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Disclaimer

This document has been prepared for use as a lecture note for the
subject indicated above. The contents have been complied from
relevant text books and technical papers, with a main emphasis on the
teaching methodology and learning step on the subject. The author
does not claim the originality of the presented materials (e.g., theories,
Sformula, illustrations & tables). The document is not intended to be a
technical publication. It serves as an internal document, and hence
should not be distributed nor sold to publics.




e

..i-.r;q,--.-_k,-muu‘-i.umﬁ*.l

2 * B @

3 = » & 1

P e
L f

o

434370 Rock Mechanics
5 credits

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

_—

434370 Rock Mechanics

e e e g e e o AN T o o o (e o e e e e e e e e e o e . o

Prerequisite: 410321 Soil Mechanics an

Instructor:
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SYLLABUS:

Topic | Introduction to Rock Mechanics

Topic 2 Stress Analysis

Topic 3 Strain Analysis

Topic 4 Mechanical Rock Properties and Behavior
Topic 5 Linear Elasticity

Topic  6: Laboratory Rock Mechanics Testing

MIDTERM EXAM

Topic 7: Rock Mass Properties

Topic 8 In-situ stress states in rock mass

Topic 9: Field instrumentation and measurements
Topic 10: Underground Opening

Topic | 1: Rock Slope Engineering

FINAL EXAM

»3 434370 Rock Mechanics
Scoring

» Homework 20%

» Quiz 10%

» Lab Report 20%

» Mid-term Exam 25%

» Final Exam 25%
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Defmltlon of Rock Mechamcs

““Rock Mechanlcs is the theoretical and
applied science of the mechanical behavior of
rock; it is that branch of mechanics
concerned with the response of rock to the

force fields of its physical environment.”

Defied by : Committee on Rock Mechanics of the Geological
Society of America (Judd,|964)
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Def1n1t1on of Rock Mechamcs
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Introductlon to Rock Mechamcs
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Introductmn to Rock Mechanics
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Introductlon to Rock Mechanics
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Introduction to Rock Mechanics
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Introduction to Rock Mechanics
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Objective of Rock Mechanics
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Objective of Rock Mechanics
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Objective of Rock Mechanics
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Rock Mechanics Problems
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Rock Mechanics Problems
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Rock Mechanics Problems
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Theoretlcal Ba31s of Rock Mechamcs
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Theoretical Basis of Rock Mechanics
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Difference Between the Engineering Discipline of
Strength of Materials and Rock Mechanics
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Homogeneity
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[sotropy
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Continuity

oA " @ a - ' '

) ANuARILIBY (Continuity) Jorannisnssusziiniuseiiiosgs daulnaszgnaii
2 y 19 ya A 9 o w . a4
2 Ll sesuanniesesdn luvazifarnuanuy lidetissinannsesuanyuse

& a & 4 4 ' Y a 3
sesdnlufiunouafudludsfinuegiaue (Discontinuity) AaiU MsAATIEA
| a;d’ g/ as - _d g) o ) 1 di ; J
Wiemssonuuunetesunamaasiudesuiudeainnu lisetioseuile
8
Auiliufiosan

p 29 434370 Rock Mechanics

» aweiuaue (Uniformity) Aaauianndiunamaaivesiagnieisnssuiign
s F oA 9 g as = o = [y = @ A 5
UszAugrToainiunnit@eiusslquanifmiioudu Januadiausves
auauianaunamand Favhlthedemslinrevnazesniuy uazdeaens
'l 49lse Teand
¥ ue hififud lvuluTanferlnamuidmesunamans willouduetauysal et
S d = 9 =2 w A A d A ¥ v alg va @
nnfiganenssiinnuadionaeiu vielimanuuimieniuseudanlndifissiu
& 9w o P & 4 A 4 o & 9 A o a 7
Aludu asiulundagiufivesaiudtuiludeddinedisie Tinsed uay

o &

. . _ e o am a £ o &

sonuuY Ingmnz (Site-specific design) MTviueaauiRvesnatusiniufinil
a4 i % ai )

lihlsegnaldludnnuinilsonseitiums limanzan

30 434370 Rock Mechanics



Pred1ctab111ty
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In1t1al stress
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Engineering Material Rock

Homogeneity Inhomogeneity

Isotropy Anisotropy

Continuity Discontinuity

Uniformity Non-uniformity

Predictability Non-predictability

Non-initial stress Initial stress
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Topic 1: Stress Analysis (AN OVERVIEW)

For Rock Mechanics (- ©eneral Machanios)

FORCE: DEFORMATION:
Compression Force (+) Contraction (+)
Tension Force (-) Extension (-)

Stress at Point

For =sho5A

P Z

&2 /g

Sl
N

Ty Y
Ox

SA . r 3

Oy Txy Tz

(a) (b)

Ty &

Tz2x Tzy Gz
L P
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Rigid Body Analysis

in Equilibrium
> Translation
3 Rotation

»3  434370Rock Mechanies

Stress Transformation

G, = G, cos?0 + 21, sinb cosb + o, sin0
— - i - 20 _ ein2
T, = (0, - G) sinB cosB + 1, (cos?0 - sin’0)

=14 (GY - Gx) sin20 + Txy cos 20
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Stress Transformation

y
G 2 * G s
y y x X
y;-\ T ﬂ)(;
N A
’Cy N\ ' y
3 /'9 . -
5 ’x<- X
Txy

oy = 0,C08%0 + 21, Sin6 cosh + 6,siN26
o, = G,8in0 - 21, sind cos O + 6, cos?0)
Ty = ¥2(0, - o)) 8IN20 + 1,, COS 26

Compatibility (Xc = constant at every position)

GXI + Gyr = GX + Gy

b 5 - ' 434370 Rock Mechanics

Principal Stress

from
Tey = Y2(0, - G,) sin*0 + 1, cos?0
GV
when shear stress, T =0 % y* 162
2Txy y; ﬂx,
tan 20 =—"—7-7 Y3\ e .
an 20 & " Principal Axis
G —_ G‘ \ s
X y g
/e G
=%, = Ux
’ny

Major Principal Stress (c))
Minor Principal Stress (G, for 2D, 6, for 3D)
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Principal Stress

Oy
o * G
'Y ¥ » ?
Vi A%
o Tyx F ;
L -~ Principal Axis
/l’e G
=, € Ox
Txy
G, = 2 (0,+0,) * 1,2+ Yao, -0, 1"
Gy = Y4 (0, +G,) - [T,2 + V(O -0,1”
» 7 434370Rock Mechanics

Principal Stress

6, = o, cos?0 + o,sin%0
= (o, + 0,) + 2 (0, - 0,) cos20
=-' (o, - 5,) sin20

Tn
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Mohr’s Circle

Mathematically, it can be shown that the normal stress ¢ and the
shear stress = on any plane that has an angle of 6 from the
minimum principle stress o, direction related to the maximum
and minimum stress in the following equations. These
relationships can also be expressed graphically by the Mohr’s

Circle:
l

zef‘

Gy = (o]

9y

- tension -€——— = compression +
1 1
g =—(ag; +a,)+—(0, —0;)cos 2¢
2 2
1

T =E(Gl —0;)sin 260
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Mohzr’s Circle

I’ A<

a
_.’..-.% R B
Ty T3

Lt ] (o}

- tension ~€————3compression +

When 6=0°, (the plane is parallel to o;) we have

Jza(o] +e:3~'3)+5(o'1 —0,) =0,

] .
T =—(0,—0;)sm26 =0
2
» 11 434370 Rock Mechanics

Gy Ty

U]

- tension ~€————»compression +

When 6=90° (the plane is parallel to ,), we have

1 1
o :E(O-l + 4:1'3)—5(0'1 — O, ) = Oy

T :%(0'1 —0;)sin260 =0
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Mohr’s Circle

9
e
a; O3

Y o) G
- tension -€———S@-compression +

When 6=45°, we have

| |
O-::;(O-l +O—3) :5(0-1 +O—3) = e

it

| . T ]
r=—(0, —0,)SI(—)=—\0T, — 0,

- z-max
, 13 434370 Rock Mechanics
Mohr’s Circle
.l AL center (o,, 0) with:
1
—;—--;/— e 0y :'E(O‘s +0;)
: ! A ¢ the radius r
O3 =] G’
|‘71 ) . l
- tension -€————=compression + 'j'r' = _(O'l iy 0'3)

14 434370 Rock Mechanics



Mohr’s Circle

1

0'2=§

{Il=§

| $ ]
c_l,l N ‘PT |
Ty : \/'Y U
r.
T~ O
Ty L 6/\ /

T Tl
pad .5 O
o
o,

Stresses at given coordinate system  Stresses transformed to anether coording

1

2
@s +0,) + 51/ (02— 0,)" +472,

1 .
(0 + 0y) — .‘\/(Um - Jy)z -t 4"'32:3;

7

15 434370 Rock Mechanics

In-situ Stress Measurements

Gy

ORr y‘ 400

>x<—(51

op = V2 (o4 + G,) + Y2 (o4 - 0,) COS 20
oq =Y2 (04 + G,) + Y2 (04 - G,) COS 2(0 + )

GR = 1/2 (61 s 62) + 1/2 (G‘l =

G,) COS 2(0 + a + f3)

16 434370 Rock Mechanics



In-situ Stress Measurements
Gy

ORr y* Gq

2

9P

m o > €O
= Y& (cs1 + 02) + 2 (o4 - 0p) COS 20
O'Q =15 (o4 + Gy) + V2 (04 - 0,) COS 2(0 + Q)
or = V2 (0q + 0y) + V2 (01 - 6,) €0S 2(0 + o + B)

in case a = B = 45°
G4+ O, = Op + OR
-0, = {(0p - 20 + og)* + (op - OR)T}"
tan 26 = (op - 20q + GR)/( Gp - GR)
17 434370 Rock Mechanics

In-situ Stress Measurements

oy
ORr y* Oq
A A :,‘\
e = Op
\\‘\\['.‘:Ia”},’
\\.’ 9 5 * Gl

op = Y2 (oq + 0);) + Y2 (o4 - 0,) COS 20
Gq =2 (04 + G,) + Y2 (04 - G,) COS 2(8 + o)
or = V2 (04 + G,) + Y2 (04 - 6,) €OS 2(0 + o + B)

in case o= 3 = 60°

Gy + G, = (2/3) (op + ©q + OR)

(01 - 0,) = (413) (o - oR)? + (419) (20p - o - Q)2

tan 20 = 3"(cq - og)/(cq + OR - 26p)
18 ‘ 434370 Rock Mechanics



Greek Letter

Greek Letter Mame Equivalent | Sound When Spoken

A o | Alpha A al-fah

B B Beta B bay-tah

T ¥ | Gamma G gam-ah

A 8 Delta D del-tah

E e Epsilon E ep-si-lon

Z € | Zeta Z zay-tah
H 7 Eta E ay-tay

® @ | Theta Th thay-tah

I lota | eye-o-tah
K « Kappa K cap-ah

A & Lambda L lamb-dah
M p Mu M mew

N v Nu N new

& & Xi X zzEye

O o | Omicron Q om-ah-cron
II = Pi P pie

P p Rho R row

£ o | Sigma s sig-ma

T E Tau T tawh

Y o Upsilon U oop-si-lon
o ¢ Phi Ph figh or fie
X x Chi Ch kigh
¥ oy Psi Ps sigh

QO o© | Omega 0 | o-may-gah

434370R00k Mechanic-sﬂ ‘

—
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Topic 3: Strain Analysis (AN OVERVIEW)

For Rock Mechanics ( = General Mechanics

FORCE: DEFORMATION:
Compression Force (+) Contraction (+)
Tension Force (-) Extension (-)

- 7 4sa70ReckMechanics

Strain of a Line Element

l Definition
| $AL Engineering Strain : eeng = Ada/ Lo
L
9 L True Strain : gxd2In(L/L,)
77
AL =L, -L) Relationship

A eng

=1In (1 8true){

2 434370 Rock Mechanics



Strain Components in 2-D

Sy v!‘f‘"‘s‘}i'@ﬂﬁ?:?éf'?‘ﬁ j | —1 ‘ﬁ
Yo ¥

Ty An
Xy

Ex =P \

<&,

— " iy

Tyx

Ey

p 3 434370 Rock Mechanics

Strain Components in 2-D

Shear Strain

4 434370 Rock Mechanics



Strain in 2-D
Consider : AOPR -> AO'P'R’

e = (O'P"-OP)/OP = (du/dx)
e, = (O'R”-OR)/OR = (dv/dx)

u = displacement in x-direction
v = displacement in y-direction

%1

= 2y _

| 1 I 1{ov ou Yxy 61 4 82 ; = (du/dy)
R e e Py = (du/dy + dv/dx) 5, = (dav/dx)
.5 434370 Rock Mechanics

Strain Transformation

e Set of strain equations
*V g as same as stress equation
EVA y el
Vi X Replace symbols:
Y \ Yx Axy O byé
LAY B toyor Y2y
S, <t
)x X
’ny

g = £,008%0 + 2I,, sinb cosb + &,sin0
g, = &8in%0 — 2T, sind cosO + ¢, cos?0

Iy = Y2(g, - &) sin?@ + v,, cos 26

6 434370 Rock Mechanics



Strain Transformation

AN
foy
€y

€, = €, cos20 + 2T, sin0 cosb + g, sin?0
I, = (g, -¢&)sind cosd + I, (cos?d - sin0)

n

= (g, -¢)sin?0 + T, cos 20

7T fsst0 Rock Mechanies

Principal Strain

when s s, gl Sl
3 * €2
2I', Y y o
e 205 LR A
o) 5 " Principal Axis
X y i ¥
< .
> <&
Vxy
= "2
g = Ya (€ + &) + [ny2 + IA(EX‘EY)Z]

g, = Yo (€ +8) - [[,2 + Vug, -€ 1"

Volumetric strain, A (change in volume / original volume)
A=c¢g+g = g teg

8 434370 Rock Mechanics



Strain Gage Rosettes

Strain Rosette for Strain Measurement

A wire sirzin gage can effectively measure
strain in only one direction. To determine
the three independent components of
plane strain, three linearly independent
strain measures are needed, i.e., three
strain gages positioned in a rosette-like
layout.

e ENG L ps

e Grig e,

1T . ; 2
[ Marks P \'\
fil
S
i

End Loops

CricLargh

Backing and
Encapsu l@lcn
PR—

Sxlder Tabs

»9 434370 Rock Mechanics

Strain Gage Rosettes

General Form

¥

Consider a strain roseite attached on the
surface with an angle a from the x-axis. The
rosetie itself contains three strain gages with
the internal angles, as illustraied on the right.
Suppose that the strain measured from these
# three sirain gages are'e,, €, and &,

o T respectively.

