied successfully to a wide range of intact and fractured rock

types
3.4 PreviousResearchWorks in NepalHimalaya

The estimation of rock syrt pressure and selection of tunnel supports are carried out
by empirical approaasbased on the rock mass classificatioth@Himalayan region

of Nepal. Among them, €system, proposed by Barton et @974), ismostly used to
design the tunnel suppt. The @Qsystem is not able to predict the deformatiorthef
tunnel and the proposed support system weslequate to control deformation in tunnels

in weak rock mass conditions.

In 2003,NepalElectricity Authority (NEA)conductedhein-siturock tes for Kulekhani

Il hydropower project. The tests were performed in the exf@or aditto obtainrock
mechanics data fdhe design of underground tunnel and cavern. The explorattity

was planned to chedkeactual condition of siliceous dolomiteeatcavation face. Plate

load and block shear test were performed. Plate load testing was performed for
determining noduli of the deformation and Deformation Modul&$ock shear test was
performed to measure the peak and residual direct shear strendtimetsom ofnormal

stress to the sheared plane. @deptechormal stresss were 0.5 MPa, 0.75 MPand 1

MPa.

Shrestha (2005)nalyzed two hydropower tunnels situatadthe Lesser Himalayan
region of Nepal namely Khimti hydropower tunnel and Melemediier supply tunnel
project. The first one was completed and had stability problems during and after the

construction and the second one Weasproposed water supply tunnel at that time.
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Figure 3-6 Stressstrain curvesfor different confining stressesf augen gaiss of
Melemchi Project$hrestha, 2005)

From that study, it was concluded that exisengpirical, analytical and seranalytical
methods are more convenient for accessing stabilityrofaiuin jointed rock mass of
Lesser Himalayanegion of Nepal through case studswifound that there were good
agreements on the convergence obtained by the analytical and measured véhges. In
case of the Melemchi tunnel, tunnel deformation obtamedumerical modeling was
larger than that obtained by the analytical methods. The lab test was conducted for
complete stresstrain curves for the Augen Gneiss. The complete sstess curve
containing both peak and residual strength at differentriogfstress as shownkigure

3-6.

3.5 GSI Reduction Base Approach

In the year 1993oek et al. proposed Geological Strength Index (GSI) for estimation of
rock masstrength and the rock mass deformation based on the two factors, rock structure
and the block surface conditions. GSI gives the guidelines to estimate the peak strength

parameters of jointed rock masses and no guidelines given by the GSI, or by any other

system, for the estimation of the rock mass residual strength (Cai et al), 200

Cai et al. (200) proposed a method to adjust the peak GSI to the residuav&®e
based on the two main factors in the GSI systé residual block volum€,” and the
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residual joint conditions factak'. They presented the methods to estimate the residual

block volume and joint conditions factor, described later. They also validated the
proposed method for the esti mat-sitoblokof r oc
shear test from three largeale cavern construction site and from a back analysis of rock
slopes. It was found that the estimated residual strengths, calculated using the reduced
residual GSlvalue, weran good agreement withelld test or back anatys dataBased

on the proposed quantification chart of GSI developed by Cai et af, 26d using

surface technique, the following equation for the calculation of GSI from joint condition

factor (3) and block volume (M was developed

"O"YHO

(387)

where Jis dimensionless factor and, W cn.

Block VolumeBlock size, which is determined from tjzent spacing, joint orientation,
number of joint sets and joint persistence, is an extremely important indicator of rock
mass quality. Block size is a volumetric expression of joint density. The block volume
spectrum from massive to very blocky rock masssges from o 10 cm?, and for
disturbed to sheared rock from 0.1 td £67°. As an estimate, if the peak block volume

Vp is greater than 10 cinthen, the residual block volumes"in the disintegrated
category can be taken to be 10°ci#hVy is smaller than 10 c/) then, no reduction to

the residual block volume is recommended, i.g" 2 \Wb.

Joint condition factorThe joint condition factor is defined as

y b0 348
b = (389
where 4, Jv Js, and 4 are joint condition factor, joinargescalewaviness factor, small

scale smoothness factor, and alternation factor respectively.
Failure process affects the poisurface condition, especially the joint roughness then

residual joint surface condition factaf i$ calculate as

i 00 349
0 R (389)
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where J" J', and 4" are residual values large scale waviness factor, small scale

smoothness factor, and alteration factor respectively.
3.5.1 Residual GSI Value and &ength Parameters

According to the logic of the original GSI system, the strength of rock messti®lled
by its block size and joint surface conditions. The same concept is valid for the failed
rock masses at the residual strength state (Cai et af). Zlterefore, the residual GSI

is a function of " and { ,i.e.,
"O"Y'0 "QU o (320)
Then above equation is rewritten as

C@® Udbd i b
mMipup m8rc udo

oY (321

As for the intact rock properties, fracturing and shearing do not weaken the intact rock
(even i f they are broken into smadahder pi e
mi) should be unchanged. What has changed are the block size and joint surface

conditions (especially the roughness).

Therefore, the generalized HeBkown criterion for the residual strength of jointed rock
masses can be written as

” ” A d i (38 2)

A
Where m, s, & are the residual Hoek Brown constants for the rock mass. It is postulated
that these constants can be determined from a residualv&8e using the same
equations for peak strength parameters. This simply means that the equations for the peak

strength parameter calculation hold true to the residual strength parameter calculation.

This statement is supported by the fact that the rock mass in its residual state represents
one kind of rock mass spectrum in the GSI chart shoviAigare 3-7.0nce tle reduced

GSl is obtained, the residual HoeBrown strength parameters or the equivalent residual
Mohr-Coul omb strength parameters cancabhde cal ¢

m; are unchanged.
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3.6 Selection of Casétudy

In this study six different tunnels are selected for the steidyre3-8. All these tunnels
located irntheLesser Himalayaregion of Nepal. Theesser Himalayamone constitutes

a relatively broad tectonic zone, especially in western Nepsdndwiched between the
Churia rangein the southand the High Himalayain the North. It contains many major
thrust as well as other types of faults. The main types of rocks are: schist, phyllite, gneiss,
guartzite, granite, limestone geologically belonging toltbgeser Himiayanzone.Out

of six selected projects, Chameliya and Kulekhani Il hydroelectric project a field visit
has been conducted because these projects are inaamd#ruction. The information
regarding rock mass quality, support details and some of theatabp testing are
collected from the previous published research works and reports from the concerned
authority.

The input data for the analysis has been obtained from different published research
works, feasibility reports of projects. From differenthars like Panthi, 2006; Shrestha

& Panthi, 2014; Shrestha, 2005; Basnet, 2013 published the data on their research work
of Kaligandaki, Modi, Khimti, Melemchi and Chameliya respectively. For Kuleknani III
hydropower project, the data are referred from @emtechnical investigation reports
published by Nepal Electricity Authority. Data from the published reports, tunnel logs
has been collected and by using RocLab software developed by Rocscicence is used to
generate the complete set of input data reqdoedumerical modeling for 2D and 3D

analysis and shown in Table 3.4.
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Figure3-8 Location of studied tunnels iresser Himalayan region of Nep@dded on the
geological map of NepalUpreti and Le Fort, 1999)

In the following sections it will bgresented drief description of the selected case

studies.
3.6.1 Kaligandaki Hydropower Tunnel

The Kaligandaki A hydropower tunnel was built between 1997 and 2000, with a total
length of 5950 mRigure 3-9) and a transversal cross section of approximately 60 m
The headrace tunnel mainly passes through highly deformed siliceops@nguality,

thinly foliated and highly weatheregraphitic phyllite.Because ofectonic movement,

the rock mass in the area has been subjected to shearing, folding and faiking.
maximum overburden above the tunnel is about 600 m and more than 80% of the tunnel
alignment hasverburden exceeding 200 ithe headrace tunnel faced severe squeezing
due to weak rock mass and high overburden pressure. (Panthi & Nilsaf), PBére

were considerable deviations between predicted and actual rock mass quality found and
the provided tunel rock support was not sufficient to control the excessive deformation
(Panthi, 208). There were mainly two types of tunnel stability problems: (i) the existing
rock mass had not sufficient capacity to selpporting the opening as shownFigure

3-10 (a); and(ii) the second was related to the rock squeezing. Due to the squeezing,
there were cracks in concrete lining as showRigure3-10(b) and tunnel squeezed at
many locations (Panthi, 26p
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Figure 3-10(a) collapse due to strength and stress anisotropy and (b) cracks forn
high squeezing pressuregnthi,2006).
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3.6.2 Modi Hydropower Tunnel

The Modi hydropower tunnel is located on tlesser Himalayanegion of Nepal about
270 km west of Kathmandu. The transversal cross section of tunnel is approximately 15
m?, with a total length of 1500 nT.he tunnel area lies in the Precambrian sequence of

the Lesser Himalayametasedimentary rock formation and nearly close to the Main
Central thrust (MCT).
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Figure 3-11 Plan and geological longitudinal profile bkeardeace tunnel of Mo
(Panthi, 206).

Figure3-12 Squeezing and remedial works in Modi hydropower tunnel (Shrest
Panthi, 204)

The area has many local faults and the rock mass is fractured and deformed. The tunnel
passes through the highhactured greenish quartizite and highly sheared and deformed
phyllitic green schistgigure 3-11(Panthi, 2006). As the tunnel passes through very
faulty zones, severinnel instabilities related to rock squeezing and increasing water
inflow occurred during excavation between chainage 1700 m to 18BQyune3-11.

Severe squeezingas observed at several locations of headrace tunnel as the excavation
proceeded across the fault as showRigure3-12 (Shrestha & Panthi, 2014). Squeezing
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initiated with failure of joints in steel ribgjongthe spring line of tunnel; and continued
throughout the fault zongigure3-12). The severity of squeezing reachits maximum

at the hill side watbottom compare to the riverside wallhe tunnel lost considerable
dimensions due to squeezing, thusexeavation of the squeezed tunnel was carried out,
and the tunnel invert was lowered. Damaged steel ribs werereelhmopieces and crown

was excavated with due care, additional shotcrete was applied, and new steel ribs were
installed. Horizontal Fbeam struts were also provided at the lowered tunnel invert
(Shrestha & Panthi, 2014).

3.6.3 Chameliya Hydropower Tunnel

The Chameliya hydropower tunned anunderconstructiontunnel, locatedo western

part of Lesser Himalayan regiofhe main rock types within the project area are
dolomite, sandstone, slate, dolomite intercalated with slate, talcosis dolomite and
dolomite irterbedded with phyllite (Basnet, 2013)he total length of horseshoe
headrace tunne$ 4067m, with transversal cross section area of 21 square meter. The
longitudinal geological profile of headrace tunnel is showFigire3-13. The maximum

rock cover above the headrace tunnel is nearlyd i between the adit and adi2.
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Figure 3-13 Longitudinal geological mfile of Chameliya headrace tunn@ource
Chameliya Hydropower Project)

The rock cover between ad2 and adit-3 is nearly 275 nand rock massre poor
compared tdhe rest otunnel alignment. It had been found that nearly 80@mgth of
tunnel,from chainage 3+102 m to 3+922 af,tunnel is severely squeez&iigure3-13.
The main rock type around tegueezetuinnel consists of kaoline andry poor talcos
phyllite, Figure 3-14 (b). In the squeezed section of tunnel, heavy reinforced concrete

ring beam igprovidedto control thedeformation of tunnekigure3-14 (a).
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Figure3-14 a) Treatment of squeezing tunnel, b) talcosic phyllite in squeezed t
of Chameliya(Photo taken by author during visit to tunnel)

3.6.4 Kulekhani Ill Hydropower Tunnel

The Kulekhani 11l hydropower tunnel is under construction and located southern part
from Kathmandu. The total length of tunnel is 4221 m, with transversal cross section is
approximately 10 M. The headrace tunnel passes across marble, schists, quartzite
phyllite, siliceous dolomite and slaty phyllite.
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Figure 3-15 Longitudinal geological section of Kulekhani 1l tunneSdurce:

Kulekhani Il hydropower Project)

The tunnel passes across shear zones and thrusts. Mahabharat thrust is the main structure
at 1450 m chainage. Seismic refraction survey shows abe2® 12 wide weak zones
(velocity 1600m /s) along the thrust (NEA, 199¥he longitudinal geological section is

shown inFigure 3-15. The roof of the tunnel gets collapsed after the application of
support as shown iRigure3-16 (a) and highly deformeHBigure3-16 (b).
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Figure 3-16 Tunnel stability problems a) fall of concrete lining, b) deformation of conc
lining (Photo taken by author during visit to tunnel)

3.6.5 Khimti Hydropower Tunnel

The Khimti hydropower tunnel was completed in 20005 located aboutO0Okm from

the Kathmandueastern part ofesser Himalayarlhetotal length ofheadracdéunnel is

7900 m withinverted Dshape and 14 squarer meterss sectiomrea.The project area

mainly comprised by banded granite gneiss and augen mica gneiss. The headrace of
tunnel passes througiligengneissFigure3-18. The area is also ilnfenced by several

minor thrust faults ciracterized by very weak rocks (Panthi, 20@@)its and headrace

tunnel faced the squeezing problems at various location especially at the sections where

schists or decomposed Gneiss with 80 m to 420 m overbuegeghsdwas present.

