






Basic DefinitionsBasic Definitions

• Swelling Pressure – Due to volumetric Expansion of a rock 
mass having swelling minerals when comes in contact with 
water

• Primitive stress – Stress in the state of equilibriumPrimitive stress  Stress in the state of equilibrium
• Induced stress ‐ Due to creation of opening
• Immediate or short term rock pressure ‐ Pressure which 

d l ithi h t f 1 4 k f tidevelop within a short span of 1 ‐4 weeks of time.
• Ultimate Rock Pressure – Pressure developed Ultimately
• Ground Reaction Curve – A relationship between support G ou d eact o Cu e e at o s p bet ee suppo t

pressures and radial displacements of the tunnel wall. The 
rock pressure depends on tunnel wall displacement and it is 
not a unique property in squeezing ground.not a unique property in squeezing ground.



• Squeezing Rock or Ground Condition: Rock mass fails when the tangential 
d l h d d h hstress exceeds its uniaxial compressive strength. Overstressed due to high 

cover pressure or high tectonic stress.
• Coefficient of Volumetric Expansion: It is defined as the ratio between 

increase in volume of the rock mass after failure and its initial volumeincrease in volume of the rock mass after failure and its initial volume.
• Degree of Squeezing: The ratio of UCS of rock mass to the tangential stress 

is adopted to define the degree of squeezing 
= q /2p= qc /2p.
Rock Pillars: When several closely spaced tunnels are constructed, a pillar 
of unexcavated rock mass is left unexcavated between two adjacent 
tunnels to provide the support called as Rock Pillar.



• Squeezing pressure: Result of such plastic deformation which  q g p p
will reveal themselves as pressures only when deformations 
are arrested.

B k Z B d d b th l f th i t d• Broken Zone: Bounded by the locus of the points around a 
tunnel opening where the induced tangential stress exceeds 
the insitu strength of rock mass. Also known as ‘Coffin Cover’.

• Compacting Zone: A fragile rock mass around a tunnel 
opening 



What is site characterization?What is site characterization?





Techniques for site investigationsTechniques for site investigations



Geophysical surveysGeophysical surveys





Geology, Geology, Geology
• Explore before you draw..pick the best host rock mass..

– Modicum of data/rational analyses needed at start ‐ simple is OK
– RMC’s guidance only ~ questionable application in high stress?
– Modeling is a powerful, but good input is critical..garbage in..

• Likely Stability IssuesLikely Stability Issues
– Stress‐Driven Yield and/or Burst (overstress)
– Gravity‐Driven Fall‐Out (blocks, wedges, soil‐like fill)
– Water pressure and inflow (erosion shear strength reduction)– Water pressure and inflow (erosion, shear strength reduction)
– Combinations of the above

• Early Site Investigation Objectives (reduce uncertainties):
R k I k h– Rock ‐ Intact rock strengths

– Stress ‐ In Situ Stress levels/orientations
– Fracture ‐ Discontinuities
– Water ‐ head, permeability, estimates flow locations and rates)



Rock Mass Assumptions..
• Basis of Conceptual Design ~ data + assumptions

Representative Behaviors (routine variability)– Representative Behaviors (routine variability)

– Local Adversities ~ frequency/severity

– Pre‐SI Baseline Documentation of both Knowns & UnknownsPre SI Baseline Documentation of both Knowns & Unknowns
‐> no more sophisticated than the data can support!! 

– More assumptions = more contingency

– Rule #1 ‐ avoidance preferred to mitigation

• Pending SI ‐ assume a hard & blocky rock mass 
– Relatively strong and abrasive intact rocks 100MPa+

– Containing fractures and fracture zones, some with water

b f d h– Subject to significant stress at depth



Stability of Underground Openings 
Underground, two forms of instability often observed:

1) Geo‐structurally‐controlled, gravity‐driven1) Geo structurally controlled, gravity driven 
processes leading to block/wedge fall‐out

2) Stress driven failure or yield leading to rockburst2) Stress driven failure or yield, leading to rockburst
or convergence

(after Martin et al IJRM&MS 2003)(after Martin et al. IJRM&MS, 2003)

Note: structure and stress can act in combination to 
produce failure and adding water can exacerbateproduce failure and adding water can exacerbate 
failure or reduce the FOS against failure through 
the action of flow and/or pressurethe action of flow and/or pressure



Orientation of Major Excavations
• Consider Orientation with respect to Stress Field and Geo‐
Structure (discontinuity‐bound blocks/wedges) 

1) If there is a major fault or fracture zone in the volume of a– 1) If there is a major fault or fracture zone in the volume of a 
major excavation find a new site! (e.g data before design!)

– 2) If a single dominant discontinuity set is present
• Minimize gravity‐driven fall‐out by placing the long axis of the excavation 
sub‐perpendicular to the strike of the discontinuity set.

– 3) If multiple sets are present avoid placing the long axis parallel 
h l k l b lto any ‐ give more weight to sets most likely to cause instability. 

– 4) If high stresses are unavoidable at a site
• Destabilizing forces..gravity always..rock stress/water pressure sometimesg g y y / p
• A little stress and fracture can aid stability
• Minimize yield, slabbing, rockburst activity avoid placing the long axis of the 
perpendicular to the principal stress (~15‐30 degrees from parallel, after 
Broch, E. 1979).



Rock Fracture ‐ Orientation

• Single Set of planes of weakness. 
Stability is a function of ExcavationStability is a function of Excavation 
Axis:

M i i S ik P di l

Excavation Axis Perpendicular to Discontinuity Strike

– Maximize ‐ Strike Perpendicular

– Minimize ‐ Strike Parallel

• More typically multiple sets of 
planes of weaknesses..

