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434636 Foundations on Rock

Topic 2 Characteristics of Rock Foundation

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

Tensiongd
ragk anchors

Dissontinesities vipping
out of slope

Fault

Figure 1.1 Stability of bridge aburment fouaded op rock: (a-a) overall faflure of abutment on steeply dipping
faule zonz; {h) shear failure of foundation on daylighting joints; [c] movement of arch foundation due to
compression of low-modulus rocly and (d) ded-back wall to support weak rock in sburment foundation.
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Characteristics of Foundation

Types of Foundation

t.  Spread Footing / Dam Foundation
2. Socket Piers
3. Tension Foundation

» 3 | 434636 Foundations on Rock

mad Footing / Dam
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Factors

I Settlement and Bearing Capacity Failure

2. Creep (Time Dependent Deformation)

3. Block Failure

4. Failure of Socketed Piers and Tension Anchors
5. Influence of Geological Structure

¢. Excavation Methods

7. Reinforcement
w9 434636 Foundations on Rock

etaining Wall Foundation

Jolatplangs
ynderculting
retining wall
loundaticn

Tensioned
rack ball

[

Ranipread
congrate . f°
Butkess

Figure 1.3 Retaining wall foundation stabilized with reinforced conerete burress and rock bofrs,
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A typical effect of Geologic Conditions on
Foundation Excavation

As-buift; wall
anchorad to tloping
rock sutiace

: Desiga: wall
. hotched inte
«f rock

Rock failed
whan loundation \ X
excavated R
{a)
b
Figure 1.4 Construction of rock foundarion: {a) ar-
temped *scalpting’ of reck foundation 0 form shear

keyy and {8) “as-buile condition with footing tocated on
surface formed by joints.
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tructural Loads
¢ Building

b Bridges

» Dam

» Tension Foundation

Dead Load

Live Load
Additional Load

» 12 434636 Foundations on Rock



i *_._"L__..‘ ; ] B> 1/150 - s_tgu"c_turai 'dama_ge probable;

- - B >1/300 — cracking of load bearing or
R | % A panel walls likely;
Binax B < 1/500 — safe level of distortion at which

cracking wil not occur.

» 13 434636 Foundations on Rock

Allowable Settlement

»  Bridge

3 categories depending on its effect on the structure
{. Tolerable movement

2. Intolerable movement (poor riding)

3. Intolerable movement (structure damage)



k3

Dam

Allowable settlement of dam is directly related to type
of dam,

for example:

concrete dam are much less tolerant of movement
and deformation than embankment dam.

| 434636 Foundations on Rock

Influence of GW of Foundation Performance

» Foundation Stability

¥ Dams
b Tension Foundation
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Typical Effects of GW Flow on Rock Foundation

» Foundation Stability

Water table

Seour cavity

Uptift
PIESSUre
distnbution

{a}
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Typical Effects of GW Flow on Rock Foundation

b Dam

Water surface Overllow weir

~ Flow
line
Eqtipotential
- hne

Uplitt -+
pressure
head ~. -/ .

FEARR A TR AT

() Impervious



Typical Effects of GW Flow on Rock Foundation

» Tension Foundation

Ground water table

. lowered by

Slough .
Sougning
driil hole ®)
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Factor of Safety & Reliability

b Factor of safety analysis
T(Resisting forces)

Factor of safety, FS = Y (Displacing forces)

Table 1.1 Valves of minimum total safety facrors

Failure type Category Safety factor
Shearing Earthworks 1.3-1.5
Earth reraining 1.5-2.0
structures, excavations
Foundations 2-3

20 e 434636 Founda_ﬁoﬂson Rock e



Example @f @@ﬁ@ﬁmn that m@mm th@ use af F S

bA l;m;ted drilling program that not adequately sampie
condition at the site.

» Absence of rock outcrops

» Inability to obtain undisturbed samples for strength
testing.

b Absence of information on GV condition.
b Uncertainty in failure mechanism

ot i e e ‘434536 Foundat[gns On coae

Example of condition that require the use of F.S.
{cont }

b Uncertamty in load values (particularly environment
factors)

¥ Concern regarding the quality of construction

» Lack of experience of local foundation

» Usage of structure (i.e. hospital, police station, fire hall,
bridge on major transportation route )

> Ly 434636 L



Limit states design use partial FS. (resistance factor)

T = fec+ (o — fuU)fstan ¢

Table 1.2 Values of minimum partial factors {Meyerhof, 1984)

Category Itemn _ Load factor Resistarice factor
Loads Dead loads {foL} 1.25 {0.5)
Live loads, wind, earthquake (it} 1.5
Water pressure {U) {fu} 1.23 {0.8)
Shear strengeh Cohegion (¢) — stability, earth pressure (fe) D.65
Cohesion {¢} - foundations (Y05
Friction angle (&) {fs) 0.8

