NOTES:

National Exams December 2013
04-Geol-A5, Rock Mechanics

3 hours duration

If doubt exists as to the interpretation of any question, the
candidate is urged to submit with the answer paper, a clear statement of any
assumptions made.

This is a CLOSED BOOK EXAM. Candidates my use only one of two
approved calculators candidates are permitted however, to bring to the
examination room two sheets containing rock mechanics formulae and notes.

Questions have equal value. The grade for each question is given. It is
suggested that the candidate proportion time based on the allocated value.

All questions require an answer in analytical and/or essay format. Clarity and
organization of the written answer and any figures or sketches are important.

The examination has an overall value of 80 Marks: each question will be
marked out of 20 marks as per the marking scheme provided.

ANSWER ONLY 4 of the 5 questions that are provided. Only the first 4
questions that appear in the answer book will be marked. ‘

Selected equations, graphs and tables are given at the end of the exam paper.
These may (or may not) be of assistance for some questions. Indicate the
question number corresponding to any graphs or tables used at the back of the
exam question sheets.

Hand in the exam booklet and the question booklet at the end of the exam.
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Marking Scheme

(only 4 will be marked)

1. 20 marks total
(a) 5 marks
(b) 5 marks
(c) 5 marks
(d) 5 marks

2. 20 marks total
(a) 8 marks
(b) 2 marks
(c) 8 marks
(d) 2 marks

3. 20 marks total
20 marks total answer

4. 20 marks total
(a) 10 marks
(b) 5 marks
(¢) 5 marks

5. 20 marks total
(a) 2 marks
(b) 3 marks
(c) 2 marks
(d) 5 marks
(e) 8 marks
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Value
20 Marks

5 Marks
5 Marks

5 Marks

5 Marks

Question #1

An underground garage (i.e. tunnel) is planned to be excavated in rock. This
excavation is to be developed initially on the basis of diamond drill core data
retrieved by remote drilling, as no site development currently has taken place.
Based upon information which is provided:

a.

b.

Given:

Determine the RQD for the core shown;

Determine the RMR for the rock mass at the proposed development site;
Determine the limiting excavation dimensions (maximum and minimumy);
Determine the unsupported stand-up times for these excavation

dimensions and the range of rock reinforcement that would be necessary
for the excavation (over the dimension ranges selected).

Core Recovery Data: As illustrated in Figure Q1 in the accompanying core box

sketch (total length of core recovered = 3.0 m).

Core Strength Data:

Unconfined Compressive Strength (S¢)(MPa) Point Load Index (Iss4)(MPa)
206.2 9.2*
221.4 10.2*
211.3 ) 9.5*
203.3 8.8*
205.5 9.4*
9.7
8.9
9.1
*|s values and linked UCS values for calibration 10.1
(i.e. first 5 pairs of data in table) 9.3
9.7
9.0
8.9
9.9
9.7

Joint Conditions:

Two joint families identified:

Join #1 strikes parallel to long-axis of planned excavation, dips at 15° to
the horizontal and joints repeat approximately every 1.5 m; surfaces of this
family of joints are slightly rough/weathered and continuous, with
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separation distance between the joint surfaces ranging between 1.0-
1.5mm.

Joint #2 strikes 45° to long axis of planned excavation, dips 20° and

repeats at intervals of approximately 0.3m; surface of these joints are very
rough and discontinuous with separation between surfaces being

<< 0.1 mm.

Stress / Water Conditions:

Maximum ground stress components are expected to be horizontally
directed, of magnitude less than 1.5 times vertical stress component, and
uniformly distributed horizontally at the site of excavation; minimal water
flow (<5L/min at low pressure) from the rock is anticipated.
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Figure Q1. Core Recovery View (3.0 metre length of core).



Value
20 Marks

-8 Marks

2 Marks

8 Marks

2 Marks

Question #2

The following triaxial compression strength test results were obtained as the
result of a series of laboratory trials on core specimens recovered from a rock
excavation (i.e. mine).

Confining Stress (MPa) Failure Axial Stress (MPa)
16.8 159.3
13.2 154.5
25 . 198.0
9.7 140.1
20 168.0

. Based on the information provided, determine the Mohr-Coulomb

parameters which can be estimated to establish the limiting compression
failure locus for this rock. These parameters should include strength
variables as well as orientation conditions (i.e. internal angle of friction and
failure angle values); : -

. From the results of part a, what problems appear to be evident from the

data that has been given?

