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ABSTRACT

STABILITY ANALYSIS OF A COUPLED STRUCTURE: A RAILWAY
TUNNEL AND A ROAD CUT SLOPE

Unluturk, Burcu
M.Sc, Depatment of Mining Engineering
Supervisor: Assoc. Prof . Dr .

July 2018,106 pages

A roadcut slope is planned for theonstruction of a new highwagt Zonguldak
province This slope will be excavated by bench blagtirethod n close proximityto

the No 50 Turkish State Railway Tunmehich isamasonry lined 8years old tunnel

in service The excavation will continuentil T approximately 56 m horizontal and 55

m vertical distances remaia the tunnel lining. The plarfailure risk ofthe slope and
the damage riskf the tunnel are two major riskivestigaing stability of the slope
and dtermination ofstrains anddisplacementaround the tunnel caused by the rock
excavationby using plae strain analysisare crucial toassesshe safety ofthese
coupled structure the tunnel and the slope itséif this thesisthe stability analysis

of the roadcut slopeandthe probability of any damage on the rock structure around
the tunneland the masonry liningaused by the excavation of the benches are
examined with twedimensional plane strain finite element progrant R#h shear

strength reduction technique.

Keywords: Tunnel Stability, Slope StabilityFinite Element, Shear Strength
Reduction, MomCoulomb, Turkish State Railways, Zonguldak
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CHAPTER 1

INTRODUCTION

1.1Background Information

Transportation, one of the most essential requirements of humankind, has evolved
together with the development of vehicle technology. Railways became popular in
19th centuryafter the Industrial RevolutiorPéters E. et.al,2016) Road and other
infrastiucture constructions are still in progress to supply the society with this crucial
service and will continue with the increasing population and need of mobility. This
will give rise to the requirement of completing these projects in shorter durations and
in the safest mannetherefore stability investigationsn the designdiave to be

conducted tensurethe safety of theestructures

In this thesisa coupled stability analysis wanducted for a roadut slopeand a

railway tunnel before the slope constructidhe subject tunnel is No 50 Turkish State
Railway Tunnel,constructedin 1934 (TCDD, 2017)and theexcavation of the
mentioned roadut slope wasomplded at the time othe submission of this thesis

on the route of ZonguldakmasraK ur ucaki | e Hi ghway bet ween
26+700.

The aforementioned tunnel is a shallow railway tunnel, which has been in service for
the last 84 years, and it is still stable after the stopestruction. The mountainous
tunnel is masonry lined and the inner view of the tunnel is given in Figure 1 and the

outer view of the tunnel is given in Figure 2.



Figure 1. Inner view of the tunnel

Figure 2. General view of theastportal of thetunneland the surrounding rock



The roadcut slope, which was excavated by bench blastiaguledin stress relief
and variation in the stress distribution withive rock massurrounding the tunnel
The removal of the rock mass may cabseh slope instability and deformations
around the tunnel. Hence, to investigate these,riskspledstability analysisvas
conductedbased orthe planned slope profile with the current tungebmetry The

plan view of the roadut slope can be seenkigure3.

The vertical sections dhe slope taken at eacheter of the route containing the
tunnel were analyzed to investigate fhassible failure surfacéor the slopeand
whetherthe tunnel will be enclosed or notcase any slope failure occuns order b
investigate the podsility of a slope instability and the corresponding damage on the
tunnel, planned profiles for the roadt slope weranodelledin the finite element
software RS considering twedimensional planstrain conditions This software

allows users to computessses and displacements on rock mass models, and with an
embedded application that enables users to use Shear Strength Reduction (SSR)
technique, to analyze failure planes and to estimate the Factor of Safety (SF) with the
Critical Strength Reduction Faxt(CSRF).Shear strength reduction can be basically
explained as gradual decrease of the shear strength parameters which are cohesion and
friction angle until the point of failure (CSRF). It is possible to see the failure plane
on the computed outputs of the model] atresses and displacements can be analyzed

on these outputs.

