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Rock mechanics is the branch of geotechnical engineering concerned with the engineering
mechanics and the properties of rocks. In general, civil engineers deal with two types of earth
materials: soils and rocks. Geotechnology is a term used in the literature to describe both the science
and engineering of soil deposits, rock masses, and the fluids they contain.

Soils are aggregates of mineral grains that can be separated by slight mechanical means such as
agitation in water. On the other hand, rocks are aggregates of mineral grains that are connected by
strong and permanent forces.

In general, soils are the end-products of the mechanical or chemical weathering of rocks. The zone
where the rock is weathered, also called the "weathered zone", can be a few feet thick in arid areas
and several hundred feet thick in tropical (hot and humid) areas. A rock that is not weathered is
called "fresh" (weathering grade I), whereas a fully weathered rock is called a soil (weathering grade
VI). Obviously, there is a wide range of materials in nature that fit in between those two extremes.
Some of them have properties that are more rock dominant whereas others have properties that are
more soil dominant. These materials are sometimes called rock-like soils or soil-like rocks. As civil
engineers, we need to know the vertical and lateral extent of the weathering zone, the different
grades of weathering, and the depth to the fresh unweathered rock.

A clear understanding of the difference between a soil and a rock is necessary as far as engineering
contracts are concerned. Indeed, a misunderstanding might lead to costly legal disputes. Very often
among geotechnical engineers, a soil refers to a material that can be excavated without blasting (with
a mechanical ripper for instance), whereas a rock is a material for which blasting is required for
excavation. From a behavioral point of view, we should also keep in mind that the engineering
properties (deformability, strength, permeability, etc..) of a rock mass do change as it weathers.

You should be aware that the engineering definitions of soils and rocks are not universal and are not
always accepted by geologists. For a geologist, the term "rock" means all the material found in the
Earth's crust regardless of the degree of bonding between the mineral grains, whereas the term "soil"
is reserved for the upper part of the ground surface that is supporting the vegetation. These
definitions have also been adopted by peodologists and agronomists that are only concerned with
the upper layers of soils bearing forest and agriculture.

The communication problem between geologists and engineers exists also with regard to rock
classification. In general, geologists classify rocks into three major groups: igneous, sedimentary,
and metamorphic. Rocks are classified from a genetic point of view, i.e. how they were formed.
Each rock group is further divided into sub-groups based on the grain size, the rock texture, etc.. On
the other hand, engineers are more interested in how rocks behave in practice. They classify rocks
based on their performance in various engineering applications such as drilling, blasting, tunneling,
rock/dam interaction, etc..

In rock mechanics and rock engineering, you should also be aware that there is a clear distinction
between "rock" and "rock mass". The term "rock" refers to the intact material, whereas "rock mass"
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is used to describe the material in situ which can be seen as an "assemblage" of blocks of intact rock
material separated by discontinuities, fractures, etc... Laboratory tests are usually done on core
samples of intact rock and are therefore of limited value. On the other hand, field tests are conducted
in boreholes, galleries, etc.. and involve a volume of the rock mass. The response of a rock mass to
a test depends on both the intact rock and the discontinuities. In practice, the results of both
laboratory and field tests are integrated into rock engineering design where the main objective is to
understand the interaction of a rock mass with an engineering structure.

2. FIELDS OF APPLICATION OF ROCK MECHANICS

Rocks can be used in themselves as raw sources for construction materials (aggregates, construction
stones, decorative stones, etc..). Also, many engineering activities involve rocks either as
construction or foundation material. These include:

e Design of foundations for buildings, bridges, dams, towers, etc...

e Design of rock slopes and surface excavations for canals, highways, railways, spillways,
pipelines, penstocks, dam abutments, open pit mines, quarries, etc..

e Design of underground excavations such as tunnels, mines and other underground chambers,

e Design of structures associated with energy development such as underground nuclear
plants, repositories for storage of nuclear and chemical wastes, LNG and oil.

Although the methodology may differ from one activity to the other, all these activities have three
basic similarities. First, they all require an evaluation of the site geology, i.e. rock types, extent of
each rock unit, extent and type of weathering, etc... This is usually done by conducting detailed site
exploration and investigation using surface mapping, boreholes, trenches, or geophysical survey.
Site exploration and investigation is usually conducted in several steps (preliminary, advanced,
etc..). Second, all the aforementioned activities require an assessment of the engineering properties
(strength, deformability, permeability, etc..) of the rocks involved in the projects. This is done by
testing samples of intact rock in the laboratory and by conducting field tests. Finally, engineers need
to take into account possible geologic hazards and their impact on existing and future structures. In
general, geological hazards can be divided into hazards from geological materials (reactive minerals,
asbestos, gas hazards), and hazards from geological processes (volcanoes, earthquakes, landslides
and avalanches, subsidence, floods, coastal erosion).

3. OBJECTIVES OF ROCK MECHANICS

For most engineering projects involving rocks, the objectives of rock mechanics are essentially of
three fold:

(1) Determine the properties of the rock and the rock mass associated with the project of interest.
These properties may be physical, mechanical, hydraulic or thermal. Not all properties need to be
determined but only those that are deemed necessary. In addition to these properties, the in situ
stress field needs to be measured as well. The intact rock and rock mass properties are usually
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determined in the laboratory and in the field, respectively.

(i1) Model and predict the behavior of the rock mass when subjected to the new loads associated with
the engineering structure to be built.

(iii) Finally, once the engineering structure is built and upon its completion, the third objective is
to observe and monitor its response and behavior with adequate instrumentation.

4. HISTORICAL DEVELOPMENT OF ROCK MECHANICS

Compared to the field of soil mechanics, the development of rock mechanics has been much slower.
The need for understanding the behavior of rocks has been recognized by geologists and mining
engineers at the turn of the 20th century. Several attempts to characterize and model the behavior
of rock masses have been carried out by engineers involved in the construction of tunnels in the Alps
at the beginning of this century. One has to wait until 1957 for rock mechanics to become a separate
discipline with the first treatise written by Talobre.

Unfortunately, two major disasters have contributed to the advancement of rock mechanics and have
forced the engineering profession to better understand the behavior of rock masses. One of these
disasters took place in France. On December 02, 1959, the Malpasset dam burst due to an instability
of its left abutment killing 421 people. Another disaster took place a few years later in Italy; on
October 09,1963, a major rock slide caused the Vaiont disaster killing 2600 people.

The two previous disasters triggered the creation of the International Society for Rock Mechanics
(ISRM) which organized its first congress in Madrid in 1966. Since then, the ISRM has sponsored
multiple international congresses and workshops.

Over the past 30 years, the number of engineering projects involving rock either as construction or
foundation material has increased drastically. These engineering activities have strongly enhanced
the need for a better understanding of rock behavior. As a result, a large body of literature is now
available on the subjects of rock mechanics and rock engineering.

Modern rock mechanics is an interdisciplinary field. Indeed, in order to solve rock mechanics
problems, information from other fields are needed. These include: engineering geology, geology,
mechanics, hydraulics, mathematics, physics, chemistry, and soil mechanics, among others.

5. ROCK AS AN ENGINEERING MATERIAL

Despite its analytical aspect, rock mechanics still remains an art since the rock mechanics engineer
is faced with an engineering material of uttermost complexity for which engineering judgment and
experience are required. In general, rock and rock mass properties cannot be assigned to a design
calculation with the same degree of certainty as for other types of engineering materials such as
concrete or steel for three reasons.
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First, information obtained from the testing of rock specimens or from field observations through
outcrops, trenches, boreholes, geophysics (surface and down hole), and excavations are not
sufficient to provide a complete picture of the rock mass of interest. Uncertainties are inherent when
dealing with rock masses; uncertainties in the material itself, uncertainties in data collection and
testing and uncertainties in model prediction.

