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Abstract

Total plastic deformation in tunnels passing through weak and schistose rock mass consists of both time-independent and
time-dependent deformations. The extent of this total deformation is heavily influenced by the rock mass deformability
properties and in situ stress condition prevailing in the area. If in situ stress is not isotropic, the deformation magnitude is
not only different along the longitudinal alignment but also along the periphery of the tunnel wall. This manuscript first
evaluates the long-term plastic deformation records of three tunnel projects from the Nepal Himalaya and identifies interlink
between the time-independent and time-dependent deformations using the convergence law proposed by Sulem et al. (Int J
Rock Mech Min Sci Geomech 24(3):145-154, 1987a, Int J Rock Mech Min Sci Geomech 24(3):155-164, 1987b). Secondly,
the manuscript attempts to establish a correlation between plastic deformations (tunnel strain) and rock mass deformable
properties, support pressure and in situ stress conditions. Finally, patterns of time-independent and time-dependent plastic
deformations are also evaluated and discussed. The long-term plastic deformation records of 24 tunnel sections representing
four different rock types of three different headrace tunnel cases from Nepal Himalaya are extensively used in this endeavor.
The authors believe that the proposed findings will be a step further in analysis of plastic deformations in tunnels passing
through weak and schistose rock mass and along the anisotropic stress conditions.

Keywords Tunnel strain - Instantaneous and final deformation - In situ stress - Himalayan geology

1 Introduction

Stability of tunnels passing through weak and schistose
rock mass is influenced by two important considerations,
which are assessment of extent of tunnel deformation and
requirement of support pressure (stiffness) to contain the
deformation. Tunnel deformation in weak and schistose
rock mass mainly consists of time-independent and time-
dependent deformations. For a long-term stable tunnel, sup-
port design should be made by considering both deformation
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types. Traditionally, rock support interaction (Panet 1995,
2001; Carranza-Torres and Fairhurst 2000; Oreste 2009) is
practiced to optimize rock support requirement in tunnels
passing through weak and schistose rock mass experiencing
plastic deformation. The ‘rock support interaction analysis’
assumes that the time-independent maximum deformation
takes place when the tunnel face effect has ceased. However,
time-dependent deformation around the tunnel periphery
will continue for long time even after the excavation elapses.
According to Sulem et al. (1987a) and Kontogianni et al.
(2006) the magnitude of time-dependent deformation has
in some occasion reached over half of the total deformation
recorded during long time span. Therefore, it is extremely
important to consider both time-dependent and time-inde-
pendent deformations while designing tunnel rock support
for tunnels passing through schistose and plastically deform-
able rock mass. In an advancing tunnel passing through such
rock mass, the tunnel instrumentation and monitoring pro-
grams are the part of tunneling cycle and tunnel conver-
gences are in general continuously recorded. When tunnel
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convergence against time of excavation and distance from
the tunnel face are systematically recorded, time-independ-
ent and time-dependent deformations in tunnel can be esti-
mated using the convergence law proposed by Sulem et al.
(1987a, b). Similarly, Wang et al. (2014) had proposed an
analytical formulation for the stress and displacement fields
in the host rock and in the liners by accounting sequential
excavation for lined circular tunnels excavated in viscoelastic
rock and supported by any number of elastic liners installed
at various stages. Their approach is relevant and applicable
to a tunnel of large cross-sectional area where sequential
excavation method is applied. However, none of the cases
presented in this manuscript are excavated using sequential
method of excavation.

Hence, the scope of this manuscript is therefore to review,
analyze and discuss the extent of time-independent and time-
dependent deformations along the headrace tunnel sections
of three hydropower projects passing through weak, schis-
tose and deformable rock mass. Relation between time-inde-
pendent (instantaneous) and total tunnel deformation (tun-
nel strain), and rock mass deformability properties, in situ
stress and support pressure is established and discussed. To
achieve this goal, the actually measured deformation records
of 24 tunnel sections passing through graphitic, siliceous and
micaceous phyllite as well as in schist and schistose mica
gneiss of three different headrace tunnels of the hydropower
project located in the Nepal Himalaya are exploited. The
comprehensive tunnel monitoring records, rock mass quality
records, laboratory testing results, topographic and geologi-
cal information of the project areas are used as background
material for the assessment.