» 23 434636 Foundations on Rock

Sensitivity Analysis

b Sensitivity @ > Fs.
A AL

» Sensitivity

g 434636 oo o Rl



oelficient of Reliability

} CR = (I-PF)

PF = Probability of Failure

LR TPPINY . f X . SRR LI b
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434636 Foundations on Rock
Topic 3 Rock Strength and Deformability

Prachya Tepnarong, Ph.D.

prachya@sut.ac.th

Range of Rock Strength Conditions

» Determination of appropriate strength parameters to use
in design of foundations depend on;
+ Type of foundation
» Load condition
+ Characteristic of rock in bearing area

434636 Foundations on Rock




Deformation Modulus
Compressive Strength (rock mass)
Compressive Strength (intact rock)
Shear Strength

Tensile Strength

Time Dependent

B 434636 .Fb'unda'tibhsrbn' Rdck

Deformation Modulus

= calculate of settlement

Ty

3

Gs

{b)
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2.  Compressive Strength of Rock Mass

& bearing capacity of spread footing

} R i 434636 Foundamons oo

Basic Rock Strength Parameters

3. Compressive Strength of Intact Rock

w’ bond stress of socketed and tensioned anchors is

correlated with intact rock strength on the basis of
empirical tests.

6 e 434635 Forundratrioﬁslon“?\-;{)ék. e



4. Shear Strength

w« shear resistance at interface b/w structure and
foundation, and stability of sliding block.

b7 434636 Foundations on Rock

ck Strength Parameters

5. Tensile Strength
% punching of flexural failures where a week bed underlies
a layer of stiffer rock.

0 L3 b
P AN P B ) 1 ;

E I -\

EZ Ei:*E')

2

)
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h Parameters

6. Time Dependent Properties
< settlement may occur with time as a result of creep, or
degradation of the rock due to weathering.

9 SRR EEC IR T ETY | 13 Ty e DL

Deformation Modulus

» Differential settlement can induce stresses in the
concrete sufficient to develop cracking.

o . 434636Foundatgonson Rock



[n-situ Testing

Borehole Pressuremeter
Plate Load

Flat Jacks

Pressure Chamber
Geophysical Testing

ko

A A

B 11 - 434636 Foundations on Rock

Definitions (ISRM, 1975)

b Deformation Modulus — the ratio of stress to
corresponding strain during loading of a rock mass
including elastic and inelastic behavior.

» Elastic Modulus — the ratio of stress to corresponding
strain below the proportional limit of a material.

e e 434636 Founc]at]ons On Rock .



Axiat stregs o {MPe

. Intact Rock Modulus

Stress-strain Behavior

LA

Size Effect on Deformation Modulus

4. Discontinuity Spacing and Modulus
5. Modulus of Anisotropic rock
R s

o
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== 500 MParf610E — 6
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Intact Rock

Table 3,1 Typical clastic constants for intacr rock

Rock type Young's modidus Pofsson’s Reference
Gra {pasi = EO") ratio

Andesite, Nevada 37.0{5.5} 0.23 Branden (1974}

Argillite, Alaska 68.0({9.9) 0.22 Brandon (1974)

Basalt, Brazil £1.0¢8.8) .19 Ruiz {1966}

Chalk, USA 2.8{0.4) - Underwood {31961}

Chert, Canada 95.2{13.8) 022 Herget {1973}

Claystone, Canada 0.26 (0,04} - Brandon {1974)

Coal, USA 3.451(0.5) 0.42 Ko and Gerstle {1%76)

Diabase, Michigan £3.%(10) 0.23 Wuerker (1956)

Dolomite, USA 51.7(7.5) 0.29 Haimson and Faishusst {1970}

Dolomite, Canada 84.06(9.3) 0.2% Lo and Hori (1979}

Gneiss, Brazil 79.9(11.6} 0,24 Ruiz (1966)

Graniee, California 58.5(8.5) 0,26 Michalopoutos and Triandaflidis (1976)

Limestane, USSR 53.9{8.5} 0.32 Belikov {1967)

Salt, Ohio 28.5 (4.1} 022 Selters (1970)

!%andsroﬂc, Germany 29.%¢4 33 .31 van der Vs (3970}

Shale, Japan 21.9(3.2 0.28 Kitahara et af. (1974)

‘sJic:tom Michigan F30ZT} 0.0% Parker and Scorr {1964)

Tuff, \cxad'l 3.45{0.3) 0.24 Cocding (1%67)

i5 434636 Foundations on Rock

Stress-strain Behavior of Fracture Rock

Plate Load Test

Deformatiliy 29 P8

enwbpﬂ
Reection F!‘B 9 s ms ;
T B el
a - -
i) £ mmﬂ \
a
g G
Hydraudle [2ik o5
I Anchor Shaft 4
= T € o4
TIE =
Test Shatt = 5‘5 3
2 -
1
1 4 2
(}5 0.08
(&) Deformation (mm})
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Stress-strain Behavior of Fracture Rock