In the analysis, slopes were investigated for displacement and failure, then the location
of the slope failure plane was identified to observe if the tunnel was also influenced
by the failure If the slope failure plane covers the tunnel, then other strength reduction
stages were investigated until the failure plane did not cover the tunnel. At that stage,
the displacements on the slope and around the tunnel were investigated to evaluate the
stability of the coupled structure. At the stage in which the coupled system was stable,

SF was calculated for the system.
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Figure 3. Plan view of the slope profiletunnel is included

1.2 Problem Statement

A roadcut slope will beexcavated by bench blasting on ttransition zone of
ZonguldakAmasraK u r u chegkwaybetween the sections of Km 26+590 and Km
26+700.There is a tunnel in service below the excavation winight be affected by

the slope constructiofstability ofthe slope must be investigated to asdemsyislope

failure will occur or not, and in the caseaybossibleslopefailure, the location of the

failure surface must bmvestigated Additionally, this excavation will cause stress
relief around the tunnddelow it andmight lead to deform@tions and convergence
around the tunneHence, investigation of deformations and changes around the No
50 Turkish State Railway Tunnel must be examined and disturbance and damage of

these changasustbe evaluated to oveome the risk of failure for both structures.



1.3Objective

In road constructionsroad cuts are common in mountainous areas to overcome
instability of the natural slogevhere road excavations goerformed In this thesis

stability of acoupled structure; @adcut slope and eailway tunnelis examined. The

tunnel is84 yearsold masonry lined No 50 Turkish state Railway Tunnel and is on

the route of Zonguldak Amasra Kurucakil e
Km 26+590 and Km 26+700The aim of this thesis is to model tbeupledstructure

and assess its stéty with Finite Element Softwar@EM) software.The stability

investigations arperformedas the following
i. Examination of the stability of the roadt slope and rock mass covering the tunnel

ii. Investigation bdeformation and convergence amauah the tunnel's sidewalls,

shoulders, and roof

The scpe of this research study is using FiEanalyze and evaluate the stability of
the No 50 Turkish State Railwaysinnel and the roadut slopeafter the excavations

1.4Research Methodology

The case study is assessed in three steps. First, a short literature review is conducted
to select the suitable method for slope stability assessmentgaoidchnical

information about the study area is collected from reports and on site investigations.

Secondly, based on thenowledge collected from thaforementioned reviewthe
slopetunnel $ructure is modelled in a finite element analysis softveang@stability

analysis is conducted with RS

Finally, theresults of the analysis aewaluated regardgndeformatios on the slope,
location of the failure planenddeformations around the tunnehich were utilized

to decideon the safety factor of the slope.



1.5Limitations

A number of limitations have beetefinedin order to achieve the aim of thisesis

within thelimited time andavailableresources. The most sign#ict one igelated to

the physical and mechanicpftoperties of the rocthat the system belongSheseare

taken froma geotechnicafteport prepared bMega M¢ihendi sl ifok M¢gkavir |
the neighbaing tunnel structureThis aforementionetlinnelis between Km 25+290

and Km 25+656 and is around 990away from the entrance of No 50 Turkish State

Railway Tunnel. After the onsiteinvestigations it was aeded that the rock masses

have the same character and structure

1.6 Structure of the Thesis

Including this chapterthis thesis consistof sevenchapters containing information
about literature survey, research area, data collection, methodology and case analysis,

results and discussipand conclusios and recommendations



CHAPTER 2

LITERATURE SURVEY

Stability investigation of natural and mamade slopes is a significant topic in rock
mechanics. In road constructions, road cuts are common in mountainous areas to
overcome instability of the natural slopes where road excavations are performed,
thereforestability of slopes has been a focus of various researches. Assessing slope
stability is one the significant issues in geotechnical engine@farghidfar & Nayeri,

2015) Slope stability investigation is simply assessingstiness amount that a slope

is able to manage before it fails and a slope is either natural emad@, assuring the
stability of it is of paramount importance as the failure of it might result in human and
financial loses. The most important parametegdiing these analyses is the accuracy

of the geotechnical data.

For the slope stability analysis, design based safety factor is calculated to determine

how close a slope is to fail (Hammah et.al., 2004).