2 The Tunnel Cases

Three headrace tunnel cases, which have undergone plastic
deformation (tunnel wall convergence) during construction,
have been selected for the detailed analysis of both time-
independent (instantaneous) and time-dependent (long-term)
plastic deformations. These cases include headrace tunnels
of Kaligandaki ‘A’ hydropower project, Middle Marsyangdi
hydropower project and Khimti I hydropower project located
in various part of the Nepal Himalaya. Figure 1 highlights
both structural arrangements and geological conditions
along the waterway system of all three hydropower projects.

2.1 Kaligandaki Headrace Tunnel

The 5950-m-long headrace tunnel of Kaligandaki ‘A’
hydropower project (KGA) is horseshoe shaped and has an
excavated diameter of 8.3 m with a cross-sectional area of
58 m”. Most part of the headrace tunnel was excavated using
drill and blast method with heading, benching and full-face
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excavation depending upon the quality of rock mass met
while tunneling. The primary rock support applied during
construction mainly consisted of steel ribs of ISMB125
spaced at an interval ranging from 0.6 to 1.5 m, steel fiber
reinforced shotcrete having thickness ranging from 15 to
60 cm and 4-m-long 25-mm-diameter fully grouted rock
bolts. The extent of rock support installed during construc-
tion varied considerably and depended on the rock mass
quality condition met along the tunnel alignment. As final
support, the headrace tunnel was fully concrete lined after
the completion of tunnel excavation work.

Geologically, the project area is located in the Lesser
Himalayan meta-sedimentary rock formations and is rela-
tively close to the main boundary fault (MBT). As seen in
Fig. 1a, the headrace tunnel passes through dolomite, weak
and highly schistose graphitic and siliceous phyllites. The
phyllitic rock mass along the tunnel is gray to dark gray,
slightly to highly weathered, thinly foliated, and fractured
to blocky with shear seams mostly parallel to the foliation
joints (NEA 2002). The headrace tunnel passes through var-
ying rock cover with highest rock cover of 620 m (Panthi
and Nilsen 2007b). Significant length of the headrace tunnel
(over 70% length) passes through relatively high rock cover
exceeding 300 m (Fig. 1a), which exhibits medium to high
in situ gravitational stress. On the other hand, the schistose
phyllite has relatively low strength and deformability proper-
ties. As a result, the headrace tunnel experienced moderate
to high degree of plastic deformation along the periphery
of the headrace tunnel contour. The systematically recorded
tunnel wall displacement ranged from few centimeters to
maximum up to 76 cm (Panthi 2006). In this analysis, the
recorded longitudinal displacement (deformation) profiles
of the tunnel sections having very poor to poor rock mass
quality and stage of excavation were reviewed and selected
in such a way that all selected tunnel sections consist records
of both time-independent and total tunnel wall displace-
ment. All together ten tunnel sections excavated in heading
and six tunnel sections excavated in full face were selected
(Shrestha 2014). The recorded longitudinal displacement
for the heading excavations and full-face excavations is pre-
sented in Fig. 2a, b. It is noted here that the tunnel wall dis-
placement record was in general started after the installation
of rock support. Most of the deformation recordings were
started within 2 days after the excavation and the tunnel face
advanced between 0.8 and 4 m during that period depending
upon the rock mass quality conditions met.

The rock mass is classified in different quality class using
one or more rock mass classification system such as the rock
mass rating (RMR) of Bieniawski (1973, 1989, 1993), the
Norwegian Q-system of Barton et al. (1974) and Grimstad
and Barton (1993) and Geological Strength Index (GSI) of
Hoek (1994). The overall quality of the rock mass in the
selected tunnel sections varied considerably and ranged
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Fig. 1 Structural arrangement and geological conditions along the waterway system of three headrace tunnel cases
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from extremely poor to poor category rock mass according
to Q-system. The detailed description of the rock mass con-
dition in each of these selected tunnel sections is presented
in Table 1.