Goodman Jack Test

Deatarmaliityg
anvelops -

15 F

Beanng plate prassure {MPa)
a
0
ol
B
tp_:
wr
i3]
-

{b} Diametsal datoemation (i)
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Stress-strain Behavior of Fracture Rock
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Estatic < Eearthquake < Eseismic < Eintact rock

Modulus for rock load by plate bearing, borehole jack or  dilatometer

at |-10 Hz

static
earthquake ~110dulus for rock mass subjected to shaking

E

E

Eeismic -Modulus for rock mass subjected shock wave with > 100 Hz
E

intact rock ~11odulus for intact rock specimen

.20 434636 Foundations on Rock |

Size Effect on Deformation Mod
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Type of test Number  Mean

of tests  rahio

Platebearing 27 3.1
Full scale deformation 14 2.4

Flat jacks 10

Borehole jack or dilatometer 9

Pressure chamber 8 22
5
5

Petit seismique
Others

1.9
3.0

2.9
24
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Intact rock S(o/E.)

. (63
Discontinuities ¢/kg bk, = 5
Rock mass S(c/Em) 1 In 1
o BT RS
11 1
o — =
Gm . kS
5
g
5
tmalbon, & 5 .
“5‘*;"" s S = Fracture Spacing
e s S — :
Discontnally dours, B, J=s ——"1 kﬂ Normal S.tlffﬂeSS
£ ks = Shear Stiffness
E = Elastic Modulus
Touat varticat delarmation In- G = Shear Modulus
oS
o} %S*%'E
w23 434636 Foundations on Rock

L5y

Delormation modulus & {(GPa)
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Table 3.4 Modulus ratios of anisotropic rock

Rock type Eo/Es Reference
Clay shale  1.36-2.86 Stepanov and Batugin (1967)
Slate 1.7 Bamford (1969)
Phylite 1.28-1.33 Lekhnitskii (1966)
Schist 1.3-3.2  Pinto (1970)
» 25 434636 Foundations on Rock

Compressive Strength of Intact Rock

i Fa A

Point Load Test - ASTM 5731-05

UCS - ASTM 7012-04
(ASTM-2938 ,be replaced)

26 434636 Foundations on Rock



s Designation: B 5731 - 05

S ERnA oAl

Standard Test Method for
Determination of the Point Load Strength Index of Rock?

FIG. 2 Plalen Dimenatons

oint Load Index

=) Ab)
J.= 05D +
- Ne
Equivalent Core
BaAaWazDhaw
Ac)

Fyuivalent Core

DAW =D

£d)
1 =050

p—— L
% Equivainal Gara

M B

2

W

Rate {legend: L kenpth, W= widih, D = dopth or dameter, and [, =2oulvaiaat core diameler (se20 D14
FI. 3 Load Conligurations and Spacimen Shape Roquiroment for (8) the Diametra Test (&) the Axiaf Test, {c) tho Biock Tost, and [
the lregutar Lump Test®
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Point

0ad Index

I= D} MPa

where:

F failure load, M,

Ly = equivalent core diameter = I for diametral tests (see
. Fig,, 3y, m, and isﬁgiven by

4,7 = D far cores, nun, or

D7 = A48 for axial, block, snd lump tests, o

where:
A = WD =minimum cross-sectional area of a plane
through the platen contact points (ses Fig 3.

I = D IY for cores = H W D for other shapes

» 29 434636 Foundations on Rock
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The “Siza Correction Factor F7 can be obtained from the
chart in Fig. &, or from the expression:

= (D50 )

For tests near the standard 50-mm size, only slight error is
intreduced by using the approximate sapression:

F =11 50) (5

30 L T P R SRR

ize Correction Factor
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FIG. & Procedure for Graphical Determination of fq,, from a Set
of Results at D, Values Other Than 50 mm ®
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where:
auc

c

{ st F)

H

Il

uniaxial compressive strength,
factor that depends on site-specific correlation
between 8, and Lsg,. and ,

corrected point load strength index.
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TABLE 1 Generalized Value of “C™

Care Bize, mm Vajue of “C" (Generalized)
20 17.5
a0 14
40 21
511 23
54 o4
G0 24,8

“ From 1SRM Suggested KMethads.®

g R
4.5
Compressive Strength
of Fracture Rock a0t
¥ Hoek and Brown Criterion L)
2 1/2 E s,
o} = 04+ (m0uE 03 + $0uy) ok
SR | é el Gomprogsion
G| = maximum principal 3 L.l e e i e 23"
effective stress £
G’y = minimum principal ol
effective stress
(confining stress) s b G
'y = UCS of intact rock Y w':i_'fssm
T = {500
m,s = dimensionless constant e
Pniaxial tsnsian . o
Gy = VGl (o + 457
e s [t
12 © e
%Gu(m) = (SO’ﬁ(r}) ' OI'Q' Sofm) _ 51/2:; .

