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Abstract

Tumnelme through a weak rock possess a great chalenge. These challenges depends upon
type of rock. excavation method, stress and deformation behavior of the rock etc. Squeeang
is one of the nmjor problem which & Hkely to ocowr durmg excavation of tumel through
weak rock. A reliable predition of the extent of squeerms & esseniial so that a strategy
can be estabhshed regardmg stabilzmg measures and for optimzmg the support well m
advance.

In this paper. Middle Modi Hydroelectnic Project located m the Kaski Dsirict has been
taken as the case studv. In fhis project, lmge squeezng probem occurred at about chamage
1+140m At thes section deformmtion has been recorded well over 65cm Hence, flus paper
basically deaks with squeezmg amalysis wsmg ddferent approaches. Rock types abong the
headrace tumel akonment are sheared plpdlite and fractured quartzte.  Mostly,
mtercalation of phyllte and quartzite has been found m the squeezed section Rocknmss
quality found m the squeezed section 5 extremely poor to exceptionally poor. Fowr nmam
methods have been wsed to evalmate the squeezmg phenomenon vz empmcal methods
such as Smgh (1992) and Goel (2000) seni-empirical such as Hoek and Mammos (2000,
analytical method such as (Comvergence Confinement Method, 2000) and murencal
program Phase’ The mam factors that conirol the squeezing phenomenon are the rock nmss
parameters and rock stresses. The uniavial unconfined compresswe strength of mtact rock
has been back calcubted fom measwred deformmtions wsmg phase? program and found to
be m the range of 10 to 15Mpa m the squeezed section Defbrmation was calculated usmg
CCM and Compared with phase’ result. Due to excessive deformation temporary supports
were provided at several locations, steel nibs are buckled and shotcrete g & ako
cracked. All these have to be removed before apphcation of fmal lmg Fmally two
different approaches have been studied using phase’ program to address fthe existing
probkems m squeezed section of headrace tummel 1e. desin of support system considermg
either crcular shape with final Inmg (shotcrete and steel rib) or reshapmg exssting D-
shaped tunnel mio horseshoe shaped and providmg final concrete ming
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1 INTRODUCTION

Hmobhyva & yvoung mountam with compkx geolbgy and the tunnelng actvity m vanous
projects m Hmmalvyvas are sufiered by diverse geologcal problens such as ddficult terram
condiions, thrust zones, shear zones, lded rock sequence, m-siu stresses, rock cover efc.
All these challenges may resut m mereased cost and extended completion penod. High
stresses m weak rock mmass are among the najor causes for phstc deformation m fumek.
Fxressie deformmtion m the penphery of a tunnel evenhually causes # to colbpse. The
phstic rock winch was confined before excavation loses s confinement or one of s stress
components and thrs s flee to move mio the excavaton Thes movement creates high
horzontal compresste stresses m the rock.

Weak and deformmble rocks such as phylite, schist, schustose mess and rock mmss m
weakness and fiult zones are mcapabk of sustammg luch tangentnl stress thereby resultmg
m squeezmg of the tumel section Therefore, Engmeermg prmemples and apphcabions are
pre-requustte to enswre safe and econommc sohswons of the problens. D-Shaped fumel s
generally preferred as o prowvides flat floor for equpment and prowides a pleasant workmg
phtform This shape & swfabk for shallow tumek m good qualty soil but siress
concentration & high at the comers where the sidewalk meet the floor or awvert m D-shaped
tumel In case of poor rock lke plyllte, shape of funel should be mpddied to Horseshoe
or crcular Good knowledge of stresses around mnderground excavaton helps to nifigate
or reduce the squeezmg.

The best way to deal with severe squeezmg 1 to buld a strategy well m advance (durmg
plnnme and desion) regardmg stabilemg measures for nemmuzmg stabiity problems and
optimizmg the support. Hence, reliable prediction on the extent of squeezng & essential
A probabibstic approach of uncertamty amabysis that focuses on the effect of varmation m
each mput parameter 15 the most relable way of predictmg  the extent of squeezmg.