Second, rock is a very complex material that can be:

e Discontinuous with micro-discontinuities (pores, microcracks) and macro-discontinuities
(joints, shears, faults) (Table 1);

e Anisotropic if its properties vary with directions as for sedimentary rocks, foliated metamorphic
rocks and regularly jointed rocks;

e Heterogeneous if its properties vary from point to point as in multilayered rock masses.

Note that rocks and especially rock masses can rarely be described as isotropic, homogeneous
continua. Thus, continuum mechanics is of limited value when modeling rocks. In addition, rock
properties can be time-dependent and scale-dependent (Figure 1). The scale dependency implies that
when modeling a rock mass, we need to take into account the relative scale of the structure of
interest with respect to the scale of the major rock mass features. The scale dependency is in both
time and space. By scaling we are concerned not only with the scaling of rock mass properties but
also the scaling of the mechanisms involved in rock mass behavior.

Third, to complicate things even more, geological processes are coupled in a strong non-linear
fashion. The processes can be mechanical, hydrological, thermal, chemical, and/or biological.

With the previous characteristics in mind, it is unlikely that rock mechanics will ever be successful
in producing a fully coupled deterministic model of rock masses. An exact prediction of rock mass
behavior is not possible. Because of the complex nature of rock as an engineering material, the
design methods in rock engineering can vary depending on the geologic environment, the rock type,
the type of engineering structure, the design loads that have to be considered, and the end uses for
which the engineering structure is intended. This is discussed more extensively in a paper by Hoek
(1991). Tables 2-5 were extracted from that paper.
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GROUP TYPICAL DISCONTINUITIES TYPICAL SCALE
/ J \ 4
Microfissures 0.2 \‘ “
Rock Type
Defects
Bedding Plane Partings .
Foliation Partings 2
Joints 20
) Minor Shears
.Detcll‘ed. Minor Seams
Discontinuity
Pattern Sheoars
Seams 200
Mojor. Shears or 2000’
Gross Crushing Zones
Discontinuity
Pattern /
‘| Regional Fault Zones 20,000 /
Induced Buckling or Spalling . .
Fractures Fractures 02-20

Table 1. Classification of discontinuities according to scale (after Brekke and Howard, 1973).

CVEN 5768 - Lecture Notes 1
© B. Amadei

Page 6



‘adojs
3y JO 903 9y} 1B SIYIUP PUE SIIUIY Yojed
'ysaw padesp Se yans saINseaw [ejpawal jo
11234)3 343 jo pue wa|qoid jjep|aos [en
-uajod 3y3 jo spnjiuBew 3y} jo uoiedlpul
ue sm3 |Im $}d01 udjjey Jo Jaquinu adie|
© JO UOIINQUISIP IO Y204 UBJ|E} 4O UOIFEIOT

‘$201 u?||ey4 Jo uoiNqUIsIp
uo uol3ewOjul [Nyasn A3 saradold a2eyins
pue Ajawosd adojs jo uoersen uodn paseq
salo3alesy Auew jo saskjeue ope) Uy

"a1enbape Ajjesauald si 1oedun yoes je
saBueya K1o0jaA uodn paseq sya01 Buppunog
1o 3Buie} jo ssuojalesy jo uoiiejnaje)

‘syd01 Bupunoq pue

Bul||ey 359418 03 $31NJINIS JO IUISBIY
"adojs Buiwioy

S|eLIa3eL JO UOIIN}IISAI JO SJUBIINHA0D)
'SI13p|N0q 3500| JO 3IUSBIY

‘3dojs jo A1pwoan

-adoys ay3
uo SI2PINOG pue S$Y204
as00] jo Bupunoq pue
Buijjes 'Buijjos ‘Buiplg

‘sadojs ya0d
uo sipneq  3s007

‘sUnseaw
[EIpaWIaI JO SSUAIRYD pue JnolAeyaq
adojs Bujuiwiaiap jo sueaw [eansesd Kjuo
ay3 si siuawsdedsip adojs jJo Juuojuop

‘snoinqo Ajjensn si 3uijddoy oy
|erauaoed yBnoyyje a|qejiene si ainjiey Jud
-do3 oy uoueyd 3|qeidadde Ajjessuad op

"SLWISIUeYISW unjiey
8uijddoy Buniojdxa 10) pasn aq ues Aijawoa3
adoys paiyijdwis jo spppow juswaje 9321351

‘Buipys pue 3uiddoy Joj |eijuatod
Bujjewiss 1oy njasn ale s|ppoW yd0|q pay
-lldwis jo sasAjeue wnuqiinba 3wy spnid)

‘Buipeo| sxenbyyies [eijusjod

"2do|s Ul UOIINGLISIP J9IBMPUNOI
'saInjeay [en3dNIIS jo LIS pue dig
‘uoijejuatio pue 9j3ue ‘3yBiey adolg

‘92e4 adojs
ays oy [9|esed Apueau
Jo |esed ase yoiym
sainjeay |ednyanss Buid
-dip Adssis Aq ssew
3201 33 wouy pajesedas
suwnjod jo 3Buyddo)

" sadojs
204 pasutof Ajjeatniap

L

‘uonez|

-1qe}s Jo 3509 Ueyy ss3| st dn ues|d jo 3503
asaym sadojs auiw yd uado Joj s|qeidadse
aq Aew 9,67 03 QT 4o 3in|ie} jo Kyjiqeqoid
‘aSewep jo ysu juedyiuBis yum sadojs
JJuauewlad, 1oy 61 < Ajajes jo Jopdey
‘afewep Jo ysu [ewiuiw yym sadojs
JMelodway, Jop ¢ < Avjes jo Jooey

‘suoiiealjdde awos Joj [nyasn ade ‘syiduans
Jeays pue SUOIIBUILIO |EINIDNIIS JO UOIINGHY
-sip uodn paseq ‘sasA|eue Ayijiqeqoud ainjieq

"Kyajes Jo 1032e) UO SalpnIs Jupweled
1o} pasn aue sspow Sulpl|s |euoIsUaWIP-33.Y3
auILIRIBP Yolym sashjeue wnuqiinbs i

‘Buipeo| ayenbyuea [eluslod

“ado|s Ul UOIINGLISIP 133EMPUNOIY
‘s3.njeay |ean1anais jo Yaduauis Jeays
'S94N3E34 |BININIIS JO Y1} pue dig
‘uoljejuaLio pue 3j3ue 'yBiay adojg

‘sainjesj |ednionils
oM} JO UOI3D3SIBIUI JO
aul| 3y Buoje 1o aimy
-E3) |BINIdNAS U0 Uo
Buiplys 28pam 10 Jeue|d

“ado|s 3y} Jo SsuoljewIolep iWi| 01 Japio

ul pasinbal aq Aew A3ases jo sio3oey JaySiH
‘a8ewep jo )su Juedyiudis yum sadojs
JAusuewsad, Jop g1 < Ajjes jo Jojoey
"aBewep Jo Hysi [ewiuiw yym sadojs
JJKreiodwsy, oy g1 < fsjes jo Jojdey

‘swajqosd adojs |ensnun
21e81359Au1 03 pasn Ajjeuoised20 aue sashjeue
ssal]s |eduawnu 1o saskjeue wnugiinba
|euoISUBWIP-334Y} ‘sashjeue Aaljiqeqoiyg

‘f13jes Jo 10308} JO SAIPNIS ILIPW
-eied 1oy pasn aie IEJINS Aunjiey [BIND
3y} Joj Juiydless dljewoine apnjdul Ydiym
spoytaw wniqlinba 3w [euoISUSWIP-0M |

“3uipeoj

aenbypes 1o aBieyains [e1jualod
'ado|s ul uolNqUISIp J31BMPUNOIS)
'92B4NS 24N|IEY

Buole sjeustew jo y1Bualls Jeayg
‘304 ados jo 3|3ue pue ydisy

.