Figure3-17 Tunnel instability: a) tunnel collapse after application of support, b) opel
permeable joints within gneiss (Panthi, 2005)

51



Mica gneiss and mica schist
intercalation

Intake
w
=
w
B
N
=)
=
o

1400+ Pressure Shaft

1200 +

it

‘|‘||‘|‘|||H

i
1 \‘|‘|‘\M\‘\‘
‘ | |‘ ‘ |‘ ‘

Height (m)

2]
=1
=]

600

400 T

0+132 34294 3+426 T+740 8+897 10+369
Audit 1 Audit 2 Audit 3 Audit 4 Power Tailrace

. House Outlet
Distance (m)

Figure3-18 Longitudinal geologicaprofile of headrace tunnel of KhimtPanthi, 2006)

Two types of stability problems were observed in Khimti tunnel. The first one was related
to tunnel support collapse caused by the presence of thick bamdblgfweathered and
sheared chlorite and talcose mica schist intercalated between relatively burb
fractured gneiss that allowed ground water to move into such bands as shegurén
3-17(a).

The second one was related to large leakage through open arehplerijoints present

in the gneisses and loss of valuable water from the tunnel during operation, as shown in
Figure 3-17 (b). Such possible loss of water also mayseatunnel instability due to
weakening and disintegration of weak rock mass strata consisting of mica schist (Panthi,
2006).

3.6.6 Melemchi Watersupply Tunnel

The Melemchi Watersupply tunnelusder constructiotunnel and located in tHeesser
Himalayanregion of Nepal. It is one of the longest tunnel in Nepal with total length of

26 km and transversal cross section are is 12 (Bhrestha,2005). The headrace tunnel
passes through banded gneiss, intensely deformed and folded, augen gneiss, bolde
guartiate (Figure3-19).
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Figure 3-19 Longitudinal geological profile of Melemchi water supply tunnel (Shres
2005)

3.7 Numerical Modeling

Numerical modeling is highly recommendtm analyze the stability of tunnel passes
through weak rock mass quality and high overburden (Shrestha & Panthi, R044).

therefore possible to predict tunnel behavedrably, provided a proper understanding
as observed in practi¢Barla 2002)

3.7.1 UsedSoftware

For numerical modeling finite element software’RISveloped by Rocscience is used.

It is used for Adimensional analysis and design of underground tunnels in hard rock
weak rock, jointed rock, and soft ground and other geotechnical works.-dtade
analysis and advance support design tools simplify the design of tunnel lining system. It
has, among other modelohr-Coulomb and Generalized Ho&kown failure criteria

for material model (Rocscience, 201Byth generalized Hoek Brown failure criteria and
Mohr-Coulomb failure criteria are widely used for numerical modeling of weak rock
mass of tunnel. The rock mass properties were evaluated by the empirical methods
proposed by Hoek et al. (2002)isiao et al., (2009) mentioned thatese empirical
methods have been widely used in design practice and verified by back analysis of case

histories
3.7.2 2D Model

Consider a circular tunnel of radius R, excavated in an ggagtic rock mass subjected
to a hydrostatic initial stress of initial stress @aBshown inFigure3-20. If the support
pressure pis less than a critical pressysg then a plastic zone of radiusis formed
around the opening. For suatiunnel, the lower value of the minor principal stress in

the yielded zone occsiat the tunnel boundary and is equal to the support pressure p
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The upper value of the minor pdipal stress, when a plastic zone is formed around the

opening, occurs on the elasptastic zone interface (Sofian&sNomikos, 2006).

Hydrostatic stress field is assumed for analysis in which vertical and horizontal stress are
equal. The rock mass isatelled by elastic perfectly plastimaterial and strain
softening.The length and width of model is taken as six times the diameter of circular

tunnel respectively. The dimensiafithe2D model is illustrated ifrigure3-21.

Figure3-20Circular tunnel in an elastplastic rock mass subjected to hydedist initial
stress field $ofianos& Nomikos, 2006)

At the outset of numerical modeling of rock mass for underground structures like tunnels
and cavern in theesser Himalayanegion of Nepal, six different cases are modeled to
understand the nature of the rock mass. The rock mass properties of tunnel sextions ar
given inTable3.4. For tunnel supportoncrete lining is modeled as an elastic material.

The material properties ttfie concrete lining are given ihable3.2.

The numerical analysis is carried out fam unsupported and supported tunnel with

elastic plastic and straksoftening (residual strength) constitutive models. The

disturbance factor (D) is considered for the analysisthénelasticperfectly plastic

analysis, the peak GSI is used only, thatheye is no reduction of GSI. It is assumed

that the GSI remains the same before and after tunnel excavation. Another calculation,

the strairsoftening constitutive model is assumed in which the residual strength is
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accounted by the reduction of the peak.G8ere will beareduction of the surrounding
rock mass strength after excavation. The detailth@humerical model are given in
Table3.1. Both onstitutive models are used for all eight tunnel section, showabite
3.4 and analyzed by both failure criteria.

Insitu stress, P
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Figure3-21 2D model for circular tunnel analysis
3.7.3 Numerical Steps
The following steps of modeling are used for modeling and analysis are as follows:

1. In this study full face tunnel excavation has been considered by drill and blast
method. The hydropower tunnels are relatively smaller in cross section in Nepal
Himalaya due to naturally available of high head for power generation.

2. A plane strain model lsabeen developed in RSas shown irFigure3-21, and
that relaxes an internal pressure on the tunnel boundary from a value equal to the
applied insitu stress to zer The final stage, with zero internal pressure is used
to determine the amount of deformation prior to support installation. The
deformation is determined by the empirical relation proposedldghopoulos
and DiederichgRocscience, 2016).

55



3. The factoringof the applied internal pressure over several stages is used to

determine the pressure that yields the amount of the tunnel wall deformation at
the point of support installation. The support in the tunnel is installed and

activated at a distance 2 m behthe tunnel face.

The tunnel closure is determined by knowing the maximum displacement of

tunnel, at zero internal pressure, and radius of plastic zone.

Table3.1 Selected numerical models for investigatamf tunnel sections

SN | Tunnel Constitutive Model | support D | Remarks
Elastic perfectly
1 | All section | plastic unsupported 0 Support install behind face
Elastic perfectly
2 | All section | plastic supported | O Support install behind face
Elastic perfectly
3 | All section | plastic unsupported 0.5 | Support install behind face
Elastic perfectly
4 | All section | plastic supported | 0.5 | Support install behind face
5 | All section | Strainsoftening unsupported Support install behind face, Redug
0 peak GSI value
6 All section | Strainsoftening supported Support install behind face, Redug
0 peak GSI value
7 All section | Strainsoftening unsupported Support install behind face, Redug
0.5 | peak GShalue
8 All section | Strainsoftening supported Support install behind face, Redug
0.5 | peak GSI value
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Figure3-22 Plot to determine the tunnel closure prior to support installation sugge
by Vlachopoulos and DiedericlfRocscience)

3.7.4 Analyzed Tunnel Sctions

In this study, eight different types of rock masses are modeled which are very common
in the Lesser Himalayan region of Nepal. The rock masses are selected from the six
different hydropowetunnels located in this region. These rock masses are classified
into extremely poor, very poor, poor, fair and good based on the rock mass quality, as
presented in Table 3.2. Due to weak rock mass quality and high overburden, these tunnels
have experiered rock squeezing problems with excessive rock deformation. Melemchi
and Kulekhani tunnels have not experienced such problems yet dine construction
despiteweak rock formation. Generalized HeBkown failure criterion is used for the

estimation othe rock mass properties which is also used for numerical modeling.

The numerical modeling is carried out by b&hbkneralized HoekBrown and Mohy
Coulomb failure criterion. In numerical modeling, the disturbance factor, D, has been
considered which depds upon the degree of disturbance due to blast damage and stress
relaxation, as drill and blast is a common method for tunnel excavation in Nepal

Himalaya. The degree of disturbance of the surrounding rock mass depends upon the
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method of excavation andalomass quality. It varies from 0, for undisturbed in situ rock
masses, to 1 for vedisturbed rock mass (Hoek, 2Q0Therefore, the numerical analysis

is carried out by taking disturbance factor as 0 and 0.5.

Table3.2Material properties of concrete lining

Description Concrete
Youngb6s modul us (GPa) 30
Poi ssonbds ratio 0.15

Table3.3 Tunnel support

Tunnel Project | concrete thickness (mm)
Kaligandaki 600
Chameliya 300
Modi 300
Kulekhani 100
Khimti 100
Melemchi 100
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Table3.4Rock mass properties of tunnel section used for numerical analysis

Rock Mass| Extremely poor Very Poor Poor Fair Good

Project qulgand Chameli Modi Khimti Mglem Ku'lekh Melemchi Ku'lekh

tunnel aki ya chi ani ani

Rock type | Graphite | Talcosic | Phylliti | Augen | Augen | Phyllite | Augen Quartzit
Phyllite Phyllite | c Gneiss | Gneiss Gneiss e

Schist | Schist

dci  (]291 15 16 30 39 55 39 75

Ei (MPa) | 7500 8250 10000 | 13700 | 34000 | 6000 20475 9000

n 0.2 0.3 0.1 0.1 0.21 0.2 0.2 0.2

Q 0.018 0.01 0.008 | 0.25 0.45 2 7.18 13

H (m) 620 275 80 276 300 315 300 330

r (m) 4.35 2.7 25 25 25 2 25 2

GSl 20 20 15 35 40 50 57 62

D=0

HoekBrown Parameter

mi 7 7 9 26 23 7 23 20

My 0.402 0.402 0.432 | 2551 | 2.698 1.174 4.95 5.148

s 1.38E04 | 1.38E 791E | 7.30E | 1.00E | 4.00E | 8.00E03 1.50E

a 0.544 0.544 0.561 | 0.516 | 0.511 0.506 0.504 0.502

Mohr-Coulomb

¢ (MPa) 0.671 0.36 0.361 | 1.604 | 2.166 2.46 2.746 5.451

a9 18.81 18.8 19.012 | 34.24 | 34.687 | 27.53 39.827 40.102

Oem (MPa) | 0.223 0.119 0.08 0.722 | 1.29 3.312 3.512 8.99

Em (MPa) | 959.1 376.8 554.02 | 2041.3 | 3580.2 | 3686.2 | 9259.66 5087.96

D=0.5

Hoek Brown Parameter

My 0.155 0.155 0.157 |1.177 |1.321 0.647 2.968 3.275

S 2.33E05 | 2.33E 1.19E | 1.70E | 3.35E | 1.00E | 3.00E03 | 6.00E

Mohr-Coulomb

¢ (MPa) 0.445 0.238 0.23 1229 |17 1.955 2.319 4.674

0 9 12.77 12.77 12.416 | 27.601 | 28.57 22.92 35.418 36.225

Oem (MPa) | 0.085 0.045 0.028 | 0.343 | 0.652 1.88 2.178 5.881

Em (MPa) | 627.95 246.36 | 399.6 | 1028.5| 1724.34| 1763.3 | 4678.1 2728.4

3.8 Resultsand Discussion

The numerical modeling has been carried out to investigate the tunnel deformation which
predicts squeezing behaviof tunnelin the LesserHimalayanregion of NepalBased

on themeasuredrom 60 tunnel sections, for both nsgueezing and squeezing ground
conditions, fromseveral Indiartunnels located in the Himalaydhe degree of tunnel
squeezing has been classified as per tunnel clog&irgh & Goel, 2006) The
classification of tunnel squeezisgown inTable3.5. The different selected models used

in this study are shown ihable3.1. The numerical analysis is carried out by reducing
the peak GSI value of rock mass, as suggested by Cai et at. (200§ staainsoftening
model. In the elastiplastic modelthere is no reduction of peak GSI.

Hoek and Brown (1997) confirthat fact the dilation angle is lower than the friction

angle. For very good they suggest that the dilation angle is about ¥4 of the friction angle,
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for the average quality rock, the valugggested is 1/8 and poor rock seems to have a
negligible dilation angle. Modular ratio (MR) is used for the estimation of deformation
modulus using the relation. When no direct values of the intact modulus are available or
where completely undisturbed samg for measurement of; & difficult.

The input data for the analysis has been obtained from different published research
works, feasibility reports of projects. From different authors like Panthi, 2006; Shrestha
& Panthi, 2014; Shrestha, 2005; Basr#€t13 published the data on their research work

of Kaligandaki, Modi, Khimti, Melemchiand Chameliya respectively. For Kuleknani

[Il hydropower project, the data are referred from the Geotechnical investigation reports
published bythe Nepal ElectricityAuthority. Data from the published reports, tunnel
logs hae been collected and by using RocLab software, developed by Rocscicence, is
used to generate the complete set of input data required for numerical modeling for 2D

and 3D analysis and shown in TaBld.