2.2 Middle Marsyangdi Headrace Tunnel

The 5300-m-long headrace tunnel of Middle Marsyangdi
Hydropower Project (MMHEDP) is also horseshoe shaped and
has an excavation diameter of 6.4 m with 34 m? cross-section
area. The tunnel was excavated full face using drill and blast
method. The preliminary rock support applied along the
headrace tunnel consisted of plain or steel fiber reinforced
shotcrete together with or without wire mesh, rock bolts and
steel ribs. Wire mesh was normally used in the faulted rock
mass, whereas cement grouted rock bolts were installed sys-
tematically along the whole headrace tunnel alignment. Steel
ribs were used in tunnel stretches where rock mass was of
exceptionally poor to very poor quality. Normally, the spac-
ing of steel ribs varied from 1 to 1.7 m apart from the tunnel
sections passing through faulted rock mass where the steel
ribs were installed as close as 0.2 m spacing (NEA 2011).
After the completion of tunnel excavation, the headrace tun-
nel was fully concrete lined as permanent support.

Geologically, this project is also located in the lesser
Himalayan meta-sedimentary rock formation and the head-
race tunnel passes through rock formation consisting of
quartzite, meta-sandstone and phyllite intercalation. The
upstream part of the tunnel (approximately 400 m) passes
through fractured and foliated quartzite. The rest of the
headrace tunnel passes through either siliceous phyllite or
micaceous phyllite in intercalation with meta-sandstones
(Fig. 1b).

In order to monitor tunnel behavior during excavation,
extensive deformation measurements were taken at various
sections of the headrace tunnel. The extent of tunnel wall
deformation varied from couple of centimeters to as high
as 17 cm (Panthi 2006). Based on the deformation pattern,
rock mass quality and detailed instrumentation condition, six
representative headrace tunnel sections were selected from
MMHEP headrace tunnel for the analysis (Shrestha 2014).
The tunnel wall displacement pattern with respect to face
distance is presented in Fig. 3a. The measurement of tunnel
wall displacement was started immediately after the rock
support installation and after the tunnel faces advanced by
approximately 1.5-3.4 m.

Overall rock mass quality along the selected tunnel sec-
tions varied from very poor to extremely poor quality. The

Table 1 Rock mass quality conditions of the tunnel sections at Kaligandaki headrace tunnel (from NEA 2002)

Tunnel Chainage (m) Rock type and rock mass conditions

Quality class as
per Q-system

Average Q-value

Ch. 04493 Fractured and very weak graphitic phyllite with quartz veins and occasional local Extremely poor 0.065
faulting

Ch. 04509 Fractured and weak graphitic phyllite with numerous quartz veins Very poor 0.375

Ch.0+611 Fractured and weak graphitic phyllite with quartz veins and numerous small-scale Very poor 0.300
shear zones with microfolding

Ch. 0+629 Fractured and very weak graphitic phyllite with quartz veins and a shear seam filled Extremely poor 0.070
with 3-cm-thick clay at the right wall

Ch. 0+655 Fractured and very weak graphitic phyllite with quartz veins and numerous folded Extremely poor 0.03
shear zones

Ch. 04700 Fractured and very weak graphitic phyllite with a local fault filled with 10-30 cm Extremely poor 0.03
clay gouge

Ch. 0+739 Fractured and faulted very weak graphitic phyllite with the presence of quartz veins  Extremely poor 0.02

Ch. 0+763 Fractured and faulted very weak graphitic phyllite with the presence of quartz veins  Extremely poor 0.02

Ch. 0+799 Fractured and faulted very weak graphitic phyllite with the presence of quartz veins  Extremely poor 0.02

Ch. 0+ 844 Fractured and very weak graphitic phyllite with quartz veins and numerous micro- Extremely poor 0.025
folded shear zones

Ch. 04912 Fine-grained, jointed, weak to medium-strong siliceous phyllite with quartz veins Very poor 0.66

Ch. 0+977 Fine-grained, jointed, medium-strong siliceous phyllite with quartz veins Poor 1.33

Ch. 14009 Fine-grained, jointed, medium-strong siliceous phyllite with quartz veins Poor 1.33

Ch. 1+107 Fine-grained, jointed, medium-strong siliceous phyllite with quartz veins Poor 2.00

Ch. 1+147 Fine-grained, jointed, weak to medium-strong siliceous phyllite with quartz veins Poor 2.00
and numerous shear planes with thin clay filling

Ch. 14194 Fine-grained, jointed, weak siliceous phyllite with quartz veins and numerous shear ~ Poor 1.78

planes with thin clay filling

@ Springer
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2014)

details about the rock type and rock mass quality descrip-
tions are presented in Table 2.