‘sassews 3301 pajuiof
Ajineay Jo pios yBnodyy
aepins padeys-uoods e
Juoje aunjiey  Jendut)

‘sadoys 201
pajuiof Ajiaeay Jo j10g

<

‘UOIJIR [BIP3LUBL JO SS3UAIIRYD pue
inolaeyaq adojs Buijenjeas jo sueaw |edn
-seud Ajuo ayy st adojs ui sjuawade|dsip asey
-Insqns pue 3de4ins jo Suliojiuow wiay uo

'sainsesw |elpawal
J0 $59UaAINI3Ya aBpnl 03 pasn aq ued Kajes
Jo 1032ey jo aBueyd jo el nq Bujuesw
9[331| sey A3ajes Jo JOIIE} jo anjen Iinjosqy

uswade|dsip ado|s jo
Ki03s1y pue swsiueyaaw in|iey ajedsanul
03} pasn aq ued sishjeue JUAWI[D 3321351 10
JUWJR YUl SB YINS Spoyldw |edusuwnp
‘sadueyd ayoud adojs 1o afeuresp jo 1nsa.
e se b&mm Jo lopey ul muucm;u 91eWNS?
0] pasn 3q Ued Sadeuns ain|iej Jejnalid-uou
10} Mo||e Ydlym spoylaw wnuqiinbs pwi

‘Suipeo| ayenbyyes |e1judlod

‘203 adojs jo 93ua1awgns

0} Jo ||ejutes 03 Isuodsal ul Ajlenon
-1ed ‘adojs ul uolINqUISIP 193EMPUNOIS
‘3depNS ainjie}

Juoje sjepajew jo yiduans Jedyg
‘syjney [euoidal jo I3Ussaly

‘s|elIIEW 3DEIU]
JO aunjiey se |am s
531NJ€3) |BINJINILS J3Y30
pue synej uo 3uipys
FuiAjoAul ade)Ins aun|ie}
1g|Nd11> eau Jo I3
e Buoje ainjiej xajdwo?)

‘sapijspue

VI3LIYD ALITIEYLdIDDV

SAOHLIW SISATYNY

SYILINWVYVL TVIILIYD

JA0OW 3dNTv4

JINLONYLS

'sadojs 204 40§ eLdIUI AYiqeidadoe pue siskjeue jo spoylaw ‘siajawesed (ea13Ud ‘sapow anjieq 7 djqe]

Page 7

CVEN 5768 - Lecture Notes 1

© B. Amadei



“s190uiu [eINIPNIYS Aq payidads saw
UM 8¢ plnoys JUSWIMBS [ENUSIKI]
“Suol3ewIoap | 03 pasinbal

2q Kew Kajes jo s1030e4 1]RYSIH "suolipuod
Suipeo| [ewlou oy 7 P33 pnoys ainjiey
fqedes Suueaq 1sujeBe Mages jo 101384

‘s|erazew uoljepunoy didoijosiue
10y Auenoipled  'SuOljeWIORp QUL
o} pannbai aq Aew seskjeue |edLRWNN

‘Kyajes
jo oy} jo salpmis dujowesed oy pasn
2Je sadeyNs ain|le) JE|NIID-UOU pue SIS
pautpput Buisn sIsAjeue wnugq nba 3w

‘Buipeo| aenby3iea oy [erjuaiod

pue suoljlpuod Buipeo| uoljepunod
"UOI3EPUNOY Y204

J0 [|os Ul UOHNQUISIP 13}EMPUNOID
‘s|elaiew

201 pajuiof 1o |10s jo Y3Buauls leays

‘qels uoliep
-unoy Bulkpapun sd01
}eam o S|los Jo adnjiey
leays  woyy  Bunjnsad
ainjie) Adedes Buueag

‘|1os 10 201
1j0s U0 suojjepunoy

's199uBua [enjanas Aq payraads sy
UM 3q pjnoys 1UsWa|)es [eruaIRYIQ
"suoiypuod Junesado [euriou 4oy G'T PaIIX3
pjnoys sya0|q o seBpem uolepunoy [en}
-uajod Aue jo Buipi|s 3sujede Ayajes jo Jo30e4

's3sseLl %201 21do130S|UE 10}

Kjsepnaied 'uojewlopep uolepUNO) BUIW
-1939p 0} Pasn aq ued sesAjeue [edLBWNN
‘K33jeS JO 103084 jO SAIPNIS

sujawesed Joy pasn ale sado|s Juadelpe uf Jo
uoijepuUNoy ay3 ur sainjiey 9Bpam Jo seueld
|euatod jo saskjeue wnuqunba Wi

‘ado|s Ul uoIINqUISIP Ja3eMpUnOLS
‘saljle

-doid uonjewogpep JuALRIP Kjjuedyiu
-8i1s yum siake| paulpul jo 3dussald
‘uoljepunoy Bulwloy ssew

{204 Ul 531n3E3y [BININIIS JO y38uans
leays pue UONEBUIDUI  ‘UONEILIMQ

'$)204
uonepunoy jo sarpadord
uoijewojap didoijosiue
0} anp JuswaIEs (e
-ussayiq Suipeo| uol}
-epunoj ANISSIAND wouj
Supnsal ainjiey adojg

‘sado|s
3204 UO suoljepunog

N\

‘ “suojealyIdads 91319U03 UL paulap
sjana] Bunjiom 3|qemojje ulylim 3q pjnoys
o1& 31912102 Ul SUOIEWIOP PUE S3553IIG

'SUOI3IPUCD POO|4 WNWIXE|N 3|qeqold
1oy 7 pasdxa p|noys pue suopipuod Butje
-iado |ood ||n} [ewlou oj § Paadxd p|noys
ainjiey uoljepunoy IsuieSe Kajes jo Jojoey

‘yd4e 3325U0D By} Ul SUIW
-aoe|ds|p pue S3ssa13s AUIWIANAP 03 pasinbal
2Je sasAjeue |eduawinu |BUOISUBWIIP-93IY ]

JUIWIIOUIRL puE
sainssaad Jajem jo @duanpui ay3y Buipnjaul
‘sjuswijnge pue UOIIEPUNO 3y} Ul sIpow
Sulpljs euoisUsWIP-2344} JO S3IPNIS dlBW
-eled Joj pasn ale spoyIaL wnuqy|Inba 31wy

\/ 'sado|s 110A1359) JO A3jIqeIS

‘wajshs a3eujeip

U2 3043 Jo SS3UBAINIYT
‘saInjeay [e4n1INAS Jo yiduadls

Jeays pue uoleuldul  ‘UoHEIUIMQ
'SSeW %204 Ul SUOZ 3|qeau

-i2d Jo 3|qewoEp Nesm Jo 3dU3saAld

pue

‘sjuawinge
10 suoljepunoy y3noiy}
a8exes ' uoljepunoy jo
SIUIWR(3IRS  [elIURIBYIP
03 anp youe jo Bunpdel)
'SjusW3Inge 1o uolep
-unoy ul Injley Jeayg

