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Methods of Rock Engineering analysis
Method of analysis
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Methods of Rock Engineering analysis
Method of analysis — Analytical method
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« Numerous analytical solutions exist — fast evaluation & still powerful

« However, 1) complex geometry, 2) multiple formation, 3) complex
boundary condition, 4) complex process cannot be handled accurately,
5) obtaining input parameters are often very difficult.

Courtesy of Kwon S
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Numerical Analysis
Introduction
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Direction
of Flow

M .- 0MPa
% o©,—0MPa

Vertical displacement by | == P s
FEM (Sun & Wang, 2006) _ _ e o ;r

t\\ a,= 20 MPa

o, = 3 MPa

S|

Effect of stress on fluid flow,
DEM (Min et al., 2004)

FDM produce similar results - =

Force distribution in rock
grains, DEM (Min et al., 2008)
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« \When geometry is not simply circular

vertical displacement

* When fractures around rock Is considered

vertical displacement




Numerical Analysis )
Introduction — example (1)

« Underground ice hockey stadium in Norway — discontinuum
method was used for design

displacement vectors
maxtmum = 1.920E~-02

- =22jo| ofdl X|5to}o|ASE7| A7|%E (Barton et al.,
1994)



Numerical Analysis
IntrOdUCtIOn - example (2) SEOUL NAAUNIVERS!TY

UDEC 4.01

Cycle 118000

Time B.530E+00 sec

block plot

displacement vectors
maximum = 3.660E-02

(Y TR |
0 Z2e-01

Ha|® oz 5 el 024 3B



Numerical Analysis )
Introduction — example (2)

— Computer simulation of rock failure using discrete element
method (7' Q A #{0fl |3+ I} 1| T A} (HEE2 OHE
=7))
=

Job Tithe: sul_gmLa0_3 toucs

PEC2D £ 00

Step 220000 11:00:0G Fri Sep 30 2005

Wiewy Size:
X -Q0Me 001 <=> Q025001
-1 100000 ==> 1. 100e+H000

Wall
FForce Chaing

Mzdmum = 1. 159e+004
Seale to Mac= 3000005

Crack_blue_Cyan

Itasca Corsulting Group, Inc.
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Forsmark, Sweden, 2004

Forsmark, Sweden, www.skb.se




Empirical Analysis
Introduction

« RQD (Rock Quality Designation) — Deere (1964)
« RMR (Rock Mass Rating) — Bieniawski (1973)
¢ Q-system (Barton <, 1974)



Empirical Analysis
RQD

I
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Empirical Analysis

Rock Mass Rating (RMR, Bieniawski, 1989)
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Empirical Analysis

Rock Mass Rating (RMR, Bieniawski, 1989)
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Empirical Analysis

Rock Mass Rating (RMR, Bieniawski, 1989)
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Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)
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Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)
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Rock Support

« 222 E (Rockbolts)
- dUts ETOIF=ZEE (BED)
- EEUtsHol e YRS ETOLE
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« Z32|E 210|d (Concrete Lining

o ZX|H Steel bar/beam ;
o Q10| 0f O & (wire mesh) F§7 % N
+ EIXH-2 (Backfill N
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Empirical Analysis
Q-system (Barton, 2002)

Q-system (Barton, 2002)

@ '.‘ @ Mark: 0.001 ~ 1000
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J, = E0| 2E A2 005 @S F)10 ()
SRF = 223 X ZHA| 2. 0.5-20 (I 2kr, 221/ZH L H| & )