Table3.5 Classification of tunnel squeezing based on the tunnel closureSaftgr & Goel,
2006

SN | Degree ofSqueezing TunnelClosure
(%)
1 Very mild squeezing 1-2
2 Mild squeezing 2-3
3 Mild to moderate squeezing 34
4 Moderate squeezing 4-5
5 High squeezing 5-7
6 Very high squeezing >7

3.8.1 Elastic- Plastic Analysis

Eight tunnel sections are analyzed considering elastifectlyplastic analysisn which

both peak and residual GSI dhe same during the analysis. The analysis is carried out
for different disturbance factor as described above with two failure critanzely
generalized HoekBrown and MohCoulomb The tunnel deformation and percentage

of tunnel ¢osure for these elde-plastic calculationsare shown irmable 3.6.
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Table3.6 Tunnel deformation by elastic perfectly plastic analysis

Peak | Tunnel Tunnel Tunnel Deformation (mm) Tunnel Closure%)

GSlI radius D=0 D=0.5 D=0 D=0.5
(mm) GHB|MC |GHB|MC |GHB|MC | GHB | MC

20 Kaligandaki | 4350 270 | 250 | 1310 1170|6 6 30 27

20 Chameliya 2700 170 | 250 | 360 |500 |6 9 13 19

12 Modi 2500 30 20 90 80 1 1 4 3

50 Kulekhani 2000 8 6 20 20 0.4 0.3 1 1

62 Kulekhani 2000 4 4 8 7 0.2 0.2 0.4 0.35

35 Khimti 2500 30 10 30 30 1 0.4 1 1

40 Melemchi 2500 30 7 30 20 1.2 0.28 |1 0.8

57 Melemchi 2500 4 3 7 4 0.16 | 0.12 | 0.28 | 0.16

Note: GHB: Generalized Hoek Brown, MC: Me@Gpbulomb, D=Disturbance factor

Disturbance factor is taken as 0

1

In case of extremely poor rock masses like graphitic phyllite, talcosic phyllite and
phyllitic schists of Kaligandaki, Chameliya and Modi hydropower tunnel
respectively, the peak GSl is 20 and less than 20, the tunnel deformatons
givenby bothfailure criteria are not significaytdifferent.

The tunnelclosureof extremelypoor rock masses with high overburden like
Kaligandaki and Chameliya tunnel is G8f6tunnelradiusandfor the same rock
mass but low overburdesf Modi tunnel is 1%. Theffere, high rock stress plays

a vital role in the rock squeezing in poor rock mass conditions. Similarly, the
tunnel closure for rock mass&sSigreateithan 40, like Kulekhani and Melemchi
tunnel,is less than 1%. But when the GSI lies betweeraB040, the tunnel
closure is within 1%asshown inTable3.6.

If GSI is greaterthan 50, thais the rock masses of Melemchudengneiss,
Kulekhani phyllite,and Kulekhanguartzite, thgunnelclosureis less than 1%,

asshown inTable3.6.

Disturbance factor is taken as 0.5

When the tunnel is modeled by considering D=0.5, assumirgutheunding rock mas

is disturbed during tunneling.

1

The tunnel is highly deformed in casef the extremely poor rock mass like
Kaligandaki, Chameliya and Modi tunnel. The tunnel closure is more than 10 %,
which signifiesa very highsqueezing tunnellhe tunnel closure for extremely
poor rock masses, GSllsss tharB0, like Kaligandaki and Chameliya tunnels

are 30 % and 13 % respectively and for Modi it is@Rthe tunnel radius.
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1 If GSlis greaterthan 50, the tunnel closure is below 1% anitlig lies between
30and40, the tunnel closure is within 1 % of tunnel, that is mild squeezing.

1 Thereareno significant effects on tunnel deformat®to consider disturbance
factor for modeling the rock masses whose peak Ggeaterthan 30 in casefo
an elastieplastic material. It suggests that the rock mass around the tunnel
periphery is not disturbed during tunneling. But in reality, the rock mass around
the tunnel gets disturbed in such geological conditidhgrefore, the elastic

plastic analgis would not be appropriate to model such rock masses.

3.8.2 Strain-Softening Analysis

In case oftrain softening analysis, it is assumed that the rock mass will take some field
stress before it reaches maximum deformation. It will have some residuattstetake

the field stress. During the modeling of the rock mass the peak GSl is reduced to some
extent as a residual value. This is achieved by reducing the peak GSI value to residual,
which is estimated by the guidelines provided by the Hoek et aB5j1®h case of
Kulekhani Phyllite the peak GSI reduced from 50 to 30, as showhainle 3.7, means

that the rock mass is poorly interlocked, heavily broken with mixture of angular and
rounded rock pieces from very well interlocked undisturbed rock mass as per the
guantification of GSI chart, séggure3-7, (Cai et al., 200). It is due to the blasting of

rock during the excavation of tunnel and atke poor quality of rock mass in the

Himalayan region.

Table3.7 Tunnel deformation by straisoftening analysis

Peak | Residual | Tunnel Tunnel | Tunnel Deformation (mm) TunnelClosure(%)
GSl GSl name radius
(mm) | D=0 D=0.5 D=0 D=0.5
GHB MC |GHB | MC | GHB | MC | GHB | MC

20 15 Kaligandak | 4350 | 400 350 | 2200 |19 |9 8 51 44
20 15 Chameliya | 2700 | 240 350 | 520 76 |9 13 |19 28
15 10 Modi 2500 | 30 30 |70 70 112 1 3 3
50 30 Kulekhani | 2000 | 20 10 |70 50 |1 05 |4 3
62 30 Kulekhani | 2000 | 20 4 60 7 |1 02 |3 0.3
35 25 Khimti 2500 | 30 20 | 70 70 |12 1 3 3
40 25 Melemchi | 2500 | 20 10 [ 60 30 /08 |04 |2 1
57 25 Melemchi | 2500 10 4 30 20104 |01 |1 1

Note: GHB: Generalized Hoek Brown, MC: Me@Goulomb, D=Disturbance factor
Disturbance factor is taken as 0

In case othe extremely poor rock mass like Kaligandaki, Chameliya, the tunnel closure

is increased form 6 % to 9% for both tunnels when the peak GSI is reduced bgs75 %
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shown inTable3.7. This signifies that the tunnel undergeesy high squeezing able
3.5. For the Modi tunnel it is only 1% because it has low overburden, &3 oompare

to Kaligandaki and Chameliya.

When the peak GSI is reduced, the tunnel deformation is increased because the
surrounding rock mass is degraded during the tunneling. The tunnel closure is increased
by 1 % of tunnel radiushowingvery mild squeezingas compared to the elasptastic
analysis for the rock masses whose peak GSI is more tharabl@3.7. There is no
significant differegein tunnel deformation latained from both elastiperfectly plastic

and strairsoftening constitutive models of the rock masses having the peak GSI is

greaterthan 30.
Disturbance factor is taken as 0.5

1 In case of extremely poor rock mass, the tunnel closure isabti%9% of tunel
radiusfor the Kaligandakiand Chameliydaunnelrespectively, shown iifable
3.7. It showed that the tunnels undergo very high squeezing.

1 Poor to very poor rock ass like Khimti, Melemchi and Khulekhani tunnel, GSI
is lies between 3@nd50, the tunnel deformation is increased from 10%% of
tunnel radiusvhen the peak GSl is reduced in betweerat®d70 %, as shown in
Table3.7. This showed that tunnels undergo mild squeezing problabie 3.5
which is likely to occur in such geological conditions.

9 Fairto good rock masghere GSI lies between 58nd65, the tunnel deformation
increased from less than 1 % to up to 2%. This shahetdtunnel undergo very
mild squeezing. In this case the peak GSIl is reduced in betwesrd80 %, as

shownin Table3.7.

There are very few measured tunnel sestin this region. In Kaligandaki, Khimti and
Modi tunnel, thetunnel deformation as measured in different sectigruring the
construction,as shown in Table 3.8. For numerical modelingthese sections are
considered for analysi¥he average measured tunnel deformation of Khimti tunnel is
65 mm,asshown inTable3.8, andit is closer to the deformation from numerical analysis
analyzed by the straisoftening considering disturbance factor as &Shown inTable
3.7, using generalized HoeBrown failure criteron. Similarly, for Kaligandaki tunnel,

the average measured tunnel deformation is 292 nasshownin Table 3.8, which is
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closer to the deformation obtained from the elagskistic analysis considering
disturbance factor as 0. The deformatidrained fronthe elastic plastic analysis is 270
mm asshown inTable 3.6. The tunnel deformationbtained from the straisoftening
analysis is 400 mm whehedisturbance factor is takéo 0 and it is 2200 mm whethe
disturbane factor is takerto 0.5 shown inTable 3.7. From this comparisgnit is
suggested that, for extremely poor rock mabkge elastic plastic analysis more
appropriate Strain softening analysis thegood for poor to good rock mass considering
the different value of the disturbance factor. Based on the numerical analysis and
measured deformation dhe tunnel, the different types of rock mabkave been
characterizeddr the numerical analysis which is able to show real behavior as shown in
Table3.9.

64



Table3.8 Measured tunnel deformation from case studies located in Lesser Him:

region
SN I-{) lég?ig:q' Rock Type (;'1) Q (?n Uobdmm) Q%ﬁ:ﬁg Reference
1 Khimti, Aditl | Augen Gneiss| 98 | 0.08 4\.0 30.9
2 | Khimti, Aditl | Augen Gneiss| 100 | 0.01 | 42| 160 654 | Shrestha,
3 Khimti, Adit1 | Augen Gneiss| 111 | 0.00 | 4.3 32.3 2005
4 Khimti, Adit3 | Augen Gneiss| 276 | 0.25 | 5.0 38.7
5 Kaligandaki Graphitic 620 | 0.02 | 8.7 213 Shrestha &
6 | Kaligandaki Graphitic 620 | 0.00 | 8.7 370 292.g | Panthi,
7 | Kaligandaki Graphitic 620 | 0.00 | 8.7 334 2014
8 Kaligandaki Graphitic 620 | 0.00 | 8.7 356
9 Kaligandaki Graphitic 620 | 0.01 | 8.7 191
10 | Modi,50 m Phyllitic schist| 80 | 0.01 | 5.0 205 Shrestha &
11 | Modi,60 m Phyliitic schist| 80 | 0.01 [ 5.0 | 465 379 | Panthi,
12 [ Modi,70m | Phyllitic schist| 80 | 0.01 | 5.0| 467 2013

Note: H, overburden depth; Q, rock mass quality; a, tunnel radids; heasuredunnel deformation

Table3.9 Rock mass characterization in terms of peak and residual strength in
Himalayan region using GSI system

Rock mass quality | GSI Tunnel Rock Types Peak | Residual GSI
name GSI

Extremely poor Kaligandaki| Graphitic phyllite 20 No reduction in

rock mass, Highly : : - peak GSI

Jointed and 20<GSI<30 Chameliya | Talcosic phyllite 20

weathered rocks Modi Phyllitic schists 15

Very poor to Poor, Khimti Augen gneiss 35 Reduce

Moderately Jointed| 30<GSI<50| Melemchi schists 40 between 60

and weathered : : and 70% of
Kulekh Phyllit 50

rocks uiekhan yrie peak GSI

Fair to good rock, | 50<GSI<65| Melemchi | Augen gneiss 57 Reduce

Jointed rocks : - between 40
Kulekhani | Quartzite 62 and 50% of

3.9 Conclusiors

This chapter focuses on modelingndakrock massvhich exhibits squeezingehavior
common during tunneling in thieesser Himalayamegion of Nepallt has composed
with extremely poor t@a good quality of rock masses. It dsie to the active tectonic
movement and high degree of weathering. Mostettnnels in this region pagsough

weak rock mass arahighin-situ stresses and suffered frootk squeezing problems.
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In numerical modeling, the rock mass is characterimethe GSI method and the rock
mass parameter are estimated using generalized -Bloskn failure criteria
Generalized HoelBrown and MohCoulomb failurecriteria are used for numerical
analysis. Kaligandaki, Modi and Chameliyaydropower tunnels arbcated inthe
western part of thdesser Himalayamegion and rock mass are characterized as

extremely poowith high overburden.

These tunnelexperienced moderate severe squeezing. Khimit and Melemtthinels

are located in theeastern part othe region and rock masses amore competent
comparatively better than the western part. They are classified very poor to fair rock
mass. Similasl, Kulekhani hydropower tunnel locatedtire Southern part dhe Lesser
Himalayanregionhasfair to good quaty rock mass. The location of tunnels is shown in
Figure3-8.

From this study the following point are concluded:
A) General

1 Disturbance factoplayed an important role in the analysis of underground
structures irLesser Himalayanf Nepal which composed of very poor and poor
rock mass conditions in high-gitu stress. Disturbance factor is considered in
each analysis and it is taken as O for the adlett blasting, that is, minimal
disturbance to the surrounding rocks and 0.5 is taken for the potential of
squeezing.

71 Different types of rock masses, that is, extremely poor, very poor, poor, fair and
good quality of rock mass, of different six hydropowennels are analyzed by
bothgeneralized HoeBrown and MohCoulombfailure criteria.