['swep yary

% s

*JINd pue ajenbyiies 9|qipald winwixew

- Suipeo| awanxa 10y 1 < Ajajes jo 1opdey
(4INd) poold wnwi

Xey 2|qeqoid 1oy 6T < K3jes jo Jodey
‘suolipuod Bune

-1ado |ood ||} |ewou oy £ paadxa pnoys
ainjiey uoijepunoy jsutede Kiajes jo iopey

“3|qe|eAe SI S3IBLINS 31N|iEy [e1D
40 UOIIIBIP dljewolne Yum siskjeue ainjiey

JR|N24|2-UOU B SS3[UN palnbal ase sadeuns
21n|iey |ely Jo 1aquinu 931e| \y uolEpUNOY

343 Uy swieas yeam uo Buipl|s pue 3201 pue
31317U07 UBIMI3Q IeMAIUL By} uo Bulpis
9je33s9aul 01 pasn aq p|noys Spoyauw
wnuqiinbs i) Suisn sapnis dl3BWeIRd

‘sadoys 110A19531 JO AYI|IGEIS

‘washs 2Beuresp

pue ulelnd 3noi8 jo SSBUIAIPIRYT
‘ssetu 3201 Jo Y13uauls Jeays

{204 pue 33242U03

uaamiaq IJeylaiul jo z«m:w:m leayg
‘ssew Y01 Ul

s9u0Z 2|qeautsad 10 3eam Jo aoUIsAY

°

‘sjuaWwinge pue uoljep
-unoj yBnoiyy afexed
‘Wep jo |9y 3je uoljewt
-104 €13 UOISUD] "HI04
UOIIEPUND) JO 40 04
puUE 3}815U0> UIIMIA]
39841311 JO AUN|IRJ JEBYS

‘swep Kinel9

A"

‘U0ls019
uana1d 03 moj aq pjnous syualpe.d onespAH
'suol}ipuod umopmelp mu_am_ 10} G'T pa9dX3
pinoys sadojs weasysdn o faajes jo Jooey
"suoljeuIojap 1w 03 pasnbai aq Aew
f3ajes jo siopey 1ayBiY  "suolipuod |ood
|IN} Joj 7 PaROX3 P|NOYs UOIREPUNOY Ul SWeas
jeam uo Suipys 3sutede Aajes jo Joidey

‘sayenb

-yHes Bunnp wep jo asuodsal diuwieuAp ajed
-13s3Aul 0} pasn aq ued spoyiaw |edlaWnN
-Kyjiqeas jo saipnis oujaweled o}

pasn #q p|noys spoyal wnuqiinba 3w
‘sjuawinge pue wep y3noiyy uoly

-nquisip AIdojaA pue ainssaid Jajem auiw
-1233p 01 paiinbai aie seskeue 3Bedasg

‘sado|s Jionsasal yo Ay|iqels

‘wajshs adeuresp

pue uteund 1noid Jo SSIUIAIIIYT
'S|eliajew uoiPNIgs

-u0> wep jo juawade|d Jo Kijenb pue
uonjepesd ‘Ajpiqednp ‘yiduaiis leays
‘uoljepunoyj ul

sauoz 3|qeawwad Jo yeam Jo 3duasAId

'3.103
jo uoisosa pue Buidig
‘sWwieas eam UO 3IN|iey
uoljepuUNO "umopMmelp
pider Buunp  Apejnan
-led  ‘wep jo 2unjey
1g|Nd412-183U 10 JB[NdIID

swep ||} pauoz

W

VIY3LIYD ALNIEVYLdIIOV

SAOH.LIN SISATVNY

SYILIWVHVA TVIILIED

JAOW FdNTIv4

FUNLONYLS

‘suopepunoy pue swep Joj epajud Kyjiqeidadoe pue sisk|jeue jo spoyjaw ‘siajawieled |

£d1310 ‘sopow ainjied : ¢ Ijqe]

Page 8

CVEN 5768 - Lecture Notes 1

© B. Amadei



-Kiessadau Ji a3sem jo |enalaial Jwiad
03 sieak g Ajprewxoidde Joj a|qels ulewWal
JsNW s9joy Jaisiued pue s[aUUN 'syeys
‘|erajew aAdeOIpES jo Hodsuesy Jwi| 03

lapio ul eale juswuiejuod ‘_mummcmu mumm;,

ay3 ySnoayy JuaLaAowl Ja3empunodd jo sazes

Moy Ajpwaiyx@ saunbas uBisap sjqeidadde uy.

‘spoyjaw
|esuswinu wc_m: paie|nojed ale s|eas Jeys
pue 201 3y} Ul sa.nssy ‘sauoz pafewep
1selq y3nouyy Apejnoiued ‘ssipopA pue
sulajied MOJ} J9IBMPUNOIS) 'SIAISIUED BISEM
woyy Buipeo| [eunayy Aq pue uOIjEABIXD
Aq paanpul sjuawade|dsip pue sassalls aie|
-n2jey 0} paIsn 9le wumx_m:m _mum‘_wEJZ

‘ssew
Y_UOL |yl ut CQ_U_‘_L_ZM__U Jajempunolgy
'SUOI3EABIX Y3 Buipunouins

| 53552435 [BWIAY} PUE NYIS u]
'SSEW %201 3y3 Ul sy

-m& |ean1dniis jo yiBuails Jeays pue

%201 3y}

Aijiqeswiad ‘uoljeul|dul 'UolEIURLQ

-afexes| anijdeOIpRS
30 Apiqeqoud say3iy pue
Aiqeswsad  paseassul
u1 Buly|nsal suoljeAedxa
ay} 3Buipunouns ool
ayj Jo Buijeds pasnpul
Ajlewayy lo/pue ssang

‘lesodsip a1seM
les|anu _uc:O.._w‘_mﬁ:D

Ze

'suoi3a|paid uBisap waiyuod

01 |eluassa s| syuawae|dsip jo Buuojuopy
"azl|1qe3s

SSew 3204 3y} Ul sjuawade|dsip ay3 jeyy pue
passaiisano Jou st woddns ay 3eyy ‘poddns
p3||easul Aq PajjoJjuod U3aq sey anjie} jo
JU2IX3 Y3 IBY3 IEJIPUI S]PPOW |EdLIWNU
usym panalyse sl uBisap s|qeidsddce uy

‘S||EM PUE JOOI UJIAED Y3 10}
‘sjuawalnbal poddns sjewnyse 03 pasn ate
pue sashjeue |eauawnu Aq paujuiaiap ale
UOIIBABIXD UIdAED JO a3els yaea Aq padnpul
sjuaWade|dsip pue SISSNG "SSEW D01 3L}
up safpam |ej3uzod ||e jo uopezyjensia pue
UOIIBUILLIRIBP Y} Joy pasn ase spoyiaw |edl
-ijeue Jo sanbiuyday uonasfoid |eauaydg

_-Bupsejq pue Buyjup jo Ayjenb
pue aouanbas joddns pue uoieAeIx3y
‘usaAed Jo uonejualio pue adeyg
"SSeW %704 3y} Ul SISSAUYS NS |