Ty

Applying the coordinate transformation equation to each of the three
strain gages results in the following system of equations

2 . 2 -

£y cos® &, sin” @, +sin 2, £,
2 . X :

Exp = |cos" @y sin® @y gsin 2y | Y8, ¢
- £s 4 L alin %

£ Co3™ & SIM° & 5510 28 Y

10 434370 Rock Méchanics



Strain Gage Rosettes

General Form

&, cos’ @, sin‘a, itsn2a,) (e
Eap = cos” &y sinzﬂfs Tsin 2¢p | £y
Eol cos® @, sin’a, 4sin 2a.] |y,
€ = COS? ¢ + sinay e, + Y2SiN2 oy
€gg = COS?0géE, + Sin“oge, + V282 o
€& =  COS?0gég, + Sinfage, + Y28in2 ag
» 1 484870 Rock Mechanics

Strain Gage Rosettes
Special Cases of Strain Rosette Layouts

Y Case 1: 450 strain rosette aligned with the
X-y axes, i.e., oy =0%a, =45%and o =90°

|

\1

]

W‘

I/ £y LT Ag OV | &
t 1 eap = |05 05 05| {g

= £ 0 1 0 y
0 N *

88
Rectangular Rosette

I
[
12

L)
—
4]

12 434370 Rock Mechanics



Strain Gage Rosettes

Case 2: 609 strain rosette, the middle of which is
aligned with the y-axis, i.e., a, = 00, oz = 60°

£ 1o 0 Y [g
£ap = |0.25 075 0433 | e,
ojanar 0°-60°-120° Delta Rosette
Delta Rosette S 0.25 075 -0433 Vs
€, 1 0 0 ! €,
e, = 13 23 23 &,
Vs 0 11547 -1.1547 .
> 13 434370 Rock Mechanics
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Topic #4 Friction of rock joints

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

Friction in rock joints

» Microscopic Scale

- in which friction is postulated between opposing surface
of crack

» Large Scale

- In which it occurs between individual grains of pieces of
aggregate

» Geologic Scale

- In friction on joint or fault surface in which the areas in
question

2 434370 Rock Mechanics



Amonton’s law (Boden & tobor, 1950)

1 F = Shear Force

u=F/Wor F/N
1 = coefficient of friction
N = normal load

¢=tan?! (4) = friction angle

W

434370 Rock Mechanics

F = uw or uN &===m Divided by A (area) into both side
F/A= uN/A

i T

w=1t/c

L= coefficient of friction
o = normal stress

¢=tan! (4) = friction angle

434370 Rock Mechanics



Power law (murrel, 1965)

F = uon €z Divided by A (area) into both side

F/A - }.LONmIA m = constant (2/3 - I)

:

T = o™

5 B - 434370R0ckMechanicsb |

Coulomb’s law (jaeger, 1959)

Linear Law

¢ = friction angle
T=c+uo ¢ = cohesion

T T=c+ 0o tan

¢

¢=tan?! (4) = friction angle

6 434370 Rock Mechanics



Laboratory Testing for Friction of Rock Surfac

:

€
v
A
=

Vil i o i Yo

- -

—
1

—»>F

rarard Vi A A A A e s P A A AV A A e e

~
]
1

é+(?
_b,

(a) (b) (c) (d)

7 434370 Roclk Mechanics

Coulomb Criterion (jaeger, 1959)

7= shear stress

o = normal stress
¢= friction angle
¢ = cohesion

c = Ya(o, + 6,) + ¥2(0, - 6,) cos 2f3
T = -¥2 (0, - 0,) sin 2f
or
c = 6, *1,cos2
T = ':m Si: 2B P T {sin ZB-tan(i)cos ZB}; ¢+0 tan(b
T.= (G'm+c cot ¢) tan O
Gm = Ya(o, + 0,) tan O = sin d) cosec (2[3-(1))
Tm = Y2(0) - 03)

8 434370 Rock Mechanics



Example

Rock type L (tano) c (kPa)
Granite 0.64 310
.......... T e 7 i ™
.......... Frachyte ™ B W e S
.......... T e B = e T
.......... T S f | S R T, A—

434370 Rock Mechanics

Joint shear strength criterion

| Coulomb Cnterlon (Shear Strength of Planar Discontinuities)

2. Patton Criterion (Shear strength on an inclined plane)
3.Ladanyi and Archambault Criterion (Surface Roughness)
4. Barton Criterion (Surface Roughness)

434370 Rock Mechanics



Shear stress vs. normal stress

Intact
weak rock

t | Rock
Fractured masses
strong rock

Rough, clean
gﬂ o
T
b Smooth, clean| .
fracture - Discontinuities
| Infilled
fracture

Shear stress, ©

Cohesion

| Eﬁective normal stress, ¢

T 434370 Rock Mechanics

Coulomb Crlterlon

-Shear Strength of Planar Dlscontmultles
» Peak Shear Strength
» Residual Shear Strength

(a) Shear displacement, & (b)
Normal stress,
‘I <— Peak shear strength
— Residual shea
strangth

Shear slress, ¢

Shear stress, ©

Shear dlsplaceme:Tt, b

(c) Peak shear strength (d) Peak strength

- T=c+atand, T=C+otandg,

]

o i

@ g

w0 2

2 By O tan ¢, E

7} ]

2 T=aland,
Cohesion, cI ‘ = Residual strength
MNormal stress, o Normal stress, o

12 434370 Rock Mechanics



Coulomb Criterion
| » »Peak Shear Strength

T = ¢, + o tan ¢,

T = ¢, + (c-u) tan d)p (Effective Stress Law)

» Residual Shear Strength

T = o tan ¢,

T = (c-u) tan ¢, (Effective Stress Law)

where u is the water pressure within the discontinuity

, Ié 434370 Rock Mechanics

Coulomb Criterion

Table 4.1 Typical ranges of friction angles for a variety of rock types

Rock class Friction angle range  Typical rock types

Low friction 20-27° Schists (high mica content), shale, marl

Medium friction 27-34° Sandstone, siltstone, chalk, gneiss, slate
High friction 34-40° Basalt, granite, limestone, conglomerate

14 434370 Rock Mechanics



Patton Criterion

» Shear strength on an inclined plane

=1
Ta

i = asperities

>

Patton Criterion

17,=1 Cos? - ¢ sin i Cos i (6.3)
o,=0 Cos?i - g sini Cos i (6.4)

If it is assumed that the discontinuity surface has zero
cohesive strength and that its shear strength is given
by

1,=0; Tan ¢ (6.5)

sub equation 6.3 & 6.4 into equation 6.5

t=c Tan (¢ + i) (6.6)

: 747347377707 Rbck Mechanicis 7

» Shear strength on an inclined plane

Average dip
56—60°

Average dip

Average / angles for second-
order asperities

Average i angles

Aver;gue dip for first-order asperities
0 25 50cm
—, )

Approximate scale

Figure 4.11 Measurement of roughness angles i for
first- and second-order asperities on rough rock
surfaces (Patton, 1966).

Figure 4.10 Patron’s observations of bedding plane
traces in unstable limestone slopes (Patton, 1966).

16 434370 Rock Mechanics



Ladanyi & Archambault Criterion
Surface Roughness

_o(l-ay)(v+tan ¢p)+a .1,
- 1-(1-a,)vtan ¢

where a4 = proportion of the discontinuity surface which is sheared
through projections of intact rock material = A /A

v = dilation rate dv/du at peak shear strength
T; = shear strength of the intact rock material
\
Jr . ‘ |
—— = 0
— > U
T
» 17 434370 RockMechanics
Ladanyi & Archambault Criterion
Shear strength proposal by Fairhurst (1964):
: 1
#l+n -1 o |?
T =0 gb——| 1TIRPN
n o,
where o, = uniaxial compressive strength of the rock material ()
n = ratio of uniaxial compressive to uniaxial tensile strength

(oclop)

Hoek (1968) has suggested that, for most hard rocks, n is
approximately equal to 10

K L
v=[1-=| tani and a, =1- L=
L4 CF

Where, for rough rock surfaces, K =4 and L = 1.5.

18 434370 Rock Mechanics



Barton Criterion

Predicting the shear strength of rough joints was | 1+ {  o0-2
proposed by Barton (1973)

T=0 tan(;z}b +JRC.Log,, &) - 1 e
c

where  JRC = Joint Roughness Coefficient I e NSRS il

» Field (In-situ) Testing
» Laboratory Testing

20 | 434370 Rock Mechanics



ool Somteins. escrcise. SRS

& = 200 ton jacks
B - 15x15"x8" rock sample

C - Spherical seats

D - Dial gauges

E - Grouted anchors for frame
Lo sSuppcri gauges

F - Pivot shoce

G - Tinber blocking

H - Spacer column

e v 2z 3 "
e
Approx. scale - fi.
A
ary L
; ; 1 s}
A %
e weere Shwepr Tt
P 21 434370 Rock Mechanics
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TiLT TEST
oN
THAEE
COHE PIECES

UGUWAL RANCE
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Topic 5
Mechanical Rock Properties and Behavior

ﬂmaunmm Wﬂﬂﬂﬁiﬂ!‘ﬁﬂﬂﬂﬁ]ﬁﬂﬁm’ﬂﬂ‘ﬁﬂ

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

v

ﬁgﬂ‘iwﬁ'ﬂﬂ

a

4 mmmﬂﬂmmfrmmuaw‘wqﬂﬂﬁsnmuﬂaﬁmsmawuwuﬂuﬂam ”tuu VLHDUAD
senangqufuazniitlilszgnaldniel fiia
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aaaulifvesRudIuNan1an3 (Mechanical Properties)
> AnudAngY (Elastic)

» Aauli1e (Brittle)

> AU HeY (Ductile)

> anuslunaraan (Plastic)

P Nsuan (Failure)

4 mmwﬁqmumu (Hardness/Durability)

(@vinsanTassmudmaauiduazwganssuvaaiuzuensananiulild )

P Mineral compositions

» Specific gravity / Unit weight
» Porosity / Void Ratio

» Moisture content

» Degree of saturation

» Chemical effect

P Thermal properties

b Electrical properties

434370 Rock Mechanics



fodanruguaAMaNIAUBIHY :

a e Ne Y e e A e T Y S e T e T e T M R AR M e R WG AR T A W W WA P T e S e e e e e wa e W ML ML A A L A A e A e A AR T e e ey
-

Control

» Nature of rock itself

» Stratigraphy (in-situ)

» Rock defect (discontinuities)
» Test Methodology

g VP GOS0 GGG g g A S e e e e R e

| 5 434370 Rock Mechanics

AENUAYIHY

“““““““““““ TR o O g eSS e i

» fiussiinsesvauadnausanunsziies1ls szdesodonisasinasy
) @ o ] =3 3’, e as
ANMNAUNUF TSN IIANMAULAZ AR BAVDIRNIEY q Bluvdn
9 QU ) g 3 [P Y 1
b anuduiutidesduilaz ldunmsnaaey ludesliiams lugduuued 4

(Uniaxial test, Triaxial test, Polyaxial test)

-

4 434370 Rock Mechanics



=y [~ n/
MuTaueneieuaesdnyuzie
1 msulaeuzisnnsemsigimeldusaiuinsgsi (Deformation)

a wa ; = o A a v a & @ v
3 ﬂ’lﬁuﬂﬂﬁ%'ﬂﬂﬂli')ﬂﬂ (Failure) ﬂ'lﬂiﬁylﬁQWN1ﬂ53W1mlﬂuﬂ’J]ﬁuuu 9 ﬂgillllﬂ
(Applied stress > Strength)

| 434370 Rock Mechanics

maasugilars / m3ig1l (Rock Deformation)

a 1 o
WYANIINBANE URE19aHY5 D (Perfectly Elastic)

ANNAUHUTTEHINANUAUaZANMAT IRz dDlinaa Wi N WeuLas AR (Unique relation)
c = f(g)
A 1 = Y
ﬂ?ﬁJﬂﬂ%ﬂ‘HﬁN!ﬁﬂﬂﬁ@

o

v @ g

4 = \
wituguanudmivsgnzau@lnihuduass
Y A

a 2 g o @ = a2 A

o ﬂ?1Nlﬂuﬂlwumuﬂ3!ﬂu1’7ﬂﬁ'}uiﬂﬂﬂﬁ\ﬂﬂﬂﬂ?WﬂLﬂﬁﬂﬂﬂlWﬂJﬂlu
o a ul A Yo 3 Y e ¥ “d
ﬂuiuWQﬂHuﬂ:’,LLﬂﬂ ﬂlﬂdﬂnlﬂﬁﬂllﬁﬁﬂﬂﬂ']ﬂ&l@ﬂ'ﬂﬂlﬂuﬂﬂﬂﬂqﬂﬂ’]"lulﬂuuﬂﬂ‘UENﬂ

2

c = Ec¢

a = L~ 1 s o 1
Taef E sziFon1nilua Young’s modulus w%ﬁyﬂisﬁmﬁmmmm%wqu

3

= = 1 =
s aums i llammgufvesnnudanduiFuduass (Linearly elastic theory)
(a)

434370 Rocl Mechanics



manfasu3ia1a 7 m357331 (Rock Deformation)

& T = ¥ 4
mmsquuwaswumuiﬂa

P wa A 1 1 Shn 1o & A )
c § ﬁumﬂmﬁnmmmﬂwquama’dwsmﬂllmnﬂuwmmmu
= ~ @ w o2 3/
Lmzﬂammiﬂﬂ%nmmauwumﬂumuma
/4 Taofiauusamial E veanu'ld
// fo PQ azitluen Tangent modulus
a 1

uamﬁ’u OP 9211]1A1 Secant modulus

(b)

m"a'l‘ljaﬁmgﬂ‘iw / mﬁgﬂ (Rock Deformation)

Hysteresis ﬂlaﬂmﬁﬂﬂlmzﬂﬁﬂﬁ]ﬂﬁ?ﬁlﬂﬂﬂlﬂ&ﬂ?‘m!ﬁu

-~ 1

TasastufrAiudlnuandatauguediaauyss

£ = 1 ~ ) =N & A “' 9 N I~ o
zaoalmANuRsaluguaiomANuALg nanaIu Ll uegud

as H s 1 x:%,
mInduAAgudvesmaNuRuIazANATEA T
2199 NANHULANAUN TN LUBIAMANUAULES

= q aa g) 1 9! k1) 2 A 1 &
anuasoa luvaeiiuiuegmeldnnuau FaFenan Hysteresis

HannmuauveInNUALn 1dnMsnatazIInNsAaIe8ANANAY

(c)
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d =
WYANTIUNIAIUNAM AT VD IR

aunsousnetueduaesdnyuzie

L manlasugisanSemsigdmelduseininsgsi (Deformation)