G.5 1.0 1.5
Minor pringipal stiress o

| Gl
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¥ Mohr-Coulomb Material

b Shear Strength of Discontinuities
b Shear Strength Testing

b Shear Strength of Fracture Rock

3c e 434636FoundatgensonRock

» Mohr-Coulomb Material

T=c+ o tan

FS =11,
is Friction angle ¢

%
/ 1= C+ gtand

cohesion ¢ T

Shear siress t

o
Effective normal siress o~
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» Shear Strength of Discontinuities
» Friction Angle
+ Surface Roughness
» Cohesion

¢ Infillings

v 37 434636 Foundations on Rock

Friction Ang

» Low (20°~27n)
»  Schist (high mica content)
» Shale
+ marl
» Medium (27°-34)
»  Sandstone / siltstone
» Chalk
»  (Gneiss / slate
¥ High (340-400)
» Basalt
- Granite
- Limestone
» conglomerate

» 28 434636 Foundations on Rock
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rface Re
b Patton, [966

1=c+ o tan(d + i)

» Barton, 1973

, CS
T= 0 tan ((5) + JRC logy, ”]’5.7)

B39 434636 Foundations on Rock
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(kPa}(fp sty
a0 q
| 8000 13
10
.
*1
= 14,20
] *
i g Faul
K i faull gouge, =
8 2997 sopo 5 * shear yones.
- iow sirengih rock
w7
1004 oo W, ed4ed 24 w®
a . 228
1
ae g8 w25zy I8
L] 12 *
2y, U o7 -
t) 5Tres | 1BSNT ,
il 20 30 40
Friglion angla {degrees)
3. Bertonitie shale. 2. Beatonine seams in chalk, clay. 14, Basaly clayey, basalric breccia. 15, Clay shale;
3. Beatomte; thin layers. 4. Bentonire trinxial resrs. wriaxial rests. 16, Dolomire, altered shale bed, 17,
5. Clay, over-consolidared. 6. Linsestane, 10-20 mm Dioolgranodionte; clay gouge, 18, Granite; clay-Giled
clay infillings. 7. Lignize and undedlying clay contact. faules. 19, Granite; sandy-loam faule filling, 20. Gran-
§. Coal measures, clay mylonite seams. %, Limeseone; ire, shear zone, rnck and gouge, 21, Lignite/mar can-
<timm clay infitlings. 10, Monmmerillonize clay. acr, 22, Limestonefmarlligaires; lignite layers.
11, Menanarillonite; 80 mim clay seam in chalk. 23, Limestong; markaceous joints. 24, Guare/kaolin/
12, Schists’quanzites; 100-150 mm thick miilng, priclusite; emelded rraxial, 25. Slates; finely laminated
13. Schistsfquarszites; seratification, thick and altered. 26. Limestane; 10~20mm clay mfillmgs,

41 434636 Foundations on Rock
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Infillings )

v Clay

v Fault, shear and breccias
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1.0 = }.0Z MPg
o9 b — . Hormal siress o= 1.32 Mg
s VT
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E ozt g0,
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» Back Analysis of Failure

» Curve Shear Strength Envelopes
(Hoek-Brown Strength Criterion)

1 Mohr enveltpe
&} = arctan | —————mme 20
' (4]11 cos2 @ — 1)}/2 . 1= (coth, ~cosd;} m;““_‘__
2185t
where & k
16(ma’ + so g 1ot
b= 1 428070 SOu0) . o) 5
Imfoyy o5k
=
ix
1 1 N A, S S L,
¢ =§{90 +arctan [(;,3 _ 1)1/2} } -0.5 %'o n.g': 10 15 20 25 39

Tensile Strength of

» Non-linear strength envelop
(Hoek and Brown, 1988)

Elective normal siress o~
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2ock

o = 0.50y([m — (m* + 4s)

1/2]
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Weathering
Swelling
Creep
Fatigue

Wealhering

Swell

=3

ol
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{ bebavigsr of rock

Ruplure
- 6> Oy
i

‘ﬁ ma

Suam
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434636 Foundations on Rock

Topic 4 Rock Mass Investigation and
In-situ Testing Methods

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

Investigation

Rock Mass Characterization
Rock Mass Classifications
Strength of Rock Mass
In-situ Stresses

in-situ Test and Measurements

434636 Foundations on Rock



. Site selection

2. Geologic mapping

3. Drilling

4. Groundwater measurements

5. In-situ modulus and shear strength testing

b 3 434536 Foundations on Rock

4 stages of comp

Reconnaissance
71 Geologic map / report / air photograph / field visit
2. Site Selection

3 Test pit/ outcrops mapping / geophysics / index test / limited
diamond drilling at alternative sites

3. Preliminary Site Investigation
&1 Diamond drilling of selected site / detailed mapping of outcrops &
exploration adits / lab testing
4. Detailed Investigation

o4 434636 Foundations on Rock 7

ete investigation

3 Drilling of selected geological feature / in-situ testing / lab testing



Quantitative Description of Discontinuities in Rock
Masses (ISRM)