‘ssewl 3301
Y3 Ul sainjeay [eanPNAs Jo Yiduans
Jeays pue ‘uolejuauQ

'$3559435 NS Ul 4O
apmyudew pue sainyesy
|eandnas  jo  Buoeds
uodn Bulpuadap ‘ssew
201 JO 2un|ie} Jeays pue
3|1suay Jo saBpam Buipis
10 uijjey uaALp Kyneig

{204 pajuiof
su;aned  3dueq

(s

-anjea 3331 4o st Bunoyuow Juawadeldsiq

Kq pasodxa Ajjny aie Aayy aiojeq paproddns
pue payijuapl 3q pnoys sy0|q Jo sadpam
pue [ea3ud si duanbas uofe|je3sur Yoddng

'sy20|q pue sa3pam Bui||ey 10} 0'Z
pue Bulpl|s 104 G'T PaaIXa p|noys 'Juawadioy
-utaJ jo s3294)8 ay3 Buipnjaur ‘Ayayes jo J03de4

‘sjuawalinbas
poddns pue Aajes jo Jojoey ‘aunjiey jo
apouw 8y} uo saIpn3s daweled 1o) pasn ale

suuny ay3 Bulpunolns ssew 20.
3y} ul saBpam |ejuatod | Jo uoliez||ensia
pue UOIJEUIWISIDP Y3 J0j Pasn 31e spoylaw
|eankjeue Jo sanbiuysay uonsfoid jeousyds

'swaysks oddns

jo 83uanbas uone|jelsu pue Kiede)
‘UOI1EARBIXD

Buunp Sunse|q pue 3ulup jo Ayjend
‘uoljeARIXa Jo uoijeuauio pue adeyg

'SSBWI 204

3y3 Ul sainiea) |en1dnas jo Yidualls
IB3YS puE UOIIBUIDUI ‘UOIEIUILQ

‘|eriajew 3dey
-ins payoddns Ajgienb
-opeur jo BuijPnesun

'$34N3€3) [BINIDINIIS
Buioasiajul Aq paulsp
${20]q 1o saBpam Buipi|s
10 Bul|jey uanLp Ajnes

201 pajutof
Ul sjpuuny  mojleys

F

*|013U03 UOIIINIISUOI JO 1Iadse
juepiodunt ue st sUOIjEWIIORP Jo BULIONUO
‘uonjew.ojap juapuadap-swiy 1o Buij[ams Jo
3|NsaJ € se [auun} ayy JO 94nsOd 4oy pauBisap
9Q ISNW S3IN3PNJIS [BUIB}UI pue saulydew
Buipuuny  [ans] ajqeidadsde ue o3 3.Nso[d
JIWI| 03 PUE SSBW Y201 3y 3z1|1qels 03 Juald
-143ns aq pjnoys Hoddns pajjessut jo Aipede)

'Ssew 3201 Y3
ul sjuswade|dsip ajewiiss 03 pue yoddns
Joy aduanbas uoiie|jeisul pue Appeded auiw
-1313p 03 SPOYIAW [BIL3WNU 40 WHO}-P3sOd
Suisn sasAjeue  uolldesaiul Hoddns-yr0y

'Ssew 3201 3y} Ul spuawaze|dsip 3|qe
-qoid pUE S3UOZ 34N|IB} JO JUIIXD IUIWIIIP
o0} spoyjaw [espawinu Buisn sask|eue ssa.3g

‘swaysks poddns

J0 32uanbas uoiiejjeisul pue Aisede)
‘201 Aejuawn

-pas jo Ajze|noised ‘jeijuaiod Buijamg
'S9N382y |BININIIS [BNPIA

-Ipul jo pue ssew ¥20. jo Yidusng

"a3enbapeut st piod

-dns J1 21ns0|2 3AISSAIXD
10 Suizaanbs 'Bujjamg
‘53553415 PadNpul

Aq papaadxa si Yy3Buaiis
Qiaym  ainjiey oYy

‘sjauuny }201 Hos

-suondwnsse udisap 3y 329y> 03 [ElUASS3
si Sulul [293s Y3 Jo SPUd paje|nded ay3
1e sajoyaloq ul Buisey aunssaud sineiphy

-sainssaid djweukp mo| A19n yym su

-es3do Joy G°T Jo suopesado u_:ua_wo_vf
|e21dAy Joy pesy diels WnwiXew 3y} sawin
€1 ueyy ssa| si ¥oos 3y} ul ssans |edpuud
wnwiuiw ayy a:aym pasinbai si Buiuy 383G

'sy3Bua| Buiuy| (231 FUIWIIIAP O3 unssaud
SijneJpAy Slweukp WNWIXeWw pue sassalis
|edpupd  winwiuw  usamiaq  uosuedwo)

‘sixe [uuny

sso1oe pue Buo|e sUOI3IIS Jo sasAjeue ssallg
‘sdew d1ydes3odoy

23e4n39€ Woly 3n0d [puuny ainssaid Buoje
syidap J3A03 WNWIUIW JO UOlEUIWIAR(

‘SSEW

%201 3Y3 ut uoiyNqu3sIp a1nssaud IBIBAA
‘Buiuy [993s jo Buiynosd

JO SS3UaAIIAYa pue ssauxdly} ‘Y3Bua
3301 BuipunouIns ayy ut

ssa13s jedpund wnwiuiw o3 [puuny ul
ainssaid dnnespAy wnuixew jo oljey

°

"2anssaud
|BUIRIXD JO UOIFRWIIOJRP
3201 03 anp Juul| (2935
Jo Buippang Jo umydny

‘sppuuny
paul| 91342U03 40 pauljun
wouy 33exea| IAISSIIXT

's3afoud Jamod-01phy
u s|puuny 3Inssaiyg

VIY3 LD ALITIEGV.LdIDDV

SAOHLAN SISATVNY

SYILINVHVY TVILLIND

JJOW FdNTIV

‘suonjeaesxa SupaauiSua 1A punoiSiapun soy eUBIUD Aijiqeidadde pue siskjeue jo spoylaw

3uNLoNALS |

‘s1ajaweded |ed11d ‘sapowl anjieq 4 ajqe]

Page 9

CVEN 5768 - Lecture Notes 1

© B. Amadei



‘Ay)j1qeasul Buljjol3uod Ul [nyssaddns
aq Aew ‘Buiuado ay3 jo uoizeaedxs Juunp
pa||e1sul ‘s3|qe2 painoid se yans U0}
-uld) BYqIXA|y JUBISISII JBIAY  CUOIFBABIXD
3y3 JO JUBWUOPUEGE JO 210 Y} JO UOHN|Ip
SNOLIBS Ul 3|NS3J UED [043U0D Jo S5O “ssedaio
10 Jutodmelp aya jo a)1| uBisap ay3 Joj paulel
-ujew aq pjnoys Sutuado ayy yo adeys ay |

"pasn A||esauad ase
SPOYI9W 013 pUE [el} Jo 32uaLadX3 SNolA
-a1d uodn paseq suBisap |eouidw3 sjapow
9533 Ul PIPN|oul 30U e UOISBIGE pUE Jeam
4o sassasoud ayy aaus [njasn Kjrejnaiyed Jou
ale sask|eue [eauaWNU Jo wniqiinba ywiy

‘poddns

4o 95uanbas UoIIe[[RISUl PUB UOI}DB[FG
‘SUOIJEAEIXD

ay3 Buipunosns Y201 3y} Ul safueyd
§5341S pUB S355435 PIINPUI pue NS U| ®
‘yr01 3y} jo Y1duans pue Lyeny) e