Project Background

Middle Mod: Hydroekctrc Project 5 a nun-off-river hydropower project located m Kaski
District of Gandaki Province m Western Dewvelopment Region Nepal The approximately
2840 m long headrace tunnel 15 proposed to be located along the nght bank of Middle Modi
Mamly three types of rock mmss are present along the alignment of the headrace tunnel
they are Phyllite. Schist and quartzate. Rock chss throughowt the tumnel belongs to category
poor to exceptiomally poor whxh 5 wery challengmg durmg construction and after

construction

Objective

e Review exsting theory on the stability ssues m tunneling with particular focus on

fumel squeezmg

e Cakuhtion of rock mass properties usmg enpmrcal methods and liferature review.

e Document on the rock support prncpke used whie tunneling m the nudde Mod:
and document on measured deformation along the tunnel alignment.
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o  Assessnment of squeezmg wsmg emprral senn empmical anmalytical approaches.
» Aftenpt to produce a support characterstc curve based on appbed support,
measired final deformmton and reviewed theory.

 To carry ouf muvencal modelling for stability assessment of tumel
* Compare and discuss the amalyses results from empinical, semi-analytical
amalytical and muverical approaches.

2 LITERATURE REVIEW

Criteria for squeezing ground condition

Accordmg to Mohr's theory, squeezmg ocowrs if nmxmmmm tangential stress at the face of
excavation & greater than UCS of rock mmss. Smgh (1992) determmed squeeang
phenomena on the bass of Barton's Q-vale of rock nmss and hewht of overburden
Smulrly, Goel (1994) approach expressed squeezng phenomena based on rock mmss
muber, width of tunnel and beight of overburden. Here, Rock nmss munber 5 the Q-vale
where Strength Reduction Factor (SEF) s equal to one. These two approach are empmcal
method and ther crferma are well descbed m section 3. Likewmse, senu-analytical
approaches that are used for the analyss of el squeezmg phenomenon are Jethwa et al
(1984), Hoek and Marmos (2000), etc. For analytical approach Convergence Confinement
Method (CCM) s vsed winch gves detail estmmte of stress and deformation It 5 alko wsed
for the approprrte bocation for support desion and fo find support pressure requmed to resst
that deformation Ths method only consider caculr shape of the tunnel and Inydrostatic
stress condition only. But m reality D shaped and Horseshoe shape £ mostly used and stress
condion 15 not perfectly bydrostatic. So, Numencal modellng 5 needed for the fiwther
assessment of squeezing. For this purpose, computer software Phase? has been used.

3 METHODS OF SQUEEZING ANALYSIS AND SUPPORT DESIGN

Data Collection

The relevant data on Midde Modi Hydroelkectne Project was provided by Semor Geologst
“Druba Mehra™. Data were collected ffom two sources. General data such as unt weight,
modubis of elstedy, Posson's rato, unaxal compressne strength of mtact rock and
other propertes of rock mmss were obtamed ffom eratwe and expert advice. Whereas
spectfic data ke tunnel dimension plan and ground profie of tunnel abomment. rock fype,
and rock mmss chssfficaton were obtamed fiom Geobgical Report of Middle Modi
Hydroelectne Project. Input parameter ke UCS of mtact rock was back calculated for
measured deformation usmg Phase? software.
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Table 3-1: Input Data of Middle Modi Hydroelectiic Project (48.5MW)

From| To | Overburden Q-vale EMR
0 140 50 1 45
140 | 1160 315 30 85
1160 | 1400 275 0.005 20
1400 | 1600 250 0.03 20
1600 | 1760 200 04 35
1760 | 2220 210 3 50
2220 | 2300 150 03 30
2300 | 2700 125 2 50
2700 | 2840 80 04 35

There have been many researches and papers for the prediction of nethods of squeezmg
analysts and support desion and a muwwuber of approaches have been proposed by many
authors. New and highly effectne technologes have been developed in the st few vears.
Smbrly, many case histories have been documented with prediction of the deformmation
and support requrement for squeezmg rocks. The nmmm approaches can be categonzed m
the five nam categones.