There are several methods used for slope stabildyyais and determining the SF,
limit equilibrium method (LEM) and the FEM are the most commonly used ones. For
slope stability, LEM is a traditional and well established method for engineers and
researchers, which was proposed by Bishdi®55, and modiéd by Spencer (1967)

and many others, but determining the failure plane is challenging in this method as
stated by Sternik in 2013, and Farshidfar and Nayeri in 2015. FEM became
increasingly popular in stability analysis with the introduction of thee}iBSR

technique because of its flexibility and power as mentioned by Griffith and Lane in



1999, and has been improved significantly with tinfEarshidfar & Nayeri, 2015)

Since it is proved by many studies, a comparison efSk from Shear Strength
Reduction (SSR) technique and LEM shows that the results are similar, the biggest
advantage of no need to decide on the failure plane in FEM makes the technique
preferablgMurianni & Federico, 2011)

Furthermore, the overall advantages of SSR technique with FEM is explained in the
following by Griffith & Lane and as cited in Hammadt. al. in Proceedings of
EUROCK 53¢ Geomechanics Colloquium 2004.

1. As mentioned before, the pessumption of shap&nd location of failure is
unnecessary, as the failure occurs naturally where the material cannot support
the generated shear stress.

2. If the stressstrain data is reliable then the FEM solutions provides information
about deformation and displacement antsun

3. Itis capable of modelling progressive failure .

SSR technique is best suited for M&boulomb failure criterion due to its easiness
(Hammah& Curran, 2007) In SSR technique strength parameters of the slope,
namely, cohesion and internal frictiongde are gradually reduced until the slope fails
within perfect elastglasticity (Zheng et. al., 2009). In other words, SRF increases
incrementally until collapse occuf€hatterjee & Elkadi, 2012 he shear strength of
the orignal material in MolCoulomb failure criterion is calculated using the formula
below, wheret is shear stresspis cohesion,, is normal stress anthis internal

friction angle:

~

T @ , 00& %

The reduced shear strength is calculated with the following formula in which SRF is

the factor that the strength parameters are divided.

; O , 0MNE %o
Y'Y O Y'Y O



This method can be explained in the following sequence:

1. Calculation of FEM model
2. Reducton of the strength parameters
3. Ifthe run converges to a solution than it is the SF of the structure, if it does not

converge than it is unstable (Hammabh et.al. 2005).

In many of the slope stability analysis, safety factor is used to describe the how close
or far away that the slope is from failing (Hammah et.al. 2005). The stage in which
the slope instability occurs is the stage that the reduction factor is critical (CSRF) and
this is taken to be the safety factor of the slope (Han8n@hirran,2007). TheSF in

SSR technique can be explained as the ratio of the initial shear strength of the material

to shear strength of the material at CSRF.
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CHAPTER 3

GENERAL INFORMATION ABOUT THE STUDY AREA AND
GEOTECHNICAL STUDIES

3.1 Research Area

The No 50 TurkistState Railway Tunnel is located in Kilimli, Zonguldak, and is on
the route of the ZonguldakmasraKk ur ucaki | e Hi ghway, bet we
Km 26+700. It is 7 km away from Zongul dak

Figure 4. Location of the study areétfp://zonguldak.bel.tr/ulasird/)
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3.2 Data Collection and Processing

3.2.1Geological and Geotechnical Information

The No 50 Turkish State Railway Tunnel is ad
that is between Km 25+290 and Km 25+656. On site investigations resulted in the

following decisions; joints, dipping of the joints, bedding planes of the rock mass

surroundig t he Asl ankayasé Tunnel s exhi bit ratt
structure of the rock mass that is covering the No 50 Turkish State Railway Tunnel.
Figure5andFigure6r epr esent the rock mass of the st uct
Tunnels, respectively, and were taken during onsite investigations. After the site visits,

it was concluded that the geotechnical studies conducted by Mega Muhendislik
M¢kavirl i k rLtAds |iam kZalylads éf ofunnel s can al so be

The rock mass covering the tunnel is named as Kilimli formation. It is coded as Kk in

Asl ankayasé TFGeateckenicad Refoet and oogsists of sandy limestone,

sandstone, siltstone, claystootgyey limestone and marl. The preliminary geology
geotechnical report was done for Asl ankaya
M¢kavirli k Tic. Ltd. kti. in 2014. I n the re
types and required tests were conductedh@se specimens to decide rock mass

classification of the samples regarding Rock Mass Rating (RMR), Q System,

Geological Strength Index (GSI) and New Austrian Tunneling Method (NATM).