1 The western part of this region is characterized with extremely poor to poor rock
mass while the eastern and the southern parts are characterized by the
comparative}y good quality of rock mass than the western paigure 3-8.
Talcosic phyllite, graphitic phyllite and phyllitic schists of Chameliya,
Kaligandaki and Modi hydropower tunnels respectively are extremely poor rock
mass. The GSI for these rock mass iso2®elow. Banded augen gneiss and
augen gneiss schist of Khimti and Melemchi are poor to fair quality rock masses

and have GSI more than 30. Similarly, the phyllite and quartzite of Kulekhani
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hydropower tunnels are fair to good quality of rock mass aathl isgreater
than50.

1 The deformation given byoth failure criteria are close to each oth€he
deformationis given by the generalized Hod&cown slightly more than the
Mohr- Coulomhb

1 Itis advisable to model thiand of jointed rock masses wigeneralized Hoek
Brown because it characterized by the GSI.

B) Elasticperfectly plastic model

1 For the extremely poor rock mass, GSl is less thaargglasticperfectly plastic
constitutive model would predict the actual behavior of the tunnel inettyisn.
These tunnels were highly squeezed during construction. Daxgreamelypoor
rock andhigh in-situ stress conditions, it is suggested that during the tunneling
control blasting should be carried out and during the modelhegdisturbance
factorO is taken for analysis and design of tunnel.

1 In the case of elastiperfectly plastic analysis, rock mass having @&later
than 30, like Khimti and Melemchi, the tunnel closure is within 1% by
generalized HoeBrown and it is less than 1% as analyzed thg Mohr-
Coulombfailure criteria,Table3.6, considering the disturbance factor 0 and 0.5.

It is clear that for rock masses having @8&taterthan 30, the distudnce factor

has no significant role ithe elastc-plastic analysis. Similarly, for the rock
masses having GSjreaterthan 50, like Kulekhani quartzite and Melemchi
gneiss, the tunnel deformation given by both failure criteria are less than 1% of
tunnel mdius. This indicates that the tunnel undergoes very mild squeezing in
such geological conditions but it is not able to predict the real behavior of tunnels
in this region.

1 In the case of Modi tunnel, the 4situ stress is comparatively less than the
Kaligandaki and Chameliya tunnel, it is appropriate to take disturbance factor
0.5 for numerical modeling ithe elastieplastic model.

C) Strainsoftening model
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1 In case of straksoftening analysis, the extremely poor rock masses, GSl is less
than 30, gives higher tunnel deformation by both failure criteria. Disturbance
factor significantly effects on the tunnel deformatidmable 3.7. Therefore,
extremely poor rock mass and have higisita stress, atrainsoftening model
may not be appropriate for numerical modeling.

1 For rock masses GSI igreaterthan 30,a strainsoftening model is more
appropriate to predict the real tunnel behavior during tunneling by taking account

of disturbance factor as®in such geological conditions, shownTiable3.9.
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4 DESCRIPTION OF THE CASE STUDIES

41 General

In this chaptertwo hydropower tunnels fronthe Lesser Himalayaregion of Nepal,

shown in Figure 4-1, are discussed and analyzed as case studies. Kulekhani IlI
hydropower project and Chameliya hydropower project are taken as case studies. Both
projectsare near to completion and liethe sme geological region. IRigure4-1, the

project locations are shown with geological formation.
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Figure4-1 Projectlocations and geological map of Nepal. (the project location a
on the geological map after Upreti, 1999)

4.2 Kulekhani lll Hydropower Tunnel
4.2.1 Introduction

Kulekhantlll (KL -IIl) hydropower project is the cascade scheme of Kulekhani storage
project with arinstalled capacity of 14 MW. The project is designed to utilize a net head
of 103.17 m and a design discharge of f¥sno generate peak power of 14 MW. The
project lies in Makawanpur district, Narayani zone of central development region in
Rapti river lasin. The power station tfeproject isuseshe regulated flow of Kulekhani

reservoir via tailrace of Kulekhanlill hydropower projecandalong with water from
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Khani Khola. The length and diameter of headrace tunnel is 4221.63 m and 3.5 m

respectively witha horseshoe shaped.
4.2.2 Geology ofProject Area

The project area lies in the southernmost part of Kathmandu synclinorium characterized
by metasedimentary rockand crystalline rocks of Nuwakot complex and Kathmandu
complex. The area comprises of crystalline rocks as gariwat schists (Kalitar
formation), Marble (Bhainse Dobhan marble) and met&dimentary rocks such as
schists of Precambrian age and quartpitg|lite (Robang formation), siliceous dolomite
(Malekhu formation) and slaty phyllite (Benighat slates) of Paleozoic age. The general
trend of rocks is almost east to west and dips steeply towards north. The headrace tunnel
passes across marble, schigtartzite phyllite, siliceous dolomite and slaty phyllite. The
tunnel passes across stehrones and thrusts. Mahabharat thrust is the main structure
at 1450 m chainage. Seismic refraction survey shows abe2® 12 wide weak zones
(velocity 1600m /s) aing the thrust (NEA, 1997).

NEA, 2003conducted the in situ rock test for Kulekhani hydropower project. The tests
were performed in the exploratory adit in order to obtained rock mechanics data for
design of underground tunnel and cavern. The exploratbtyvas planned to drive to

check actual condition of siliceous dolomite at excavation face. As a result of observation
of the adit, rock conditions in the section around 70 m to 90 m from the adit portal is
poor to relatively poor, however moderately fiick condition is confirmed in the rest

of the sectionNEA, 2003). Plate load and block shear test were performed as shown in
Figure4-2. Plate load testing was permmed for determining moduli of the deformation

and the elasticity (Youngbés modulus) and
peak and residual direct shear strength as a function of stress to the sheared plane. The
normal stress had been varasi5 kg/cr, 7.5 kg/cmdand 10 kg/crh

Plate loading test was carried out at three spots of the bAatittunnel aroundlO m
from the excavation face as showrHigure4-2. Both the modulus of elasticity and the

modulus of deformation can be calculated with the same formula as
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Where, E is the modulus of elasticity (kgfAmD is the modulus of deformation
(kgffcm® , a is the radius of st eelforhaldetke i n
and 0.25 to 0.3 for soft rock), dF is the increase load in section cllspiicement

curve (kgf= ton/1000), dS is the increase displacement for the section of load

displacement for the same section as above in cm.

If the gradient of a tagential line of stresdisplacement curve for the peak stress is
placed in the place of dF/dS, the formgquation4&), will give a modulus of elasticity
and if the gradient of a line enveloping the sti@isplacement curve of the initial stress
is used for dF/dS, it will give a deformation modulus as showhigare 4-3. Table

4.1gives the value of modulus of elasticity and deformability after test.

Table4.1Plate load testing (aft&dEA, 2003

Location Modulus of Deformation (MPa) | Modulus of Elasticity (MPa)
PL1 3183.9 14650.0

PL2 9366.9 25340.5

PL3 1869.5 8392.9

The results of the plate loading test indicate hard and compact state of rock while the
result of shearing test, where both (plate loading and rock shear testing) tests were
performed in adjacent location, indicates the relatively soft and the poor nodiico

(NEA, 2003). From the laboratory test of rock samples near thiguimock testing, the
uniaxial compression strength of dolomite appears to be more than 50 MPa. According
to the study on the relationship between the uniaxial compression stasaigtine shear
strength of similar rock of dolomite on the basis of numerous data of rock samples
obtained in Japan, the shear strength of rock is 2 to 3 MPa if the uniaxial strength of rock
is more than 50 MPa. It was also recommended that the modulesooiétion lies
between 2000 to 3500 MPa when the uniaxial compression strength of H@gkéthon

the said study of correlation between uniaxial compression strength and the modulus of
deformation. Modulus of deformation of rock at testing location isgddg be more

than 3,000 MPa. Considering the result ofsitu rock tests and laboratory tests,
following figures were suggested, shownTigble4.2, for rock at thdocation of insitu.

Table4.2Physical properties of rock (after NEA, 2003)

Parameters Values

Shear strength 2 to 3 MPa
Friction angle 45 to 50 degree
Modulus of deformation 3000 to 5000 MPa
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Rock Condition of Testing Site Rock Condition of Testing Site
(Dolomite around portal portion of Test Chamber) (Dolomite around excavation face of Test Chamber)

Plate Loading Test
(Loading Plate and Testing Equipment

Block Shear Test

Rock Condition of Testing Site
(Sheared Block and Testing Equipment)

(Dolomite in the bottom portion of Test Chamber)

Figure4-2 In-situ rock testNIEA, 2003)
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4.2.3 Design ofTunnel Support

Most of the hydropower tunnel supports are designed based on the rock mass
classification in Himalayan region of Nepal. The £ystem, proposed by Barton et al.
(1974), is more popular for the estimation of tunnel supports in the Himalayan region of

Nepal.Based on the Qalue the rock masses are classified as poor, fair andog@ditly

of rocks. The rock mags this tunnelis categorizingnto four classes: very poor, poor,

fair and good as shown rable4.3. The supports are also recommended based on these

rock classes as shownTiable4.4.

Table4.3 Rock mass quality along the headraoenel @fter NEA, 1997)

Chainage Main Rock Type Overburden| Rock mass | Q- Support
depth(m) classification| number| category

From | To

0+170| 0+715| Marble 106.43 Good 10.63 | R1

0+715| 0+725| Sheared schist 185.82 Very poor 0.1 R4

0+725| 0+990| Garnetiferous schist 182.52 Poor 2.7 R3

0+990| 1+215| Quartzite schist 163.68 Fair 5 R2

1+215| 1+430| Schistose Quartzite & | 138.73 Fair 4.7 R2
dolomite

1+430| 1+450| Sheared schist & 140.59 Very poor 0.1 R4
dolomite

1+450| 2+355| Quartzite 330.0 Good 13.33 |R1

2+355| 3+635| Phyllite 315.27 Poor 2 R3

3+635| 3+650| Sheared phyllite& 238.45 Very poor 0.1 R4
dolomite

3+650| 3+965| Siliceous dolomite 236.2 Fair 4.7 R2

3+965| 4+337 | Slaty Phyllite 173.63 Poor 2.3 R3
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Table 4.4Rock mass classification and support based on Q system for Kulekha
hydropower tunnel (after NEA, 1997)

Rock | Support | Support description Rock mass description
Class| category

Very | R4 25mm dia. 2.5 m rochkolts in 10 m wide shear zone in between the good
poor distribution 1.0x15 n?. 100 quality of marble and poor quality of schists
mm SFRS in walls and crown | from 04715 to0+725 and another 20 m thick
200 mm thick concrete lining i§ very poor quality sheared schistose dolomite
applied with steel ribs ISMB encountered, the rock was sheared due to

175 Mahabharat Thrust(MT) , from chainage 1+4
to 1+450.
Poor | R3 25mm dia. 2.5 m rockbolts in | Poor quality of granetiferrous schist from

distribution 1.5x1.5m?2. 100 chainage 0+725 to 0+990. From 2+355 to
mm SFRS in walls and crown | 3+3+365, poor quality of phyllite is

200 mm thick concrete lining is encountered with competent and incompeter
applied without steel ribs. band. The rock is folded and dissolution have
occurred along the fracture zones from 2+35
to 3+365, poor quality slaty phyllite is
encountered in this section.

Fair | R2 25mm dia. 2.5 m rockbolts in | The rock is moderately wdeered having 0.5
distribution 1.75x2.5m?. 50 10 cm wide clay filled joints along bedding
mm SFRS in walls and crown, | plane at the beginning of tunrfebm 0+000 to
200 mm thick concrete lining i 0+170 . The light color quartzite is thinly
applied without steel ribs. bedded and interbedded with dark greenish
grey schists from 0+990 to 1+430. The light
grey quartziteand dolomite interbedded with
micaceous schist and thickly bedded from
3+650 to 3+965.

Good | R1 25mm dia. 2.5 m rockbolts in | From 0+170 to 0+715 good quality of marbl
distribution 2.0x2.5 h 50 mm | exists and good quality light grey quartzite wi
SFRS in walls and crown, 200| intercalation of thin greenish grey phyllite is
mm thick concrete lining is encountered from 1+450 to 2+355 .

applied without steel ribs.
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Height (m)

rock bolts. dia. 25 mm . 1=2.5m rock bolts. dia. 25 mm . 1=2.5m
Sc=2m, SI=2.5m Sc = 1.75 m. SI=2.0m (alternately)
(alternately)

concrete lining (M25)
200 mm thick

concrete lining (M25)
200 mm thick

SFRS, 50 mm thick .
SFRS, 50 mm thick

a) Rock Support Class- R1 b) Rock Support Class- R2

rock bolts, dia. 25mm ., 1=2.5m
rock bolts. dia. 25 mm ., 1=2.5m Sc=1.0m, SI=1.5m
Sc=1.5m. S=F15m

(alternately) (alternately)

SFRS.
100 mm
thick

Concrete lining
(M25), 200 mm thick

—— m—

Concrete lining

—_ Steel ribs
ISMB 175
3y P
¢) Rock Support Class- R3 d) Rock Support Class- R4

Figure4-4 Design tunnel support of Kulekhani Il hydropower tunfidEA,1997)
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Figure4-5 Longitudinal geological map of Kulekhani Il hydropower tunnel along the
alignment Source: Kulekhani Il hydropower project)
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4.3 Chameliya Hydropower Tunnel
4.3.1 Introduction

Chameliyahydropower tunnels located in Shikhar of Darchula district, faestern
region of Nepal. The project area liedisser Himalayasone, in the catchment of the
Chameliya River. The installed capacity of the project is 30 megawatt (MW). The design
discharge and gross head of the project are386and 103.7 m respectivelJhe
headrace tunnel of Chameliya Hydroelectric project ienaks the second case study.
The total lengttof headrace tunnel is 4067 andthe diameter othe horseshosection

is5.2 m.