1 Eopmcal methods
1. Seny-Enprical methods
w. Amalytical methods
. Numencal modeling methods

Empirical methods

Singh et al. (1992) approach
Thts approach was developed by collectmg data on rock nmss quality ) and overburden
depth H based on 41 tunnel section data. Out of 41 data, 17 data were taken fom case

Iistories m Barton et al (1974) and 24 tumne] section data were obtamed ffom tmmek m
Hmmbhvan regon

The equation of the Ime &

H=350Q"?

For Squeezing condition. H = 350 Q!5 (m)

For Non- Squeezing condition,. H < 350 Q173 (m)

Goel (1994) approach

Goel (1994) developed an empmcal approach based on the rock nmss munber N, defined
as Q with SEF = 1. Considermg the overburden depth H, the twmel span or dometer B.
and the rock mass munber N from 99 tunnel sections.

The equation of the Ine =
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H= (275N°'33) B!

For squeezmg conditions.

H-> (275N0.33 ) B! [m]

For Non- Squeezing condtions
H=< (275N%33) B-'[m]

Semi-Empirical Method

Hoek and Marinos Approach (2000)

Hoek and Marmos (2000) suggested the classifications of squeezmg severity based on the
stram percentage. There are five classes of squeezing problkens from fw support probkem
to extrene squeezmg problens ie. ffom A to E The ranges of these classes and ther
description are shown m

15
E | Strain greater than 10%
S w4t Extreme squeszing problems
. 13}
3 2|
[
E 1t
T
© 10
2
cE 9
2 s}
~
L L ) Stramn batween 5 and 10%
@ 6k Very severe squeezing problems
Q
= 5
2 Strain between 2.5 and 5%
c 4t Severe squsezing problems
2 .
9 G Strain between 1 and 2.5%
:'; 2F Minor squeezing problems  gyqin ogs than 1%
5 . B Few suppori problems
a 0 1 1 1 1 ]
o.1 0.2 0.3 0.4 0.5 0.5

G../p. = rock mass strength / in situ stress

Fiowre 3-1 Appropriate relationship between strain and the degree of difficulty
associated with tunneling through squeezing rock in case of unsupported
nmnel{Hoek and Marinos, 2000)

Jethwa etal. (19584) approach
The degree of squeeang = defined by Jethwa et al (1984) on the bass of the llowing,
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Where:
O, = rock nmss uniaxial compressive strength
P, =m sfu stress
¥ =rock nass unit weight
H = tunnel depth below surface
Nc Type of behavior
<04 | Highly squeezng
0.4-0.8 | Moderately squeezng
0.8-20 | Midly squeeang
>2.0 | Non squeezmg

Analytical methods

Convergence Confinement Method (CCM) using Hoek-Brown Criteria
Carranza-Torres and Famhurst (2000) conchded that CCM has three bask components viz
the Longiudmal Displacement Profie (LDP). the Ground Reaction Curve (GRC) and the
Support Charactersstics Curve (SCC).

1. Longtudinal Displacement Profie (LDP),
2. Ground Reaction Curve (GRC) and
3. Support Charactersstics Curve (SCC).

Longitudinal Displacement Profile (LDP)

It s the graphical represenfation of radml displacement that occurs along the axs of
unsupported cviindrical excavation te. for the sections located ahead of and behmd tunnel
face.

Ground Reaction Cuive (GRC)
It s the relationshp between decreasmg miemal presswre pi and mcreasmg radial
displacenent of tunmel wall w.

Support Charactersstics Curve (SCC) 5 defined as the relationship befween mcreasmg
pressure pi on the support and mcreasmg radial displacement w of the support.