1 o

a g ; = o a = 1 o as a 9}
5 MSUANUIBAIT IR (Failure) melausanuinszyhmnAun 1 fuIy 9 awiuld

(Applied stress > Strength)

434370 Roclk Mechanics

mstasugila1e / m3331 (Rock Deformation)

& ] 1 d
WGANITNBANE UL 19811y 50 (Perfectly Elastic)
armduius sz INa MU Rz AMIIAT IATEAlinaaNE MuUeUIEs TiA ALY (Unique relation

c = f(g)

ANNEAREUTUTUNTS

g é’ @ a & =g 9 o
AU uanuduiufagneeundldihuduase
4 4 2 o 1 v o oA 2
Ao anuduiiuiussiiudadiuTasnsefunnassafmuay
wiunganuazuanliidie Idsuusananmeldnnuduifesannuduuanusd

c =Ec¢

i v 2 ' @ a £ 1
Taoh E 925 8n71uTuA1 Young’s modulus Hiodulsz@nsuasaudanauy
g ]

£

(a)

r_-%', I~ = -] 1 a 9 . .
ammimﬂu"lﬂmmmummm’;mﬂﬂwqummuma (Linearly elastic theory)
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matasugilana s m3331 (Rock Deformation)

) 1 a A 9/
ANMBANGUBIVUIEUIAY

s Fuiifquauaanuianguedraauysain hisuiluiianudu
sazanueisaszlinnuduiusiuduas
7/ Tasdseausanial E voaiuld
/ fi® PQ 92111UAN Tangent modulus
meﬁ U OP i}gﬁluﬂ"l Secant modulus

(b)

434370 Rock Mechanics

ﬂmﬂnﬂmﬂsw / minﬂ (Rock Deformation)

Hysteresis VBIMIINALATNTARILAIDONVDIAIIMAY

. Ta aﬁiﬂué"faﬁuﬁﬁﬂmﬂuu‘”ﬁﬁﬂwfiuathaﬁmumﬁf
ﬂw@nawmmmmsﬂmﬂuﬁuﬂmammmmmﬂaﬂamnﬂuﬁuﬂ
msnduiunigudveamnuduazaiatenti

’t’]'li]i]gllﬁﬂHﬂwﬁ'l\lﬂ‘]_lﬂﬁm’u‘llﬁ\‘iﬂ"Iﬂ’J'IZULﬂuLL’ﬁ%

=4 = a S ! v Y 2 A ! .
AnuaTea Tuyuzsniiuegnglan Ay 3aisen Hysteresis

AAAMUALVDIANUAUTN IF1ANMTNALAZIINAITATIEBONNANAY

(c)
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o Y d
anuFTUEsrneanuduaza RS g iany s Hy

#2471 1 (OA) + 1299 2 (AB)

aow ] & 1 A o
C w1lszngadlsdaEangnaU AN Tl

' - = < d oW
faaf N UaINgUd ATATaavzaaN L ugudITUY
9 ' 3
| P ndesyiley lilimsnldsuglediansvesiuiu

T ! d a
AnuFuRuS s NAMIRY A RS EAT i a Y al U IR

el C 13497 3 (BC)
' P, daulugizsunndenuduiinnszanm 2 Tu 3
f
B /1 YDIAIUAUGIGA
IFUANUANNUTIZADY 9 AARNTUAY
7 / = =2
; 4 o uaz luiigavzdagagega
/7 \ ,

) ol o lasiduanudiniusuzegluuuineusseznil
/J / v Ay y = ¢
/ P Tuyetimanuaugnanawuilugud

/ / = ’hl! o lrl = 4
f Anuasease Lindu lingud

= lﬂ' 1 =

wimsulasugilednnsvesiu

(=]
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o @ ] 4 d a
ANNENNUEIZHIANUAUIAZANATIATIANY TAIVBINY

%299 4 (CD)
o @ o
Gl o s e e = EUANMUAURUSIZHAINANUAULAZANUATIAIZAAAY

4
WOANTTUFUTNILEoNIIANU512UBIHY (Brittle behavior)
Y ) - s - A~
1mANUIAUYNaauIRgud 1INtz ins/asugl
£
YDINUBINATITUINVY

434370 Rocl Mechamcs

ﬂ31ﬁJﬁNWHﬁﬁ“"ﬁ':]Nﬂ'J"IN!ﬂulmwﬂ31ﬂmﬁﬂﬂﬂﬁuﬂﬁmﬂl'GN‘H‘L!

=
MBI DETRIATE ﬂ‘VILLUQ‘i”ﬁ'J'N‘HHTﬁJ

UTVUADINBANYY (Elastic) NUAMANITAMTIY (Ductile)

4 ANV NNFTENIIATOUAD (Yield pomt)

-2 =p.

ot ' uazﬂ'lmmmuwmwuﬁnmg@umaﬂswsﬁan'jw
flusnuAueoUAa (Yield stress) ag 19@18071 G,
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MSUANYDIYY (Failure)

thasfshlvduuanlunategiluuy

I é’nymzmammﬁmnizﬁa (Load Characteristic)
VUM (magnitude)
NFINY (direction)

p 3 qmﬁuﬁ'ﬁmmﬁu (Rock Properties)
ANMUWUWUY (density)
‘ﬂ%lﬂmﬁﬂ/’ﬂ ?13J’§1& (water content)
ﬂ'%mmua:ﬂﬁnﬁzmﬂﬁaﬂsquwgu (pore space)
SOUUANED 9 (micro-crack)

HIITARATLZHIHANNT (bonding biw mineral crystal)

o 434370ROCk Mechani.c'sw A\ ‘ | - -

MSUANYBIHY (Failure)

A Y ' = @ ) v @
P eldnedemsfinmgadnvazvedsosuan  ugilniinszusnizgnlniiv
puudaeuNeiisuAUAEMIYews NN lummaaeunaauianediy
o 9 a wa
nasmaas lunealfiiams
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Types of Fracture

ANHUSUVDINITUAN
| f
f ! f

(a) (b) (¢) (d) (e)
Long.itu.dinal Rhear Fracture Multiple Extensional Extensiqnal L
Spitting Shear Fracture Fracture Fracture by Line Load
B 434370 Rock Mechanics

‘fI.‘_y_pes of Fracture |

Longitudinal « NSLANLULLINDONIINNUATNLUITTINVUIUALLTING
Spitting o
Jinnulunmsnaaey UCS

! NUYUIA LD 1109 (>3)
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Types of Fracture

mIuan o
4 Y o ) 4 ™ 4
Shear Fracture - 3z laveensalunmsnaaaun1IuaIL UCS ¥30 Triaxial N1 p A19)
3 ]
- A1v09TRTUANLULIROUT AT TYALAs YRR UNBY TEHINT B oL
kY
l wazaznuAEiwan 9 viversuestiulusesuaniu

VB-11-13-TR-03 |

-
A%

1

- »
S0 SR e e

O

e

T ypes of Fracture

= | I={
. soauanHuH IR uuuI U
Multiple y 1
Shear Fracture * Wi laninmsnageuiunieldusana luaiminu (Triaxial compression test
H ° a ] yd o
< yuaumsni ldinasssuansuiinazmisunumsian luuuuiou
uatiesnn lumsnaaouLsang
=1 3/ v, o 9 9 g '
Tugrunuz TusInAnuIATE AU ¥ ETRTR T
’ = 7] 1 c& a Yo (Y] \ 3'»
X Ye9rudIadInanaial a9vih 1 udaied1aiu
— % ‘_ A g ' o e w
008 fimsuanimediuiluyanduurvuiunu
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Types of Fracture

Extensional
Fracture

] 1 k7 =
Auegmalausang
« fuazaeannniu ldinasesuanlu

- dunianliussdadariosnga

Fus .« FNUDITRULANIE TLALAL TUTIHITS DIFY
HUNNAINNITYANTO lnupIn

.....

.
W
el
b
o
x
o
(al
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(4]
N
-
B
2 4
=
LR

Types of Fracture

T

Extensional
Fracture by Line Load

LABONATORIES, INC.

FESENIT, ARLIONE. F3I43 UL &

STRUCTURAL BENAVIOR EMINEEI'NGI

I

% e 2
MIUANUULAINNATVUDINAITNA
a 1 yq -7 =
C ONHAUZIFUTNANIIVDILTINAIZUUIUNUNANIUDITO LA
T ' e S 9 o Y a - 9w
* FId 108 19anadna Inm Iinamsuanutinazaden
na lnfy IAaNTUaALUULENDBNINAUATLLL I
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v Y
WHANTTNVDIRUNTUAVIA

= a A~ ! o a g w = ! £
> maldsugvesiuniianuseudinnvalsyiaaziunuszezainegaielaus
NUINTLIM (Time-dependent deformation)

v 3 y '
b ngAnssuvesmlasusdsuiiunensaFonat “nmsndoulua” (Creep deformation)

£
b AUMAITU (NAHY (Rock salt) B1UHU (Coal) HUAUAIY (Shale) HUAY
= a . [~
(Claystone) ¥ulpau (Mudstone) LAZHIUNT il (Siltstone) wludu

434370 Rock Mechanics
Deformation and Creep Mechanisms

1) Dislocation Glide (Cleavage sliding)
d'! 9) =2 1
ﬂ?‘ilﬁ@ﬂﬂl’ﬂﬂiﬂE!L!ﬁlﬂ!,ms‘ii’f]ﬁli']’ﬂuwﬁﬂGUENLL'i
2) Dislocation Climb (Inter-granular sliding)
-dll ] 1 = )
NITLADUUBDIIDYABD IS INHANUDILLT
3) Micro-crack initiation and propagation

a & ! 1 A 3 dql} =
NIINAVUBDYTNABDIUBDIVDITDULANLAN €) 1utuawu
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Dislocation Climb and Glide

Dislocation glide 7

Dislocation ci

434370 Rock Mechanics

Micro-Crack Initiation and Propagation

'] 4 |
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Time Dependency

> o : 434370 Rock Mechanics
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Failure Strength criteria

Prachya Tepnarong, Ph.D.
__ brachya@sut.ac.th

Failure Strength criterion

x Coulomb Criterion *

% Griffith Criterion

x Empirical Criterion

% Bieniawski Criterion

x Hoek and Brown Criterion*
x Yudhbir Criterion

% Kim and Lade Criterion
% Johnston Criterion

434370 Rock Mechanics



Coulomb Criterion (Jaeger and Cook, 1979)

% Linear Law
|t| = c+puo
|t|] = ctotan¢ (L= tan 0)

where :
L = coefficient of internal friction

¢ = cohesion
¢ = angle of internal friction

434370 Rock Mechanics

Coulomb Criterion (Jaeger and Cook, 1979)

Mohr's Coulomb

A
s

« Internal Friction Angle
etk

s 1

Shear Stress
%

Z

Cohesion ,~”

P

G3 O4 Normal Stress
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PG

axial alress,

Coulomb Criterion (Jaeger and Cook, 1979)

Mohr's Coulomb

e

| T

| T

Shear Stress

Cohesion

Va

= @t o
| =c+otano

Vs
Internal Friction Angle
idh

~Normal Stress

434370 Rock Mechanics

Coulomb Criterion (aeger and Cook, 1979)

Failure Criteria: 6, vs. 65 Plot

The Sirength of Rogk Materials in Triaxial Compression

1CC— P
—
./
.-/
. -/
./
ke ~arerenm
‘-/‘
-
r/
i
' k/

ool | 4

W gttt

) =yl

[l

| |

\ i

By 1

i ¢

= G sd < 25 ) & = a2

Centiming gpressure, phd=t]

Fig. 2. Strength envelope
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Internal Friction Angle

¢ = arcsin

m-—1
m+ 1"

cohesion

| —sin¢

ol 2c05¢

Y



Coulomb Criterion (Jaeger and Cook, 1979)

Failure Criteria: T, vs. 6,,, Plot

A
5
| K-line
)
R R
I
£
e |
Internal Friction Angle
¢ = sin?(tan o)
3 cohesion
c=a/cos ¢

O =Y%2 (0, +03)

434370 Rock Mechanics

® @ @
Griffith Criterion
7 7 7 . 7 7 dg | | " =1 . c?!' a Ao
ﬂQ”IJ’EN Griffith i]zJJW‘L!ﬁ'miﬂﬂ’lﬂ ATTUNINTSA1HUBDITOULANIAN q (Mlcro-cracks)iumﬁmuﬂu

] ¥ H
ﬂ']'li]!ﬂ‘i"l&ﬁ@'(‘l ﬁﬂiuﬂ’]ﬂﬂiﬂﬁ]ﬁﬁlﬁiﬂm11”13’6"(%1‘1"!)313'1111@‘51_]'lElﬂ"IiLLﬁlﬂ“Uﬂ\fHuﬂJH’lﬂi‘ﬂﬂlu EANGA

3
Griffith emnsameu lioglugiussniumdundn laaadl

(0l - 03)2 = 8T(01 + 63) 91 c t 303 >0

9
T—6'3 mc]+303<0

| 1 k4 Jl o’
T iluAusssinunnudiugeanluuunie ngiisesnlignwmunlag Murrell (1966)
Tnaanui liAusdiunNFugaga uuwInadiAnily 8 wihaesAwssinuAAugIan

LUIAY Aatiu

(0, - 63)2 - 8T(c, + 04) = 16T2
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Emplncal Criterion

ungwmﬂﬂmwimmwmuwu@ﬂﬂwmmma‘mmﬂuwmﬂg‘umm? ngmmu’lquwgm\a
sandunfiudu uslfignaireduluguusing | i Iﬂﬂmiﬂwmwﬂmmmaﬂmmmamu
ﬁqquﬂ’ﬂﬂﬂﬂﬂdﬂuNﬂﬂiﬂ@ﬂﬂﬂ’ﬂdﬂ{_]ﬂﬁm%‘ (Empirical relationship) ﬂ{]L‘Hﬂ’ML‘ﬁu

o, =A+Bt‘53
_ &
! _A+B0-3
c, =Alog(B+GJ)
A(cl+03)+B
c,—0,=

c, +0'3+C
a
c,-06,=A+BC"’
- C
G, =g, = A+B(01+03)

G -6, = Alc. +6.)B
1 3 1 3

A,Buaz C Lﬂummﬁ ?ﬁ Fumu mauummwu
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Bieniawski’s Criterion
Bieniawski (1974) "lﬁ’vi“mmﬂ;;]ﬁ'uﬁﬁqmﬂwammﬂﬁmﬁau“luﬁ’mﬂf]ﬁﬁﬂﬁ Ao

a

10t a azflAnagszndng 0.85-0.93 UATAN B A20E9TMI 0.7-0.8
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Hoek and Brown Criterion

Hoek and Brown (1980) lAWEINENHNTENLHATBINITULANTOIAUA bHATN
HaelfiiAnng ieaaaziulltenisuanzesfiuauna g iesrauresiaiiu

ar GRI »dl 49,« =
NOBLRULNNEN LAUAAUNIAR

. I
Taen m uag s Wua1nen
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Yudhbir Criterion

Yudhbir et al. (1983) la¥iinsnaaeuruyu funse taziiudaiivateysiia Tag

nadeumsnaluauuny uagayinasenu1dn nued Hoek and Brown 12 149 1a@
v A a A " 92 9 a = = . "

Aoleriuiinnulizge vazazld i ldatuiinnumiled (Ductile) Yudhbir

=2 14
UAZAMUSIUTUBD ﬂ{]i‘ﬂ‘“ﬂﬂ

] &

a HANTEN974 0.65-0.75 AU A WaT B 1A AsiasuruTinaasiv
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Kim and Lade Criterion

Kim and Lade (1984) lat@uangmsuanvesiuluiiania A

I’ I

2]

A n, UAT m [HuA A BuiuA AN T84
A1l = +0 +0o AL =cc0C
1 X y z 3 Xy z

AN Pa ABAINNNATRIBINIA MU ARDL
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Johnston Criterion

=

Johnston (1985) trUENYAITUANYBIRUATIAIND oW OUAY I audIrUAT
ALY

B

AvsuBun ludseaunn s azilAnvinty 1 A1 B aztiuudsann 1 (&ususw) 1d
WD 0.5 (A WFURULTY) A1 m azenilsann 2 @ wdusw) lilaude 7-21
GRIETERIER))

434370 Rock Mechanics



Topic #7 Linear Elasticity

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

Linear Elasticity

» Linear elasticity is the mathematical study of how solid objects deform
and become internally stressed due to prescribed loading conditions.