12



Figure 5. Rock mass structure Kilimli, Zonguldak No 50 Turkish State Railway
Tunnel and slope excavation site
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3.2.1.1 Geological Information about the StudyArea

The regiorof the research is mainly characterized by limestone, mudstone, sandstone,

conglomerat@andshale. Different researchers studied this area asi€harles, Kaya,

T¢yséz,

Kilimli

for mat i

Ak back

on

and many

(Kk), whi

ot her s

ch I

es

as

on

ment i

t op

one

of

limestone, sandstone, siltstone, claystone, and marl. The formation is divided into 3

categories and investigated separately. Yellow colored quartz sandstones are named

as Velibey meber, glauconitic sandstone and clayey limestone are considered as

Sapca member, and the levels consisting of marl are considered to be Tasmaca

member.

Kilimli formation demonstrates an alternation of limestone with sand, sandstone,

siltstone, and claysten It has a grey yellowish color and the bedding planes have low

to medium thickness.

I n the

study a

rea,

outcrops

of

Sap- a

siltstone alternation consists of low amount of sandy clayey limestone levels.

Thestratigraphy of the Kilimli formation is given fRigure?.

TASMACA

Marl, claystone, seldomly siltstone

and sandsione

KILIMLI
SAPGA

Sandstone, sandy limestone, limestone

alternating from claystone, siltstone

VELIBEY

Sandstone, seldomly quartz sandstone

Figure 7. Stratigraphy of Kilimli formation
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3.2.1.2 Geotechnical Information

The geotechnical tests were condkutant ed by Mec
accordance with site investigations and strength tests done on the specimens taken

from the site. In the geotechnical repohe tresults of the laboratory tests on the

specimens taken from the rock maddniaxial Compressive Strengthalues,

deformaton modulus, unit weight etc., and tables regarding rock mass classification

systems, namely, RMR, Q, GSI and NATM are given.

The data in the report is used to decide the lowered elasticity modulus in ROCDATA
with the use of GSI. This lowered deformationodulus is controlling the
displacement amount and distribution around the slope and the tunnel. In ROCDATA
software, disturbance factor is required, for this case, as the tunnel was excavated
before, it was taken as 0. Moreover, Kilimli formation consi$tday, hence dilation

angle was taken as zero for the analysis. This ROCDATA idptd and output is

given in AppendixA.

The rock data used in R8odels can be seen frofablel.

Tablel. Material properties of the rock maassed in modelling (Mega Muhendislik

M¢kavirlik Ltd kti, 2014)
Material Properties
GSI 47
RMR 49
Q-Tunnelingquality index 1.25
NATM B2 Class
Compressive strength of rock mass (MPa) 2.62
Modulus of deformation (MPa) 2547
Poi ssondés ratio 0.26
Unit weight (kN/m3) 26
Peak cohesion (MPa) 0.51
Peak friction angl&) 475
Peak tensile strength (MPa) 0.26
Residual cohesion (MPa) 0.3
Residual friction angle’) 40
Residual tensile strength (MPa) 0.2
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CHAPTER 4

METHODOLOGY AND CASE ANALYSIS

4.1 Rock Classification Systems

Stability analyses on rock structures require reliable geotechnicathiatafore the

data obtained can be used in rock mass classification for analysis. For the classification
of surrounding rock mass around the tunnel, which will be excavated RMR, GSI, and
Q systems are used. Moreover, the result of these classificatigsesalere used for

modelling the structure in FEM, RS

4.1.1 Rock Mass Rating (RMR) System

This rock mass classification system, RMR, which was introduced by Bienawski in

1973, andlevelopedn yearsuses six parameters of rock for classification. These are

I. Uniaxial Compressive Strength,

il. Rock quality designation

iii. Discontinuity spacing

2 Discontinuity conditions (length, separation, smoothness, infilling,
weathering)

V. Groundwater conditions

Vi. Discontinuiy orientation(Hoek et. al., 2000).

17



Aforementioned parameters can be obtained duringiteninvestigations as well as
laboratory experiments from the boreholes. The system uses these parameters to

provide a rating for the rock mass that has been studied.

As a result of the site investigati and laboratortest results ivas concluded that the

rock mass covering the tunnel is a fair rock in RMR system.