4 DESIGN OF SUPPORT SYSTEM

Empirical methods
Q-value and the s appurtenant parameter values gne a description of the rock mass.
Based on documented case lustores a relation between the Q-vale and the pemmanent

support 1 deducted. and can be used as a gwde for the desin of support m new
underground projects. To express safety requrements. a factor called ESR (Excavation
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Support Ratwo) 1s used. A Jow ESR value mdicates the need for a high level of safety whik
higher ESR values mdicate that a lower level of safety will be acceptable (Grnstad and

Barton, 1093).

Closed form solution me thods

Available support for Concrete or Shotcrete Lining
The maxmmm support pressure developed by concrete or shotcrete Immg can be calculated
from the followmng rehtionship which s based on the theory of hollow cylmders.

= (r;— tc)Z]

2

pmax = GC-CORC [1 ri

The ehstic stiffness constant s given by

- Ec{riz_(ri—tc)z}
T A+v)1-2v)ri+(ri—t)?)

Available support for Ungrouted bolts and cables
The maxmmm pressure provided by the support system assunmng that the bolts are equally
space m the crcumferential direction s given by:

pren = T
And the stiffness 1s.
e |
Where.
d &5 the bolt or cable diameter[m]

115 the free length of bolt or cable [m]

Tos 15 the ultimate load obtamed from a pullout test [MN]

Q 1s a deformation load constant for the anchor and head [mMN]
E: 5 Young's modulis of bokt or cabk [MPa]

s 15 the crcumferential bolt spacmg [m]

s 15 the longitudinal bolf spacmg [m]

Available support for steel set support
The maxmmum support pressure of the set 5 (Hoek's Comer)
“022
Pr =5z
And the stiffness 1s:
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E.A
&zﬁé

Where
Oy:1s the yeld strength of the steel [MPa]
Es s the voung's modulus of the steel [MPa]
As 15 the cross sectional area of the section/m)]
Si 15 the set spacmg along the tunnel axs[m]
R s the radms of the tunnel [m]

Combined effect of support system

In this case, ff two supports having the elstic stiffness K and Ko and maxinmum  pressure
ps1™** and ps2 ®** respectrvely are mstalied m the same location ther combmed stiffness
can be computed as

K** =K

s

2 +K32

The mmaxmmm possible elastic deformations for the two support are un™™ and w2
B2% respectively. The support with the lowest naxmum vake, w ™** detemmnes the
maxmum support presswre avaibkble for the supports actmg together which can be
cakuhted as

ps =K.u,

Numerical analysis

Phase2 has been used for the modelng purpose for the calculation of defornmtion stress
and stability of tunnel Generalzed Hoek and Brown approach has been adopted only for
those section which was wentfied as crfical section that 5 at chamage 1+140. UCS of
mtact rock (G.) was first taken as provided m the geological report of Mxdde Modi and
deformation 1 cakulhted and conpared with field measurement Agam (Ga) 5 back
calcubted for causmg measwred defornation m phase’ modeling and the revised one is
used for firther nodeling. The properties of rock mass was estmated wsmg Geologcal
Strength Index (GSI) and blast factor D. Bhst factor s taken as 0 m case of excavation and
less than 0.8 m case of blastmg.

GST —100
My = M exp 28-140)
o (GSI—-lOO)
~ P\ 9-3D

p [ GSI ,

_20
= fe  d15=a 44

GSI 5 cakulated from empmical formula as a fimction of rock mmss rating (RMR) vale.
The relation between GSI and RMR & given by relhtionshp
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GSI =RMR -5 (Hoek etal 1993).

The mput parameters and the resulitmg outpid m the ©orm of rock nmss pamanefers have
been tabulited below. Maxmamm rock cover of 270m has been wsed for the computation

which & present at Chamage 1+140.