£
oriontation
a-dip dim,
Vieitip

Rock type
Rock strength
Weathering

H

Discontinuity description
- Discontinuity orientation

| 0w e

- Roughness

Sy = Sy SNl
Sicasny

- Aperture

- Infilling type and width
- Spacing

J - Persistence

K - Number of sets

L. - Block size and shape
M - Seepage

- Q@

B3 434636 Foundagions on Rock

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

b6 434636 Foundations on Rock



A-Rock type

Tabie IL1 Rock type classification
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A-Rock type

Table IT.2 Grain size scale

Description Grain size

Boulders 200-600mm (7.9-23.6in)
Cobbles 60-200 mm (2.4-7.9in)
Coarse gravel  20-60mm (0.8~0.24 in)
Medium gravel 6-20mm (0.2~0.8 in)

Fine gravel 2~6 mm (0.1-0.2 in)

Coarse sand 0.6-2mm (0.02-0.11in)
Medium sand  0.2-0.6 mm (0.008-0.02 in)
Fine sand 0.06-0.2 mm (0.002-0.008 in)
Silt, clay <0.06 mm (<0.002 in)

8 434636 Foundations on Rock




B-Rock

Strength

C-Weathering

Table 11.3 Classification of rock material strengths

Grade  Description Field identification Approxinsie Range of
compressive  strengrh
(A la) {psit
Ré Extremely strang rock Spectmen can only be chipped with =250 36,000 :
geological hammer. :
141 Very strong rock Specimen requires many blows of 100-250 15,000-35,000
geolopgical hamumer to fraceure it,
R Stromg rock Speciznen requires more than one SO-100 FO00-15,000
blow with a geological hammer
feacture it
R3 Medium weak rock Cannot be scraped or peeled witha 2550 35007000
pocket knife; specimen can he
fractured with single Aem hlow of
reolopieal hammer,
Lo Weak rock. Casn be peeled with a pocket koife; 525 7253500
shallow indentations made by firm
Hlaw with point of geolegical
hamaer.
R1 Very weak rock Crumbles under firm blows with 1§ 150-723
point of geological hammer; can be
peeted by a pocket knife.
RO Extzemely weax rock  Indented by thumbaail, Q.25-1 35-150
Sé Hard clay Indented with difficalty by 0,5 =70
thumbmail.
55 Very stiff clay Readily indented by thumbaail. 0.25-0.5 35-70
54 Srift clay Readily indented by thumb e 0.1-0.25 15-35
penetrated only with grear
ditficalry,
83 Firm clay Can be penereared several inches by .05-0.1 713
thuenb with moderate effort
52 Soft clay Easily penatrated several inches by 1L0235-0.05 47
thupb.
51 Very soft clay Easily peaatrated several inches by <0.023 <4
fist.

434636 Foundations on Rock

Table 1.4 Weathering and alicration grades

Grade

Term

Deseription

[

v

Fresh

Slighsly weathered

Moderately weathered

Highly weathered

Completely weathered

Residuaf soil

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

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

Less than half of the rock marerial is decomposed
andfor disintegrated to a soil. Fresh or
discolored rock is present either as a continuons
framework or as corestones,

More than half of the rock material is
decomposed andfor disintegrated to a soil. Fresh
or discolored rock s present either as z
disconrinuous framework or as corestones.

All rock material is decomposed and/or
disintegrated to soil. The ariginal mass strucnure
is still largely intact.

All rock material is converted to soil. The mass
strucrure and material fabric are destrayed.
There is a large change in volume, bat the soil
has not been significantly transported.

437476357 Foundaﬁions on Rock



D-Discontinuity description

Tyvpe 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 424636 Foundations on Roclk

E-Discontinuity orientation

dip
direction

& 12 434636 Foundations on Rock



F-Roughness I
o —
shickentded
n
Table I1.§ Descriptive terms for roughness sTERRED
I Rough, stepped rovat
I Smooth, stepped W e
It Shckensided, stepped
v Rough, undulating 2meath
A Smooth, undulating v T T T
Vi Stickensided, undulating
VH Rough, planar o
VI Smooth, planar
X Shickensided, planar SNDULATING
rouph
vl
amaorh
Vil
sHakenstdnd
x
PLANAR
13 434636 Foundations on Rock -

Figure I1.3 Roughness profiles and
corresponding range of JRC {joint
roughness coefficient) values {ISRM,
1981a).