2.3 Khimti Headrace Tunnel

The 7889-m-long headrace tunnel of Khimti I hydropower
project (KHP) is inverted-D shaped and has an excavation
diameter varying from 4 to 4.3 m with the cross-sectional
area varying from 11 to 14 m?. The project area is bounded
by one of the major faulting system of the Himalaya called
Main Central Thrust (MCT). The main rock types in the
project area are mica gneiss, banded gneiss, and granitic
gneiss in intercalation with sheared chlorite and talcose
mica schist (Fig. 1c). The tunnel was excavated full face
using drill and blast method and supported mostly by
steel fiber shotcrete, cement grouted rock bolts. Spiling
bolts were used occasionally in the tunnel sections where
extremely weak rock mass encountered (Panthi and Nilsen
2007a). Deformation in some tunnel sections was noticed

much later after many days of excavation and was recorded
systematically. The most pronounced four such tunnel sec-
tions where long-term deformation was recorded are pre-
sented in Fig. 3b. First measurement of tunnel deformation
was done when the tunnel face reached ahead by 131 m at
Chainage 0+ 607 m, 26 m at Chainage 0+ 712 m, 142 m
at Chainage 5+ 191 m and 164 m at Ch 6 +727 m. The
deformation measurement was started after 15-89 days
after tunnel excavation. Hence, the records presented for
Khimti headrace tunnel sections shown in Fig. 3 mainly
represent time-dependent tunnel deformations. The extent
of possible total deformation including both instantane-
ous and time-dependent deformations was extensively
analyzed by Shrestha and Panthi (2014a).

Overall rock mass quality in the selected tunnel sec-
tions varied from extremely to exceptionally poor rock
mass class according to Q-system. The rock type and rock
mass quality description of selected four tunnel sections
are presented in Table 3.

Table 2 Rock mass quality conditions of the selected tunnel sections at MMHEP headrace tunnel (from NEA 2011)

Tunnel Chainage (m) Rock type and rock mass conditions Quality class as Average
per Q-system  Q-value

Ch. 0+451 Fractured and sheared phyllite and schistose quartzite intercalation. Sheared bands of phyllite Very poor 0.46
are present where clay gouge filling exists

Ch. 0+774 Siliceous phyllitic and schistose quartzite intercalation. Rock mass is weak, fractured, Extremely poor 0.05
sheared and schistose consisting microfolded shear bands and lenses of quartz veins within
phyllite

Ch. 1+617 Siliceous phyllite and schistose quartzite intercalation. Highly fractured, sheared and schis- ~ Extremely poor 0.03
tose rock mass representing weakness zone

Ch. 24832 Schistose (micaceous) and sheared phyllite and meta-sandstone intercalation Very poor 0.14

Ch. 3+028 Schistose (micaceous) phyllite and meta-sandstone intercalation Very poor 0.46

Ch. 3+449 Schistose (micaceous) and sheared phyllite and meta-sandstone intercalation Very poor 0.18
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Table 3 Rock mass quality description of the selected tunnel sections at Khimti headrace tunnel

Tunnel Chainage (m) Rock type and rock mass conditions

Quality class as per Q-system Average Q-value

Ch. 04607 Highly deformed mica schist and mica gneiss intercalation. Very Exceptionally poor 0.005
weak, faulted sheared rock mass

Ch. 04712 Highly deformed mica schist and mica gneiss intercalation. Highly Exceptionally poor 0.002
sheared and faulted rock mass

Ch. 5+191 Bands of highly deformed mica schist intercalation within mica gneiss Extremely poor 0.02