. Using the Mohr-Coulomb empirical equation relating principal stresses at

failure, determine the minimum axial applied stresses that would need to
be applied during triaxial failure tests to induce shear failure when
confining stresses equivalent to 5, 15, 22.5 MPa are also applied;

. How could one verify the accuracy of the results in part c?
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Value
20 Marks

Question #3

At depth below ground surface, geotechnical staff has noted the presence of a
vertically-oriented planar fracture. It is thought that this fracture (shear) surface
has developed due to the action of plane principal compressive ground stresses
known to act at this depth. The major principal ground stress, under a condition
of assumed biaxial loading, is known to be approximately oriented as shown in
the sketch in Figure Q3.

On the basis of laboratory tests performed on samples of this rock material,
Mohr-Coulomb strength parameters have been determined and are given as:

- (c) cohesive strength = 11.5 MPa
- (S¢) unconfined compréssive strength 73.4 MPa
Using the information given, sketch a diagram which you would use to indicate

the true directions of action of the major and minor biaxial stresses in a plane
which is perpendicular to the strike direction of this shear feature.

/ Horizontal Plane

Orientation of

shear plane Orientation of

major principal
ground stress

- o e e

- e e pe e S m R . . eI

Figure Q3. Vertically-oriented planar fracture
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Value
20 Marks

10 Marks

5 Marks

5 Marks

Question #4

A room-and-pillar potash mine is flat-lying (i.e. horizontally bedded) and the sum -
of pillars which have been developed over a great horizontal width of the mine
exhibit a uniform local extraction ratio (r) of 0.67. This deposit exists at a depth
of 335 metres below the ground surface. The potash exhibits a Young’s Modulus
(E) of 13.8 GPa and a Poisson’s ratio (u) of 0.40. All pillars are square in cross-
section and are assumed to be unconfined at all times.

a. Determine the pre-mining and post-mining vertical stress conditions on
this mining horizon when it is assumed that the natural rock density in the
hanging wall waste, immediately overlaying the pillar horizon, is

- 25.89 kKN/m3. It is also to be assumed that the horizontal pre-mining
stresses are to calculated assuming full confinement conditions within the
potash horizon;

b. If the original seam height (pillar height) was set at 5.0 metres, determine
the vertical shortening of each pillar between the hanging wall contact and
pillar mid-height elevations as a result of the increase in vertical stress that
develops within the potash between the pre-mining and post-mining
conditions. All pillars are assumed to be square in plan view and to have
sides each being 7.5 metres in length;

c. Determine the average total transverse expansion of the pillars as a result
only of the increase in the pillar vertical stress.
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Value
20 Marks

2 Marks

3 Marks

2 Marks

5 Marks

8 Marks

Question #5

A circular drift, 6.1 meters in diameter, is to be driven horizontally through rock in
which a hydrostatic stress field exists. The uniform stress magnitude prior to
development is measured to approximate 55.2 MPa. Core sample testing has
indicated that the rock exhibits an unconfined compressive strength of

104.8 MPa and an internal friction angle (¢) of 30°.
~a. What will be the cohesive strength of this rock?

b. Assuming that a linear Mohr-Coulomb failure locus exists, at what level of
axial stress will this rock material fail if it were to be confined at a stress
level of 31.2 MPa?

c. What will be the Factor of Safety against failure for the rock present
around the drift surface? lllustrate the conditions of surface stress and the
safety conditions using a Mohr-Coulomb stress diagram;

d. Determine the magnitude of internal stress that must be applied onto the
drift wall surface to just induce stability at the drift wall surface;

e. A 15 cm thick concrete lining will be placed against the drift wall surface,
and a grout will be injected between the rock surface and the concrete
liner. The grouting pressure that will.be exerted will be equal to the -
calculated level of rock stress which was determined in part d. The
concrete liner exhibits and unconfined compressive strength of 34.5 MPa.
Sketch the pressure conditions which will act upon the concrete liner and
determine the factor of safety that will exist at the liner's most critical point.

Additional Reference Material
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Equations

RQD =115-3.3 J,,

Where, J,is the sum of the number of joints per unit length for all joint
(discontinuity) sets known as the volumetric joint count

ROD Jy  Jy
s P

o= ‘
- J, Jg SRF
where ROD  is the Rock Quality Designation
Sy 1s the joint set number
Iy is the joint roughness number
Iy is the joint alteration number
Jyp  is the joint water reduction factor

SRF  1s the stress reduction factor

Resolved Normal Stress:

og = ("x;"y) + {(ax—ay%(cosza)} + Tyy (sin26)

Resolved Shear Stress:

_ {(oy—0x)(sin26)}

Ty 5 + Tyy(c0s26)
Point Load Test
lsso= L / D?