4.3.2 Geology of Project Aea

The project lies in the western partl@sserHimalayan region of Nepal'he main rock

types along the alignment of headrace tunnel are dolomite, sandstone, slate, dolomite
intercalated with slate, talcosis phyllite and dolomite interbedded with phyllite (Basnet,
2013). The rocks are highly jointed, weathered with numberseair $fands and crushed

zone Figure4-6. Massive fractured and jointed dolomite is present up teladith three
random joint sets with multiple shear bands andhedsock material. Frorohainage
1+000mto 1+600m, slightly weathered and fairly jointed rock mass is present. The rock
mass is classified as poor based on the rock mass quality number: Vakei€3lie in
therange of 1 to 2. No shear bands and crusdtwetesare encountered in this region
during the tunneling and no severe problems were encountered. Moderately weathered
and highly jointed dolomite with crushed zoseobserved from chainage 1+800ton

adit-1, Figure4-6. The rock mass is classified as very poor witlrdQue of less than 1,

multiple shear bands and weakness zones makes rock mass very poor.

The maximum rock cover above the headrace tunnel is ned@lyndetween the adit
and 2, and nearly 275 m between a#liand 3Figure4-6. The rock mass is classified as
poor quality from chainage 0+000 to 3+000m, andmain rock type iglolomite wth

slate.

Similarly, the rock mass from chainage from 3+08Go 4+000m is classifiedinto
extremelypoorrock massThe Qvalueis less than 0.Qks presented ihable4.7. The
tunnellength of almos800 m length between aditand 3Figure4-6, severely squeezed.

The convergencefdunnel wvasmeasured in 20 tunnel sectiopsesented iMable4.7.
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The maximum convergence was 2.39 nolainage of 3+398 rand minimum of 0.062

m at chang@&+795m, with corresponding overburden 275 m and 222 m respectively.

vz slae == Pivliite with Dolomite. == Dolomite with Phylite
14004 RZJ Dolomite  [Z73Dolomite with Salte
13004
=]
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Figure 4-6Longitudinal geological map of Chameliya hydropower tunnel along the align
(Source: Chameliya hydropower project)

2 Crushed zone

The Q valuewas calculated based on the face pmagof the tunnel face as shown in
Figure 4-7. Based on the Qvalue tunnel supports were recommended during the

constructionand installed. But the installed support was not sufficient to control the
excessive deformation of the tunnel.
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4.3.3 Design of Tunnel Sipport

Based on the Qvalue different support systemvas designed by the rock mass
classification approach proposed by Barton et al. (1974). The detaitsclofmass
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classification approa@s arediscussed in Chapter 2. The details of support systems are

given inTable4.5.

Table4.5 Rock mass classification and support pattern for Chameliya hydropower ti
based on the gystem(Source: Chameliya Hydropower Project)

Rock | Q- Support category Rock Support details
Class | Value

Strong | 10<Q R1

25mm dia. 3nrockbolts in
distribution 2.0x2.5 50 mm
SFRS in walls and crown , 200 mr
thick concrete lining is applied in
invert without steel support.

25mm dia. 3m rockbolts in
distribution 1.5x1.5 m 50 mm
SFRS in walland crown, 200 mm
thick concrete lining is applied in
invert without steel support.

25mm dia. 3m rockbolts in
distribution 1.2x1.2 90 mm
+SFRS in wall and crown, 200 mm
~thick concrete lining is applied in
invertwithout steel support

Very |4<Q<10|R2
Good

Good | 1<Q<4 |R3

25mm dia. 3m rockbolts in

distribution 1.2x1.2 i upper 246

~"120 mm SFRS in wall and crown,
| 200 mm thick concrete lining is

applied in invert without steel
support

Fair 0.1<Q< | R4

/| 25mm dia. 3m rockbolts in
[/~ | distribution 1.0x1.0 %) upper 248
-1 200 mm SFRS in wall and crown,
—1200 mm thick concrete lining is

—..| applied in invert without steel
support ,4 bar lattice girder bar siz
18, 26 mm is provided at 1.0 m c/q

Poor | Q<1 RS

/| 25mm dia. 3m rockbolts in

"~} distribution 1.0x1.0 rf) upper 248
—1200 mm SFRS in wall and crown,
—[-200 mm thick concrete lining is
I applied in invert without steel

Very | Q<0.1 |R6
poor
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Table4.6Details of selected section between chainage 0+180 to 3Bahdt, 2013)

SN Chainage| Rock Type (cj)e\:/sxulfld(erg) Q- value f;tzzgrrg/
1 0+180 Dolomite, Joint, Shear band | 140.2 0.25 R3
2 0+310 Dolomite, Joint, Shear band | 220.7 0.08 R4
3 0+410 Dolomite, shear band 232.5 1.12 R2
4 1+340 Dolomite with slate 464.0 0.5 R3
5 2+235 Weathered crushed dolomite | 140.0 0.01 R5
6 3+103 Dolomite 181.2 1.25 R2

Table4.7Details of squeezed section betwebainage 3+172 to 3+820B&snet, 2013)

Overburden 0- Subport Measured
SN | Chainage| Rock Type depth, H PP Convergence
value | category
(m) (m)
1 | 3+172 | Highly fractured and heavily | ;49 7 0.02 |RS5 0.238
jointed Dolomite
2 | 3+190 203.9 0.031 1.326
3 | 3+253 | Dolomite, Fractured, Shear ban_220.1 001 | RS 0.104
4 | 3+275 230.7 ' 0.822
5 34296 thinly f(_)liated phyllite wi_thin 2395 0.650
very thin band of dolomite
6 | 3+305 243.2 0.01 | R6 1.117
7 | 3+314 Very weak thinly foliated 246.3 0.198
8 34398 Phyllltg with some bands of 274.4 2319
dolomite
9 | 3+404 275.2 2.142
10 | 3+420 Very thinly foliated, highl 277.1 1.570
y thinly Toli , nighly
11 | 3+439 jointed or fractured and crushe 275.5 1.752
12 | 3+454 | Talcosic Phyllite with few 274.4 0.008 | R6 1.420
13 | 3+499 dolomite and several shear/talc| 268.0 0.801
14 | 3+543 bandsfew bands of dolomite | 549 g 2.090
15 | 3+681 210.8 0.952
16 | 3+709 2125 2.038
Highly jointed or fractured,
17| 34733 | ihinly foliated talcosic phyliite | 2191 0.01 | R6 0.630
18 | 3+764 | Jointed or fractured, thinly 230.0 0.510
20 | 3+820 olomite and phylite presen 211.4 0.941
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4.4 Squeezing assessment

1 Both Singh et al. (1992) and Goel et al. (1994) empirical approaches are used for
accessing the squeezing problems of tunnBt#hu s es t he Bartonds
quality.

1 Goel et al. (1994includes fiveparameters of rock mass quality proposed by the
Barton, and consider SRF as 1 and define the rock mass number, N.

T Semianal yti cal approach proposed by 't he
analytical solution by Carranzdorres & Fairhurst (2000) based oretHoek
Brown criteria are more convenient to use for highly jointed rock mass of

Himalayan region (Shrestha, 2005).

4.4.1 Squeezing Assessment by Empirical Approach
4.4.1.1 Singh et al. (1992) Approach

Based on the rock mass quality defined by the Barton et a4)1hd the height of
overburden Singh et al. (1992) defined a demarcation line which defines weather the
tunnel section will undergo squeezing or not. It gives the empirical prediction of
squeezing conditions of tunnel. Figure4-8, the rock mass quality and tunnel depths of

both Kulekhani Il and Chameliya hydropower tunnels are plotted.

In case of Chameliya tunnel, the tunnel section are more susceptible toirsg|@eseirs

Q- value is less than 0.01, extremely poor rock mass, with an overburden between 200
and 300 m, from chainage 318820 m, as seen kigure4-8. During he construction,

the tunnel had faced squeezing problems. If the overburden is more than 400 m, and Q
value between 0.1 and 1, poor rock mass, there is also highly susceptible to squeezing,
from chainage 18103 m, as seen Figure4-8. As the Qvalue of rock mass is greater

than 1, the risk of squeezing is reduced.
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Figure 4-8 Variation of rock mass quality with tunnel depth of Kulekhani Il &
Chameliya hydropower tunnbly using the Singh et al., 1992 approach to predici
squeezing condition

Therefore, the squeezing of tunnel highly dependent to the rock mass quality rather than

the rock coverlt is very useful to determine whether the tunnel will suffer for squeezing

or not, the empirical relation given by the Singh et al (1992) is vefyldse early stage
of tunnel analysis in the Nepal Himalaya.

Table4.8 Singh et al. (1992) for squeezing assessment of Kulekhani 1l tunnel

Chainage| H (m) | Q- value | y=350@" Remarks
0+715 106.43 | 10.63 769.57 No squeezing
0+725 185.82 | 0.1 162.46 squeezing
0+990 182.52 | 2.7 487.37 No squeezing
1+215 163.68 | 5 598.49 No squeezing
1+430 138.73 | 4.7 586.27 No squeezing
1+450 140.59 | 0.1 162.46 No squeezing
2+355 330.00 | 13.33 829.87 No squeezing
3+635 315.27 | 2 440.97 No squeezing
3+650 238.45 | 0.1 162.46 squeezing
3+965 236.2 | 4.7 586.27 No squeezing
4+337 173.63 | 2.3 462 No squeezing

4.4.1.2 Goel et al. (199) Approach

Goel et al. (1995) defined the rock mass number, denoted by N, adseasxck mass

quality Q. Stress effect has been considered indirectly in the form of overburden height

H. Thus N can be defined as with stress reduction factor (SRF) is equal @slystem
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of Barton et al. (1974). Rock mass number, N, is needed because of the problem and

uncertainties in obtaining the correct r at

Considering the overburden depth H, the tunnel span or diameter B, and the rock mass
numbe N from 99 tunnel sections, Goel et @995) plotted the available data on-og

log diagram, as shown Figure2-7, between N and HE-. Out of 99 tunnel section tia

39 data were taken from Bartonds case his

those 60 data 38 data were from 5 projects in Himalayan region.

Table4.9 Singh et al. (1992) for squeezing assestroe@hameliya tunnel

Upstream of aditl between adit2 and 3
Tunnel _ 3 Tunnel _ 3
chainage| depth Q value H=350C chainage | depth Q value H=350C
(m) (m)
(m) (m)
0+180 140.2 0.25 220.49 3+172 199.7 0.02 95
0+310 220.7 0.08 150.81 3+190 203.9 0.031 109.95
0+410 2325 1.12 363.47 3+253 220.1 0.01 75.41
0+600 58.5 1.12 363.47 3+275 230.7 0.01 7541
0+910 213.1 1.12 363.47 3+296 239.5 0.01 75.41
1+340 464.0 0.5 277.8 3+305 243.2 0.01 75.41
14577 289.4 0.5 277.8 3+314 246.3 0.01 7541
2+020 90.4 0.5 277.8 3+398 274.4 0.01 75.41
2+355 131.1 0.62 298.45 3+404 275.2 0.008 70
2+368 1294 0.005 59.85 3+420 277.1 0.008 70
3+103 185.0 1.25 377.03 3+439 275.5 0.008 70
3+454 274.4 0.008 70
3+499 268.0 0.008 70
3+543 249.8 0.008 70
3+681 210.8 0.01 75.41
3+709 212.5 0.01 75.41
3+733 219.1 0.01 75.41
3+764 230.0 0.015 86.32
3+795 222.6 0.015 86.32
3+820 211.4 0.015 86.32

All the 27 squeezing tunnel sections were obsermedthose 5 projects in Himalayan
region. Other 72 data sets were from 1sgueezing sections. As shown in the same
figure, a line AB distinguishes the squeezing and-sgureezing cases. The equation of

that line is H = 275 RBCL where H is in m. Thelata points lying above the time
represents squeezing conditions, whereas those below this line represent non squeezing

condition.