Ch. 6+272 Highly deformed, sheared and extremely poor mica schist Exceptionally poor 0.002

3 Rock Mass Properties and In Situ Stresses

At first the rock mass strength of the studied tunnel sec-
tions was back calculated using Hoek and Marinos (2000)
approach on tunnel squeezing. The rock support pressure
recorded at the Kaligandaki headrace tunnel ranged from 0.6
to 1.0 MPa and at the Middle Marsyangdi headrace tunnel
from 0.6 to 1.6 MPa. The recorded support pressure values
were found to be very similar as were estimated by Panthi
and Nilsen (2007b). The Poison’s ratio (v) was taken 0.1
based on the laboratory testing carried out by Panthi (2006)
for the phyllite rock samples collected from both tunnels,
m; value was estimated 7-14, and modular ratio (MR) was
estimated between 463 and 550 on the basis of the rock type
(Hoek 2007). The back calculated intact rock strength (o)
ranged from 14 to 40 MPa for Kaligandaki headrace tunnel
sections and 17-43 MPa for Middle Marsyangdi headrace
tunnel sections. The estimated intact rock strength values
were compared with the laboratory tested results presented
in Panthi (2006) and found to be in line with tested intact
rock strength values for graphitic, siliceous and micaceous
phyllites. The rock mass properties of the Khimti tunnel
sections were directly taken for the estimates presented by
Shrestha and Panthi (2014a). Table 4 highlights rock types,
overall rock mass quality described by Q-system and respec-
tive records of GSI values, estimated rock mass strength
(6.m)» Tock mass shear modulus (G) and in situ stress condi-
tions for all selected tunnel sections.

Overburden at the selected tunnel section of the Kali-
gandaki varies from 230 to 345 m, which gives vertical
gravitational stress magnitude ranging from 6.2 to 9.3 MPa.
Similarly, the overburden of the selected tunnel sections of
the Middle Marsyangdi varies from 320 to 455 m, which
gives vertical gravitational stress magnitude ranging from
8.48 to 12.06 MPa. The tectonic component of the horizon-
tal stress for Kaligandaki and Khimti headrace tunnels was
taken as 3 MPa based on in situ data measurement records
summarized by Nepal (1999) and evaluated by Shrestha
and Panthi (2014a, b, respectively). Similarly, the tectonic
component of the horizontal stress for Middle Marsyangdi
headrace tunnel was estimated to be 3.5 MPa using the base
data of the stress measurement presented by Nepal (1999).
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Since the tectonic stress in the middle part of the Himalaya
is oriented close to north—south (Panthi 2012), the tectonic
stress components across the selected tunnel sections were
adjusted (resolved) according to the orientation of the tun-
nel alignments. The headrace tunnels of Kaligandaki and
Middle Marsyangdi have trends of 144-324° and 160-340°,
respectively. Similarly, upstream and downstream parts
of the Khimti headrace tunnel have trends of 10-190° to
60-240°, respectively. It is noted here that the total horizon-
tal stress component is the sum of resolved tectonic stress
and gravity led horizontal stress. The computed vertical
stresses (o,), resolved in-plane horizontal stress (o,) and
ratio of horizontal to vertical stress (k) at the studied tunnel
sections are also presented in Table 4.

Lower values of the stress ratio in Table 4 show high
degree of in situ stress anisotropy in most of the tunnel sec-
tions. As a result, deformations in tunnel contour varied con-
siderably depending upon the rock mass stiffness (deform-
ability) and degree of in situ stress anisotropy. According to
Fairhurst and Carranza-Torres (2002), the point of maximum
deformation is on the tunnel contour parallel to the direc-
tion of the maximum principal stress direction and mini-
mum on the tunnel contour perpendicular to the direction
of the maximum principal stress. In the inverted-D-shaped
headrace tunnels of Kaligandaki, Middle Marsyangdi and
Khimti where horizontal stress magnitude is considerably
less as compared to the vertical stress (Table 4), the recorded
deformations were therefore higher in the tunnel walls than
in the tunnel roof.