Excavation Parallel to Discontinuity Strike

– Maximize by avoiding having any 
strike close to parallel to axis.



Rock Fracture ‐ Size/Scale Effects

8 t 4 t 2 tB d Di t

Larger Excavation ‐> increased potential for blocky fall‐out

Rock Mass  
Structure on an 
Absolute Scale

8 meters 4 meters 2 metersBored Diameter
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Rock Mass  
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Diameter



High & Low Stress 
• Excavation results in stress 

redistribution at perimeter: 
– Low Stress or Tension: mobilized 

shear strength will be low ‐
Failure!
Hi h St l ll t ti l

Low Stress
Conditions  

– High Stress: locally, tangential 
stresses may exceed rock 
strength ‐ Failure!

• Above conditions can result in High Stress• Above conditions can result in 
fall‐out (walls, crown)
– Geometry of fall‐out material a 

key consideration

High Stress 
Conditions

key consideration
– Ideally eliminate or limit the 

zones of both high and low 
stress around the perimeterp



Mitigating Stress ‐Section Shape

• Minimum Boundary 
stresses occur when the

2

2
stresses occur when the 
axis ratios of elliptical or 
ovaloid openings are 11ovaloid openings are 
matched to the in situ 
stress ratio after Hoek+Brown

• Nice to keep the bottom 
flat. However, some 

1

2designers go the whole 
hog (counter arch..), 
Sauer

2

Sauer..



High‐Stress Failure Zones

• Not always practical to have 
circular/elliptical sectionscircular/elliptical sections..

• Stress concentration will occur as a 
function of stress field/orientation  Vertical Principal Stress

and excavation shape
• Shaded areas show where rockburst 

i ld i t lik l t dor yield is most likely to occur around 
a horseshoe opening under three 
types of principal stress orientation..

Horizontal Principal Stress

yp p p
– Vertical
– Horizontal 
– Inclined

Inclined Principal Stress

After Selmer‐Olsen+Broch



Stress‐Driven Instability can be Severe
• Severity Prediction?

– relative to Virgin Stress vs.  Uniaxial Compressive Strength
UCS MP VAS/UCSIntact Strength Ratio

• Overstress Failures
d d

UCS, MPa

200 0.2 0.3 0.40.1 0.5
VAS/UCS

– Under moderate stress 
regime aim to even‐out the 
distribution of stresses to  100

150

avoid local stability 
problems, as discussed

Under higher stress locali e
50

100

– Under higher stress localize 
stress concentrations to 
reduce unstable area and  50 100

V i l A li d S VAS MP

0
0

costs of support… Vertical Applied Stress, VAS, MPa

After Hoek+Brown



Section & Support Mitigation
• Strategy for Minimizing Impact of 
OverstressOverstress
– Vertical Principal Stress

• Reduce potential for buckling/slabbing by 
Vertical Principal Stress

avoiding long perimeters sub‐parallel to 
principal stress ‐ “low” excavations

– Horizontal and Inclined Principal Stressesp
• Focus and support highly stressed volume at 
discrete locations around the section by 
increasing radii of curvature of section to 

Horizontal Principal Stress

g
concentrate loading

– bolt support can be used to stabilize 
areas of concentrated loadingareas of concentrated loading 

after Selmer‐Olsen+Broch

Inclined Principal Stress



Mitigation Step: Opening Separation
– Virgin stress conditions are 

modified when openings are 
made, at the perimeter  stress, p
(hydrostatic stress)

• Radial stress zero
• Tangential stress 2x virgin

2 i l i
radial

tangential

– 2 circular openings 
• Shared diameter, a
• In hydrostatic stress field
• Minimal Interaction if distance

radial

distance from tunnel wall

• Minimal Interaction if distance 
between openings centers is 
greater than 6a

– In high stress situations, ensure 
i d t l h

DI,II � 6a
I II

openings do not overly encroach 
on zones of influence

After Brady & Brown





Tunnel ExcavationTunnel Excavation

























TUNNELINGTUNNELING

FOR DELHI METROFOR DELHI METRO



Rock Tunnel Boring MachineRock Tunnel Boring Machine



Tunnel EquipmentTunnel Equipment



TBM CutterheadTBM Cutterhead



FoamFoam



Tunnel Boring Method
Working Arrangement of Tunnel Boring MachineWorking Arrangement of Tunnel Boring Machine

Tunnel Boring Method



EPB ShieldEPB Shield

1. Cutting wheel
2. Drive Unit
3 Push cylinder

6.   Erector
7.   Screw conveyor gate
8 Segment handler3. Push cylinder

4. Air lock
5. Screw conveyor

8.   Segment handler
9.   Segment crane
10. Conveyor





ELS Target in large TBMELS Target in large TBM

ELS Target Position



Active Laser Target ELSActive Laser Target ELS

Measurement of precise centre of the laser spot 
iti i X d Y d th h i t l l fposition in X and Y and the horizontal angle of 

incidence of the laser beam at the target screen

Pitch and Roll measured by dual axis inclinometerPitch and Roll measured by dual axis inclinometer



Laser TheodoliteLaser Theodolite
Servo Motor controlled
Leica TCA 1103 ith ATRLeica TCA 1103 with ATR

Built in GUS74  Laser

Angle and Distance 
measurement to Active 
Target and BacksightTarget and Backsight 
prisms 



Machine Position DisplayMachine Position Display

TBM-Position, 
numerical

Vertical Deviation
Horizontal Deviation

TBM-Position 
graphical 

Project Tunnel Axis

g













Ground Surface SettlementGround Surface Settlement

• Immediate Ground 
Movement

– Due to Face Loss and 
Redistribution of In‐situ 
Stresses

• Long‐termLong term

– Due to Consolidation



Geometry of Settlement TroughGeometry of Settlement Trough
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