‘sassedalo
lo sadols jo sso| oy
pea| Aew siyy sased
dWalxa U] ‘sassedaio
1o sjutodmelp pspiod
-dns Apood jo seam pue
uoiselqe woly Buiynsas
ainjiej ssew A201 _mu0|_

‘sassed
=910 ue m“_C_OQ>>m‘_
! a

*Bulisingy201 93npad 03 pasn aq Aew
BuIsSaISap [B20| ‘SIUBWUGIIAUS SSaNls Y31y
u| paiinbai 3q Aew yoddns ulsnied pue
piezey A3ajes a|qejdaddeun ue ale sale|ney
pUB S}jeUS Ul S|[ejyd0Y  'PaAllyde UIIq
sey Apoqaio 3y} jo uoipiodoid e e jo
K19A0231 3502 MO| puE 9jes UIyMm d|qeidadde
pasapisuod 2q ued> adAy siyy jo udisep vy

'syuawalinbas poddns jo sajewnsa pue

swajqoid |eiuatod jo suoljedlpur spiaoid
m ‘sadeys Apoqaio xa|dwod o) saskjeue !

|euoisuawip-sa1yy Buisn ‘sousnbas Buruiw
pue jnoke| adojs jo sasAjeue [edllawnpy

‘suolsuswip adoys ajes
Buijewiysa oy J|qe|iene e 'UOIEDYISSE]D
SSeW X204 U0 paseq ‘sajns |eauidwl swog

'2do3s a3 Jo uoijea

-eaxa ul Buniselq pue 3uljjup jo Aljend)
‘suoijenedxa ayy Suipunosins

3201 Y} UI SISSIIYS PIdNPUl PUB NS U| o
{204 3y1 jo y18ualis pue Ajijeny) o

'sadols Uaamiaq
sie|id ui sassaiis y3iy Aq
pasnput ainjiej aAlssaid
-oid 10 Bunsingydoy
'sjlem pue deq adoys
wosy  s|ieppos  woly
Bupynsas uonn|p  uQ

‘sado3s K1jua-uop

‘Aajes pasanodal s 210 9y ||B Uaym
paAalyde aie suoljipuod Suiuiw ajqeidsddy
‘Buly jo sdusnbss pue Ayjenb syy pue
s9do3s ay3 Jo aduanbas uoijeAedxs pue K139
-woad ay3 Aq psjjol3uod si A31jiqess ||esRAQ

‘uolnjip azjwiuiw o3 pue bwwmm N>O.aE_
03 $3|q€2 Pa3No.B 10 S3|OGHI01 JO UOIIE|[BISU]
3y3 Aq pajjos3u0d 3q pinoys K1jIqesu [e307

's9|qea panos3 jo sueaw Aq y20i

Y3 JO JUAWaIOUIAI 3y3 Jo ||y Aq papiacid
Joddns ay3 jo uoisnppul JwIad [|Im Slapowr
|eauawnu pajesnsiydos aiow 3y3 jo awog
‘swa|qoid |eijuajod Jo Uo)EIIPUI SWICS

3B [|im 98e3s uoIjEABIX3 LDED 10) SIUBW
-9oe|dsIp pue sassalls jo sasAjeue [edLAWNN

4o 3Beutesp pue uawade|d ‘Kyend
"ado3s jo uoljejualo pue adeys
‘SSEW X204 Ay Ul S3SSIIIS NYIS U]
'Sseus %201

3yl Ul SaINIea) |RANIINIIS JO YIBualls
leays pue UOIIEUIDUl  ‘UONBIUANQ

“SJUIWIUOIIAUD S53IS
Y31y ui Buiysangyao4 pue
sainjiey padnpul ssallg
'sjem  BuiBuey  pue
syjaeq adois wouy sy30|q
pue s38pam  paulsp
Ajjeangoniys Jo o s|jeq

'sado3s ||I) pue In)

'Swa|qoud 1SINQY201 PUB S[9AI| $S3IIS

Y31y pione o3 Kiessasau aq Aew sduanbas
Buuiw jo Buiuueld |njase) ‘sadols jusdelpe
30 Bujuiw Buunp A31jiqe3s ainsus oy yoddns
SAISUX3 2Jinbas Kew ssej|id umoud |eusRIU]
"a1njiey jo Ayjiqeqosd

mo| Kian ainsua o3 y3nous a3.e) 2q pjnoys
onjes ueds o3 yidap sejd umold sdeung

unjiey

|enlualod Jo Sau0Z JO SUCIIBIIPUL PUE S|3A)
ssal3s ajewxoidde aAI8 ued ‘saipnis juaw
-39 93313sIp Buipnpaul 'sasAjeue |eaLBWNN
*S3SSEW 3201

Jua13)y1p Joj suoisuawip tejjid umoid adepins
uo 9aueping |njasn aai3 ued sasAjeue wnu
-qiinba W] pue UOIIEIYISSE[D SSEW }I0Y

'ste||id umold |eussiul

Jo A13owos3 pue s|an3| ssalls nyis u|
‘sie||id uMOI 32BHNS JO 3B AYY

ur saunyesy |ednpniys Juiddip Adesis
Jo aduasaid pue Juuayieam jo yidsQ
‘sie|d

ay3 Bujwiioy ssew 3201 ay3 jo y3Buaiig

‘sie||id
UMOID |BUIBIUL PasSalls
-13n0 jo Buljjeds |enpesd
10 Buysingydoy ‘3ienb
-speut si ueds adoys
o3 yidap e|id jo onel
Yl Yarym oy sue id
UMOID 32BpNS Jo Buiae)

‘sue|id umol)

*sie||id
juadelpe jo ainjie} oulwop, d3eliul JouU op
Kayy jey3 papiroid pajessjoy aq ued sainjiej
Je|id |enpiaiput ‘p3jjspow st synoke| le||!
x3|dwod jo ain|iey anissaiZoid azaym sased u|

‘sie|id  juauewsad, lo} 9'T
paadxa pinoys sysodap pappaq £||ejucziioy
ul synoAe| se|jid 3jdwis Joj Kiajes jo Jooey

‘paiinbas aq Aew aunjrey
Je|id aaissasBosd Buipnppul sashjeue  jeal
-lawnu ‘A13awoad Suluiw xs|dwod sow Jog
"K394es J0 10198 € 3AIB 01 pasediuod ase suol}
-e|najes eale A1eynqui3 uo paseq ssais lej|id
a8esane pue soijes yB1dY 03 yipim uodn
paseq sdiysuonjepas jeatidwa woly y13uais
te|d ‘sysodap pappaq Ajjejuoziioy Jo4

‘OI3B1 UOI}IBIIXD
Buipnjpur  Aijpwoad  Juiw (|esRnQ @
‘onel iy
0} Yipim Apepnaiped ‘K1jawoal ey o
'SaInjeay [eInjdniys
pajuaiio  A|qesnonejun jo  ddussald
'sie|id
3y Buuiioy Ssew %304 3yY3 jo YiBualig e

‘Bunsingyaod
o asdejjoa tejid |em
-UsAa 01 Julpes| ssew
w01 ayy jo Buiqqels
pue 3uijjeds anissaiBoiy

VI¥ILID ALITIGYLdIDOV

SAOHLINW SISATYNY

SYILIWVIV TVIILIID

30OW FdNTIv4

FJANLONYLS

"suoijeAesxa Sujuiw punoiSiapun Joy euaiud Alijiqeldadie pue siskjeue jo spoyiaw

‘ssa3aweded (ea3ud ‘sapow ainjieq : 5 a|qe]