Typical roughnaess profies for JAC rmnge:

1 ; 0-2
N S ] 2-4
3 ] A
4 ;-aww 68
L e e 8-10
I e 1012
LA e
8 W 14-16
] M m;m
10

(IO o I 18-30

-
a

10
i cm  Scale
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G-Aperture

Table I1.6 Aperture dimensions

Aperture Description ' CLOLEL BISCONTIHUITT
<0.1 mum Very tight ik

0.1-0.25 mm Tight “Closed™ features :

0.25-0.5 mm Partly open

0.5-2.5mm Open

2.5-10mm Moderately wide “Gapped” features

>10mm Wide

1-10cm Very wide

10-100cm Extremely wide “QOpen” features

> 1 m Caverﬂe{js BDPFIH DISCONTINUITY

FIRARR DISCONTIRUITY
s " 434636 Foundations on Rock
" . ROUGHKESS AMPLITUDE

H-Infilling type

and width

*Width

*Weathering Grade

*Mineralogy

»Particle Size

Filling Strength

*Previous Displacement

*Water Content and
Permeability

I6 434636 Foundations on Rock



I-Spacing

=i sat pp, 1

R * T BTN

ser B, 3

| Table I1.7 Spacing dimensions

Description Spacing (nm)
Extremely close spacing <20
Very close spacing 20-60
Close spacing, 60200
Moderate spacing 200600
Wide spacing 600-20C0
Very wide spacing 2000-6000
Exrremely wide spacing =6000

i? o - 434636 Foundations on Rock

L4
J-Persistence

Table I1.8 Persistence
dimensions

Very low persistence <lm

Low persistence 1-3m
Medium persistence  3-10m
High persistence 10-20m

Very high persistence >20m

Eg. e e 4.34636 Foundations o Rock




K-Number of sets

Thtoa joint 5918
plus rangom {A) ¢

| Frynere I14 Examples ilostrating the effect of the number af joint sew on the mechanical bebavior and
: appereante of rock mosses (ISRM, 1981},

I massive, occasional random joints
1 one joint set
[$1] one joint set plus random
Iv two joint sets
v two joint sets plus random
Vi three joint sets
Vi1l three joint sets plus random
VI four or more joint seis
IX crushed rock, earth-like
19 434636 Foundations on Rock

L-Block size and shape

Table I1.9 Block dimensions

Description Jy (joims/m3 }
Very large blocks <1.0

Large blocks 1-3
Mediume-sized blocks 3-10

Small blocks 10-30

Very small blocks >30

(i) massive = few joints or very wide
spacing

(i1} blocky = approximately equidimen-
sional

(iit}  tubular = one dimension considerably | |
smaller than the other two

3 {iv) columnar = one dimension considerably

: larger than the other two

(V) irregular = wide variations of block
size and shape

{(vi) crushed = heavily jointed 10 “sugar
! cube”

5 20 a . 4346.3-6“?;31;ndat§oﬁs o“z'; Rock T



M- Seepage

Table 11.10 Seepage qoantities in unfilled
discontinuities

Seepage  Description

| rating
i1 *  The discontinuity is very tight and
: dry, water flow along it does not
: appear possible. :
I The discontinuity is dry with ne
evidence of water flow.
1 The discontinuity flow is dry but
shows evidence of water flow, that
18, Fust staining,
v The discontinuity is damp but no
frec water is present.
v The discontimuity shows seepage,

occasional drops of water, but no
continuous flow.

VI The discontinnity shows a :
continuous flow of water—estimare |
{/ min and describe pressure, that is,
tow, medium, high. i

w20 434636 Foundationson Rock

M- Seepage

Table I1.11 Seepage quantities in filled discontinuities

Seepage Description
rating

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

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

1 The filling materials are wet, oceasional drops of water.

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

v The filling materials are washed out locally,
considerable water flow along out-wash

channels—estimate 1/ min and describe pressure that is
low, medium, high.

V1 The filling materials are washed out completely, very
high water pressures experienced, especially on first
exposure—estimate 1/ min and describe pressure,

V 22 S 434636 Foundations on Rock



ock Mass
Classifications

ock

Classification sysiem

Form and type”

Main applicanens

Reference

Terzaghi rock load
classification sistem

Descriprive and
bebavieuristic form
Fueetional hype.

Drestgn of steel support in
tunwels

Terzagh, 1946

Lauffer’s srand-up tims

Descripuve form

Tunnelling design

Laufer H.. 1938

clazsification Genernl npe
. o Destrptive and Excavanon and design in . . .
?;i:‘ssillt(sh‘if;:f; uneling behaviouristic form incamperent (oversiressedy R;bcli“ ufgféﬂling
Tunnelitng concept ground achet. 1

Paock elassification for rock
wechanical purposes

Descripsive form
General typs

Tpue i rock nwchanes

Patching and Coates.
1668

Unsfied classification of soile
and rocks

Deseriptive form
General type

Based on parmicies and biacks
for conununication

Deer et sl., 1969

Rock quality designatton
(RQD}

Fumericat form
General npe

Based on core logging, used 1n
other classification systems

Deerstal. 1967

Size-strength classification

Nomenical form
Functiona! bpe

Based on rock strength and
Block dirmeter, used mamly
in mining

Fragkim, 1973

Rock stiicture rating
elasarfication (RSR}Y

Numerical form
Funerional type

Design of {steel) suppornt
0 tunnals

Wicklam et 2l 1972

Rock mass ratsng elsssification
(BEMR)