4.1.2 Geological Strength Index

Geological Strength Index (GSI) is commonly used in desigofistppesand tunnels.

This system is based on rock strength and deformation paran@&$¢rsalue of a rock

gives an overall representation of the geotechnical quality of a rock mass. It requires
field observation to decide on blockiness and jointing propertes(ldong et.al.,
2017).

4.1.3 RockTunneling Quality Index, Q

Norwegian Geotechnical Institute and Barton et.al. (1974) introdactahneling
Quality Index, Q, to be used in determining rock mass characteristics and support
categorizations of tunne($loek et.al., 2000). This Q value is determined with the
following formula Jn is the joint set number, Jr is roughness number of the joints and
Ja is the alteration number where Jw is the joint water parameter, in addition, SRF is

stress reduction factor.

YO QU .0
0] L YYTO

C?

4.2 Modelling

The analyseweredone with Moh¥Coulomb failure criterion. The values mentioned
in Data Collection and Analysis chapterere used as inputs for the model.

Additionally, as the formation consists of claystotie dilatancy anglevastaken as
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0°, and the disturbance factor required for lowering the elasticity modulus was taken
as 0, as the tunnel is excavated before, and no additegahdation of the mass
parameters by disturbance facteas required.

Additionally, due to the onsite investigaits no spring no water discharge is observed,
moreover during the blast hole drilling operations, holes were observed to be dry, and

in the analysis ground water is not included.
Furthermore,

FEM was selectedo investigate the stability of the slope.RS&chnique which is
embedded in thRS’ softwarewas used to determine the failure surface of the slope,
andaccordingly the situation of the tunnel was considered. TR of the stage in
which the tunnel wa not covered by the failure plan@s selected and checked for
displacement ratemn the slope and around the tuniiiethe deformation amountsci

not result in collapse thendtstagewvasselected as wbh the coupled system is stable

and SF of the coupled system calculated.

SRF and CSRF should not be considered directly as safety fagstrof all, hese
constants are the reduction rates of cohesion and internal friction angle of the limit
equilibrium point of a slope failuré®n the other handhe strength reduction factor
obtained at critical pointvhen the model fails is equal the SF of the system

(Rocscience Inc., 2017)

To illustrate,if the slope failure situation occuvghen theshearstrength parameters

of the rock mass of the slope is reduced by dividhent with 2.40thenCSRF is

equal to 2.40This CSRF can be considered and udedthis limit equilibrium casge

as SF.Another examplecan be giverfor the same slopas follows; failure and
deformationvalues will be significantly small in quantity and less in denaiben
compared to the stage SRF=2.40 since no reduction is done on shear strength
paranetersatthe stage SRF=1n modeling stage SRF=1, when deformatiarmind

the tunnel and the slope, thbsence opresence of yielding points and planesjrthe
intensity and distribution anavestigated it will be seen that the strength parameters

are not reduced and a more stable model is created. In thisStae40/1=2.4
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Furthermoreif the shearstrength parameters are divided by 1.50 and the situation at
this stage is examined for stabilithen SF at this stage is SF=2.40/1.50=1.dhe

safety factos for the coupledstructure werealculated accordingly.

Cowled stability analyse were carried outfor the slopetunnel system by
investigatingCSRF, SRFandSF of the planned slope by FEMRS’ software with
the embedded applicati@hearStrength Reductio(SSR) Stability of the slope and

failure planes are checked wiBSR techniquéor all sections including the tunnel.

Both slope and tunnel deformations were analyzed for the possibility of instability of

the slope and the tunnel.

In detail the following stepare done for the assessments:

1.
2.

6.

Analysis were conducted for each™ of the tunneklope model

CSRF was evaluatddr each crossection location of the failure plane of the
slope andlisplacements were analyzed

Failure plane of the slope at CSRF wasestigated for the possibility of
covering the tunnel

The stage where the tunnel was not covered by the failure whswelected
for further investigation

Deformations around the tunnel were analyltedhe selecte@RF stagein
this stepto invesigatethe possibility of tunnel instability due to road cut

SF of the coupled system was calculated

The modelwas created withplastic material and failure criteria used was Mohr

Coulomb. Thematerial propertiesrere used as input RS’ are given irFigure8.
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Define Material Properties

Material 2

Material 3 = . )