4 Plastic Deformation Over Time

Tunnel deformation in general can be categorized into time-
independent and time-dependent deformations. Time-inde-
pendent deformation normally occurs during and immedi-
ately after the tunnel excavation. As the tunnel face acts as
a column giving ‘fictitious’ support, it is quite obvious to
assume that the time-independent deformation increases as
the tunnel face advances ahead from the measurement sta-
tion. Normally, the time-independent deformation reaches
its maximum value as the tunnel face has advanced by more
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than four times the tunnel diameter (Carranza-Torres and
Fairhurst 2000). However, there are exceptions to this under-
standing such as highlighted by Vlachopoulos et al. (2009).
The tunnel deformation records presented in Figs. 2 and 3
clearly show a continuing increment of deformations even
after the tunnel face effect practically ceased, which suggests
a time-dependent deformation related to the long-term creep.

Such time-independent and time-dependent deformations
can be distinguished from the total deformation records col-
lected during long-term periodic measurements. The curve
fitting model proposed by Sulem et al. (1987a, b) expressed
by (Eq. 1) is a useful way to distinguish this phenomenon.
Equation (1) can be divided into two components represent-
ing both time-independent (C,)) and time-dependent (C,)
displacements represented by Eqgs. (2) and (3), respectively.

- o2

1)
o= Car] 1= (5 X>2] @
SRS I R

Here, C, , is convergence (deformation) in tunnel at dis-
tance x from tunnel face at ¢ days of tunnel excavation, C,
is instantaneous tunnel closure obtained in the case of an
infinite rate of face advance without having effect of time-
dependent deformation, X is a length related to the distance
of influence of the tunnel face, m represents increment of
instantaneous deformation due to effect of rheology, T is a
characteristic parameter of the time-dependent properties
of the ground, and n is a constant normally taken as 0.3
as suggested by Sulem et al. (1987a, b). C,, that relates to
C,,, x and X describes the deformation in tunnel as tun-
nel face advances and is termed as the time-independent
deformation, whereas C, relates to 7, f and n representing a
multiplier of C_,, and m and is termed as the time-dependent
deformation. Once the tunnel face advances far away from
the measurement station such that distance x and time ¢ are
virtually infinite, the final closure (FC) in tunnel can be com-
puted as C_, (I +m).

In order to determine the time-independent and time-
dependent components out of the total measured deforma-
tion in the studied tunnel sections, the parameters C,.,, X, T
and m were fitted in Eq. (1) in such a way that sum of square
of errors between measured and computed deformations is
minimum. For this purpose, several hundreds of set of these
parameters were randomly generated in a spreadsheet and
the best set was chosen according to the least sum of square
of errors. The measured and computed deformation charts
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of the Kaligandaki headrace tunnel sections (both heading
and full-face excavation sections) and Middle Marsyangdi
headrace tunnel sections are presented in Figs. 4, 5 and 6,
respectively. Similar analysis approach was also used at the
Khimti headrace tunnel sections by Shrestha and Panthi
(2014a), and measured and computed deformation charts are
presented in Fig. 7. Respective C,., X, T and m parameters
including average error between measured and computed
deformations and sum of squares of errors of each of the
tunnel sections are presented in Table 5. Figures 4, 5, 6 and
7 show that there exists a goodness of fit between computed
and measured deformations in the respective tunnel sections
(Shrestha 2014).

It is important to know requirement of support pressure
prior and during construction stages to avoid tunnel collapse.
The first prerequisite for this is to know required preliminary
support pressure, which can be related to the instantaneous
deformation (C,,) in the tunnel periphery. In the meantime,
it is also important that if potential total tunnel deformation
(final closure FC) is known, then the final support require-
ment can also be estimated. The authors believe that the ratio
of total deformation (FC) and instantaneous deformation
(C,,) should be a good reference for estimating additional
support requirement on top of the initially applied support.
Considering this fact, instantaneous and time-dependent
variables described by Egs. (1-3) were computed and are
presented in Table 5. The calculated average value of FC/C,,
is 1.90 and 2.0 at the heading and full-face excavated tunnels
sections of Kaligandaki, respectively. Similarly, the average
value of FC/C,, is 1.70 at the tunnel sections of Middle
Marsyangdi and 1.92 based on the three tunnel sections for
Khimti (excluding exceptional value of 5.8), respectively.