» Linear elasticity relies upon the continuum hypothesis and is applicable at
macroscopic (and sometimes microscopic) length scales.

b Linear elasticity is a simplification of the more general nonlinear theory of
elasticity and is a branch of continuum mechanics.

» The fundamental "linearizing" assumptions of linear elasticity are:
infinitesimal strains or "small" deformations (or strains) and linear
relationships between the components of stress and strain.

» In addition linear elasticity is only valid for stress states that do not
produce yielding.

> These assumptions are reasonable for many engineering materials and
engineering design scenarios.

2 434370 Rock Mechanics



Linear Elasticity

» Hooke's law of elasticity is an approximation that states that the
extension of a spring is in direct proportion with the load added to it as
long as this load does not exceed the elastic limit. Materials for which
Hooke's law is a useful approximation are known as linear-elastic or
"Hookean" materials.

F=-—ix

where:
X is the distance that the spring has been stretched or
compressed away from the equilibrium position, which is
the position where the spring would naturally come to
rest (meters),
F is the restoring force exerted by the material (Newtons), and
k is the force constant (or spring constant). The constant
has units of force per unit length.
3 434370 Roclk Mechanics

Hooke's law

» From stress — strain relation

| Hook’s Law

c = f{e}

linear

Assumption: Isotropic Rock

For elastic materials, Hooke's law represents the material behavior and relates
the unknown stresses and strains. The general equation for Hooke's law is:

c = k¢

4 434370 Roclk Mechanics



Elastic Parameters

.. Elastic Modulus (Young’s Modulus)

E = Gpiat/ Eaxia
€l = ALL
1. Poisson’s Ratio e, =AD/D
VS« Biperat? Bl
V== Epara ® (E/ Opia)  [sUb by 18, = Oia /E]

E’Iateral =- (V / E) Ll

axial

Elasticity in 2D

» Consider in G,

g, = Gy/E
£, = -V0o,/E

» Consider in G,

e =0,/E '
e, =-vo,/E

Y

6 434370 Rock Mechanics



Elasticity in 2D B

» Consider both in 6,andc

y
&= (0, /E) - (vo, [E) G,
= (l/E)(o,-vo,)
g,= (o, /E) - (vo, /E) *
= (IIE)(Gy-VGX) T
7 B [ 7" e ¥

Principal Strain in 2D

» Consider in Principal Axis

g, = (o, /E) - (vo,/E)
= (1/E)(c,~Vv0o,)

£,= (0, /E) - (vo, [E)
= (I/E)(s, - Vo)

8 434370 Rock Mechanics



Blasticity in 3D

y Consider in G, ,6,and G,

€= (0,/E) - (vo, /E) - (vo,/E)
= (|/E)(GX-V0'Y -VG,)

g, = (o, /E) - (vo, /E) - (vo,/E)
= (|/E)(GY -VG, -V0,)

g,= (0,/E) - (vo,/E) - (vo, /E)
={lIE)}{(g, ~Vd, -VO,)

9 7 » - | ‘434370RockMechanics

Principal Strain in 3D

» Consider in 6,5, and o4

g, = (o, /E) = (vo,/E) - (vo; /E)
= (l/E)(c,—Vv0o, =V0,)

€, = (0,/E) - (vo, /E) - (vo; /E)
= (l/E)(c,—V0o, - VO,)

€;= (03 /E) - (vo, /E) - (vo, [E)
= (l/E)(c3—Vv0o, —V0,)

10 434370 Rock Mechanics



Shear Modulus

» Shear modulus or modulus of rigidity, denoted by G, or
sometimes S, is defined as the ratio of shear stress to the
shear strain.

G = TXY/YXY: TYZ/YYZ: TZX/'YZX

Yoy = T/ G (sub G = E2(1+v)
= T,y (2(1+V))/E
Yo = Ty (2(14V))/E
AN (2( | +V))/E Cas_e of pi'incip_aloplans
Y= Y = 1o = 0

: || - - 434370 Rock Mechanics

Elasticity in 3D

g, = (04/E) - (vo,/E) - (vo,/E)

e, =(c,/E)-(vo,/E) - (vo,/E)

b4

g, =(o,/F)- (Vo EI{Va VE)
Yy = Ty (2(1#V))E

Y. = Tx(2(1+V))/E

Voo = T (2(1+V))/E

12 434370 Roclk Mechanics



Matrix Form

[e;] = [S1[oy] [S] = Stiffness Matrix
i 0 0 0
E E E
Ly 0 0 0
£y FE F E
&y v v |
o 21+ w) : .
£x) 0 0 il | 4 0 0
i’.“y: E
W 4 o)
o 0O 0 0 0 ( ; ¥ 0
21 +
O 0 0 0 0 g L
s 13 434370 Rock Mechanics
Matrix Form
— -l
[Gij] - [S] [gij]
T, (A +2G A A 0 0} [ &
o, A A 4+ 26 A 0 Q e\,
o /2 A griv2m 1 @ (0 g

]t 0 0 0

o O
=
W

o4
=
&3
i |
e B
& £y O BR O

L
‘;“
p

A =Lamé's parameter

Ev
(14 ¢)(1 — 2v)

B =

14 434370 Rock Mechanics




Anisotropic Rock

1 v, %
g, (L Y= Y 0 0 0 \ a,
E, E, E,
Vm. 1 Vn.
g, e — === 0 0 0 o,
' E. E E,
v Vi 1
s, -—= -2 — 0 0 0 o,
E, E_ E, >
Y, 0 0 —_— 0 0 T,
) G, G
= | J
Ve 0 0 0 0 - 0 T. Gx
: G :
1
Ve 0 0 0 0 0 —/ B

where E, E, and E, are elastic modulus along x, y and z axis, G,, G, and G, are shear
modulus along x, y and z axis, and v,,, v, and v,, are Poisson’s ratio corresponding with x -
y, X -z and y - z directions, respectively.

s 434370 Rock Mechanics

Principal Strain in 3D

» Consider in 6,,0,and o,
€, = (c,/E) - (vo, /E) - (vo3/E)

€, = (0, /E) - (vo, /E) - (vo; /E)
€;= (05 /E) - (vo, /E) - (vo, [E)

l v y
£ E E E
. v l Vv &
2 l= | — — e — — ‘
E E E|)72
£3 = =
" v 1 a3
E E E

|6 434370 Rock Mechanics



Principal Strain in 3D

y Consider in 6,,0,and 05

o, = (A +2G)g, + Ae, + Aeg
G, = e+ (A +2G)g, + Aey
cy = rg, + AEs + (L + 2G)e,
g| A+ 2(3‘ A ’%
Ty (= A A+ 2G bl }
{ 7 ; Ao A%2G
T T g rek Mechanics |

Principal Strain in 3D

» Isotropic rock

o, = (A +2G)g, + ke, + Aeg
o, = Agt (A +2G)g, t+ Agg
o3 = Ag +he, + (A + 2G)g;

» The volumetric strain, A =g, + &, + &;

o, = AA+2Gg,
G, = AA +2Gs,
oy = A+ 2Ge,

18 434370 Roclk Mechanics



Bulk Modulus

» The bulk modulus (K) of a substance measures the
substance's resistance to uniform compression. It is defined as
the pressure increase needed to cause a given relative
decrease in volume.

K = -p— (Incompressibility)
p = Hydrostatic pressure,
A =Volumetric strain, G| =0,=0C3=p
P
- - ~ —ﬁ%
p—t T —
Compressibility = |/K pb'/" 'i“v
F.l
7I79w V 434370”{{;&:!( Mechanlcs o
Conversion Formulas of Elastic Parameters
» Young's modulus (E)
» Poisson's ratio (V)
» Lamé's parameter (A)
» Shear modulus (G)
» Bulk modulus (K)
T NG (5G| (KN | (KG) o, v) (G, v) (E. ) (K.2) (K E)
ol 3, 26 | P@ r 1+v  26(1+v) E
h= ATF 36EG-E) 30 B(l-2») 3i-2)
3N K-X 9KG Mi+)(1—2v) 50, o EPV S
E_. e Mmoo, Poed 0 EE-ml
)= oE -2G K 2G 2Gv Ev 3Kv  3K(3K —E)
- _3G-E RN 1-% (Q+vi-2) 1+v | OK-F
KA =2 E 128 7 3KE
&= =3 h by 2(1+w) I2(1+u) 9N — E
_ A E AN 3K-2G 3K — E
N+ G) G 3K -X 23K +G) 6K
20 434370 Rock Mechanics



spemal cases

-y Poisson’s Relatlon
Given A=G =2 K=5G/3, E=5G/2, v="Y
(v = 0.25 mostly of rock)

» Incompressible Material
Ar=K=w—=> v=Y%, G=ES3

» Compressible Fluid
G—>0, E—>O0 volhs A->K->G/(l-2v)

‘2| 434370 Rock Mechanics

Special cases

» Uniaxial Stress
given 2 ¢,#0, 6,=0;=0

from o, = (A +2G)e, + he, + ke,
o, = Ag;+ (A +2G)g, + Ay
o3 = Ag t+ hgy + (A + 2G)g,
become 1= (A +2G)e, + ke, + Aey
0 = g + (A +2G)g, + Ag,g
0 = g +Ag, + (A + 2G)e;
A G, G(BA+2G)
SO; g =g, =- g and E=—t=——— and A=(l-2v)oE
) 2(L+G) € L+G

22 434370 Rock Mechanics



Special cases

» Uniaxial Strain
given > €, 20,6, =8, =0

from o, = (A +2G)g, + Ag, + Agy
o, = Ag+ (A +2G)g, + A,
oy = Agp+heg, + (A + 2G)e;
become o, = (A +2G)g,
G, = Ag
Gy = Ag

Special cases

» Biaxial Stress or Plane Stress
given > 6, #0,0,#0,0;,=0

(A +2G)g; + Ag, + Ag,
he + (A + 2G)g, + Ag,
Ag, +hg, + (A + 2G)g,

from ¢ =(l/E)(c,-Vvo,-VGy) O
g,= (I/E)(6,- VO, -VG3) G
g;= (l/E)(0;— VO, —=VG,) O3

become Eg = o, -vo,
Ee, = o,-vo,,
E83 = =V (Gl + 02)
SO; (L+2G)o, = 4G(L + G)g, + 2Gg,

(A + 2G)o, = 2AGg| + 4G(L + G)g,
and A= (o, + o, (I -2v)E (case of pure shear, G, + 6, = 0,g;= 0)

24 434370 Roclk Mechanics



special cases

y Biaxial Strain or Plane Strain

given 2 & # 0,8, # 0,83 =0

from &= (I1/E)(6,-VG,—VG;) o = (A + 2G)g, + Agy + Aey

€,= (I/E)(03;—Vv0o, —V0,) O3 Ag) they + (A + 2G)ey

become g, = (A +2G)g, +hg,
5, = (L +2G)g, + Mg,
o3 = Mg, + &) = [M2(L + G)l(o, + 0)) = V(o,* )

SO; Ee, = (1 = v¥)o, — V(I *+ V)o, Ee, = (1 = v)o, — v(I +V)o,
Ee, = (| — v¥)o, — v(I + V)5, Ee, = (| =vija,—v {l +v)o,

By = 2EL,, = 2(] #+ vigm §

b 25 434370 Rock Mechanics

Special cases
plane strain <> plane stress

In case of principal axis

In case of any axis

8Ge, = (x * l)o, *+ (x—3)o,
8Gsy_ (x-3)o, +(x+ l)o

Ty = QY = 261,

Y

where x
X

3-4v for plane strain
B -w/(l +v) for plane stress

26 434370 Rack Mechanics



Special cases

plane strain <> plane stress

In case of any axis

8Ge, = (x+ l)o, + (x - 3)o,
8Gg, = (x- 3)0' + (x *+ 1),
By = G, & T,
where x = 3—-4v for plane strain
x = (3=-v)/(1 +V) for plane stress
»2  434370RockMechanics

Thick wall cylinder = | I~

Assumption : Hydrostatic Pressure
P= 0] =0;= 03

p, = Internal Pressure

l P2
\ ‘/ p, = External Pressure

R, = Internal Radius
R, = External Radius

Gy

/ o, = Radial Stress
Oy = Tangential Stress

28 434370 Rock Mechanics



Thick wall cylinder

General Equation :

. p2R22 _lel2 (p, _pl)RIZR ]

2 2 N 2 2
(R2 —Rl,) r (R2 —R, )
p2R22 _p1R12 (pz _pl)RlzRZZ
GB = y ® 2 2 2
R =R r'R,”-R")