Material 4 Name: | [UEEgGE Bl ‘ Material Color: >

Material 5 . . 5 . .
. Initial Element Loading: Field Stress & Body Force ~ Unit Weight: (MN/m3):

Material 6

Material 7

Material 8 5 . Isotropic
Material © Elastic Type: Pl

EZ::Z: 1(1) Young's Modulus (MPa): 2547 | []Young's Modulus (resid) (MPa): 20000

Material 12
Material 13
Material 14
Material 15
Material 16
Material 17 Strength Parameters

Material 18
Material 10 Failure Criterion:  Mohr Coulomb v la| & Material Type: | Plastic ~

Material 20
Material 21 Tensile Strength (peak) (MPa):
Material 22
Material 23 Fric. Angle (peak) (deg):
Material 24
Material 25 Cohesion (peak) (MPa):
O Material 26
| Material 27
-B Material 28
‘B Material 29 [ Stage Properties [ ] Datum Dependent Unsaturated Shear Strength

o Material 30 Define Faciors... Define Properties... Phi b: 0| Al Enfry (MPa): 0
-8 Material 31 v

Copy To... Statistics... ["]show only properties used in model Apply SSR Cancel

Elastic Properties
Poisson's Ratio:

El (MPa}: 20000 | E2 (MPa): 20000 | Ez (MPa): 20000

wlz: 0.2 viz: 0.2 | vz 0.2

Dilation Angle (deg):

Fric. Angle (resid) (deg):

CO0ODO0OEOBROOEOCOOOCEEECOOOODOO

Cohesion (resid) (MPa):

m}

Tensile Strength (resid) (MPa):

Figure 8. Material properties used in R®r the analysis

The field stress properties used in the model are showigane9.

Field Stress Properties

Field Stress Type:  Gravity v

[ ] Use actual ground surface [ ] Use effective stress ratio [ ] Use variable stress ratio

Cancel
Ground Surface Elevation (m):
Unit Weight of Overburden (MN/m3):
Total Stress Ratio (horiz/vert in plane):
Total Stress Ratio (horiz/vert out-of-plane):
Statistics...

Locked-in horizontal stress (in plane) (MPa, Comp. +) :

Locked-in horizontal stress (out-of-plane) (MPa, Comp. +) : Advanced ==

Figure 9. Field stress properties used for the model in RS2 for the analysis
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CHAPTER 5

RESULTS AND DISCUSSION

All sections of the roadut slope through the tunnekreinvestigated for slope and
tunnel stability. This was realized by checking CSRR,2#d SF of the roadut for
each10" m section. Secondly, the deformation amouwnisthe slopend the failure
plane for each sectiomereinvestigated to assessck mass movement. Moreover,

tunnel deformations were analyzed to assess instability cases.

In this sectionanalysis andliscussions regarding tiséability investigation are given
in detail for the mos critical section at Km 26+640rhe modelling results of the
sectionsarediscussed under this chapter, but tih@delling and analysis of the other

sections are given in thgpperdix 2.
The most critical section is selected by the following criteria:
1. The highest overburden above the tunueittically

2. Closest dimnceto the tunnel from thplanned roagtut slope profilehorizontally

5.1 Slope Stability Assessmendf 26+640 Km

The most critical sectiorof the planned slopeut at Km 26+640vas analyzed to
assesshe stability of the slope antié tunnel andthe results are discussed in this
section.That chainage was selected as the most critical sdmause of thehorest
horizontal distancéetween slope profile and tihennel, whichis around56 m and

the highest overburdehitknessatbove thetunnel for which theverticaldistance to
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the roof of the tunnel is aroudm i the highest overburden amount along the tunnel

route.FigurelOandFigurellarecross sectional viesandaplan view of thecoupled

structurefor the critical section respectively.
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Figure 10. Crosssectional view of the tunnel of the critical Km 26+640

section (AA X))
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Figure 11. Plan view of the tunnel of the critical Km 26+640 sec{i&dwA X )

The numerical model of the slope cut at Km 26+640 is givéigare12.
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After the creation of the model in RStability analysesvereconductedo assess the

slope stability othe most critical section.

Figure 13shows the sheatraindistributionin the rock mass and tipessible failure
surfaceof the slope for thetage CSRF2.40. The failure plane shown in the figure

was generated by the analysis of the maximum gtesndistribution in the model.