Table §: Classification of individual parameters used in the Tunnelling Quality Index O
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DESCRIPTION VALLE NOTES
1. ROCK QUALITY DEHGHNATION RGD
A Very poor 0-25 1. Wherne RGO |s reported or measured as < 10 (ncuding d),
B. Poor 25-50 anominal vake of 10 ks used o evaluaie 3.
C. Far 8-75
L. 15000 ra-u L T ITIENVAIS O 5, LE. TUL, Yh, YU 810, aiE sUmeenny
E. Excellent o0 -100 acourate.
2. JOINT SET NUMBER I
AL MI3EENVE, N0 OF TEW IS wh-1u
H. LM JHI 521 F
. LNE J0IM 661 [HUS rAanomm 3
L. |'WD J0IMT G5 2
. 1'W0 JHIMT SE15 LS [ENaom o
t. IFSS |OINE 5215 o 1. FOT INISMEECTONS LSS 4.0 = Jp)
G. Three |oirt sets pius random 12
HL IO O MONE N 555, [anoom, 13 i 'O POMAS UEE (2.0 = J;)
REENITY I, “SUET CLUDE, B0
J. Crushed rock, eanthilks 20
3. JOINT ROUGHNESS NUMBER Jr
2. HOCK Wall COEcT
. HOGCK Wan! CONECT DErore T4 G snear
A_ Discomtinuows joints 4
H. HOUEIN SN0 IMSJUIET, UNoUEnng 4
C. Smodth undulating 2
L. SICKEMSI0SD UNGUANng Lz 1. AGE 1.0 T TE MESN SPACNG Of NS MEIEYanT JHNL s2 15
. FOOUEN OF ITEQUIAT, pianar 1o QUESIET Man -4 m.
. MO, parar 1
5. SICKENSINE, Manar wi L = U5 C3N D€ USE T0r HENAT, SICKENS0ea OIS Navng
€. NO FDCR WaIT CONTECT WNen Snaared NNE300NES, Provimed ML T INEF0NE are oNenie ror
H. £ONEE COMANING Clay MNSras mick 1w FTHIITALET! SIFEHQN.
enough o prewent rock wall contact {noeminal)
JL B3Ny, Qravery Of CTUSNen Z0ne K 1
enough i prevent rock wall contact {ncminal)
4 JOINT ALTERATION NUMBER J3 drdeqress (appron )
a. Rock wall contact
AL 1KINDY ME3IEA, NEM, MOM-SOMENNG, Wit 1. VEUSE OF o, ME NEsaual METan angie,
Impermeabie Ming are intended as an approxmate guise
. UNAETed J0iNT Walls, SUITace SRIrrg onry 1w 2a- % 0 Te MNEAQCal propenes of e
. Slightly afered [oint walks, non-saftening 20 25-30 alteration progucts, If prasent.
MiRSral COSINGE, SaNTy pances, say-res
OEINIEraed McK, &c.
L. ITy-, OF S3ANTY-CaY COANNgs, 5Mal cay- T -
TIECNON [ON-EOMENNg)
E. SOMEFINK OF |CA-TCION Sy MinerE Sianngs, an B-1

|.E. K3OINme, Mica. AIS0 CrIcImE, 13IC, gQypsum

and graphite ef., and small quantities of sweling
CIFyE. |LRSCOMTINUOUS COJNNGS, 1 - 2 T OF 185)




4, MOINT ALTERATION NHUMBER I3
. Rock wall eonract befors 10 om shaar

F. Sandy particks, ciay-free, disintegratng rock s, 4
. Sirongly aver-consolldsiad, non-sofening 50

ciay mineral filings jcontinuous < 5 mm thick)
H. MECILIT! OF | W OVer-Consalidation, 5onaning a0
ciay mineral filings jcontinuous < 5 mm thick)
L Swaling ciay Niings, |.£. mommanlionte, ap-120
foOntINOUE < 5 mm thick]. Vaiues of.J_
depend on percent of swaling ciay-slze
particies, and acoess to water.
€. MO ok Wall COMTAcT when Shearsd
¥. Zones or bands of disintegrated or crushed 1]
L. rock and clay (588 G, H and J for ciay a0
M. conditions) a0-120
M. Zones o bands of slity- or sandy-ciay, small 1]
clay frachion, non-softaning
O Thick continuous Zones or bands of clay 10.0- 130
A, &R (see G.H and J for day condlions) 6.0-240
5. JOINT WATER REDUCTION e
A Dry excavation or minorinflow Lz, < Simloeally 1.0
B. Madlum Inflow or pregeune, occasional 0E6

outwash of joint Slings
. Large Inflow or high pressure In competent mck 0.5
with unfllieg |oirs
0. Large Infiow or high pressure 0.33
£. Exceptionally high Inficw of prassuie at biasing, 0.2-0.1
decaying with time
F. Excaptionally high Irflow or pressure 0.1-00s
. STRESS REDUCTION FACTOR
2 Weaknass 2ones INMASeCIVg eXcavanan, whch may
cawse loosaning of NGk mass when rwnnel is excavarsd

A MUTIpie DCCUMEnces Of Wealness Z0nes containing ciay or chemizally
disiMEeqrated ok, VETy |D0SE SUToUNAING fock any deptm)

B. Singie waakness Zones containing ciay, o chemically dis-
tegrated ook [Sxcavation depin « 50 m)

C. Single wealiness zones containing clay, or chamically dls-
tegrated ok [Sxcavation gepin = 50 m)

0. Multiple shear zones In compstent rock (ciay frea), loose
EUMTOUNAING MOcK (3ny deatn)

£. Single shear zone In competant rock (elay ree). (dapth of
excavation < 51 m)

F. Single shaar zone In compatent rock (ciay frag), [depth of
excavation = 50 m)

. Loose open joints, healy jointed o Sugar cune’, (any depin)

A Q2gTESE 3PP |

25 -3
16 -24

12-18

:qﬂ;:nx.mterptesme-:hgi‘lrnz:-

10-25

25-100 1. Factons C o F are cude estimates; Increase
oy IT drainage Instalied.