. (p2R22 _lelz)r

_ +(p2ﬂp[)Rl2R22
2(A+G)R," -R,%)

2G(R,” =R, )r

u = Radial Displacement

y2e 434370 Rock Mechanics

Thick wall g\ 2

In case:R, =0,

b3

434370 Rock Mechanics



Thick wall cylinder

In case :R, =

- 31 434370 Rock Mechanics

Circular hole in infinite plate

P Kirsch solution (Brady and Brown, 1985)

( i Assumption : Perfectly Linear Elastic

BB E-86ress Field

a = Internal Radius
W A
—— e
-_....-% W

32 434370 Rock Mechanics



circular hole in infinite plate

<

1 a2 4212 3a4
c, =—9(P +Py) f=— |#E =B ) l=———+— cos 20
i r r r

G, 1 L (P, +Py)[1+a—;J_(Px —Py)(1+ 32}‘ }cosQB
T T T | r— |
2 4
T = %{(Py =&, )(1+ a5 - 24 ]sin 29}

2 4
r r

»3 434370 RockMechanics
Circular hole in infinite plate

u. = Radial Displacement
uy = Tangential Displacement

ur=—a— (Py+Px)_(Py —Px) 2(1—2v)+?—2— cos20
4Gr ' r
a a
___{(py -P )(2(1 —zv)-a-—z]sin 29}

ug =
4Gr r

34 434370 Rock Mechanics



In case : Lithostatic Stress Field
(Uniform Stress Field)

P, = P, =P= Stress Field

—_— O'r:P l—‘_?_
— r
a2
I
Tr@ =
P35 T B Mechanies
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Topic 8 : ROCK MECHANICS LABORATORY

out Line

Lab. 1: Rock Specimen Collection and Preparation
Lab. 2: Uniaxial Compressive Strength Testing
Lab. 3: Triaxial Compressive Strength Testing

Lab. 4: Brazilian Tensile Strength Testing

Lab. 5: Direct Shear Strength Testing

Lab. 6: Point Load Index Strength Testing

Lab. 7: Slake Durability Testing

Lab. 8: Dynamic Velocity Testing

ENDUHRWN

434370 Rock Mechanics

Standard Testing

: ASTM
; 7 - American Standards for Testing and Materials
|

INTERNATIONAL
Standards Worlawide

ISRM
- International Society for Rock Mechanics

BS
- British Standards

434370 Rock Mechanics



Standard Codes (ASTM)

Lab. 1: Rock Specimen Collection and Preparation ASTM D4543
Lab. 2: Uniaxial Compressive Strength Testing ASTM D7012
Lab. 3: Triaxial Compressive Strength Testing ASTM D7012
Lab. 4: Brazilian Tensile Strength Testing ASTM D3967
Lab. 5: Direct Shear Strength Testing ASTM D5607
Lab. 6: Point Load Index Strength Testing ASTM D5731
Lab. 7: Slake Durability Testing ASTM D4644
Lab. 8: Dynamic Velocity Testing ASTM D2845

434370 Rock Mechanics

LABORATORY # 1

iE |

Rock Specimen Collection and Preparation
ASTM D4543-07 and ISRM Suggested Methods

434370 Rock Mechanics



Lab 1: Rock Specimen Collection and Preparation

Rock Samples Rock Specimens

434370 Rock Mechanics

Lab 1: Rock Specimen Collection and Preparation

4) Grinding ROCK SPECIMENS



Basalt Quay

1) Sample Collection gz *- A

The Selection Criteria:
- should be homogeneous

as much as possible
-should be convenient and

repeatable






A Rock Specimen |

s




Lab 1: Rock Specimen Preparation

ﬂgl]h Designation: D 4543 — 07
[

INTERNATIONAL

Preparing Rock Core as Cylindrical Test Specimens and
Verifying Conformance to Dimensional and Shape
Tolerances'

This standard {9 issved under the fixed designation D 4543, the pumber immediately following the Jeignation indicotes the year of
original adoption or. in the casa of evision. the year of last revision. A number in parentheses indicates the yeas of laa eapproval, A
superseript epsilon (€) indicates an editorial change since the last revision of reapproval.

E Standard Practices for

Objectives:
1) specimen preparing rock core
2) verifying conformance to dimensional and shape tolerances

434370 Rock Mechanics

Lab 1: Rock Specimen Preparation

Rbparatus
B) Flat Surface }

flat and smooth

B) V-block within 0.005 in. (13 pm)

B) Dial gage
sensitivity < 0.001 in. (25 um)




~Lab 1: Rock Specimen Preparation

Specimens

L/D = 2.0-2.5 oo D
D>17/gin (47 mm) I3
Deviation Determination i

1) Straightness / Side Smoothness i

2) End Flatness & Parallelism
3) Perpendicularity

434370 Rock Mechanics

Procedure A

Di&L GAGE ?‘ V- BLOCK
QD /  seEcmEN - /

/

E—

MOUNT NG
Al \,

SUPFORT

SURFACE
, ; P IIE  TT A
" A A o FIG. 2 Assembly for Dotermining the Flatness and
# Eab e ’,;’ Auspary f";_//_/"‘ Porpendicularity of End Surfaces to the Specimen Axis (7.24
# A meang Procedurs A}

-

P AT U L i A»
E A O N

FIG. 1 Azssembly for Detarmining the Straightness of Elamants
on the Cylindrical Surface (7.1.2, Procedure B)

Procedure B 434370 Rack Mechanics ASTM D4543-0



Lab 1: Rock Specimen Preparation

Straightness / Side Smoothness

Ag Rotating specimen
+ «for every 120+1

4==m Move

el A
Aza0 A120

re difference (A)
= max reading — min reading

FIG. 1 Assembiy for Determining the Straightness of Elements
on the Cylindrical Surface (7.1.2, Procedure B}

inmum value of differences (A) < 0.020 in (0.50 mm)

Lab 1: Rock Specimen Preparation

The difference (A)
End Flatness & Parallelism A = max reading — min reading

A, (diameter 1)

b
End 1 ™\ Rotating specimen 90+1
Top view A, (diameter 2)
ve ITIOUI'Itil'Ig End 2 Di4_ GACK 7 v-BLOCK y
d ]‘!Qrizonta"y’ SPECIMEN -y f",
ading every 1/8 in (3 mm) B ; /

I

A" (diameter 1) e d

MOUNT HE ~
=ap

WPPTAT ~
i SURFACE Sy
Ay (dlameter 2) AT AL P T A o B
- FIG. 2 Assembly for Determining the Flatness and

Parpandicularity of End Surfaces to the Specimen Axis (7.2.1,
Procadure A}




Lab 1: Rock Specimen Collection and Preparation

Visual best-fit _ The Flatness tolerance
straight line Readings Difference b/w each smooth
I ‘3’ YZ/ T T # | 71 curve and visual best-fit
j"“”—z_ o — ; 'j— ] straight line < 0.001 in. (25 um
R “.i'i o -‘;“f"'; . . 1"""'?""?"’“+"':‘_""?"'.L';A
e r R R i = _——
I S ] 1 ,{ e Parallelism tolerance
Era 1, Diamete 1 Epg 1, Duomgier 7
T A A< B —1—T{"*r—1~ Maximum angular difference
= ] —_—— é “ - — -
| I TS RN S W - b/w opposing best-fit
grERPTETES T straight line on each specimen
i O e S A e I end < 0.25
End 2, Cametss EETTRITCT (for spherical seated test maching]

Dferanes betwssn misimum and matwrum (eadngs i Damstss 1, End 1 =3, = < 0_ 13 °

Differencs for Damater 2, End 1= 4, = . .
Dittarence for Dismwtes 1, End 28, = _____ (for fixed end test machine)
Ditterenzs b Danmstar 2, End 2= 34" =
Use the larpsst el the four 3 A =

A,
Poipatdiczulagily 1olérancs @ el when ”:; = 0oa3

FI1G. 3 Suggested Format for Presenting Tolerance-Check Data

Lab 1: Rock Specimen Collection and Preparation

73) Perpendicularity il\z (diameter 1)

“\ Rotating specimen 901

_.._f‘a_. d."ﬁ_‘:{»: L = 0003

g S T WA -<-ERd 1-)«—A; (diameter 2)
tan-! (0.0043) = 0.25° :

where .

i = 1ogrd,

d = diameter. and A" (diameter 1)

A; = diameter difference. |

shwlos 7 , *'°L°C"7 A," (diameter 2)

SPECIMEN / —

MOUNT NG

BAD \]
SLPRTRT
SURFACE \

EP LA ST AT TS it e -
FIG. 2 Assembly for Datermining the Flatness and The d lfferenc? (A)
Parpendicularity of End Surfaces to the Specimen Axis (7.2.1. = — i i
Silacs W G A = max reading — min reading



Rock Specimen designation coding system

Rock Type. Block No.

01-UCS-01 @ |

BA - Burirum Basalt
GST - Phu Kradung Sandstone
GR - Tak Granite
MB - Saraburi Marble

— IR (Irregular Shape)

— SQ (Square Disk Shape)
YST — Phu Phan Sandstone
BD - Maha Sarakham Salt

................................. == | I [LMB-10-01-UCS-L
E| \
Core No. Specimen No. ? E
59 _% |
;T .‘n,._: |
¥ E:'r :.;
Test Type ”f :
="t |

BZ - Brazilian Tensile Strength Test ]
CPL - Conventional Point Load Test ;1
MPL — Modified Point Load Test

TR - Triaxial Compressive Strength Test

UCS - Uniaxial Compressive Strength Test

t

LABORATORY # 2

Uniaxial Compressive Strength Testing

ASTM D7012-07 and ISRM Suggested Methods

434370 Rock Mechanics




Lab 2: Uniaxial Compressive Strength Testing

(ﬂﬂ M) Designation: D 7012 — 07
ull

INTERNATIONAL

Standard Test Method for

Compressive Strength and Elastic Moduli of Intact Rock
Core Specimens under Varying States of Stress and
Temperatures’

This standard is issued under the fixed designation D 7012; the number immediately following the designation indicates the year of

ariginal adoption or. in the case of revision. the year of kst revision. A number in parentheses indicates the year of last reapproval. A
superseript epsilon (€) indicates an editorial change since the last revision or reapproval,

Objectives: to determine
1) Uniaxial Compressive Strength
2) Elastic Modulus (Young's Modulus)
3) Poisson’s Ratio
434370 Rock Mechanics

Lab 2: Uniaxial Compressive Strength Testing

ASTM D7012-07

i Strength of Undrained Rock Core Specimens Without Pore !
i Pressure Measurements: D 5407 Elastic Moduli of Undrained |
i Rock Core Specimens in Triaxial Compression Without Pore !
i Pressure Measurements; | D 2938 | Unconfined Compressive

Strength of Intact Rock Core Specimens; and D 3148 Elastic
Moduli of Intact Rock Core Specimens in Uniaxial Compres-

434370 Rock Mechanics



~Lab 2: Uniaxial Compressive Strength Testing

Apparatus

1) Loading Device

2) Platens

3) Strain/Deformation Measuring Devices
(Axial & Lateral Strain)
- resolution of at least 25 x 106 strain
- accuracy within 2%

Specimens

L/D = 2.0-2.5 (ISRM Suggested, 2.5-3.0)
D>17/gin (47 mm) (ISRM Suggested, > 54 mm)

434370 Rock Mechanics

Lab 2: Uniaxial Compressive Strength Testing

~ Loading Machine

- capacity > 2-4 times of failure load

- failure load within 25-75% of machine
capacity

- constant loading rate of 0.5-1.0 MPa/s
or failure occur within 5-10 min.

434370 Rock Mechanics



Lab 2: Uniaxial Compressive Strength Testing

Strain gages

| Axial Measurement

Dial gages

Lab 2: Uniaxial Compressive Strength Testing

— o s——

Uniaxial Compressive Strength

s _P./A Pfr rFaly!ure Load
c f A = nD?/4 =g ————m
Axial Strain a
&
| AL &
&“=T 2
x
where: .
L = original undeformed axial gage length, and
AL = change in measured axial length (negative for de-
crease in length).

Lateral Strain

€ 0 €
AD LATERAL STRAIN(H AXIAL STRAIN (-]
& =3 FIG. 1 Format for Graphical Presentation of Dilll
where:
D original undeformed diameter, and

AD = change in diameter (positive for increase in diam-

efer).



Elastic Modulus Calculation

o= =}
ay |———— Ty

PERCENT, T |- ——

i
. Ao
E‘-Al'

€ (=) g =)
(@) Tangen: Modulus Measured ot (b} Average Modaha of Linsar
Fized Parcentoge of Ultimots Portion of Axial Stress-Strain
Strength Curva

4

Beq € (=}

{C) Secont Modulus Measured yp
10 g Fixed Percantage of
Ultimate Strangth

Lab 2: Uniaxial Compressive Strength Testing

Poisson’s Ration Calculation

slope of axial curve
slope of lateral curve

E
= 7 Slope of lateral curve

=

or v=-g¢g [g,
that measure point at 50%
of compressive strength

E. 2 Methods for Calculating Young's Modulus from Axial Stress-Axial Strain Curve

Pre-test

o

Post-tested




Lab 2: Uniaxial Compressive Strength Testing

= 54 mm (NX-Slze)
L/D 2.5 :

Lab 2: Uniaxial Compressive Strength Testing

Modes of Failure Compressive Shear Failure

Extensmn‘FalIure Shear Failure



g LABORATORY # 3

Triaxial Compressive Strength Testing
ASTM D7012-07 and ISRM Suggested Methods

Lab 3: Triaxial Compressive Strength Testing

Ag].»? Designation: D 7012 - 07
I

i
INTERNATIONAL

Standard Test Method for :
Compressive Strength and Elastic Moduli of Intact Rock !
Core Specimens under Varying States of Stress and i
Temperatures’ :

This standard is issued under the fixed designation D 7012; the number immediately following the designaton indicates the vear of
oviginal adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

kb e e e S (e iy e R e L e o i i

Objectives: to determine
1) Triaxial Compressive Strength
2) Elastic Modulus (Young’s Modulus)
3) Poisson’s Ratio
4) Triaxial Strength Criterion



Lab 3: Triaxial Compressive Strength Testing

Triaxial Cell (Hoek Cell)

Hardanad end ground
ateel spherical seats
Clearanca gap

Mild gteel
4" cell body

By

R

Rock aspeciman

Strain gaugea

NN

s

Rubber pealing sleeve

434370 Rock Mechanics

Lab 3: Triaxial Compressive Strength Testing

i!% Loading
B /Machine

!