Where, L = failure compressive loading force applied (kN);
D = specimen core diameter

S = 24 (Iss4) KPa

Where, S. = unconfined compressive strength (kPa)
(Iss4) = index values for 5.4 cm diameter core specimens (kN/cmZ)
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Mohr Coulomb Failure Criterion

W =45°+@/2
Sr=Chano
(01+ 03) / (03 + St) = tan” W
o1=03tan’ W +2C tan ¥ = oztan®* W + S
Where, C = cohesion
WY = angle of failure plane in triaxial sample from horizontal

St = tensile strength
S. = unconfined compressive strength

Mining
o, = load / Y2

op = load / X?

9 _Ar

Where, A, = Post mining area
Ar = Tributary Area

2

*=d-n

Where, r = extraction ratio = (A1-Ap) / At

Kirsch Equations

Gr = 072 {(1+k)(1-a0) - (1k)(1-422 + 32700520}

o = /2 {(1+k)(1+a) +(1-k)(1 + 3a*41%)cos26)

6 = o/2{(1-k)(1 +2a%" — 3a"")sin20}

U; = {1 ri/E} e {(01+ 03)+2(04. 03)c0s20

Where, 1 = Poisson’s Ratio
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Thick Wall Cylinder Stress formulae

(2P-P)=(P) tan” W + S,
Pi-(2Po- S¢ ) / (tan® ¥ + 1)
ge=1E(©-po)=U/r
Ur =grr

Ur = {u(2P, i)} / E

Ot - 2(ro?Po) 1 (ro% — 1)

Where, P, = pre-mining hydrostatic pressure atr =r,

P; = internal pressure applied against opening surface at r = r;

o, = radially oriented post-mining stress components, uniform for all
angular directions but varying by distance away from the excavation
surface.

r; = inside radius of circular opening in rock or linen\

r, = outside radius of installed liner or radial distance to boundary of rock
media if the opening is unlined

u = Poisson’s Ratio
U, = inward radial displacement
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Tables

Table 1. Rock Mass Rating System (After Bieniawski 1989).

A CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parametr Range of values
Srergln Pointlosd S0 WPs 4-10KPa 3.4 WP 1.2 NP3 For o5 low ramge - uians
o sl indes compressive fest B
i N
intacs rock preferred
1 Sp—— Unlaial corag. *250 WPa - 250 MPs 50 - 100 MPa 2550 MPa 5.26 | 1-53 | «t
srengh WPa WPa i
Rating 15 1z 7 4 Z 1 a
Loril coee Cuality AQD S0% - 100% 5% - 5% 5% - T8% k- 0% < 25%
2 Rating 0 i7 13 & 3
Soacing of discorgnities »Im 462 m 260 - B0% e &3+ 200 mm < 60 mim
2 Rating - w0 1% 12 8 3
WVery rough surfaces Slighly rovgh sudaces Slighty rough surfaces Shekensided suracss Sof gougs »5 mmiiick
Condition ol dscontmuties Hot eontirmsous Begacaton < L Separation < 1 oM oy Gouge < 5 ran thick ¢or Szparation » § mer
See k) Mo seperaiion Slightly weathersd weils Highly weethersd waliz or Separation -5 mm Cordinuns
4 Unweathered wall rock Continuous
Ratirg 30 25 26 10 . - g
irflow ger 10m Mane <12 1025 35128 » 125
wened Bagth (¥m}
Gepursiaa | Lot water pressy o <4t &4,-02 02-05 >45
5 B | mafer provipst o) )
Ganetal conditions Completaly dry Damg Vet Dripging Elowing
Rasing 15 1 7 4 G
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (SesF
Swike and dip orenations Vety favourable Favourabi Far Urdavourable Very Undsmurstie
Tusnels & mirgs g -2 R 18 S
Ratings Fourdshors & 2 . A5 5
Sioges ¢ -5 -5 -3
. ROCK MASS CLASSES DETERKNED FROM TOTAL RATINGS
Rating e« 81 E B4t Qe <2
ass rumber i # ti v y
Desariplen ary good rack Good wck Fairrock Pogr rock Very poor rock
D MEARING OF ROCK CLASSES
Class numbses : t i L w v
Ayerage stardbup g 5 yrs for 13 mosgen $ yest for W mapan 1 wesk for S mispan o hrsfor 25 mspan 3 minfor Y msgan
Cobesion of ek mass (kPa) >4 -4 200 - 30 100 - 200 <HE
Friction angle of rock mass (deg » 45 35.45 ' 25-35 1528 <18
E. GUIDELINES FOR CLASSIFICATION OF DISCORTINUITY corwditions
Discondnuity length (persistence} <im f-3m 3-16m H-Zom >24m
Faling & 4 2 1 g
Saparstion (aperiure) Horse <91 mm 0.1-t8mm £ 5 may =G mm
Raiing 8 5 4 1 g
Roughness Vary rough Hough Sightly rough Saweth Shekensided
Ealing 8 § 3 1 g
irelling fgouge) Nore Hard filing < Smm Hard §iling > 5 mm Sck#ling<Smm SoftflEng > Smm
Fating 8 A 2 P4 g
Weathering Umeaatherod Slightly weathared Sodsraialy weathered Highly weaterss Decompaosed
Ratines g § 3 1 i
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING™ :
Strike perpendiculsr io unnel axis Birike paralel ip jnnsl axis
Orive with dip - Dip 45-90° Dirive with dip - Dip 20 - 45° Dip45- 80 Bip 20 -45°
“ery favourable Favousable Very urdavoursble Fair
Drive against dip - Dip £5-80° Cibve againgt dip - Dip 20487 Cip 820 - brespaches of stke?®
Falr Unlavourable Fal