25-100
=10 2 Special problemes caused by o2 Tomation
are ot considersd.

=10

SRF

10.0 1. Regucs these values of SRF Dy 25 - 50% bt
oniy If the relevam shear zones Influence do
not Intersect the axcavation

a0

25

75

50

25

50

X

(LU
Tas WA S

SEOUL NATIONAL UNIVERSITY
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DESCRIPTION VALUE NOTES
6. STRESS REDUCTION FACTOR SARF
b Compemnt rock, rock sTess problams
oploy oy 2. For swongly anisatropic: vingin siness Tield
H. Low 5ire6s, near surface =200 =13 25 (It measwedy when So,/o3<10, reduce o,
J Medium siress 200 -10 13- 0.66 10 10 0.Bgp and o b0 0.8, When oyfoy = 10,
¥. High siress, wery bght sinaciure 10-5 0e6-0233 05-2 reduce :rca.nd qm D.Eu.—n a'H:ID.Ba[, when
{L=swaly favourabie to stablify, may o = Uncanfined compressive strengtin, and
b irfavourabie bo wall stabiity) o, = ferslie strength (point load) and =, and
L. Mild rockiburs? (massive rock) 5-25 033-016 5-10 3 are the major and minor principal stresses.
M. Heavy rockiours! [massive rock) =25 =016 10- 2 3. Few case recons avallabie where degth of
¢ SQueszing rock, pEsDe Mow of INCOMpaTsT roack croan below surface ks less than span width.
undar influance off high rock pressure Suggest SRF Increase from 2.5 to 5 for such
M. Mid sgueszing nock pressure 5-10 cases (52 H.
0. Heavy squeszing rock pressure 10-2
o Sweling rock, chamical sweling scrvity depending on grasencs of wamr
P. Mid swelling rock pressune 5-10
R Heavy swedling rock pressurs 10-15

ADMMTIONAL MOTES ON THE USE OF THESE TABLES

When malking estimates of the ok mass Quallty (&), the following guiteiines should be followed In addition to the notes listed In g

tables

1. When borehole core 15 unavallable, RGD can be estimated fom the numbsr of joinks per unit volume, In which the: numbar of joints per
medre for each joint 52t are aoded. A simple rialionship can be usad to comven this number to RED for e case of day fr2e ok
masses: RGD = 115- 3.3 J,, (apprmo ), wheare J,, = total nu‘nt:a'ul'jnlntsperma (0= RGO <100 %0 35 > J, = 4.5).

2. The parameler Jp representing the numier of joint s=ts will often be afected by Tollation, schistosity, siaty cleavage or beading ete. If
srongly develaped, these parallal Joints' should obvlously be counted as a complete |oint set. However, If there are few Joints' vislble,
or If only pccasional oreaks In the core are due to these features, then it will be more appmopiate to count them as random’ joints
when evaluatng Jp.

3. The parameters J-and J; (representing shear strength) should be relevant bo the weakest significant joint et or day filed discontiruity
In the given zone. However, If the joint 52t or discontinuity Wi Me minimum value of JiJ5 16 favouraily ofanted for stability, en a
sapord, less favourably ofented joint set or discont ruity may sometimes be more skgnificant, a}dltshlghetvadef'Ja should be
used when svaluaing G The value of JWJ5 should In fact relate to the surface most Ikely to aliow Tallure o infiate.

4. When arock mass containg clay, the factor SRF appropnats bo loosering loads should be evaluated. In such casss the strengh of the
Irtact mck 5 of e imeresl However, when [oimting Is minimal and clay Is compietely absent, the strengh of the Imtact rock may
pecome Me weakest link, and Te stabilfy will then depend on the ratio mck-siressck-srength. A sirongly anisotropic siress fieid Is
unfavourabie for stanlity and is roughly accmunied for a5 In note 2 In the fabie for stress reduction facior evaluation.

5. The compressive and tenslie strengihs (o, and o) of e Intact rock should be evaluated In the saturated condition If this |5 appropriate

tothe presant and future In ity condlions. A vary consenvative estimaie of the strength should be made for those rocks Mat deteriorate
whan exposed to moist or saturabed condtions.