Triaxial Cell
| Control

Valve

434370 Rock Mechanics



Lab 3: Triaxial Compressive Strength Testing

ASTM D7012-07

E 1.1.1 This standard replaces and combines the fi:bllmvingi
i Standard Test Methods for:| D 2664 | Triaxial Compressive |
i Strength of Undrained Rock Core Specimens Without Pore |
v Pressure Measurementst D 5407 [Elastic Moduli of Undrained
+ Rock Core Specimens in Triaxial Compression Without Pore f

Pressure Measurements; D 2938 Unconfined Compressive |

Moduli of Intact Rock Core Specimens in Uniaxial Compres-
SIOfL.

434370 Rock Mechanics

Lab 3: Triaxial Compressive Strength Testing

Apparatus

1) Loading Device & Platens D
2) Triaxial Cell (Hoek Cell) el

3) Hydraulic Pump & Control Valve

4) Strain/Deformation Measuring Devices
(Axial & Lateral Strain)
- resolution of at least 25 x 106 strain
- accuracy within 2%

Specimens

L/D = 2.0-2.5 (ISRM Suggested, 2.5-3.0)
D>17/zin (47 mm) (ISRM Suggested, > 54 mm)

434370 Rock Mechanics




Lab 3: Triaxial Compressive Strength Testing

Triaxial Cell (Hoek Cell)

Hardanad and ground
steel apherical seats

‘ Clearance gap G

Mild ateel i
cell body ’

.....
.....
P

Rock apecimen

0il inlet

Strain gauges

,,,,,
G

Rubber gealing sleeva

434370 Rock Mechanics

Lab 3: Triaxial Compressive Strength Testing

Loading

—— Machine
Y3

Triaxial Cell
[ Control

Valve

434370 Rock Mechanics



Triaxial Compressive Strength

; where:
= {Ul - 0'3} o = dillerential failure stress,
a, = total failure stress. and
o; = confining stress,

Axial Strain

AL
“=T
where:
L = original undeformed axial gage length, and
AL = change in measured axial length (negative for de-

crease in length).

Lateral Strain

Lab 3: Triaxial Compressive Strength Testing

AXIAL STRESS o {-)

€ o €q
LATERAL STRAIN(+) AXIAL STRAIN (=]
FIG. 1 Format for Graphical Presentation of Dall

| _ Lab 3: Triaxial Compressive Strength Testing

AD
“- D
where
D = original undeformed diameter. and
AD = change in diameter (positive for increase in diam-
eter).
Elastic Modulus Calculation
ol L
g [ s ol il [« P S ——
PERCENT, T |- | :
:écr s :Aa
e EyF x i Ao
Ay deg = Egy __d‘n
L¢
€q i)

€4 (=) )
() Tangent Modulus Mecsuredata (b) Averags Moduim of Linear
Fined Parcentoge of Ultimate Pertion of Axial Strexs-Strain
Strength Curva

& (-

Dy € (=}
{C} Secant Modulus Measured up
to a Fixed Percantage of
Ultimate Strength

Poisson’s Ration Calculation

slope of axial curve
slope of lateral curve

E
~ slope of lateral curve

u=

or v=-¢g /g,
that measure point at 50%
of compressive strength

FIG. 2 Methods for Calculating Young's Modulus from Axial Stress-Axiai Strain Curve



Lab 3: Triaxial Compressive Strength Testing

Failure Criteria: Mohr Stress Plot

Failure Piint —\

Sheor Siress , T

hesion (c) L

C =Cobhasion

Internal Friction Angle (¢;)

“‘; Angle of Internal Friction
~  |Angle of Shearing Resistancel

i

Monr Strass Circle

™

=]

6'.0'! - ! [

%

rShaer Strength
|ot Zero Normal

Stresm )

No-mal Stress , O

Shea: Stress on Foilure Plane = T,=(0,-03)Sin 8 Cos @
Normal Stress on Foilure Plans = Og= a;+ta;-a'_,,] Cos® @

FIG. 3 Typical Mohr Stress Circles

Failure Criteria: o, vs. c; Plot

The Strength of Rock Materials in. Triaxial Compression

Lab 3: Triaxial Compressive Strength Testing

ISRM Suggested

Internal Friction Angle

300}— e -
- g
- g™ ¢ = arc sin :
./" m ‘+' l
o _—"gre ten. m
Cea— ’/b—— __________
c’/
=
o .
e cohesion
100— 1;/,%/
TF =gl =507
31 b 7 2cos¢
L -

|
29 KT 22
Contiming  goressura Wia

~

2. Strength envelope

Frg
434370 Rock Mechanics



Lab 3: Triaxial Compressive Strength Testing

Pre-test

3
R

i N ; v /
i \ i ’
. N NSNSy /
1 Y P S ’
i 3 PR T S ¢
i3 A PRV #

£ R (} N2

G \ # ¥ ¥

(e ,Ll!
l
37’54#1 |
-

300 psi_| " 2000 psi_

SinglewShear Multiple Shear
Failure Failure

T TR T el
i | 5 Bl b 3
i 2 e el L
* : 3 N el .. S
ety brbetaby | vhpspbet T ek



LABORATORY # 4

Brazilian Tensile Strength Testing
ASTM D3967-05 and ISRM Suggested Methods

Lab 4: Brazilian Tensile Strength Testing

ﬂg]b) Designation: D 3967 - 05

S’

INTERNATIONAL

Splitting Tensile Strength of Intact Rock Core Specimens’

Tlus standard 15 issued under the nixed designaton D 2967, the number inumediately following the dessmation mdicates the year of
ariginal adspton of, in the case of revision, the year of Last reviston: A number in parentheses indicates the year of list reappeoval. A
supersenpt epsilon e mdicates an editonal change smve the fast revision or reapprovad.

Standard Test Method for i

___________________________________________________________________________________

Objectives: to determine tensile strength (indirect) of intact rock



_Lab 4: Brazilian Tensile Strength Testing

Apparatus

1) Loading Device & Platens
2) Flat Bearing Blocks or Curved Bearing Blocks
3) Venire Calliper 0.01 in

Specimens

L/D = 0.2-0.75 (ISRM Suggested, 0.5)
D >17/gin (50 mm) (ISRM Suggested, > 54 mm)
at least 10 specimens

434370 Rock Mechanics

Lab 4: Brazilian Tensile Strength Testing

Curved Bearing Blocks

! Half ball bearing

@ /
T Upper jaw

et

— Hole with clearance

on dowel

Guide pin

|__—— Lower jaw

I\

Flat Bearing Blocks 434370 Rock Mechanics

Test specimen



Lab 4: Brazilian Tensile Strength Testing

Pre-test Post-tested

434370 Rock Mechanics

L Lab 4: Brazilian Tensile Strength Testing

Pre-test

Post-tested




_ Lab 4: Brazilian Tensile Strength Testing

Compression

o, = 6P/zLD

Tension

Oy OF 03 Or g = 2P/7LD

o, = splitting tensile strength, MPa (psi).
P = muximum applicd load indicated by the testing my
chine. N tor 1bD),
L = thickness of the specimen, mm (or in. ), and
i D = diameter of the specimen. mm (or in.).
o, = 30y I

434370 Rock Mechanics

Lab 4: Brazilian Tensile Strength Testing

Jaeger and Cook, 1979

E= 8AP/7IR(3A8y+A8X)

= -(3ne,+Ag,)/(3A +AE,)

where:

AP = change in stress

Ag, = change in lateral strain
Ag, = change in axial strain

434370 Rock Mechanics



LABORATORY # 5

Direct Shear Strength Testing
ASTM D5607-02 and ISRM Suggested Methods

434370 Rock Mechanics

Lab 5: Direct Shear Strength Testing

U
INTRANATIONAL

ﬂgm) Designation: D 5607 — 02 {Reapproved 2006)
ajl

Performing Laboratory Direct Shear Strength Tests of Rock
Specimens Under Constant Normal Force

This standard is issued under the fixed designation D 5607; the number immediately followng the designation indicates the year of
eriginal adoption o, in the case of revision. lhe vear of last revision. A number in parentheses indicates the year of last reapproval. A
superseripl epsilon (63 indicates an editonal change since the fast revision or rsapproval,

Standard Test Method for

S e e e e e e e e e e e = e =

Objectives: to determine shear strength of intact rock



Lab 5: Direct Shear Strength Testing

Apparatus

1) Direct Shear Machine
2) Pressure Maintain Device
3) Displacement Measurement Device

Normal Load System

E - + + + + + + + /Enmnsulut‘inq Material
S ECImens - i i —— Rock Specimen

0.2 L Minimum
Sheer Lood Systemn
5 mm Minimum \

Minimum Area 3 in?
Specimen Holding Ring
e A
\_‘“'L—&)ﬂem
FIG. 2 Schematic Test Setup—Direct Shear Box with Encapsulated Specimen

Test Herizon

Fa L.

Lab 5: Direct Shear Strength Testing

Laboratory Direct Shear Machine



Lab 5: Direct Shear Strength Testing

-

Port;ble Dlrect Shear Machin |

Lab 5: Direct Shear
Strength Testing

FIG. 5 Specimen Supporied in Place By Modeling Clay Pins
Which Are Removed After Encapsulating Material Cures and the
Resulting Holes Filled With Encapsulating Material

Note 1—In both Fig. 5 and Fig. b the shear box is cylindrical. Square
baxes work just as well,
FIG. 6 Lower Hall of a Specimen Encapsulated in Holding Ring

FIG. 7 Removing Spacer Plates After Encapsulating Material Has

Neorn | —Note ihe sphit plastic plates 167 tsalating (8¢ sBasr Tone
; Cured

FIG. 3 View Showing Pouring Encapsulating Material Around
Ugper Hall of Specimen



Lab 5: Direct Shear Strength Testing

Lab 5: Direct Shear Strength Testing

(a) Shear displacement, & (b)
/ “; < Peak shear strength
‘% — Residual shea
@ | strength
&
L=
=
w
Shear displacement, §
(c) Peak shear strength (dy Peak strength

- T=c+otand, t=c+otand,

& e ~

8 v

@ 8

g ?, otang =

@D (-] k7

& 3 5
2 t=a tan ¢,

Cohesion, cI ca b Residual strength
Normal stress, « Mormal stress, o

434370 Rock Mechanics



Lab 5: Direct Shear Strength Testing

Calculate the following engineering stresses:

Apparent normal stress o =

A
P,
Apparent shear stress T =
where:
P, = normal load,
P, = shear load. and
A = nominal initial cross-sectional ares

For Core Specimens

the area is determined by: 4 = mD
! 4 cosB®
where;
D = core diameter. and
® = angle of tp.

434370 Rock Mechanics

: Lab 5: Direct Shear Strength Testing

DIRECT SHEAR TEST

L600 P
o~
fu 1400 70 -
5 / [} & 2000
’ﬁ 12co / 3 _:.11
P
1009 : ") :5 vsii
" //4 —f—z :
" I
;™ g I o
¥ 1000 o
0 600 1 :
H / E:
g 400 4 = : 500 /
/= ] -
200 / ﬂ
@ 0
0o .0os .01 L0152 g2 .02% .03 0 500 1000 1500 29000 2500
Hormal St -
Shaar Displacamant - 1o i lhf/ln“z
) b}
Project: NORMAL SHEAR DISP CYCLE SLIDING FRICTION RESULTS
Fedture: STRESS STRESS In. WO. S= § an
Typa: inf{te*2 1bf/in 2 COHESTON= 1Bbffin 2
Spec. no.: PHI= deg COR CCEF=
Indexr no.:
Tested By:
Date Tested:
Area:

FIG. 8 Typical Presentation Sliding Friction Test Results: (a) Shear Stress and Shear Displacement and (b} Shear Strength and Normal

Siress



Lab 5: Direct Shear Strength Testing

Post-Tested




LABORATORY # 6

Point Load Index Strength Testing
ASTM D5731-07 and ISRM Suggested Methods

Lab 6: Point Load Index Strength Testing

____________________________________________________________________________________

AEIMJ Designation: D 5731 — 07
I

Fn%noﬁ
Standard Test Method for

Determination of the Point Load Strength Index of Rock and
Application to Rock Strength Classifications’

This standard is issved under the fixed designation D 3731 the number immediately following the designation indicates the vear of
original adoption or, in the case of revision. the year of last revision. A number in parentheses indicales the year of lust reapproval. A
superseript opsilon (€) indicates an editedial change since the last revision or meapproval,

Objective: to determine strength index of intact rock



Lab 6: Point Load Index Strength Testing

Apparatus

1) Point Load Testing Machine
2) Venire Calliper 0.01 in

Specimens

- core/block
at least 10 specimens

- lump (Irregular shaped specimens)
at least 20 specimens

434370 Rock Mechanics

Lab 6: Point Load Index Strength Testing

Point Load Tester r=5mm

Nomi—Load irame general information (hgure Tiluad is applied to lbe |
specimens through (wo standard hardened points ¢ 17Two colomn lixed L
erosihend frame (2)Scake (3i8cake pointer (rAnached by u talt (5] (o the

hydraulic pump body (6101 filler cap (7)The hydraalic piston asembly

incorporated the oil reservolr. 2 single acting pump, presaure relief valve

(93, and 3 handle (BiPump handle (S)Pressure releace valve (Cise

latched for bpmwnml[r!ll‘;lu! presittre readeeit (11 Poial load fester top FIG. 2 Truncated, Conical Platen Dimensions for Point Load
coven 12) Apparatus

FIG. 1 Example of a Light-Weight Peint Load Test Apparatus ) . .
Point Load Platen
434370 Rock Mechanics




Lab 6: Point Load Index
~ Strength Testing

point Load Teste

Lab 6: Point Load Index Strength Testing

Point Load Tester

434370 Rock Mechanics



~Lab 6: Point Load Index Strength Testing

() ®

- L =050
Rock Specimens
(D, =50 mm) R S
QIW =D =W
Point Load Test on Different
Sample Shapes ©
Lasn | . L>0ED
] [
T ) _L Equivalont Core
I Souradenc 0.3W <D <W
|l

3 S % @ 1

,' L>0D50
QIW L DRW Wb W —ls

teregutar Lump Test

Eguivalent Core

W W+ W2
Q3W<D=W Cross section through
Paint Load Cantact

Paints

LIW D < Block Test

Neme | —Legend: L =distance between contact points and nearest free face. and D, = equivalent core diameter (sze 10.1),
FIG. 3 Load Cenfigurations and Specimen Shape Requirement for (a) the Diametral Test, (b) the Axial Test, (c) the Block Test, a|
the Irregular Lump Test?