5 Influence of Stress Anisotropy
on Deformation

In general, the extent of deformation in tunnel can be related
to rock mass deformability properties, support pressure and
in situ stresses. For a circular tunnel at an isostatic stress
condition, Carranza-Torres and Fairhurst (2000) suggested
that the deformation may be assessed through convergence
confinement method by constructing a ground reaction
curve, graphical response of the rock mass deformation
against support pressure. Similarly, for the same tunnel,
Hoek and Marinos (2000) suggested a link between tun-
nel strain (a ratio between tunnel deformation and tunnel
diameter multiplied by hundred), and the ratio between
rock mass strength and vertical gravitational stress. How-
ever, it is seldom that the in situ stress is isostatic. In this
respect, an attempt was made to establish a link between
tunnel strain (for both instantaneous and total tunnel strain),
vertical gravitational stress (o,), horizontal to vertical stress
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Fig.4 Computed and actually measured deformation in the KGA heading tunnel sections (Shrestha 2014)
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Fig.5 Computed and actually measured deformations in the KGA full-face tunnel sections (Shrestha 2014)

ratio (k), support pressure (p;) and rock mass deformability
properties expressed by shear modulus (G) using the data
information presented in Tables 4 and 5. Figure 8 is the out-
come of this analysis, which clearly depicts that there exists
fairly good link between tunnel strain and rock mass shear
modulus (G), support pressure (p;), vertical stress (o,), hori-
zontal to vertical stress ratio (k). As can be seen in Fig. 8,
the instantaneous closure (C,,) and final closure (FC) values
are indirectly proportional to the rock mass shear modulus
and support pressure values and directly proportional to the
in situ stress conditions, which is in fact very logical. This is
because weaker the rock mass, more will be the deformation
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magnitude; less stiff the applied support, more will be the
deformation magnitude; and higher the stress magnitude,
higher will be the deformation magnitude.

Using the trend line expressed in Fig. 8 (Shrestha 2014),
Egs. (4) and (5) are proposed to calculate the instantaneous
and final tunnel strain. The strength of the proposed equa-
tions is that these are capable of addressing the stress anisot-
ropy, which is the reality in most of the tunnels cases. It is
once again repeated here that none of the presently practiced
approaches incorporate stress anisotropy in assessing plastic
deformation in tunnels. In addition, the authors argue that
the shear modulus of the rock mass, gravity stress, stress
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Fig.6 Computed and actually measured deformations in the MMHEP tunnel sections (Shrestha, 2014)

ratio and support pressures are directly linked to the extent
of plastic deformation in tunnels.

o, (1 +k)/2
=3065( 1= 4
f1c 2G(1 +p;) @
o,(1+K)/2
= 4509 2=~ 5
ere 2G(1+p;) ®

Further analysis was conducted using Egs. (4) and (5) to
develop a simplified chart, which incorporates ratio of rock

mass shear modulus and in situ stress condition (ranged from
50 to 500) for different support pressures (Fig. 9). This chart
can be a useful tool in estimating required support pressure
(p,) if rock mass shear modulus (G), vertical stress (o,) and
horizontal to vertical stress ratio (k) are known (Shrestha
2014).

It is a well known fact that there is a direct link between
the rock mass shear modulus (G) and rock mass deforma-
tion modulus (E,,,) as expressed by Eq. (6) suggested by
Carranza-Torres and Fairhurst (2000). Similarly, the rock
mass deformation modulus (E,,,) is also linked to the rock
mass strength (o,,,), deformation modulus for the intact rock
(E) and intact rock strength (o) defined by Eq. (7) suggested
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Fig.7 Computed and actually measured deformations in the Khimti tunnel sections (Shrestha and Panthi 2014a)

by Panthi (2006). Further, the rock mass strength is linked
with cohesion (c¢) and angle of international friction (¢) as
defined by Eq. (8) proposed by Hoek and Brown (1997).