At this stage failure plane of the slopg covering the tunnel so, evehough,
CSRF=2.40 (SF=2.4) is a high safety factor, any failure in the slopewilit affect

the tunnelnd it is not a desired situatiofherefore, other stages were investigated to
see where the failure plangas not coveing the tunnel, and for that stage the
displacements around the tunn@re assessdd see if the deformation amountght
cause collapse of the tunnel or nbiten, he sage where th&RF=1.50 was decided

to beinvestigaed.In Figure 14the failure mechanism by SSR can be observed on the
contours of the maximum shear strain. In this st&g#F=1. means that the strength
factors, cohesion and friction angle were divided by.1Hencethe safety factor at
this stages SF=CSRF/SRF=2041.50=1.60.

In this case studycoupled stability othe slope and the tunnkad tobeinvestigated
together. In other words, since it is a codpdgstem stability of the slope and the
tunnel could not be assessed separately. Hence, further investigation was required
when theCSRF=2.4) was calculatedand t is actuallyfoundthatthe stability of both
systems were ensured in the stagd-S1.3 and the coupled safety factor for the

system was calculated to be@..6

In Figure 15 the displacements dhe slope are shown for the most critical state
CSRF=2.40. Displacement amountstbe slope araround 910 cm, and the failure
plane encloses the railway tunnel. For a slope with a height of around thésa
magnitudes of deformation aneot likely to cause any failure, rge the limit
equilibrium (failure) state is ddined by de@asing the strength factors by a factor of
2.40
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Displacement vectors dramounts calculatl at SRF=1.8 are givenin Figure 16
Displacemeniagnitudse decreased t&-2 cm,herce the slope can lm®nsideredafe
sincethe SF is1.60(SF=CSRF/SRF=2.40/1.50=1.60)
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5.2 Tunnel Stability

The deformations around the tunnel were investigated for ESREstage and for

the selected stageSRF=1.3). Deformations around the tunnir CSRF=2.40 and
SF=1.% are shown irFigure 17 and Figure 18, respectively. For the criticatage

(limit equilibrium or failure, CSRF=2.40ase}he displacemerslikely occur around

the tunnelwere calculatedbetween3 cm and8 cm (Figure 17) andaccording to
NATM Classification, where the rock mass is discussed ak B2y friable rocki

failure of the tunnel is likely to occuinstability of the tunnel having 6.5 m width can
only occur when thalisplacements around may reach 3 tdd cm or beynd
Therefore, no damage is expected unless the CSRF value equala@dtionally,

the SRF=1.5@ase was investigated and the displacements at the tunnel crown and
shoulders are calculated to vary betw&e® and 0.7 cnfFigure 18) Displacement
amouns around 3 mm for the case SRF=1.50, are about one tenth of the those
calculated for CSRF=2.4€ase SRF=1.50 casked to a coupled factor of safeof
1.60(SF=CSRF/SRF=2.40/1.50=1.6Misplacenents varying from3 mm to 7 mm

will not cause any failure of the tunnel, moreover, the failure plane of the slope is
covering the tunne{Figure 14) Hence no failure at the boundary of the tunnel is
expectedeven though the strength factors, namely cohesion and friction angle, are
decreased by 1.50 (in case of SRF=1.50)
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In Table 2, the CSRF and the SFalues calculatefor each 18 m section for the
coupled system anerovided.The selected stage SRF=1.5 wagd for all the other
sections assessex it wasdecided to be usefdr the most critical section, artd
provide accuracy in the calculations. In the appendomputation results for each

section at their critical stage and SF=1.5 are given.