Nnmezrical form
Functional type

Dresign of nuuels mines. and
foundations

Biemawski, 1973

C-classification systam

Numerical form
Functional rype

Design of support in
usdergrovnd excavation

Barten esal., 1974

Typelogicat classification

Descrpiive form
General pe

Use in conumunication

Matuts and Holrer,
1578

Umfied rock elissification
system

Descripeive form
General pps

Use in conununicarion

Williamgen, 1980

Basic geotechnical
classification (BGE)

Descriprive fonn
Geueral type

General appfications

ISRML 1951

Geological strength index

(GSD

Numerieal ferm
Funetional type

Presiga of support it
underground excavation

Heek. 1994

Rock mass index system

(R

Numerical form
Fuacnons] ype

Geveral characterization.
design of support. THMB
progress

Palmstrem, 1993

434636 Foundations on Rock

lass Classifications

Deer’s Rock Quality Destination (RQD)

» 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.

iacse Foundaﬁoé,s ,On ROCk e e



ock Mass Classifications

Deer’s Rock Quality Destination (RQD)

oy ———

Total length of core run = 200 cms

- b Length of core pieces > 10 cm length
RQD= - x 100
Total length of core run

L=47em

SN\VTZA

;:p?eces>10cm RGD 38 + 17 + 20 + ¥100 = 559%
- 200

L=320cm

L=35cm

[_i Drifling braak

L=¢
no recovary

[ S—

w25 434636 Foundations on Rock

ock Mass Classifications

RQ@D 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:

RQD = [15-3.3], (, < 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.

26 e e 43463,6Féﬁﬂdatiéhéon.kog.k.__........................ e



lass Ea%ﬁ.@@ﬁmﬁ%

Deers Rock Quc:fhty Destmation (RQD)

RQD
<25%

25-50 %
50 - 75%
75 —90%
90 — 100%

Rock Quality
Very poor
poor

Fair

Good

Very good

434636 Fcrnmdatrionrsrorn Rock

lass @Eassﬁieaﬁmm

Deers Rock Qualfty Destination (RQD)
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OR LBCAL BOLTIRG

I i
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Merritt, 1972
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Geomechanics Classification (RMR)

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

Viass Classifications

classification called the Geomechanics Classification or the

Rock Mass Rating (RMR) system.

b The following six parameters are used to classify a rock mass
using the RMR system:

[. Uniaxial compressive strength of rock material.

2. Rock Quality Designation (RQD).

3. Spacing of discontinuities.

4. Condition of discontinuities.

5. Groundwater conditions.

6. Orientation of discontinuities.

43467376 Fouﬁdat.ioﬁs o.n. Iio“ck. S

A, CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameler fonge of valuss
Strangth Pointdoad > MPa 4-16kPa 2-4HPs 1-7MPa For this low range - uniaxiat
of strangih index compressive lest i3
. prefared
intact rack
1 material Uniaxizl comp =250 M4Pa 100 - 280 14Pa 50- 1006 WPa 2 - 50 WPa 5-25 1-5 <1
strenglh MPa tiPa MPa
Raling 5 2 7 4 2 1 0
Bl core Quatiy RQD 0% - $00% 75% - 90% 5% - 18% 25% - 0% < 25%
2 Raling 20 7 13 3 3
Spacing of GISCoRNUNeSs >2m 065-2.m 2080 - 600 mmi €0 - 260 mm < &6 mm
3 Rating ] 1% 10 8 5
Very rough surfaces Shgitly rough surlices Stghtly rough surfaces Slickensided sufaces S pouge »5 mm thick
Condition: of discontnislies Mot conlinuous Separation <1 mm Separstion < 1 mm of Gouge < § min thitk of Bepatation > 5 mm
{Ses E) Ho saparaion Sightly weathared walis Highly weathared walla of Separation 1-5mm Contmucus
4 Unweathered wall rock Contintaus
Rafing it} 2 20 16 b
Inflow per 10m None <18 19-25 25- 120 > 435
funnel fength {fm)
Groundwa | (Joint water preasy 9 <01 Gi,-02 0Z-05 »05
5 | ovajor prneipat )
Genaral condtions Complelely dry Damp Wel Dripping Flawing
Raliig ] 14 7 4 a

30
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(After Bieniawski 1989).




e

1

nics Classification {

B, RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATICNS (See F}

Strke and dip oHentations Very faveuralbie Favourable Fair Unfavouratie Yery Unfavoerable
Toansls & nvnes 0 -2 -5 - -2
Ratings Foundafions 0 -2 7 -t5 -25
Stopes 0 -3 28 50