G = Erm
T 20+9) ©)
E — E O-cm
m — X < oo (7)
_ 2c¢xcosf
M ] —sing ®)

The author’s findings is that in addition to the in situ
stress condition and support pressure, the most relevant rock
mass parameter is the shear modulus (G), which should be
linked with tunnel strain calculation.
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6 Rock Type and Time-Dependent
Deformation

Based on the results presented in Table 5 and using
Egs. (1-3), time-independent and time-dependent deforma-
tion for each of the tunnel sections was computed. It was
identified that the time-dependent deformation is a signifi-
cant component of the total deformation in most of the tun-
nel sections and it varied according to the time span. The
maximum time-dependent deformation component (com-
puted as mC_,,/FC) at Kaligandaki tunnel sections varied
from 23 to 69% with a typical average value of 45%, whereas
at the Middle Marsyangdi tunnel sections it varied from 15
to 65% with a typical mean of 37% and at Khimti tunnel
sections it varied from 16 to 83% with an average of 53%
(Fig. 10).

The calculations also showed that the percentage of
time-dependent deformation varied according to the tunnel
excavation duration. Increment rate of such deformation was
rapid at the early period of the tunnel excavation, and once
the time period elapsed, the increment was found to be less
and less (Fig. 11).

The extent of time effect in tunnel deformation is also
influenced by the rock type. The time effect was found
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Table 5 Computed

dependent variables
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(%) errors
Kaligandaki headrace tunnel
0+611 16 224 134 95 14 030 53 3.31 —-23 0.13
0+629 115 0.42 163 18.0 2.6 030 163 1.42 3.6 0.12
04655 44 092 6.1 11.8 1.7 030 85 1.93 -2.8 0.03
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0+739 135 0.89 1.2 153 2.3 030 254 1.88 8.3 1.25
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to be higher in schist and schistose mica gneiss rocks of
Khimti tunnel sections, particularly at Chainage 0+ 607 m
and Chainage 6 + 727 m, whereas the augen mica gneiss
at Chainage 5+ 191 m had less effect. Similarly, the time
effect in total tunnel deformation was found to be higher
in the micaceous phyllite of the Middle Marsyangdi tunnel
sections at Chainage 2 + 832 m and Chainage 3 +449 m,
whereas tunnel sections with siliceous phyllite at Chainage
0+ 774 m and Chainage 1+ 671 m had less time effect. On
the other hand, at the Kaligandaki tunnel sections exca-
vated with heading and benching in graphitic phyllite and
the full-face excavated tunnel sections in siliceous phyllite
have varying degree of time effect in the total deformation.
In general, the average trend of the time effect in tunnel
deformation was found to have similar trends as indicated
in Fig. 11.

7 Conclusion

A comprehensive assessment of the recorded plastic defor-
mation of the selected headrace tunnel sections helped to
understand on how stress anisotropy plays an important
role in the extent of rock mass deformation in the tunnel
periphery. The study also has demonstrated that the time-
independent and time-dependent deformations compo-
nents can be estimated using recorded deformation, time of
excavation and tunnel face distances by using Sulem et al.
(1987a, b) approach. It is highlighted that the time-inde-
pendent deformation is mostly dominating and often the
most crucial part of the plastic deformation, which takes
place immediately after the tunnel excavation and until
the tunnel face effect is ceased. Therefore, the preliminary
tunnel support effect should be considered while analyzing
the maximum extent of the time-independent deformation.
Similarly, the additional tunnel support should be applied
considering the extent of time-dependent plastic deforma-
tion and long-term stability of the tunnel in consideration.
This study has confirmed that the time-dependent plastic
deformation contributions is substential in the recorded
total deformations and it varies according to the engineer-
ing geological conditions along the tunnel alignment. The
most important part of this analysis was that the authors
have found out a correlation between time-independent
(instantaneous) and time-dependent (final) rock mass
deformation (tunnel strain) with rock mass deformability
properties, in situ stress anisotropy and support pressure.
The authors emphasize that the suggested relationship
should be used to estimate plastic deformation in tunnels
passing through highly schistose rock mass as of in the
Himalaya.
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