By plotting rock mass number with the product of depth and width of tunnel, as shown
in Figure 4 11, it is gives the ide&whether the tunnel will go squeezing or not. They
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defined the degree of squeezing as defined in Table 2.18. The Kulekhani Il tunnel will
have undergo very mild to mild squeezing when it passes through thedshaaas and

other sections of tunnel areitg safe from rock squeezingn case of the Chameliya
tunnel, the tunnel section upto chainage 3+000 m, the tundelgoesnild to moderate
squeezing, like Chainage 1+340 m, because it has high overburden compare to other
sections. But the tunnel semt in between adi@ and 3, it undergoes high squeezing,
which was also happened during the tunneling. The rock mass number is also good for

predicting the degree of rock squeezing behavior during tunneling in Himalayan region

of Nepal.
3000 X Chameliya 0+180-3+103
o Chameliya 3+172-3+820
A Kulekhani 1l
Very Squeezing
300
o)
I
Non- Squeezing
0.01 0.1 1 10 100

N Value

Figure4-9 Prediction of squeezing by Goel et al. (4PBy using rock mass numbe
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Table4.10 Goel et al. (1994) for squeezing assessment of Kulekhani Il tunnel

tunnel tunnel
Chainage| depth, H | width, | N(SRF=1)| HB%! | Him=275N-33B-01

(m) B (m)
0+170 | 106.43 | 4 10.63 122.26| 522.26
0+715 185.82 |4 0.5 213.45| 190.45
0+725 | 18252 |4 6.67 209.66| 447.8
0+990 | 163.68 | 4 11.67 188.02| 538.59
1+215 | 138.73 |4 11.67 159.36| 538.59
1+430 | 14059 |4 0.5 161.5 | 190.45
1+450 122.6 4 13.33 140.83| 562.76
2+355 315.27 | 4 5.42 362.15| 418.16
3+635 238.45 | 4 0.5 273.91| 190.45
3+650 236.2 4 11.67 271.32| 538.59
3+965 | 173.63 | 4 5.83 199.45| 428.35

Table4.11Goel et al. (1994) for squeezing assessment of Chameliya tunnel

Upstream of adii

tunnel tunnel
Chainage| depth, H | width, B | N(SRF=1)| HB%®! | Hjn=275N-3B01

(m) (m)
0+180 140.2 5.2 0.625 165.32] 199.7
0+310 220.7 5.2 0.2 260.31] 137.11
0+410 232.5 5.2 2.8 274.13| 327.56
0+600 58.5 5.2 2.8 68.95 | 327.56
0+910 213.1 5.2 2.8 251.26| 327.56
1+340 464.0 5.2 1.25 547.21| 251.02
1+577 289.4 5.2 1.25 341.25| 251.02
2+020 90.4 5.2 1.25 106.64| 251.02
2+355 131.1 5.2 1.55 154.64| 269.49
2+368 129.4 5.2 0.0125 152.57| 54.92
3+103 185.0 5.2 3.125 218.16] 339.65
Between adi? and 3
3+172 199.7 5.2 0.06 235.49] 92.16
3+190 203.9 5.2 0.093 240.43] 106.5
3+253 220.1 5.2 0.03 259.5 | 73.31
3+275 230.7 5.2 0.03 272.04| 73.31
3+296 239.5 5.2 0.03 282.43| 73.31
3+305 243.2 5.2 0.03 286.79| 73.31
3+314 246.3 5.2 0.03 290.42| 73.31
3+398 274.4 5.2 0.03 323.61] 73.31
3+404 275.2 5.2 0.024 324.47| 68.11
3+420 277.1 5.2 0.024 326.73| 68.11
3+439 275.5 5.2 0.024 324.91| 68.11
3+454 274.4 5.2 0.024 323.52| 68.11
3+499 268.0 5.2 0.024 316.01] 68.11
3+543 249.8 5.2 0.024 294.58| 68.11
3+681 210.8 5.2 0.03 248.62| 73.31
3+709 2125 5.2 0.03 250.56| 73.31
3+733 219.1 5.2 0.03 258.31| 73.31
3+764 230.0 5.2 0.045 271.26| 83.81
3+795 222.6 5.2 0.045 262.48| 83.81
3+820 2114 5.2 0.045 249.28| 83.81
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4.4.1 Semtanalytical Method

Hoek (1999) publisheddetails of an analysis that showed the ratio of the uniaxial
compressive strength of the rock mass to th&tinstress can be used as an indicator of
potential tunnel squeezing problems. Hoek & Marinos (2000) proposed an empirical
equation for estimatmthe uniaxial strength of rock mass strength based on the results

of numerous tunnels excavation in weak rocks.
Kulekhani Il hydropower tunnel

Five tunnel suisection are chosen for the squeezing assessment of Kulekhani Il
hydropower tunnel as shown figure4-5. The rock mass properties and other factors

are shown imable4.12

From chainage 0+715 m to 0+725 m, 10 m shear zone of very poor quality sheared schist
hasfollowedgood quality of marble. The average overburden is 185 m in this subsection.
From chainage 1+450 m to 2+355m good quality of quartzite, the average deerizir

330 m. After good quality of quartzite, poor quality of phyllite is occurred from chainage
2+355 m to 3+635 m with average overburden is 315The siliceous dolomite is

occurred from chainage 3+650 m to 3+965 m with average overburden of 236 m.
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Table4.12 Estimated rock mass properties and factors for analysis (NEA, 1997)

Tunnel

section A B C D E

Chainage 0+715- 1+450- 2+355- 3+6503+965 3+6353+650

0+725 2+355 3+635
rock type Sheared Quartzite Phyllite Siliceous dolomite| Shear zone
Schist

support class| R4 R1 R3 R2 R4

H (m) 185.82 330.0 315 236 238

Density t/n¥ | 2.7 2.7 2.7 2.7 2.7

3 0.2 0.2 0.2 0.2 0.2
Q-number 0.1 13.33 2.0 4.7 0.1

RMRgqg 35 67 55 60 35

Average GSI | 30 62 50 55 18.4

e (MPa) 30 200 18.4 45.6 30

o (Mpa) 5.02 8.91 6.75 6.37 6.42

E. (MPa) 12000 35000 9200 15000 9200

mi 12 20 7 9 7

Ocm (MPa) 0.516 15.68 3.011 8.044 -

Em (MPa) 2075.27 3637.9 1351.9 3033 805
Not e: H, over bur de rRMHE,eopkimass rating; GH,@eéokgical stirsgih index

{ci, intact strength of rocKio, insitu stressE;,

intact

mo &, compressive stremgih of kock

mass ;En modulus of rock mass

As per the Hoek & Marinos (2000), the rock mass strersggiven by the equatioAd)
based on the GSI and.m

i mMinat®, pdic wmdrc® 8 (4%)

'Y r‘] » — 8
T PTTEE LV T (& —

(480)

The radius of plastic zone and deformation of the tunnel are given by the eg(aBpn
and4.4) respectively. The internal pressure is used to simulate the effects of supports in
the analysis.

o} T _
T T p T T8 ¢ n&cilun— 8 (48)

whereR; is radius of plastic zone in m,is the radius of tunnel in myis the tunnel
deformation in mp; is the internal support pressure in MBajs the insitu stress in

MPa andlcmis the rock massompressivetrength in MPa.
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Figure4-10Percentage of tunnel strain versus the ratio of rock mass strengtitio
stress for varying support peese, p, Hoek & Marinos (2000) approach

In an unsupported tunnel, that is, internal pressuigezero, and the rock mass strength
is below 30% of irsitu stress the sufection A and E, shear zone, the tunnel stain is near
and more than 3% comparett® other sections. If the rock mass strength is more than

50% of thein-situ stress, then the tunnel strain is less than 1%, showigime4-10.

The very poor rocknass, GSl is less than 30, of shear zone of tunnel section A and E of
Kulekhani 11l tunnel, the tunnel strain is more than 3%, when the rock mass strength is
less than 30 % of the4situ stress. If the internal pressure is maintaining at 20 % of the
in-situ stress, the tunnel strain is reduced to 1% from the 3% and if the internal pressure
is increased to 40% of the-gitu stress, then the tunnel strain is reduced to less than 1%.
The internal pressure is used to simulate the effects of support. Tkeleiarediate
installation of support would interact the surrounding rock mass to reduce the tunnel
squeezing effectivelyror the tunnel section B, C and §hown inFigure4-5, the GSI

is more than 30 and considered as good quality of rock mass, the tunnel strain is less than
1%. The rock mass strength is more than 50 % of tis@éurstress. There are no stability

problems and very simple tunnel supports are suifficie
Chameliyahydropower tinnel

During the construction of the headrace tunnel, there is very severe squeezing between
adit2 and adi3, chainage 3+17& to 3+820m, nearly800 m length of tunnel. The
main rock type is talcosic phyllite.
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In Chameliya tunnel, from chainage 3+172 m to 3+820 m, tunnel undergoes high
squeezing with excessive deformation. These deformations are plotte&igutiet-11;

it shows that the tunnel strain is more than 40 %. It is found that the rock mass strength
is less than 10% of the-situ stressin such case, if the support pressure is 20%-of in
situ stress, the support pressure is not sufficient to control deformétisapport
pressure is 40 % of igitu stress, the tunnel strain is reduced to 5 %. In such case face
stability problems likely to occur. The face would be stabilized by forepoling and face

reinforcement during tunneling.

Therefore, in such extremely @orock mass, if the rock mass strength is less than 10%
of the insitu stress, very squeezing and face stability problems is occurred. The face
reinforcement, forepoling and shotcrete embedded with steel sets would be good options
for the support desigidp to chainage 3+172 m, there is no such significant squeezing
problems during tunneling and the main rock type is jointed dolomite with slate, with
average GSl is 4@igure4-12. As the rock mass strength is less than 40% of Hstin

stress, there are significant deformations of tunnel and controlled by installation by
adequate supporEigure4-11. This shows clear influence of support pressure on the
tunnel deformation. The main purpose of the tunnel support is to maintain confinement

for the rock mass to help the rock support itself.
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Figure4-11 Percentage of tunnel strain versus the ratio of rock mass strengtitio
stress for varying support pressure(®+172 to 3+820 of Chameliya tunnel, Squee
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Marinos (2000ppproach
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4.4.2 Analytical M ethods: Convergence Confinement Method (CCM)
Support capacity curve and ground reaction curve of Kulekhani Il tunnel

The headrace tunnel passes through good to fair quality of rock masses like marble,
schist, slate, phyllite and quartzite, showirigure4-5, including the shear nes due to
existing Mahabarat thrust, where the rock mass might be fractured and altered to clay in
some extentNEA, 2003). The rock mass properties of analyzed section are shown in
Table4.13.

1 At chainage 2+355 m, 3+635 m and 3+965m rock mass characterized by
guartzite, phyllite and dolomite respectively, the internal pressure is drastically
reduced to zero with very small radial deformation, showfigure4-13. The
GSI of rock masses of these sections are more than 50 and considered as fair to
good quality of rock mas#arinos et al., 2005). Similarlyt ahainage 0+725m
and 3+650 m characterizday shear zones composed of schists and phyllite
respectively, the internal pressure is reduced to zero with high radial deformation
compare to the other sections, as showrigire4-13,

1 The longitudinal displacement profiles of different tunnel section are shown in
Figure 4.16. The GSI of rock mass greater than 50, the maximum radial
displacement of tunnel occurs when the excavation face is 2 times the tunnel
diamete, at 8 m behind the tunnel face, as showRigure4-14.

91 Similarly, for the very weak rock mass, GSI is less than 30, shear zones, at
chainage 0+725 m and 3+650the maximum radial displacement occurs behind
the 2 times the tunnel diameter from tunnel fa€mure 4-14. The radial
deformation at 3+ 650 m has more than that+f25 m, because the 3+650 m

section has high overburden pressiliah)le4.13.
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Therefore, in such weak rocks, the overburden pressure hasl@aignificant role to

increase the radial deformation of tunneLasser Himalayanegion of Nepal.

The support capacity curve gives the interaction between the rock mass and support
system after the installation of support. During the advance of the tunnel, the rock mass
and the support system defotogether,and the support system takes part of treallo

that the tunnel face had been carrying previously before installing the support system.
When the tunnel face moves ahead, the rock mas and the support system reach
equilibrium and the support system takes the final load or désagiy) and the rok

mass and support system are deformed together,The detail of convergence
confinement method is presented in 2.5.1 of chapter 2 with nomenclature. The results

from CCMfor all sections are presentedTiable4.13.

Table4.13 Tunnel section for CCM analysis of Kulekhani 11l tunnel

Parameters A B C D E
Chainage 0+715-0+725 | 1+450- 2+355- 3+6503+965 | 3+6353+650
2+355 3+635
6 (mm) 12 0.8 2.2 0.9 42
Tunnel strain (%) | 0.6 0.04 0.11 0.05 2.1
6 (mm) 11 0.427 1.89 0.52 42
N (MPa) 4.08 4.08 4.08 4.08 4.08
n (MPa) 0.4 1.5 1 1.1 0.3
FoS 10 2.67 4 3.64 13
0 (mm) 26 1 4.5 2 96

Note:6 , deformation of support and rock mass converged together after face effect disappeared,;
deformation of section behind the fage; , maximum pressure that the support can accept before
collapsei) , final load or design kad taken supporEoS, factor of safetyy , maximum radial tunnel
deformation when internal pressure is zero.