Input parameters Input Value Remarks
Backcakulated mfack rock strength 12.5
Geological strength  index 15 Cat“hﬁ ‘Edl usig
Fock nass constant, nu 7
Deturbance factor (D) 0
Unt weight of rock nmss (kg/cm3) 0.026
Depth to tumel m 270
Intact Moduhus(Ex) 7000 As per collected data
mb 0.336
5 0.00007
a 0.5611
Vertical rock sress 7.15
Insiu stress rafio 0.5 Cakulated 1smg
enpmical relation

5 RESULT AND DISCUSSION

-

2

From Figure 5-1 and Figure 5-2 i can be seen that factor of safety at chamage 1+140 1
lowest which s less than 1. Hence. ¢ can be conchided that fhus chaange & susceptibke to

squeezng.
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Fa ctor of Safety
[ET)

O0+140 1+160 1+400 1+600 1+760  2+220 2+300 24700 2+ED0

Chainage

—p— Sngh[1992) —p— Goel[1994)

Ficure 5-1 Results showing Factor of safety firom Singh's approach and Goel's
approach.

Factor of Safety

0+130  1+160 1+400 | 1+600 | 1+760 @ 2+220 | 2+300 | Z+700  2+800

Chainage

Figure 5-2 Graph showing Chainage against Factor of safety from Jethwa et.al
(1984)

Defornmtion and stress was cakulated at flis section usmg amalytical method CCM
Firstlvehstic defornation was cakubted whch 5 9mm Affer that. Phstic deformmation
15 estimated. The maxmmm phstic deformation was found to be m the range of 810 mm
Radms of phstic zone was found to be 14m Support mteraction curve was plotted as shown
m Figwe 5-3.
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If support 15 appled at face of tumel there will be 0.101m dsphcement at fimel wall The
maxmm pressure that he support can expenence at the face of tumel 5 1.12Mpa whereas
the masmmmm support capacty for combme support = only 0.78Mpa. So the support will
ful before i expenence 1.12Mpa pressure.

To overcone the falure of support. ether support should be mereased fo the vale more
than support pressure when support = appled at tumel fice or the support can be appled
at some dstance behmd tummel fice. But both are very challengme option Deformation if
support 5 apphed behmd 2m from fice = found to be 360mm(16% stram) and support
pressire at the phee 1 0.25Mpa. The rock bolis and steel sets will be faded before they
reach ther capacity Shocrete will sustam the support pressure with F.O.S equal fo 2.4 {
0.6/0.25) and combmed workmg with F.O.S equal to 3.12(0.78/0.25).
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Figuwre 5-3 Interaction of GRC.LDP and 5CC in funnel section 1+140m

Deformation calculated from CCM not comparable wih measwred valbe and radms of
phstic zone & ako 30 ligh CCM considers croular shape of tunnel with hydrostatic stress
condiion onlty so for companson of field deformation and dessn of different support
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system phase? amalysis 5 most requared Phase? s used to cakulate stress and defornmation
and ¢t & apphcable for any type of shape. First of all usmg measured deformation actual
UCS of rock mmass has been cakulated. It gves UCS of mtack rock m the range of 10 to 15
MPA. Both ehstic and phstic analyss was camed out usmg Mobhr coulomb method for
elastic defornmtion and Generalized Hoek and Brown for plstic deformmtion

The model for Chamage 0+140 has been created m Phase? program. For the loading.
field stress type 5 chosen as a constant Model has been generated for both ehstic and
plstic analysis and ako for anmalyss with and without support apphcation The typical D-
shaped Phase? model for tunnel section 0+140 for strength factor i shown m Figure 5-4 .

— TN

Figure 5-4 Strength factor before and after support application for section 1+140m
(Elastic Deformation)

Here, strength fictor = kss than one means all the support will get faded, and for more
addiional mfbrmation phstic analyss would be necessary.
Table 5-1 Stmress and deformation values from phase program at Chainage 1+140m

Mode of deformation Stomal{ | Deformation | Swength | Measwred

Mpa) (1) factor deformation m
the field(m)