Page 10

CVEN 5768 - Lecture Notes 1

© B. Amadei



—
Intact rock

ni‘l !Ni 'l n' ‘ oy
P '«\e--f b T
5 A‘" ‘{ B a‘h ‘uvl Single discontinuity ’ - _ll"’%l"‘v 'llt‘v‘
l " _ K A [\
Risged e st .!.-m““'i'@\ Y
Wy e =23y hi‘"'f"“n‘%"‘
l‘ﬁﬂ AT Z A"m"‘m‘l‘ N ‘g“ 'v{"‘
i i I
’;“ '{ t‘l"“"g"" T odis::::t'nu't'es "’ " E 'l"‘h: E “ 'g;“
a8 e, 7B W Ui U AT A
PR V 'i...%.'-..-wﬁ- o v;‘;«?}a';fa?,':i-;ﬂéﬁ’“
Y V) VA T } XA
‘W§ \\\'5 S
' A ‘ﬂ“;“"‘"ﬁ W
i
Undarground excavation Rock slope

.lnlnmd 10¢ k mass

Figure 1. Effect of scale on the type of rock mass behavior model which should be used in designing
underground excavations and slopes (after Hoek, 1983).

6. ROCK AND ROCK MASS CLASSIFICATIONS
In general, rock mass classifications can be divided into two categories: geological and engineering.
6.1 Geological Classifications

Geologists classify rocks according to how they are formed. The geological classification is
therefore a genetic one. Rocks are usually separated into three groups:

e Sedimentary rocks: rocks formed by the accumulation, compaction and cementation of
pieces of other rocks and possible organic debris;

e Igneous rocks: rocks formed by the solidification of a hot molten rock called magma. They
consist of a complex crystalline assemblage of minerals such as quartz, feldspars, micas,
pyroxenes, amphibole and olivine;

e Metamorphic rocks: rocks that are formed by transformation of existing rocks by the action of
temperature and pressure.

In each group, subgroups are further defined according to mineral composition and texture. The
latter refers to the shape, size of the rock constituents and how these constituents are assembled
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together (clastic, crystalline, porphyric, pegmatitic, etc...).

In general, the name of a rock is not sufficient to narrow down its engineering properties (see for
instance Hatheway and Kiersch, 1989). It is not because we have a limestone or a granite that we
have a strong rock. Information supplied by geologists to engineers may appear at a first glance of
limited value. This is not so in geological engineering where geological data are of prime
importance. The cooperative work between geologists, engineering geologists and engineers can
help engineers in deriving useful engineering conclusions in the early stage of a project. Long term
problems and costly remedial actions can be avoided.

The lithological name of a rock gives a range within which the engineering properties of the intact
rock should fall. This can be useful in the preliminary design stage where test data are not yet
available and preliminary decisions need to be made. Most textbooks in rock mechanics and
engineering geology have tables of compressive strength, Young's modulus, etc.. for various rock
types (Goodman, 1989; U.S. Bureau of Reclamation, 1953).

The lithological name, the age, the texture and the fabric of a rock (i.e the uniformity of the texture
within the rock) can provide qualitative information on its engineering properties. For instance,
rocks with a crystalline texture consists of highly interlocked crystals of silicates, carbonates or
sulfates. They are usually strong, elastic and brittle when unweathered (fresh). Carbonates and
sulfates may show a ductile behavior rather than a brittle behavior at medium to high temperatures
and confining levels. The engineering properties of rocks with clastic textures will depend on the
relative proportion of particles and cement and durability of the cement. For instance, a poorly
cemented sandstone will certainly show a lower strength, higher deformability and weatherability
than a highly cemented one. Foliation and bedding planes result in highly directional (anisotropic)
rock strength and deformability. Finer rock grain size leads to higher fracture strength. Older rocks
that have been buried at larger depths will show more compaction and smaller porosities. Rocks with
fine textures and rich in silica can be expected to be more abrasive and wear drilling bits and
machine cutters.

The petrographic description of the rock may give some information about minerals that could create
some engineering problems such as gypsum, montmorillonite, chert, feldspars, asbestos, etc..

The lithological name may be associated with specific features that could cause engineering
problems such as karsts in limestone formations or columnar jointing in basalt. Clay bearing rocks
are expected to be very sensitive to water and weathering and to be susceptible to slaking and
swelling. The combination of more than one rock can give properties much worse than each rock
alone; a good example would be a sedimentary rock mass consisting of multiple layers.

Finally, field observations can give information about the degree of rock mass fracturing and
weathering. How much rock needs to be excavated to reach the fresh rock? Is rock mass fracturing
going to create block stability problems or seepage problems?

6.2 Engineering Classifications
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Compared to the rock classification used by geologists, the purpose of an engineering classification
of rocks is to group rocks and rock masses with similar engineering properties. There is no such
thing as one universal engineering classification of rocks. For such a classification to exist, it would
have (i) to be simple and meaningful in terminology, (ii) to be based on parameters that can be
measured rapidly and inexpensively, (iii) to be functional for general use in solving the whole
variety of engineering problems related to rock engineering, and (iv) to be exact enough to yield
quantitative data that can readily be applied in engineering design. In general, it is not possible to
find a classification that meets all four requirements. Instead, several engineering classifications of
rocks have been proposed in the literature for more specific rock activities such as tunneling, mining,
slopes, foundations, blasting, drillability, boreability, cuttability, and weatherability. Some of these
classifications involve intact rock only whereas others involve the properties of the rock mass. Table
6 gives a list of major rock mass classifications currently in use.

Name of classification Originator Country of Applications
and date origin
Rock loads Terzaghi, 1946 USA Tunnels with steel support
Stand-up time Lauffer, 1958 - Austria Tunneling
NATM Rabcewicz, Pacher and Austria Tunneling
Miiller, 1964
Rock quality Deere, 1967 USA Core logging, tunneling
designation
RSR concept Wickham et al., 1972 USA Tunneling
RMR system Bieniawski, 1973 South Africa Tunnels, mines,
(Geomechanics slopes, foundations
Classification) (last modified, 1979, USA)
RMR system extensions Laubscher, 1977 South Africa Mining
Ghose and Raju, 1981 India "~ Coal mining
Kendorski et al., 1983 USA Hard rock mining
Serafim and Pereira, 1983 Portugal Foundations
Gonzales de Vallejo, 1983 Spain Tunneling
Unal, 1983 USA Roof bolting/coal
Romana, 1985 Spain Slope stability
Newman, 1985 USA Coal mining
Venkateswarlu, 1986 India Coal mining
Robertson, 1988 Canada Slope stability
Q system Barton et al., 1974 Norway Tunnels, chambers
Strength-Size Franklin, 1975 Canada Tunneling
Basic geotechnical International Society for Rock General, communication
description Mechanics, 1981

Table 6. Major rock mass classification systems in use (after Bieniawski, 1993).

Rock masses are so complex that very often it is not possible to take under consideration in the
design all possible stability problems related to intact rock, discontinuities, stresses and water. As
an example, Figure 2 shows the decision process in the design of underground excavations in rock.
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relationship between the rock mass characteristics and the
geometry and orientation of the proposed excavations.

maps, air photographs, «

In hard rock masses with strongly developed
inclined structural features, excavation
stability may be dominated by gravity falls
and sliding along inclined discontinuities.
Rock classification systems inadequate.