The support takes less load th@as maximum capacity Therefore, the provided
combination of supports is sufficient in all sectiohaple4.13. At chainage 3+650 m,
shear zone, the maximum radial deformation is 96 mm when internal pressure is zero.
The value of support pressuye, is 0.3 MPa andhe support and rock mass defolby

42 mm,6 , Table4.13 The maximum tunnetlosureis 2.1 %, which is more than 1%

so the support should be revised in this section during the tunneling.

When the tunnel passes through quartzite, at chainage 2+355m, thestreinas 0.04
%, less than 1%, indicates the reduced probability of squeekgsupport and rock

mass deformed by 0.8 mmhen the tunnel face is far awalyhe support pressure taken
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by the supports i4.5 MPa, which is less than its allowable support preskuee.

maximumallowable ofpressurg) , taken by the support 608 MPa,Table4.13.

Ground reaction curve and support capacity curve of Chameliya tunnel

Table4.14 Details of tunnel sections for CCM analysis

Chainage 0+410 1+340 3+681 3+764
Main rock type Dolomite Slate Talcosic Talcosic
Phyllite Phyllite Phyllite
support class R2 R3 R6 R6
Overburden (m) 232 464 210 230
Density t/n? 2.7 2.7 2.7 2.7
3 0.2 0.2 0.3 0.3
Q-number 1.12 0.5 0.01 0.015
Average GSI 45 40 20 20
Ui (MPa) 31 31 15 15
Go (Mpa) 6.24 125 5.67 6.21
mi 9 9 7 7

The headrace tunnel of Chameliya hydropower passes through the highly jointed,
weathered Dolomite with slate and extremely poor talcosic phyfigeire 4-6. During

the tunneling multiple shear bands and crushed zones were obsertesistady four
tunnel sections are considered at different chainages 0w416340m, 3+681m and
3+764m.

1 The rock mass quality of 0+416 and 1+340m are very poor and poor
respedwely and the average overburderchainag&é+340m is 470 m.

1 The rock mass dhe remainingwo sectios at chainages 3+6&land 3+764n
are classified as extremely poor rock negss their Q value is less than 0.01.
During the tunneling these sections undergo heavy squeezing.

1 The internal pressure at chainage 0+#ili8 drastically reduced to zero from the
in-situ stress as the radial displacement is incteieen zero to 15 mm. & in
case of the chainage 1+3d10) the internal pressure is becoming zero when there
is high deformation in the tunnel. Therefore, the internal pressure is slowly
reduced by large deformation of tunnel even though the rock mass has good
guality and immedite installation of support is not good in such situatagure
4-15.

95



T

T

In case of 3+681mnd 3+764m, extremely poor rock mass, GSl is less than 30,
the internal pessure drastically dropped at the fiestcavation phaseand then
slowly decreases to zero as the tunnel goes high deformation, more than 1400
mm, as shown ifrigure4-15. In such conditions the face reinforcement should
be done before excavation of tunnel.

An overexcavation of tunnel section, like at chainage 3+681 m and 3+764 m of
Chameliya tunnel section, would be good option to relax the internal pressure in
swch very weak rock mass with high overburden pressure where large radial
deformatiors arelikely to occur. If the support is installed immediately after
excavation, the support woutéhvedeformed slowly and fail.

The longitudinal displacement profile ofifférent sections of Chameliya
hydropower tunnel is shown Figure4-16. For extremely poor rock mass, the
maximum longitudinal displacements are nearly 1400 mm2&3@ mm for an

unsupported tunnel.
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Table4.15Tunnelsection for CCM analysis of Chameliya tunnel

Chainage 0+410 14340 3+681 3+764

6 (mm) 7.5 62 667 800

Tunnel strain (%) | 0.28 2.3 24.7 29.63

6 (mm) 7.33 60 536 775

N (MPa) 2.7 2.7 2.7 2.7

N (MPa) 0.4 0.5 0.4 0.4

FoS 6.74 5.39 6.74 6.71

0 (mm) 14.75 150 1338 1963
Note:6 , deformation of support and rock mass converged together after face effect disagpeateidrmation of section behind
the face) , maximum pressure that the support can acbefore collapse] , final load or design load taken suppoRpS,

factor of safetyp , maximum radial tunnel deformation when internal pressure is zero.

Four tunnel sections of Chameliya are analyzed by CCM and results are shicatahein

4.15. Tunnel section at chainage 0+4hpthe main rock type is dolotmite and GSl is 45,
Table4.15, and overburden is 232 m, tuncsureis 0.28% less than 1%. There would

be less chance of rock squeezing problem. The design load on support is 0.4 MPa, while
the maximum pressure provided by the support is 2.7 NMRle 4.15. Similarly, at
change 1+340m , the main rock typal&e with GSI 40 and overburden is nearly 470m.
The tunnetlosureis 2.3 % more than 1% and high probability of rock squeezing but the
design load on the support is below the maximum pressure provided by the support. The
excessive deformation due to the high overburden.

But the tunnel sections 3+681 m and 3+764m are composed of talcosic phyllite,
extremely poor rocks and high overburdaverage tunnel depth is 275 m. The maximum
tunnelclosureis 30%, very high squeezing. The load on the support is 0.4 MPa which is
less than the maximum support pressure provided by the support system. In these
sections, the maximum radial deformatisrmore than 1500 mn¥igure 4-16, behind

the tunnel face. Therefore, in such geological section, face reinforcement should be
carried during the tunnel excavation andtcolfed blasting should be adopted so that

the surrounding rock mass would not be disturbed.
4.5 Conclusiorns

In this chapter two hydropower tunnels are discussed in detail. The Kulekhani Il
hydropower tunnel passes through marble, quartzite, phyllite aridwss dolomite with

shear schists and phyllite. The rock mass quality is varying from pogodd, GSI

varying from 30 to 62, with shear zones. The Chameliya headrace tunnel passes through
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poor to extremely poor rock mass conditions. Highly jointed agatiered dolomite and
talcosic phyllite are the main rock types and hawember of multiple shear bands and

crushed zones encountered during the tunneling.

These two hydropower tunnels are analyzed in terms of assessment of squeezing by
empirical, semanalytical and analytical methods. Empirical methods given by Singh et
al. (1992) and Goel et al. (1994) are useful to access tunnel squeezing in such geological
conditions of Nepal. The latter gives the degree of squeezing which is very important for

desgning the support.

Semtanalytical methods given by Hoek Marinos (2000) isan also good toofor

predicting the potential of squeezing and tunnel support design based on the tunnel strain.

Analytical methods proposed by Carrafizares and Fairhurst (®0), based on the
Hoek Brown failure criteria is very useful to design the tunnel support in such weak
geology having overburden pressure. It gisedear idea on the ground response and

support interaction with surrounding rock mass during tunneling.
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5 NUMERICAL MODELLING

5.1 General

In the Himalayan region of Nepal, the estimation of rock support pressure and selection
of tunnel supports are carried out by empirical approaches based on the rock mass
classification. Among them, the-§ystem ofock mass classification proposed by Barton

et al.(1974) is mostly used in the Himalayan region to design the tunnel support. Due to
the high overburden pressure and weak rock qualigre is excessive deformation in

the hydropower tunnels during and after construction. Thsy§em rock mass
classification approach is not able to predict the deformation of tunnels and the designed
support system is not able to control deformationtunnels in weak rock mass
conditions. Tunnel excavation istlareedimensionalproblem and to study stress and
deformation around the tunnel face 3D modeling is necessary. However, the two
dimensional modeling approach is still the most common tool icuhent practice of
tunnel projects' design calculations due to its reduced calculation time and relative

simplicity (Janinet al, 2015.

Many researchers compared the 2D and 3D numerical modeling approach and their uses.
Eberhardt (2001) demonstratedtttt@eedimensional numerical analysis allows a more
detailed examination of stress concentration around the ends and edges of an excavation.
In the case of an advancing tunnel face, tHtieeensional stress effects play an important

role, especially withrespect to induced stress concentration and rock strength
degradation. Dhawaet al.(2002) performed 2D and 3D elastplastic analyses for four
underground openings and compared the resultsizvghiu measurements. They found

that 2D analysis under@siates the deformation, whileon the other han®D analysis

results are comparenth in situmeasurements.

Janinet al. (2015) investigated and compared the ability of the 2D and 3D numerical
approachsgto reproduce the real behavid tunnels, basednan situmeasurements. The

3D calculation correctly simulates thresitudata, confirming that this tool can represent

the complexity of a tunnel excavation process. 2D calculations were also performed, and
stress release coefficients were determineditbgg the 2D results to the 3D results.

This solution produced numerical results that reproduced-sieuground deformations
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globally; however, the 2D approach is shown to be unable to represent the real
phenomenon of tunnel excavation in all its @bexity. 2D simulation cannot represent
the complex thredimensional phenomenon of support loading, particularly near the

tunnel face.

In this chapter two hydropower tunnels friwsser Himalayaregion, Kulekhani Il and
Chameliya hydropower tunnel, habeen taken as 3D numerical modelfog case
studies. Both tunnels pass through very weak to extremely poor rock mass with high rock
cover. The details of the case studies are discussed in Chapter 4 with analytical studies.

5.2 Modeling and Analysis

The numerical analysis has been performed using RS3, 3D finite element programs for
soil and rock applications developed by Rocscience. RS3 is useddforeBsional
analysis of underground excavation, tunnel support design and other geotechnical works.
It uses a series of extrudedlnensional slices to create a 3D model. It offers a fastest
and simplest way to model multistage excavation and support installation. It offers a wide
variety of support elements for support design including bolts, linersydaad piles.
Different types of loading can be modelled, restraints and boundary conditions can be
easilyapplied,andmeshing is automatic with-doded or 1ehoded tetrahedral elements.
Severaloptions are available to view and display the results im2d3D. Both, Mohr
Coulomb and generalized Hoe&kown failure criteria are available for material
modelling (Rocscience, 2016). Themealso some other models available.

5.2.1 Stress Regime in Nepal Himalayan

Stress regime is one of the major factors in th®gh of underground structures in the
Himalayan region of Nepal. The excessive deformation and support failure around the
tunnel are common in this region due to high rock stress. During the tunneling, the rock
depth varies from few hundred to 1000 mack mass stress which results high vertical
stress caused by the overburden.

The vertical stress is linearly increases with the depth of the rock and is given by
. [ a (5.1)

Whervd st he vertical stress iinypicdlly 8.027 2 i s

MN/m?3, and z is the depth of rock in m.
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According to Humagain (2000), there is very fevsitu stress measurement in the Lesser
Himalayan region in Nepal. In the western Nepalsitu stress measurements using
overcoring and flat jack method were executed in the site of the powerhouse cavern of

the KarnaliiChi sapani Hydr opower Pridrgndsc3b3ie. The m:
NO7W/SO7E plunging @a n d mi rs BARE/MT2W plunimg 07 and intermediate

02 S10W/ N10E plunging at 25Similarly, the insitu stress measurement reported from
powerhouse cavern site of the Arun Hydropower project in the eastern Nepal, the
maxi mum st r abd2W/B8J5E @unding ®a nd mi n;iNBOE/BBOR]
plunging88a nd i nt eyNG6E/DSGGE tplangidg at 82Further, World Stress

Map, shows that the direction of tectonic stress in theeagdern Lesser Himalayan

region is oriented horizontally with Northeg&butheast as seenkigure5-1.

Figure5-1 Stress map of the Nepal HimatafVorld stress map, 2008)

The ongoing tectonic deformation and active reverse faulting mechanism have
considerable influences on the magnitude of major tectonic principal stresses in the
Himalayan. The major stress in the Himalayan is oriented horizontally with Northeast

Southwestrend (Panthi, 2006). Rock stress measurements carried out at Kaligandaki

Hydropower project showed that the tectonic stress component is approximately 3 MPa.

As compare to the vertical stress, the ho
ratio of weak rock mass (Shrestha & Panthi, 2014). In this region, the total horizontal
stress contributes to the tectonic stress and horizontal component of vertical stress. This,
according to Shrestha & Panthi (2014), can be expressed as follows:
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" woT w (5.2

w h e rheayis the total horizontal stress including tectosfress inMP a y is the

vertical stress i n M#&thetectgnicstessinMBa. Poi ssono:

Insitu stress, P

N
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Figure5-2 3D model for circular tunnel analysis

In Lesser Himalayan region, the tectonic stress is estimated as 3 MPa (Shrestha & Panthi,
2014). Therefore, the hydrostastate of stress field is considered for analysis, for deep
tunnel (Sari & Pasamehmetoglu, 2004) in which it is assumed for analysis in which
vertical and horizontal stresses are equal. The rock mass is modelled by both elastic
perfectly plastic and stnaisoftening failure criteria based on the GSI value as discussed

in chapter 3. The dimension of 3D model is illustrateBigure5-2.
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The length, depth and widti the model is taken as six times the diameter of the tunnel

for the 3D modelling. In 3D analysis, stage wise excavation has been simulated by
removing the elements in sequence, in steps of 1 m in the longitudinal direction. Then
support is installed 2. behind from the tunnel face sequentially, as illustrated in Figure

5.3(a), and also shown in the 3D model. The stresses and deformations are observed at
the crown, wall and invert of the tunnel in two conditions: first, when the supportis 1 m
behind theobserved section, at sectiorAA0G, whi ch i s 1 m behind
second, when the support is installed at excavation face, that is, se@@n,B as s howt
in Figure 5.3.