Elstic deformation before usmg 1.5 0.07 0.52

support

Ehstic deformation after usmg support 1.3 0.07 0.52

Plstic deformation before usmg 03 1.12 1.3

stupport

Phstic deformation after usmg support | 1.8 0.75 1.04 0.65

The dsphcement with support obtamed from Phase? amalysis & almost equal to neasured
tumel wall closure. Shotcrete used as per the mibmmton was 100mm alng with steel
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rb(300mm) ISMB300 and rockbolt of length 2.5m at a spacng of 1.1mIf can be seen that due
to tensike fathwe extent of plastc zone could not be marked well Here. m the phase? modeling
support has been prowvided nust affer excavation But. all the support mstalied got fatled So. D-
shaped tunnel could either be nodified to Horseshoe shape and final concrete Inmg s provided
or t could be made crcular and final kming (shotcrete+steel nib) are recommended.

Concrete lining in horse shoe shape

After reshapmg of tunnel m horseshoe shape. the concrete Immg has been applied as
0.4mPhase’ program has been wsed to analyze the stabilty and to determine deformation
around fumnel Support with concrete Inmg 0.4m was proposed by the project. The concrete
Inmg having young's moduls 35000mpa, Poisson's ratio 0.2. conpresste strength 35MPa
and tenside 3 MPa has been used. The bolts and shotcrete that were apphed at the tme of
excavation has been neglected because most of them are akready fadled and most of them will
be renoved durmg re-excavation The amalysis shows defornmtion of around 4%.

Chmantes DA [Towes |

e . wu

Tvsaty .

Figure 5-5 Support capacity plot of concrete lining in runnel sectons at chainage
1+140m for horseshoe shape tunnel

The nmg element have fictor of safety kss than 1.4 Hence, the support capacty wih ths
factor of safety & madequate that means there will be high chance that support will fal m near

fiture with tme dependent long term deformmtion
Steelribs and shotcrete in circular shape

Another solution to the squeermg section will be apply the final Inmg after reshapmg of tumel
mio crcular shape with doameter 4 4m Agam phase? program has been used for the stability
amalysts and deformmtion calculation The final Inmg wall steel nb and shotcrete with thickness
0.6m The steel ribs will be W 250%22. with spacmg 0.5m and yeld strength 400 MPa. The
shotcrete nmg will consst of 0.0m thck 25000 MPa young's moduls . 0.25 Posson's
ratio 30 MPA conpressive strength and 2 MPa tensik strength The effect of rockbolts and
shotcrete nmes that were apphed at the tme of excavation has been neglected. Amalyse shows
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deformation 15 withm 2.5 to 3 % .The higher deformation & due to exceptionally poor rockmmass
condition
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Figure 5-6 Support capacity plot of concrete lining in tunnel sections at chainage
1+140m for circular shape tumnel

6 CONCLUSION

Empmical method and send-empmcal method of predictmg squeezmg rock condiion gives
smular resulf. The squeezmg potential was observed at chamage 1+140m of headrace tummel
of AKHPP However assessment ffom empmcal and seny-empmical nethods only gne
reasonabk resukt for the prelmmary study. For defai design more accurate approach should
be adopted such as CCM and Phase?. The result from CCM suggests that to control fature of
the support and displacement capactty of support svstem should be mcreased when f & apphed
at the face or rockmmss properties should be mproved before excavaton by appleation of
forepolmg, pre myection of grouwtmng etc. Phase? concluides that squeezmg & confrolled by
modifymg shape fo horseshoe or crcular and vsmg fnal Inmg Final deformaton affer the
apphcation of support & 50mm only.

7 RECOMMENDATIONS:

« Here, only one crifical section has been comsidered for the stabilify assessment of
fumel It would be better to design support system throughowt the humel section

« Amabytical nethod such as CCM are not adaptable for all shapes of el and m uneven
stress destmbution Further, muvenical amalysis has fo be performed wiwch & sutabke m
all conditions.

¢ Tectomc stress and grownd water table has not been comsidered m the squeeangs
analvsis due to lack of field data. This, for better resulf, ground water table can be
vakmble parameter fo assess squeezmg ground.
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