When stability is not likely to be dominated
by sliding on structural features, other
factors such as high stress and weathering
become important and can be evaluated by means
of a classification of rock quality.

Use of rock quality index to
vation stability and support

requirements
with documented evidence from sites with <=

similar geological conditions.

compare exca-

sideration ?

Are stability problems anticipated for
excavations of size and shape under con-

YES ]

Design of excavations based on
NO operational considerations

L

with provision for minimal
support.

-

V4 ;

v

Instability due to Instability due to
adverse structural excessively high
geology. rock stress.

Instability due to
weathering and/or
swelling rock.

Instability due to
lexcessive groundwater
pressure or flow.

v

Vi

Measurement of in-
situ rock stress in

Detailed geological.-
mapping of borehole
core, surface expo-
sures, exploratory excavations.

vicinity of proposed

instailation of pie-
zometers for deter-
mination of ground-

Slake durability
and swelling tests
on rock samples.

adits and shafts. <J7

Can stability be
improved by reloca-

Rock strength tests
to determine rock
fracture criterion.

r water pressures and
<> distribution.
Consideration of {}
remedial measures

such as pneumatic- Design of drainage

ally applied con- and/or grouting

crete lining. system to control

tion and/or reorien-
tation of excava-
tions ? . Stress analysis of

proposed excavation
layout to check on
extent of potential
rock fracture.

YES | no

Vi

Design of excava-

J_'

excessive ground-
<> water pressure and
Trial excavation flow into excava-
to test effective- tions.
ness of proposed {}

remedial measures.

tions with provi- {j?

Provision of perman-
ent groundwater mon-

sion for close

geological obser-
vation and local
support as requi-

Can rock fracture be
minimised or elimin-
ated by change of ex-

Design of excava-
tion sequence to
ensure minimum

itoring facilities
to check continuing
effectiveness of

red. cavation layout ?

delay between ex- drainage measures.

l YES

posure and protec-
ion of surfaces.

NO
Design of support to
prevent gravity falls
and to reinforce pot-

ential fracture zones.

V2

| S—

Can adequate support
be provided to ensure
long term stability ?

IRe_}ect this site }C: NO l YES

Figure 2. Design of underground excavations in rock (after Hoek and Brown, 1980a).
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tion behaviour during and
on completion of construc-
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Due to the complex nature of rock masses, rock engineers sometimes use rock mass classifications
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for the design of rock slopes and underground excavations. Classifications can be seen as "black
boxes" that contain a lot of case histories. The conditions anticipated at a proposed site are compared
with experience gained on other completed projects.

In general, rock mass classifications form the backbone of the "empirical design" approach in rock
engineering and are used quite extensively for the design of rock slopes and underground
excavations in rock. They should not be used as the sole design tool but instead along with other
analytical, numerical, and observational design methods.

Before using rock mass classifications for design it is important that the rock mass be divided into
a number of structural regions, i.e regions where the rock mass has more or less uniform features
such as rock type, discontinuity network, fabric, etc.. Very often, the boundaries of structural regions
coincide with major geological features such as faults, dykes, shear zones, etc. The empirical design
is then conducted on each structural region.

Major classification systems used for underground excavation design include those of Terzaghi
(1946) (revised by Rose in 1982), Deere et al. (1970), Wickham et al. (1974), Bieniawski (1974),
Barton et al. (1974, 1992), and Barton (1994). The classifications of Bieniawski and Barton are by
far the two empirical methods most commonly used in rock engineering design around the world.
The classification of Bieniawski is briefly discussed below (see also Appendix).

6.3 Classification of Bieniawski

The classification of Bieniawski (also known as the Geomechanics Classification system) consists
of rating the importance of several intact and rock mass properties, separately. Detailed description
of the rock mass is therefore necessary (see Table 1 in Appendix). A Rock Mass Rating coefficient
called RMR is introduced and consists of the sum of six separate ratings as illustrated in Table 2 in
the Appendix. The ratings are as follows:

e Rating R, is related to the intact rock strength;

e Rating R, is related to the Rock Quality Designation (RQD) index which itself depends on the
frequency of the rock mass fractures (see Deere et al., 1988);

» Rating R; is related to the fracture spacing;
e Rating R, refers to the conditions of the joints (roughness, openness, filling and continuity);
» Rating R; is related to the ground water conditions;

e Rating R, is a negative rating that depends on the orientation of the discontinuities with respect
to the tunnel section of interest.
The total rating, called RMR, varies between 0 and 100%. For underground excavations, correction
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factors can be used to account for blast damage, in situ stress conditions, and major faults and
fractures (see Figure 1 in Appendix). Depending on the final rating, five rock mass classes can be
defined from class I (very good) to class V (very poor). For each class, Table 2 in the Appendix
gives estimates of the cohesive and frictional strength of the rock mass.

Rock mass ratings are available for foundation, slopes and mining applications. Several examples
of application of the RMR rating in practice can be found in Bieniawski (1974, 1975, 1979a,b, 1984,
1993), Einstein et al. (1983), Kaiser et al. (1986), ASTM STP 984 (1988), and Romana (1993).You
should be aware that since RMR was first proposed in 1974, the individual ratings in the
determination of RMR have changed with time as more case histories have been included in the
corresponding "black box". Always use the most current set of rating coefficients.

Of practical importance, empirical equations have been proposed to determine the modulus of
deformation and the strength of rock masses once RMR is calculated. This is discussed more
extensively in Bieniawski (1993). Rock mass deformability and strength are very important
parameters in rock engineering design. They can be determined by conducting field tests (which are
expensive and time-consuming) or empirically by using empirical equations. For instance, the
modulus of deformation £, (in GPa) of a rock mass is related to RMR as follows

E,, = 2RMR-100 (1)
if RMR > 50% and
EM — 10(R1\4R—10)/40 (2)

if RMR <50%. The strength of a rock mass can be determined using the failure criterion of Hoek
and Brown (1980b) which relates the major and minor principal stresses at failure as follows

6, = G;+/m0,6,+5G,> A3)

where m and s are two parameters that depend on the rock type, the degree of rock mass fracturing,
and the RMR. For intact rock m =m; and s = 1. For fractured rock masses, m and s are related to the
basic (unadjusted) RMR as follows

m=mexp[(RMR-100)/28]

“4)
s=exp[(RMR-100)/9]

for smooth-blasted or machine-bored excavations in rock and
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m=m exp[(RMR-100)/14]

(6))
s=exp[(RMR-100)/6]

for slopes and blast-damaged excavations in rock. Typical values of m and s for various rock types
and corresponding to various RMR values are listed in Table 7, which is a modified version of that
originally proposed by Hoek and Brown (1980a).

A correlation has been proposed between the RMR and the Q rating proposed by Barton (1974). An
example is shown in Figure 11 in the Appendix where the two ratings are related as follows

RMR = 9InQ+44 (7)

Other empirical equations between RMR and Q have been proposed (see for instance Kaiser et al.,
1986 and Bieniawski, 1993).

Finally, as remarked by Bieniawski (1993), "rock mass classifications were never intended as the
ultimate solution to design problems, but only as a means toward this end". Although rock mass
classifications yield conservative design recommendations, they can be powerful aids in rock
engineering as long as the database on which they are developed is good. They should be used along
with other analytical and observational methods. Also, it is suggested to use several rock mass
classifications schemes on a given project. Ultimately, the final design recommendations are left to
the engineer's judgment.
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