Section at A-A'
C

Concrete lining ¥

centre line

" e Py ,

Not in scale Section at B-B'

Figure5-3 lllustration of stage wise tunnel excavation and support installatic
3D model of actual tunneling method (a) support installed 1m behind obs
section (b) with support

5.3 Selection of Case ttdies

In this study two hydropower tunnelsulékhanilll hydropower project and Chameliya

hydropower project, artaken as case studies. Both projeuts locatedn the Lesser

105



Himalayanregion of Nepalarea characterized by metadimentary rocksl'he details

of case studies are discussed in Chapter 4.
Case I Kulekhani 11l Hydropower T unnel

The length of headrace tunnel and diametdfdekhantilll hydropower project tunnel

are 4221.63 m and@m respectively. The tunnel passes across marble, schists, quartzite
phyllite, siliceous dolomite and slaty phyllite as showrigure 4-5. The rock mass
classificaton along the headrace tunnel and support category is givEabie 4.3 in
Chapter 4. Four tunnel sectmare modelled and analyzed in detail. The tunnel sections
are selected based on the rock mass quality and rock overbubéeailed laboratory
studies were carried out from drilling core sample from slaty phyllite. The tests were
performed in the exploratory adit in order to obtained rock mechanics data for design o
underground tunnel and cavern. The test results are showabla5.1.The estimated

rock mass properties of selected tunnel sections are givieabla5s.2.

Table5l1Laboratory test results of Kule
2003)

Rock unit Unit Uniaxial Tensile Modulus | Po i s { Internal
weight compressive | strength | of ratio friction
(KN/m?3) strength (MPa) elasticity angle
(MPa) (GPa) ()
Marble 2.72 100 7.04 20 0.2 32
Garnetiferous 2.78 35 - 9 0.22 23
Schist
Quiartzitic Schist | 2.78 40 - 20 0.22 25
Quartzite 2.83 200 - 35 0.2 35
Phyllite 2.83 18.4 7.09 6 0.2 26
Siliceous 2.78 45.6 9.83 15 0.2 28
Dolomite
Slaty Phyllite 2.61 34.5 - 8 0.22 25

Case II- Chameliya Hydropower Tunnel

Chameliya Hydroelectric Project (CHP) is an under construotiional priority project

of Nepal. The main rock types within the project area are dolomite, sandstone, slate,
dolomite intercalated with slate, talcosis dolomite and dolomite interbedded with phyllite
(Basnet, 2013)r'he longitudinal geological profilef ’eadrace tunnel is shownkigure

4-6. The maximum rock cover above the headrace tunnel is neariy 470etween the
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adit1 andadit2. The rock cover betweekdit -2 and Alit -3 is nearly 275 nand rock

mass is poor compared to rest of the tunnel alignment. Due to the high overburden and
weak rock mass the headrace tunnel in betwessesectiors has excessive deformation
during thetunnel excavationFigure 4-6. It had been found that nearly 800 m, from
chainage 3+102 m to 3+922 m, of tunnel is severely squeezed. The main rock type around
the tunnel consists of kaolinedphyllite, Figure4-6. Three tunnel sections are selected

for the analysis based on the rock mass quality and overburden pressure. The rock mass
properties of theedected tunnel sectigm@re given infable5.3.

5.4 Estimation of Rock Mass Properties

For the estimation of the rock mass properties of headrace tunnel of Chameliya
Hydroelectric project an empirical relation is used. Generalized Hoek and Brown failure
criteria (2002) has been used for estimation of rock mass properties. Rock mass strength
is estimated by equation 5.1 as suggested by the Hoek et al. (2002).

A A (5.3)

where sGthe unconfined compr es gistheaniazialr en gt |
compressive strength of intact rock in MPa, &) and a are the material constant defined

in HoekBrown failure criteria (2002).

The rock mass modulus is given by equation 5.2

O OOw p - —zZpT (5.9)

where GSl is the geological strength index, D is a factor which depends upon the degree
of disturbance to which the rock mass has been subjected by blast damage and stress
relaxation. The GSl is determined frahe Q value. Rock Mass Rating (RMR) and GSI

value can be estimated using equations 5.3 and 5.4 proposed by Barton (1995) and Hoek

& Diederichs (2006) respectively. The equations are as follows:

YO'Y pwrl T0C v n (5.5)
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(5.6)

Table5.2 Estimated rock mass properties for Case |: Kulekhani I1I tufafiedr NEA

1997)
. 2+355 3+635 3+650 3+965
Chainage
Rock type Quartzite Phyllite Shear zone Siliceous
dolomite
dci (M 200 184 18.4 45.6
E.i (MPa) 35000 9200 9200 15000
H (m) 330.0 315 238 236
mi 20 7 7 9
GSl 62 50 30 55
M 3.27 0.647 0.575 1.056
s 0.0063 0.00127 0.00042 0.00247
a 0.502 0.505 0.5223 0.504
Em (MPa) 3637.9 1351.9 805 3033
Not e: GSI , Ge o | ogintactastrengthtof regkEg,t hi nl tnadcetx ; moldm) dompessivef

strength of rock mass i modulus of rock mass;urs, a, HoelBrown rock parameter

Table5.3 Estimated rock mass properties for Case Il: Chameliya tunnel

Chainage 0+410 1+340 3+681
Rock type Dolomite Slate Talcosic Phyllite
Phyllite

Gci (M 31 31 15

E.i (MPa) 15500 15000 8250

H (m) 232 464 275

mi 9 9 7

GSl 45 40 20

Mp 0.656 0.517 0.402

S 0.000635 0.000335 0.000138

a 0.508 0.511 0.543

Em (MPa) 1641.2 1191.9 504.4
Not e: H, overburden depth; 3,

(o, insitu stressEg;,

intact

5.5 Resultsand Discussion

Poi ss®mniBemlg trkintactstergtR M RAK
mo 4, sompressive $trengtb af tock masg,;Bodulus of rock mass

rock

rock

A detailed 2D numerical modeling wieak rock mass with high overburden pressure has

been discussed in the Chapter 3. The rock mass is classified based on the GSI system

proposed by Hoek et al.The appropriate numerical modeling of different types of

Himalayan rocks are proposed in Chapter 3 and it is used to model the different tunnel

sections of the case studies.
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For an underground excavation and construction into deeper and more complex
geolayical environment understanding the thd#mensional redistribution of
excavation induced stresses becomes more essential for the stability of excaaation.
detailed threelimensional finiteelement study, which explores ndemid stress paths

during the progressive advancement of a tunnel face (Eberhardt, 24 effect of

tunnel face advancement is well described by the 3D analysis, as compare to the 2D and
closed form solution. The correct rock mass response can be captured only if the stress
pathis correctly represented. The induced stresses at the crown and walls at the observed
section are presented to predict the state of stresses during the tunnel advancement in
terms of tunnel stabilityKhadka, 2016)The results are discussed based on titess

paths during the advancement of tunnel face and the internal forces developed in the
tunnel support.

5.5.1 StressPathsaround advancing Tunnel

Stress history is one of the major factors for stability of the hydropower tunnel in such
weak geological contlons. This can be well describagsing the 3D stress path
representation (Barla, 1999). The stresses are plotted in terms of mean total normal stress

(s) and shear stress (t), which are given in equations

vy - (5.7)

(5.8)

w h e r & n diaralvertical and horizontal stressrespectively. The analysis is carried

out for hydrostatic stress field (K=1).
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. observed section

Excavation Direction I
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Figure5-4 Longitudinal section of advancing tunnel and location of observed se

5.5.2 Case I Kulekhani Il hydropower tunnel

Four tunnel sections are modelled and analyzed. The headrace tunnel passes through
good quality to poor rocknass quality as described in ChapteBdth drain-softening

and elastigplasticfailure characteristicare usedor modelingof different types of rock

mass. The disturbance factor is taken as 0 and 0.5 for élpstfectlyplasticmodeland
strainsdteningfailure criterig respectivelyconsideringlisturbance of rock mass around

the tunnel during face advancemantsuggested by Ho€R007).

In this analysis, straigsoftening and elastit perfectly plastic post failure strength
parameters are used for good to poor and extremely poor rock masses respgctively
shown inTable5.4. The residual strength parametetere taken reducetbased orthe

rock mass quality as shownTable5.4, where the last columns indicate the percentage

of the peak strength assumed for estimating the residual strength

Table5.4 Selected numerical model for analysis

Tunnel | Rock Rock type | Peak | Constitutive| Disturbance| Remarks
section | mass GSI model factor (D)
2+355 | Quartzite | Good 62 Strain 0.5 Peak GSI is reduced b
softening 50%
3+635 | Phyllite Poor 50 Strain 0.5 Peak GSI is reduced b
softening 70%.
3+650 | Shear Extremely | 30 Elastic 0 No reduction in pea
zone poor plastic GSlI
3+965 | Siliceous | Fair 55 Strain 0.5 Peak GSI is reduced
dolomite softening 60%
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Table 5.5 Rock mass characterization in terms of peak and residual streng
Kulekhani Il tunnel using GSI system

Rock Mass Good Poor Very poor Fair
Chainage 2+355 3+635 3+650 3+965
Rock type Quartzite Phyllite Shear zone Siliceous dolomite
Peak | Residual| Peak Residual Peak Peak Residual
GSl 62 31 50 35 30 55 33
Mo 3.27 0.748 0.647 0.317 0.575 1.056 0.370
s 0.0063| 0.0001 | 0.00127| 0.0001724| 0.00042 0.00247| 0.0001325
a 0.502 | 0.520 0.505 0.516 0.5223 0.504 0.518
Em (MPa) | 3637.9| 554.6 | 1351.9 525.7 805 3033 768

5.5.2.1 Stress path along the good quality rocks

When the excavation is far from the observed section, 6 m away from the observed
section, both vertical and horizontal stresses are equal, in case of K=1. But when the
excavation approaches near to the observed section the vertical stress (major stress)
increases drastically while the horizontal stress (minor stress) decreases, as shown in
Figure 5-5 (b). The major stress is maximum when the excavation reaches observed
section at the same time the minor stesseasedrastically. When the excavation just
passes through the observed section, the major stress idegisasedind remains

constant when the excavation is far from the observed section.

The mean normadtress drastically decreases when the excavation face is very near to
the excavation, which indicates the formation of plastic deformation around the perimeter
of tunnel, as shown iRigure5-5 (c). The major principal stress immediately starts to
decrease when the face just passes through the observed section. In case of crown, the
stress path follows the residual failure envelope but, in the case of the side wall, it is
found that the stressath is not following the residual failure line when the excavation

just passes through the observed section.
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Figure5-5 a) Relation between major and minor principal stress, b) Stresses at cro
and sidewall (S) considering K=1 and c) stress path during the tunnel excavai
chainage 2+355m, Quartizite
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5.5.2.2 Stress path along theoor-quality rocks

In the case of the phyllite and silicious dolomite, poor rock mass quality, the vertical
stress slightly increases as the excavation reaches the observed section. When the
excavation is 6 m ahead of the observed section, the vertical stress startsagejncre
while the horizontal stress startslecreasg-igure5-6 (b). When the excavation reaches

the observed section, both vertical and horizontal stresses drgstlealleases and
remain constant as the excavation face is far from the observed section. It is observed
that the mean normal stress decreases as the excavation approximates near the observed
section, and drastically decreases when it reaches the obsent&uh,sas shown in
Figure5-6 (c). The stress path is changed when the excavation face reaches near the
observed section and passes through the observed section, which signifies that there is
formation of plastic zone awad the excavated tunnel during the face advancement of

tunnel.

In the case of the silicious dolomite, fair rock mass, the trend of stress path shows that
the mean normal stress is slightly decreasing as the excavation face is near to the
observed sectiorBut it drastically decreases when the excavation just passes through

the observed section. It also increases slightly as the excavation face is far from the

observed section
5.5.2.3 Stress path along the extremelpoor-quality rocks

In the case of the shear® at chainage 3+650 m, extremely weak rock mass, the stress
path is quite different from that of the other section having relatively stronger rock
masses as shown Figure 5-5. When the excavation proceeds towards the observed
section, the vertical stress starts to increase and reaches the maximum when the
excavation reaches-®@ m ahead of the observed section. After that, it continuously
decreases until the excaiat face reaches the observed section and remains constant as
the excavation face is far from the observed section. Similarly, the horizontal stress is
continuously decreasing and reaches the minimum value as the excavation reaches the
observed section amdmains constant as the excavation is far from the observed section

as shown irFigure5-8 (c).
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