Lab 6: Point Load Index Strength Testing

10.1 Uncorrected Point Load Strength Index—The uncor-
rected point load strength. 7, . is calculated as:

.= PID,”,MPa (1

P = failure load. N.
D, = equivalent core diameter (see Fig. 3), mm. and is
given by:

2 R4 = . . .

D, = D~ for diametral core tests without penetration.
3
mm-, or

2 - . . 3
D, = 4A/w for axial, block, and lump tests, mm™:
where:
A = WD =minimum cross-sectional area of a plane

through the platen contact points (see Fig. 3).
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Lab 6: Point Load Index Strength Testing

Size Corrected Point Load Index: |

1.6 '/
//”
T & 14
lss0 = F X I e s
2o g
. . . 2 ob— W
“Size Correction Factor F™ i %
2 o08F #
}4- 5); '337 /_/” |
, srn0A45 -
F - (Dt’/:}o) m _;-//
£ — (VN /
w
s 0.2

| I L 1 1

O 95 40 B0 80 100 120 140

De (eguivalent) CORE DIAMETER (rmm)
FIG. 8 Size Correction Factor Chart ®
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Estimation of Uniaxial Compressive Strength

J,. = RI{D)

3
Where:
g, = uniaxial compressive strength. MPa
K = index to strength conversion factor that depends on
site-specific correlation between o, and I ,,. MPa
and
Iy, = corrected point load strength index at a given (D).

434370 Rock Mechanics



Lab 6: Point Load Index Strength Testing

TABLE 1 Generalized Index to Strength Conversion Factor (K)

for?
Core Size, mm Value of “C" (Generalized)
21.5 (Ex Core) 18
30 19
42 (Bx Core) 21
50 23
54 (Nx Core) 24
60 24.5

ABieniawski, Z.T. The Point-Load Test in Geotechnical Practice, Engineering
Geology (9) 1-11.

434370 Rack Mechanics

~Lab 6: Point Load Index Strength Testing

B el - i
i ,
1
b: 2
g T
A
: o P 3
7 | - g2
oy i (6] [y
H § J T
é 0 8.5C
= =
g l o
b | i
IE. ) Jce=241
9 57 A (for NX (fdmm) core)
i -l
i,
S A
s S
! £ -
e . o 4 L -
0 52 100 1£0 200 0 300 350

UNIAXIAL COMPRESSIVE STRENGTH, I, MPa

FIG. 9 Relationship Between Point Load Strength Index and Uniaxial Compressive Strength from 125 Tests On Sandstone, Quartzite,
Marikana. Norite, and Belfast Norite®



Lab 6: Point Load Index Strength Testing

Saraburi
Marble

T T 2
STRUCTURAL BEHAVIOR ENGINEERING] |
LABORATORIES. ING,

- PRHNIE AMIDAN K304) URA

J.

e — | — —

E ~ Phu Kradung

ot

Axial Tests
D = 54 mm (NX-size)
L/D=1.0

Post-tested specimen | mmmmp

R
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B LABORATORY # 7

Slake Durability Testing
ASTM D4644-04 and ISRM Suggested Methods

Lab 7: Slake Durability Testing

gﬂ_g]b) Designation: D 4644 - 04
1K

L]
INTERNATIONAL

Slake Durability of Shales and Similar Weak Rocks'

Ths sandard 15 1ssued wader the fived desigmation D 4624; he number immediatelv fllowing the designation indicates the year of
original adoption or. 1n the case of revision, the yvear of last revision. A number in parentheses wdicates the vear of last reapproval. A
supersenp: epsilon {¢) indicares an editonial change since the ast revision or reapproval,

Standard Test Method for

Objective:
to determine slake durability index of a shale
or other similar rock

434370 Rock Mechanics



Lab 7: Slake Durability Testing

Apparatus

1) Slake Durability Device
Drum - 200 mm square mesh (No.10)
- diameter 140 mm (5.5 in)
- length 100 mm (3.9 in)
2) Drying Oven
3) Balance (sensitive to 1g & 2000g capacity)
4) Hammer & brush

434370 Rock Mechanics

Lab 7: Slake Durability Testing

Specimens
- roughly fragments weighing
40 — 60 g. (by breaking with
a hammer)
- 10 specimens (total weight
450g — 550qg)

434370 Rock Mechanics



Lab 7: Slake Durability Testing

Slake Durability Device

%
Hu
| 4
=
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Lab 7: Slake Durability Testing

Procedure

S Y i
i &’

L
\
g 4
\a

| ¥
.{"‘i»f_‘ »

<7
specimens Weighting & Drying Rotate 20 rpm -
& Weighting @ 10 min. Drying & Weighting
(for water content) (1%t cycle)

» Slake Durability
Index

Rotate 20 rpm e
@ 10 min. =
(2 cycle) Drying & Weighting

Lab 7: Slake Durability Testing

Calculate the slake durability index (second cycle).

1,(2) = [(W = (B = €)]X 100

where:

I1(2) = slake durability index (second cycle).

B = mass of drum plus oven-dried specimen before the
first cycle, g.

Wy = mass of drum plus oven-dried specimen retained
after the second cycle. g. and

& = mass of drum, g.
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w LABORATORY # 8

Dynamic Velocity Testing
ASTM D2845-05 and ISRM Suggested Methods

434370 Rock Mechanics

~Lab 8: Dynamic Velocity Testing

Lﬂ% Designation: D 2845 — 05

gl

INTERNATIONAL

Standard Test Method for
Laboratory Determination of Pulse Velocities and Ultrasonic
Elastic Constants of Rock’

This standard is issued under the fixed designation D 2845 the number immediately following the designatian indicates the vear of
original adoption o, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval, A
superseript epsilon () indicates an editorial change since the last cevision or reapproval.

Objective:
to determine dynamic elastic modulus and Poisson’s ratio

434370 Rock Mechanics



Lab 8: Dynamic Velocity Testing

Aggaratus
Transducers
K K 18} 3
[ | R — ] e
|
k (a) 5

Mo1E 1—(A) must be within 0.1 mm ol (B) for each 20 mm of width
(Ci.

FIG. 3 Specification for Parallelism

434370 Rock Mechanics

Lab 8: Dynamic Velocity Testing

Calculation

9.1 Calculate the propagation velocities of the compression
and shear waves. V, and V| respectively. as follows:

P
Vo =Ly,
V, = LT,
where:
V= pulse-propagation velocity, in./s (or m/s),
L = pulse-travel distance. in. (or m),
T = effective pulse-travel time (measured time minus zero

time correction). s.
and subscripts , and | denote the compression wave and

shear wave, respectively. 434370 Rock Mechanics



Lab 8: Dynamic Velocity Testing

Apparatus
Tronsducers
\ E’ (8} —— 4
E Tesl Specimen :] )
.L» (a) 5 l

No1E 1|—iA) must be within 0.1 mm of (B) for each 20 mm of width
(C).

FIG. 3 Specification for Parallelism

434370 Rock Mechanics

Lab 8: Dynamic Velocity Testing

Calculation

9.1 Calculate the propagation velocities of the compression
and shear waves. V, and V| respectively. as follows:

V=147,
V,= LT,
where:
V = pulse-propagation velocity, in./s (or m/s),
L = pulse-travel distance. in. (or m),
T = effective pulse-travel time (measured time minus zero

time correction). s.
and subscripts , and | denote the compression wave and

shear wave, respectively. ;
shear wave. respectively 434370 Rock Mechanics



Lab 8: Dynamic Velocity Testing

Calculation

calculate the ultrasonic elastic constants

E=[pv @3V} -4V NV, - V)

where:

E = Young's modulus of elasticity, psi (or Pa), and
. . 3

p = density, Ib/in.” (or kg/m’):

4

G=pV

Lol

where:
G = modulus of rigidity or shear modulus. psi (or Pa):

434370 Rock Mechanics

Lab 8: Dynamic Velocity Testing

Calculation

po= (V5= 2V 2V,

where:
pt = Poisson’s ratio;

A =p (Vpg -2V 5

)

where:
A = Lamé’s constant. psi (or Pa): and

K =p(3V,} — 4V

where:
K = bulk modulus. psi (or Pa).
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Topic 9 Rock Mass
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Outline

» Rock Mass Characterization
» Rock Mass Classifications
» Strength of Rock Mass

» In-situ Stresses
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Quantitative Description of Discontinuities in Rock
Masses (ISRM)

A - Rock type

B - Rock strength

C - Weathering

D - Discontinuity description

E - Discontinuity orientation
: . F- Roughness

“{’:’4@ G - Aperture

f“) H - Infilling type and width
M: seepago

. I - Spacing
E Zﬂi) ! J - Persistence
= T . K- Number of sets
("i&"ﬂ L - Block size and shape
M - Seepage
»3  434370Rock Mechanics

A-Rock type
Three primary characteristics of rock
1. Color, as well as whether light or dark minerals predominate

2. Texture or fabric ranging from crystalline, granular or glassy
3. Grain size that can range from clay particles to gravel

4 434370 Rock Mechanics



A-Rock type

Table 11.1 Rock rype classification

|

Nl Numbers LT 02 L5AC 10 SENTTY 10K [pes on Sala 5eeTs (ee Anpenca 1]

Sereoce. Geoopea Soonly Enpnesnng GrowD Wonarg Pady (1477)

4343‘76 Rock Mechanircs‘ \

A-Rock type

Table 11.2 Grain size scale

Description

Grain size

Boulders
Cobbles
Coarse gravel

Medium gravel

Fine gravel
Coarse sand
Medium sand
Fine sand
Silt, clay

200-600 mm (7.9-23.61n)
60-200mm (2.4-7.9 in)
20-60 mm (0.8-0.24 in)

6-20 mm (0.2-0.8 in)

2-6 mm (0.1-0.2in)

0.6-2 mm (0.02-0.11in)
0.2-0.6 mm (0.008-0.02 in)
0.06-0.2 mm (0.002-0.008 in)
<0.06 mm (<0.002 in)

434370 Rock Mechanics
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B-Rock

Strength

C-Weathering

Table 11,3 Classification of rock material strengths

Grade Description Freld identification Approximate  Range of
compressive  strength
(MPBa) {frs)

R6 Exrremely strong rock  Specimen can only be chipped with =250 =36,000
geological hammer.

R3 Very strong rock Specimen requires many blows of 100-2350 15,0003 g
geological hammer to fracrure it

R4 Srrong rock Specimen reguires more than one 50100 700015000
hlow with a geological hammer to
fracrure ir.

R3 Medium weak rock Cannor be scraped or peeled witha — 25-50 3500-700y
pocker knife; specimen can be
fractured with single firm blow of
geological hammer.,

R2 Wenk rock Can be peeled with a pocker knife; 5-25 725-3500
shallow indentations made by firm
blow with point of geological
hammer.

R1 Very weak rock Crumbles under firm blows with 1-5 130-715
point of gealogical hammer, can be
peeled by a pocket knife.

RO Extremely weak rock  Indented by thumbnail. 0.25-1 35150

Sé Hard clay Indented with difficulty by =05 =70
thumbnail.

53 Very stiff clay Readily indented by thumbnail. 0.25-0.5 35-70

54 Seiff clay Readily indented by thumb bur 0.1-0.25 15-35
penetrared only with grear
difficulry.

53 Firm clay Can be penetrated several inches by 0.03-0.1 F-15
thumb with moderate effort,

52 Soft clay Easily penetrased several inches by 0.025-0.08 47
thumb.

51 Very soft clay Easily penetrated several inches by <{1.025 <4
fist.

434370 Rock Mechanics

Table I1.4 Weathering and alteration grades

Grade

Term

Description

I

I

Fresh

Slightly weathered

Moderately weathered

Highly weathered

Completcly weathered

Residual soil

No visible sign of rock material weathering;
perhaps slight discoloration on major
discontinuity surfaces.

Discoloration indicates weathering of rock
material and discontinuicy surfaces. All the rock
material may be discolored by weathering
and may be somewhat weaker externally than in
its fresh condition.

Less than half of the rock material is decomposed
and/or disintegrated to a soil. Fresh or
discolored rock is present either as a continuous
framework or as corestones.

More than half of the rock marterial is
decomposed and/or disintegrated to a soil. Fresh
or discolored rock is present either as a
discontinuous framework or as corestones.

All rock material is decomposed and/or
disintegrated to soil. The original mass structure
is still largely inract.

All rock material is converted to soil. The mass
structure and material fabric are destroyed.
There is a large change in volume, bur the soil
has not been significantly transported.
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D-Discontinuity description

Type of Discontinuity

Fault — discontinuity along which there has been and observable amount of
displacement

Bedding — surface parallel to the surface of deposition

Foliation — parallel orientation of platy minerals, or mineral banding in
metamorphic rocks

Joint — discontinuity in which there has been no observable relative moment

Cleavage — parallel discontinuities formed incompetent layers in a series of beds
of varying degrees of competency

Schistosity — foliation in schist or other coarse grained crystalline rock

b 9 - 74734370 Rock Mechanics 7

E-Discontinuity orientation
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| rough
F-Roughness |l Fe—
|
slickensidad
" ————
Table I1.5 Descriptive terms for roughness e
I Rough, stepped il
I Smooth, stepped _ v ——
I Slickensided, stepped 1‘
v Rough, undulating P—
Vv Smooth, undulating T A et = S
VI Slickensided, undulating
VI Rough, planar o e e
VIII Smooth, planar
X Slickensided, planar | —
rough
Vil
vl smooth
slickensided
IX
PLANAR
I 7 434370 Rock Mechanic;s ¥
Typical roughness profiles for JRC range:
| ' 0-2
F-Roughness B/, '
i 20 56351 s w0 R S 2 " N L ; »
| e f_— 4-6
|
14 — ] 6-8
5 e =  8-10
‘ 6 I'w 10-=12
— 1|
|7 e~ 12-14 ;
|
1 8 W 14-16 1
9 e Ty 1618
Figure I1.3 Roughness profiles and 0 | M 18220
corresponding range of JRC (joint -
roughness coefficient) values (ISRM, 0 5 10
1981a). - =l ecm Scale
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G-Aperture

Table I1.6 Aperture dimensions

Aperture Description
<0.1mm Very tight
0.1-0.25 mm Tight “Closed” features
0.25-0.5 mm Partly open
0.5-2.5 mm Open
2.5-10 mm Moderately wide “Gapped” features
>10mm Wide
1-10cm Very wide
10-100cm Extremely wide “Open” features
>1lm Cavernous
b 13 | 434370 Rock Mechanics
ROUGHNESS AMPLITUbI
H-Infilling type
and width
B 7‘ - WIDTH OF FILLING
'Wldth ‘l‘ ‘f, ‘l,
*Weathering Grade Y
*Mineralogy -
*Particle Size - 1
*Filling Strength ————
*Previous Displacement 7 = -
o~
*Water Content and -
Permeability
B J
[ ; |
]
= -
| —
L |
14 434370 Rock Mechanics
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Table 11.7 Spacing dimensions

i

™~

| Description

Extremely close spacing
Very close spacing
Close spacing
Moderate spacing

| Wide spacing
Very wide spacing

Extremely wide spacing

Table I1.8 Persistence
dimensions

Very low persistence
Low persistence
Medium persistence
High persistence
Very high persistence

[ (L A
| :/|/I - o
. AT
: ! 1,4)1 %
- Aoy
f ape ! \.-Pw;,f '
s
;/' 181 no, ! !
’\\:’ ";:‘ _____ set no. 2
P 5 .(f‘*a —_— sof no. 3
Spacing (mm)
<20
20-60
60-200
200-600
600-2000
2000-6000
>6000
o 4343-76 I.’\o-cl-< lﬁechanicﬁ
g Vo /7_ . /
P /
VR A A :
[ [T 7 i -
—— s A
t@) th
N b1 s BT e
T b o\l el
<lm ;L_/ I S . I /
1-3m — L T, G T
3_10m ) ie}) 1a) __
\
10—20111 { ~—
>20m M =
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K-Number of sets

Three joint sets
plus random (R)

Figure 11.4 Examples illustrating the effect of the number of joint sets on the mechanical behavior and
‘».-appiarancc of rock masses (ISRM, 1981a).