Table2. TheCRSF and Skor thecoupled system ianalyzed crossections

Cross- Section (Km) CSRF SF
26+600 2.5 1.67
26+610 2.6 1.73
26+620 2.4 1.60
26+630 2.6 1.73
26+640 2.4 1.60
26+650 2.7 1.80
26+660 3.3 2.20
26+670 2.9 1.93
26+680 3.5 2.33
26+690 4 2.67

Table3. The displacemematmouns around the tunnel at the CSRF and SF of the
crosssections

Cross- Section Displacement amouns Displacement amounts
around the tunnel at CSRF | around the tunnel ataimed

(Km) (cm) SF(cm)

26+600 1-9 0.2-2

26+610 0.2-9 0.52

26+620 2-9 0.31

26+630 2-7 0.30.6

26+640 2-8 0.30.7

26+650 3-20 0.30-7

26+660 0.21 0.01-0.2

26+670 1-7 0.4-0.6

26+680 1-0.7 0.2-0-6

26+690 0.7-3 0.070.3
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In this thesis coupledstability analysisof a planned roadut slopeanda railway
tunnel is conducted since the slope excavation above and at the sideuahel will

cause stress relief around the tunnel.

Structures were analyzed in one coupled system and the stability analysis were
conducted with FEM. The seffre used was R&nd the shear strength reduction
technique that is embedded in gwtwarewas implemented to conduct the stability

analysis on the structure.

Firstly, the structure was modelled in the software and computations were done
according to SR technique. Then, displacements on the slope ambséle failure
surfaceof it were evaluated at the CSRF, which was the stage in which the structure
fails. As the failure plane of the slope was covering the tunnel at these stages for every
modelledsection, other stages where the slope structure was stable and the tunnel was
not covered by the failure plane of that was selected for further investigdtthe

couplal system. That stage was evaluated again, according to the slope stability and
failure plane. In addition, the tunnel deformations were assessed for tunnel stability.

At these stageshe safety factor of the coupled system was calculated.

The analysis started with the critical section 26+640 Km and conducted for dach 10
m sectionalongthe route The safety factors of each system is calculated for their

critical stage and coupled stage. The conclusions are listed in the following:

1 SF of thecoupled structure at thmost critical section is 1.60.

1 The highestoupledSF is found as 2.67.
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1 The lowesttoupledSF calculated is &0.
1 The lowest SF found for the slope is 2.3.
1 The highest SF found for the slope is 3.5.

Sincethe lowest SFor the slopevas higher tha@.0, which is the defined it in the

Disaster Regulation for Highway Engineering Structuvdsch contains other

engineering structure in AppendiX9Bay éndér | ék ve ,fsedlopen Bakanl é
was found safeMoreover,the displacements assesseduad the tunnel in each

analyzed section for theelatedcoupled SF shows th#tte deformations are in the

range of0-2 cm, which will not cause the failure of the tunnel. The lowest coupled SF

is higher than 1.5, which is commonly accepted as a reltabléor engineering

constructions.

The SSRmethod iseasy to be implemented in FEM the software is user friendly.
After understanding what is affecting the rock structistgength the method is
beneficial to usgas it does not require assumpti@mhow the structure will fail.tlis
beneficial over LEM, and only rock propertiage utilized This method has been
widely used andnany studiesvere conducted with this method on stability of the

structures.

In further modelling gravitational constant yniae included in modelling for pseudo

dynamic analysis. Hence, more detailed geotechnical data can be collected.

In case of water table presence, it should be included in modelling.
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APPENDICES

A. DATA RELATIVE TO CHAPTER 3

Under the section Data Collection and Processing the data calculated with ROCDATA
which was usefbr analysesn RS softwarewas mentioned idppendix1. In Figure

19the nput data and the output data previded.
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Figure 19. ROCDATA input and output data




B. COMPUTATION RESULTS FOR EACH CROSS-SECTION

In Appendix 2the crosssectional modelling of the slope profgand the results obtained
from the analyses of the coupled structure prof&@s600, 26+610, 26+620, 26+630,
26+650, 26+660, 26+670, 26+680 and @88 are presenteth addition, themodels and

the results of analysdsr eachcrosssectionare givenin the following orderfE mesh
modeland the dimensiord theslopeprofile under consideratiarmaximum shear strain
distribution andlocation of the failurgplane at CSRFor related slope section, maximum
shear strain distribution and location of the failure plane at=3Ffor the same section,
displaement vectorsand magnitues at CSRFor relatedslopesection displacement
vectors and magnitudes ofetBlopeat SRE1.5 displacement magnitudearound tle
tunnel atCSRFfor related sectiondisplacement magnitudes around the tunnel at SRF

1.5.
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Figure 24. Displacement vectors and displacement magnitudes within planned slope cut at the SRF=1.50 at Km 26+600
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