* Seme condtions are mutusily cxciuses | For example, §infiling is present, the roughness of fe swwiace will e overshadowed by the wduonea of B gouge, In such Cases e AL diecdy.




Table 2. Guidelines for excavation and support of 10 m span rock tunnels in
accordance with the RMR system (After Bieniawski 1989).

Rock mass

Excavation

Rock bois
{20 mm diametsr, fuly
groutad:

Sholorats

(- Very good Fuli face, ralty no suppor required excep! spot boltng.
fock 3 m advance.
R&R 81100
11 - Gooed rock Full face Localy, bolts i crown | SGmmin Noe.
R 61-80 1-1.5 m advance. Complate 3 mlong, spaced 2.5 | crown where

support 20 m from face. mwith occasional reguires,

wire mesh,

1 - Fair rock Systematic bolizd m 50100 mm Mone.

RME 41-60

Top heading and banch
1.5-3 m advance in 1op heading.

forg, spaced 1.5-2 m
i eromwen ang walls

in crown ang
I mmin

Commence support sfter each with wire meshin sites.
bimst CIONY,
Compleds support 10 m from
face.
IV « Poos rock Top heading and banch Systematic bolts 45 1002-150 mmy | Light to maditm ris

i orosn ang

spaced 1.5 mwhers

SR 2140 48 my advanees b % iong, spaced 1-1.5

:1;;&;; ; advance in top D Cronen and walis 100 svmin required.

e with wirg mesh. sides

tnstadl suppart concurrently with

excavation, 10 m from face. ,
N oo Yary poor iple drifis U515 m Systematic bolls 5-8 150-200 mm | Medium to heavy ribs
rock advance in top heading. miong, spaced 1-1.5 | incrown, 150 | spaced 0.75 mwith
R < 20 yars ~ancurrently wi mincrown and walls | mmin sides, | sisel lagging and

gﬁ;ﬁﬁ ?h%cr@t;if?gnm with wire mesh. Boll and 50 mm forepoling if requirsd.

e i o et o face. Chise invert

5 possible afler blasting

Page 13 of 19 - 04-Geol-AS, Rock Mechanics




Figures
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Figure 1. RMR Rating System for the strength of intact rock material
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Figure 2. The RMR Rating system: ratings for RQD
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Figure 3. The RMR Rating system: ratings for Discontinuity Spacing
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Figure 4. The RMR Rating system: Chart for correlation between RQD and
Discontinuity Spacing
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Figure 5. Modified Lauffer diagram depicting boundaries of rock mass classes for
TBM applications (after Lauffer 1988).
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ROCK CLASSES
¢ .. F . E p | c| B A
Excentionally Extromaly Vary Pocr | Fair Good | VoY Ext. Exe.
paor poor noor ‘ good ! gond | good
100 20
50 11
A7
",/
E, 20 .I'V 5
-E ‘1>
=
{2 R
e 10 3
Ela
510 |
sl 51 2.4
©
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w 4
24 3 i 1.5
14 R |
0.4 1

0.00 Q004 0.01 0.04 0.1

4 10 443 100 400

RQOD Jr Jw

Rock mass quality Q= “in X Ja * SRE

REINFORCEMENT CATEGORIES:
1y Unsupported
2} Spot holiing
3} Systematic bolting
4} Byatematic bolting, (and unreinforeed shoterete, 4 - 10 om)
5) Fibre reinforsed sholorete and bolting, 5 - 8 om

&) Fibre winforoed sholerete and bolting, 8- 12 0m
7) Fibre teinforced shotorete and bolting, 12- 15 em
&) Ftwe reinforced sholcrele, » 1S cm,

reinforced ribs of sholcrete and bolting
9) Castcongrste lining

Figure 6. Estimated support categoriés based on the tunnelling quality index Q
(After Grimstad and Barton, 1993, reproduced from Palmstrom and Broch, 2006).
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