I massive, occasional random joints
11 one joint set
I one joint set plus random
v two joint sets
V' two joint sets plus random
Vi three joint sets
Vil three joint sets plus random
VIII four or more joint sets
IX crushed rock. earth-like
P 17 434370 Rock Mechanics

L-Block size and shape

Table I1.9 Block dimensions

‘ Description Jy (iOints/m3 )
Very large blocks <1.0
Large blocks 1-3
Medium-sized blocks 3-10
Small blocks 10-30

Very small blocks >30

. (1) massive = few joints or very wide

spacing
(i)  blocky = approximately equidimen-
sional |
(1ii)  rabular = one dimension considerably |
smaller than the other two
(iv) columnar = one dimension considerably
larger than the other two
(v) irregular = wide variations of block
size and shape

(vi)  crushed = heavily jointed to “sugar
cube”

18 434370 Rocl Mechanics



M- Seepage

Table I1.10 Seepage quantities in unfilled
discontinuities

Seepage Description
rating

I *  The discontinuity is very tight and

‘ dry, water flow along it does not

| appear possible.

I The discontinuity is dry with no
evidence of water flow.

The discontinuity flow is dry but
shows evidence of water flow, that
is, rust staining.

v The discontinuity is damp but no
free water is present.
v The discontinuiry shows seepage,

occasional drops of water, but no
continuous flow.

VI The discontinuity shows a
continuous flow of water—estimate
|/ min and describe pressure, that is,
low, medium, high.

p 19 434370 Rock Mechanics

M- Seepage

. Table I11.11 Seepage quantities in filled discontinuities

Seepage Description
rating

—

The filling materials are heavily consolidated and dry,
significant flow appears unlikely due to very low ;
permeability.

The filling materials are damp, but no free water is
present.

The filling materials are wet, occasional drops of water.

The filling materials show signs of outwash, continuous
flow of water—estimate 1/ min.

The filling materials are washed out locally,
considerable water flow along out-wash
channels—estimate |/ min and describe pressure that is
low, medium, high.

VI The filling materials are washed out completely, very

high water pressures experienced, especially on first

exposure—estimate 1/ min and describe pressure.

< BE =&

20 | 434370 Rock Mechanics



Rock Mass

Classifications

2
3

e

Rock Mass Class

Classification system Form and nype™ Mam apphcanons Refetence
s B Descriptive and E =
Terzaghi rock load b aicii Design of steel support in Terzaghi, 1946

classification system

Functienal type.

umels

Lauffer’s stand-up time
clagsification

Descriptive form
General type

Tunnelling design

Laufer H., 1958

New Anstralian mnneling
metbod (NATM)

Descriprive and
behaviouristic form
Tunneling concept

Excavation and desien in
ncompetent (overstressed)
ground

Rabcewicz, Miller and
Pacher, 1958—1964

Rock classification for rock
mechanical purposes

Descriptive form
General tvpe

Input in rock mechanics

Patching and Coates,
1968

Unified classification of soils
and rocks

Descriptive form
General type

Based an particles and blacks
for communication

Deeretal. 1969

Rock quality designation
(RQD)

Numerncal form
General type

Based on core loggmg: used m
other classification systems

Deeretal. 1967

Size-strength classification

Numerical form
Functional type

Based on rock strength and
block dinmeter, used mainly
in muning

Franklin, 1975

Rock stucture ranng
classification (RSR)

Numerical form
Functional type

Design of (steel) support
mn tunnels

Wickham et al., 1972

Rock mass rating classificarian

(RMR)

Numerical form
Functional type

Design of mnnels, nunes. and
foundanons

Bientawski, 1973

Q-classification svsiem

Numerncal fonn
Functienal type

Design of support in
underground excavation

Barton et al., 1974

Typological classification

Deseriprive form
General tvpe

Use in conununication

Maluia and Holzer.
1978

Unified rock classification
system

Descriptive form
Generml type

Use 1 communicarion

Williamson, 1980

Basic geotechmcal
classification (BGD)

Descriptive form
General type

General applications

ISRM, 1981

Geological strength index
(GsD

Numerical form
Functional tvpe

Design of support
underground excavaton

Hoek. 1994

Rock mass index system

(RMi)

Numereal form
Functional tvpe

General charactenzation,
design of support, TMB
progress

Palmstrém. 1993

434370 Rock Mechanics

ifications

Deer’s Rock Quality Destination (RQD)

4

Deere (1964) proposed a quantitative index of rock mass
quality based upon core recovery by diamond drilling.

RQD has come to be very widely used and has been shown to
be particularly useful in classifying rock masses for the
selection of tunnel support systems.

RQD is defined as the percentage of intact core pieces longer
than 100 mm (4 inches) in the total length of core.

22
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Rock Mass Classifications
Deer’s Rock Quality Destination (RQD)

Total length of core run = 200 cms
L=38¢cm
- ¥ Length of core pieces > 10 cm length
) RQD = x 100
Ca b Total length of core run
% rl;:pc!]eces:‘mcm - 38 + 17 + 20 + x100 = 55%
- - 200
| L=20cm
L=35cm
iDriﬁing break
L=0
no recovery
— R 7 P e ' W

Rock Mass Classifications

RQD Estimation from outcrop

» Palmstrom (1982) suggested that, when no core is available but
discontinuity traces are visible in surface exposures or
exploration adits, the RQD may be estimated from the number

of discontinuities per unit volume.The suggested relationship
for clay-free rock masses is:

ROD = [15-3.3], (J, < 4.5)
RQD = 100 exp (-0.1/S) (I + 0.1/S)

» where |, is the sum of the number of joints per unit length for all
joint (discontinuity) sets known as the volumetric joint count
and S is average spacing of joint.

24 434370 Rock Meéhanics



Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

ROD

Rock Quality

<25% Very poor
25-50 % poor

50 - 75% Fair

75 —90% Good

90 — 100% Very good

p 25
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A_Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

TUNNEL WIDTH - METRES

0 5 10 15
e T T
gr NO SUPPORT
) OR LOCAL BOLTING
S PATTERN BOLTING
= {4 - 6 FT. CENTERS/)
5
250 b
(=
D
[
=
S a5 b STEEL RIB SUPPORT
W
L=}
(=
o
N L | [ 1 l
0 10 20 30 40 50 60
TUNNEL WIDTH - FEET
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Rock Mass Classifications

Geomechanics Classification (RMR)

» Bieniawski (1976) published the details of a rock mass

classification called the Geomechanics Classification or the

Rock Mass Rating (RMR) system.

» The following six parameters are used to classify a rock mass

using the RMR system:

: 27

|. Uniaxial compressive strength of rock material.

o AW

Rock Quality Designation (RQD).
Spacing of discontinuities.
Condition of discontinuities.
Groundwater conditions.

Orientation of discontinuities.

434370 Rock Mechanics

Geomechanics Classification (RMR)

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameler

Range of values

I
Strength PaintHoad >10 MPa 4- 10 MPa 2-4 MPa 1-2MPa For this low range - lﬂﬂ’”
of strenglh index compressve test 8
. prafered |
intact rock
1 il Untaxial comp >250 MPa 100 - 256 MPa 50 - 100 MPa 25- 50 MPa 5-25 i-5 | ¢
strength MPa | MPa | WEL
|
Raling 15 12 7 4 2 1 0
Drill core Quality RGD 0% - 106% 75% - 90% 50% - 75% 25% - 50% < 25%
2 Rating 20 17 13 8 3
et
Spacing of discontinuities >2m 06-2 m 206 - 500 mm 60 - 200 mm < §0 mm
3 Rating 2 15 12 8 5 A
Very rough surfaces Stightly rough surfaces Slightly rough surfaces Siickensided surfaces Soft couge >5 mm thick
Conditicn of discontinuities Not continucus Separation < 1 mm Separation < 1 mm or Gouge < 5 mm thick or Separation > 5 mm
{See E) No separation Slightly wealhered walla Highly weathered walls or Separation 1-5 mm Continuous
4 Unweathered wall rock Continucus A
Rating 30 25 20 10 0 i
Inflow per 10m None <10 10-25 25-125 > 125
tunnel length ('m) I
Groundwa | (Jeint water press) 9 <01 01,-0.2 02-05 >05
5 e | (hajer principal o} A
| General conditiens Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 ¢ )
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Geomechanics Classification (RMR)

. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
B

Spike and 0 onentafions ~ Very favouratle Favourable Fair Unfavourahle Very Unfavourable
=" Tunnels & mines 0 2 I 10 12

Ratings Foundaons ‘B 2 7 15 2

Skopes 0 -5 25 -50
T ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
- 100 & 81 80« 81 50 ¢ 41 40+ 21 <21
[Gass number | I i v v
W Very good rock Good rock © Fairrock Poor rock Very poor rock
0. MEANING OF ROCK CLASSES
[Ciasa rumber [ ] I v v
mand-up ime 20 yrs for 15 m span 1 vear for 10 m span 1 week for 5 m span 10 hrs for 2.5 m span O minfor tm span
[Coheston of rock mass (kPa) > 400 300 - 400 200 - 300 100 - 200 < 100
—cbon angie of rock mass (deg) 45 3545 25-35 15-25 <15
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EUIDEL!NES FOR CLASSIFICATION OF DISCONTINUITY conditions

Rat

Discontinuity length (persistence) <im 1-Im 3-10m 10-20m >20m
| i 4 L 1 0
Separation (aperture) None <0.1 mm 01-1.0mm 1-5mm >5mm
B 5 4 1 ] 0
Very rough Rough Shghty rough Smaooth Slickensided
B8 5 3 1 0
nfiling (gouge) None Hard filling < 5 mm Hard filling > 5 mm Soft filing < 5 mm Soft filing > 5 mm
6 4 2 2 _ 0
Unweathered Slightly wealhered Moderalely wealhered Highly weathered Decomposed
3 5 3 1 0
F.EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING™
Strke perpendicular ta unnel axis Strike parallel to tunnel axis
Dnve with dip - Dip 45 - 90° Drive with dip - Dip 20 - 45° Dip 45 - 90° Dip 20 - 45°
Very favourable Favourable Very unfavourable Fair

Dnve agaensiidip - Dip 45-80°

Onve aganst dip - Dip 20-45°

Dip 0-20 - Irrespective of strike®

Fair

Unfavourable

Fair
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» The RMR value for the example under consideration is
determined as follows:

Table ftem Value Rating

A1 " Point load index 8 MPa 12
A2 RQD 70% 13
A3 Spacing of discontinuities 300 mm 10
E4 Condition of discontinuities Note 1 22
A5 Groundwater Wet 7
B Adjustment for joint orientation Note 2 -5

Total 59
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» Guidelines for excavation and support of 10 m span rock tunnels in
accordance with the RMR system (After Bieniawski | 989).

Rock mass Excavation Rock bolts Shoterete Steel sets
class (20 mm diameter, fully
grouted)

| -Very good Full face, Generally no support required except spot bolting.
roek 3 m advance.
RMR: 81-100 —
Il - Good reck Full face , Locally, bolts.in crown | 50 mm in Nene,
RMR: 61-80 1-1.5 m advance. Complete 3m .Iong. quced 25 erown where

support 20 m from face. m with occasional required.

i wire mesh.
Il - Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm Nene.
RMR: 41-60 1.5-3 m advance in top heading. long, spaced 1.5-2m | in crown and
in erown and walls 30 mm in

Commence support after each with wire mesh in sides.

biast. crown.

Complete support 10 m from

face.
IV - Poor rock Top heading and bench Systematic bolts 4-5 100-150 mm | Light to medium ribs
RMR: 21-40 1.0-1.5 m advance in top m long, spaced 1-1.5 incrown and | spaced 1.5 m where

héadi.ng min crewn and walls 100 mm in required,

: with wire mesh. sides. |
Install suppert concurrently with
| excavation, 10 m from face.

V ~Very poor Multiple drifts 0.5-1.5 m Systematic bolts 5-6 150-200 mm | Medium to heavy ribs
rock advance in top heading. m long, spaced 1-1.5 incrown, 150 | spaced 0.75 m with
RMR: <20 | il s m in crown and walls mm in sides, | steel lagging and

;:;:v ;?;??hg?:;?gz:lgog:h with wire mesh. Belt and 50 mm forepoling if required.

as possible after blasting. invert. B on face. Close invert,
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» By Blenlawskl (1976)

Hours Months

Minutes 1 10 Davys Years
16 30 1 2y3 5 10 20 ) ; ,3’;'?,”1,0 2345 10 20
20— 3o T T T
ki ~15m
15
62 VERY
o0 i 600D :lgm
5 8 GOOD ROCK ROEK [ om
& 6 “, ‘ - bm
s FAIR ROCK - on
o T
Z 4 4 2 1 i
b 3 3 = 3m
& /POOR ROCK
= 2 20 = 2m
e 4 T 1 ﬂ 60 | 80 .
E I ~TT40
n VERY
3 |/ poor 1 | .
N ROCK
L 5 20 (
0.5 1 4 1k 1] ' I O.Sm
1 hour 10 102 102 10" 10°
STAND-UP TIME = HOURS
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