Empirical Analysis
Q-system (Barton, 2002)

Exceptionally Extremely Very poor Poor |Fair| Good |Very| Exi. |[Exc.
100 poor poor good | good ood
e 20 / 11 //
I . "] 24 | "] 6 1
- | _____./ 28 15 -///
= '3 15 / 23 | 14 9 /
= £ 10— 38 / 27 / 18 /(/
D 31 | 22 //
S gl 4 X0
=5 % - 37 / 30 '-,/-/‘
s g o | 2
g == I 33 / No|suppprt required
T e
S 4
0_2/
0.1
0.001 0.01 0.1 l 10 100 1000

Rock mass quality Q

Figure 12.2 Support requirements for the Q-system (for fuller details see
Bieniawski, 1989).

ESR: excavation support ratio



Empirical Analysis
Q-system (Barton, 2002)
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Span or height in m

ROCK CLASSES
G F E D Cc B A
Exceptionally Extremely Very - Very Ext. Exc.
poor poor poor Poor | Fair| Good | 5ood| good |good
. T T 2 55 I
atea 21m
‘ 5\101'3"’.‘3?I 17m
” s T T rem I
o T TT1am ’)u
12 m # v 7
20 10m // /’ /"/ .
v / | |
9 8 7 6 5 4 (3) (_) / J)
b1
o 10 = =T 40m 3
17]
~ A O 1 g o 1 o i N | W R
22 N v > > 2"
5 2t 2.4
20m__ @,
| o
16mL (\g‘\
I o
2 ' m—&;ng,@ 1.5
10m | ¢
1 I
0.001 0.004 0.01 004 01 0.4 1 4 10 40 100 400 1000
. RAQD  Jr Jw
Rock mass quality Q = n X Ja X SRE
REINFORCEMENT CATEGORIES:
1) Unsupported 6) Fibre reinforced shotcrete and bolting, 9 - 12 cm
2) Spot bolting 7) Fibre reinforced shotcrete and bolting, 12 - 15 cm

3) Systematic bolting
4) Systematic bolting, (and unreinforced shotcrete, 4 - 10 cm)
5) Fibre reinforced shotcrete and bolting, 5 - 9 cm

8) Fibre reinforced shotcrete, > 15 cm,
reinforced ribs of shoterete and bolting
9) Cast concrete lining

L = Hs3 Joj w ul yibus| yog



Empirical Analysis
Q-system (Barton, 2002)
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« B2 &5 0 (= ESR (Excavation Support Ratio) £ 2}

El SR - - ESR
A, GAFEQ FitEE 2~5
B. 4748 B4 d, $EEdL B 1.6 ~ 2.0
(FEALd ng FE4AEE A,

AR, $HA%, dE 259 +9EEY
A3 (heading), 2842 (surge chamber)
C. AA3%, F#A4d 3%, 1.2 ~ 1.3
A7E 2 2 2T HY,
A9 e (access tunnel)

D WAL UAE ISER FE X HY, | 09 ~1.1
Qsle 5, YT, HdwAY
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Empirical Analysis
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RMR & Q-system

Rock Mass Classification - Examples i
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¥ massive, strong rot

¥ low stress regime

¥ note lack of ground
support

v RMR = 90
(very good rock)

v Q=180
(extremely good
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Rock Mass Classification - Examples

v blocky rock

v low stress regime |
|

v minimal but systemﬁric' o
ground support |

/ RMR = 70 3
(good rock) 1

v Q=15
(good rock)
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Rock Mass Classification - Examples
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v weak/foliated rock

¥ low stress regime

¥ note lack of ground |
support

¥ RMR = 40
(poor to fair rock)

v Q=09
(v.poor to poor rock)

i
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Rock Mass Classification - Examples

v blocky rock

v high stress regime |5

v RMR = 40 i
(poor to fair rock)

v Q=08 ;
(very poor rock) |

15 of 40 Erik Eberhardt - UBC Geological Engineering ISRM Edition

17 of 40 Erik Eberhardt - UBC logical Engi ing ISRM Edition

 From lecture note by Prof Eric Eberhardt (Univ British Columbia)



Stress-Strain Relationship (Hooke’s Law)-H =

Re I ati O nS h i p With Vp an d VS SEOUL N.-‘\NA NIVERSJTY
E _ V2 3\/p2 _4VS2 _ i
an = Vs sz _V52 & 107 Dynamic
V2oV £
V2= E (1_V) Vin = P : 2 54 Static
o yn 2(\/2 —V 2) =
p (1+v)(1-2v) p Vs < /
- E,,. : Dynamic Elastic Modulus 2
2= = .  PAicenn’ : T
s L) 2(1+V)} Vgyn - DYNamic Po.lssons Ratio 0 00!
V, : P wave velocity Volumetric strain

V. :S wave velocity
Dry red Wildmoor sandstone (Fjaer et al., 2008)

* In reality, Dynamic E # Static E. Typically Dynamic E > Static E.

o Difference decrease with stronger, larger confinement
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