£. ROCK 1ASS CLASSES DETERMINED FROM TOTAL RATINGS
Ratng 100 < Bt &) i1 60+ 41 21 <
Class number 1 i i3 v v
Description Very good rock Good rock Farock Paorrack Yery poot rock
D. MEANING OF ROCK CLASSES
Class nuinber { ] 1 v v
Average stand-up Emeo 20 yrs for 15 m span 1 yearfor 16 m span 1 week for § mapan W hrsfor25 mepon 3 rin for 1 mpan
Lohesion of rock mass (kPa) > 400 300 - 400 200 - 300 300 - 200 <460
Frchen angle of rock mass (deg) > 45 35- 45 25-% 16-25 <15

434636 Foundations on Rock

E. GUIDFLINES FOR CLASSIFICATION OF DISCONTINUNTY conditions

Discontinuty lsngth {persistence} <im 1-3m I-10m 0-20m »26Gm
Rating il 4 2 1 [
Separation (apesture} None <01 mm 0%-10mm 1-5mm >Emm
Rating ] 5 4 t 0,
Roughness Veary 1ough Rough Sighliy rough Smooth Slickensided
Ratting 7} ] 3 i )]
Irfifiing fgouge) Hens Hard fiing < 5 mm Hard filirg > 5 mm Soli fiing < 5 mm Soft fltng > 5 mm
Ralinn a 5 2 2 )]
Weathezing Unweatbered Slighlly waathersd Haderalely voathered Highly weathered Decamposad

iy 5 5 3 : 8
F.EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING™

Strike perpencicutar o funnel axs Slrike paraliel b ngl 2xis
Drivo with ¢ig - Dip 25 - 96° Drive with dip - Sip 26 - 457 Dip45.80° Dip 20 - 45°
Very faveuiable Favourable Vary unfavoorabla Fair

Drve agamnatdip - Dip 45-80°

Drive agains! dip - Dip 20-45°

Dip G20 - Trespaciive of sirike®

Fair

Unfavourable

Fair

2

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

33

e

Table ffem Value Rating
A Point load index 8 MPa 12
A2 RQD 70% 13
A3 Spacing of discontinuities 300 mm 10
E4 Condition of discontinuities Note 1 22
AD Groundwater Wet 7
B Adjustment for joint orientation Note 2 -5

Total 59

-43.4.6“36. Féﬁn&at‘lons on Rock

echanics Classificat

» Guidelines for excavation and support of [0 m span rock tunnels in
accordance with the RMR system (After Bieniawski | 989).

Rock mass Excavation Rock bolis Shoterete Steel sets
class {20 mm diameler, fully
agrouled)
I -Very good Full face, Generally no support required except spot belting.
rock 3 m advance,
RAMR; 21-100
It » Good rack Full face , Lacally, bolts in crown § 50 mmin None.
RAWR: 51-80 1-4.5 m advanee. Complete 3mlong, spaced 2.5 | crown where
suppart 20 m from face, m with occasional required.
ATE MEST,
ili - Fair rock Tep heading and bench Systematicbalts 4 m £0-108 mm None.
RMR: 41-60 1.5-3 m advance in top heading. long, spaced 1.5 - 2m | in crown and
in crown and walls 30 mmin
Commence support after each with wire mesh in sides.
Blast. Crown.
Compieta support 10 m from
face.
/- Poor rock Top heading and bench Systematic balts 4-5 100150 mm | Light to medium rigs
RAMR: 21-40 1.0-1.5 m advance in lap m long, spaced 1-1.§ incrown and | spaced 1.5 m where
héad{ng ™ in crown and walls 100 mm in reguired.
' with wire mesh. sides.
Instali supporl concurrently with
excavation, 18 mfrom face.
V= Very poor Muitiple drifts 0.5-1.5 m Syslemalic bolts 5-6 150-200 mm | Wedium fo heavy ribs
rock advance intop heading. m long, spaced 1-1.5 incrown, 150 | spaced 0.75 m with
RMR: <20 m in crown and walls mm in sides. | steel fagging and

Instali suppoit concurently with
excavation, Shoterete as soon
as possible after blasting

with wire mesh. Bolt
invert,

and 50 mm
on face,

forepoling if required.
Close invert,

34
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v By Bieniawski (1976)

. Hours Months
Minutes 1 i Days 12 3us g Years
) 14 3¢ o3 5 10 24 LR 111 [ rE 2 3us 10 28
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T v 600D :1gm
o8 ___7// GOOD ROCK ROCK b
= p Lo L 6m

o
i 5 e 53"2

- FAIR ROCK 1 ot
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g ,——"T Tf60 80 i
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B.6 | { 0.5m
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B 35 434636 Foundations on Rock

Rock Tunnelling Quality Index, Q (NGI)
¥ On the basis of an evaluation of a large number of case histories of
underground excavations, Barton et al (1974) of the Norwegian

Geotechnical Institute proposed a Tunnelling Quality Index (Q) for the
determination of rock mass characteristics and tunnel support requirements.

» The numerical value of the index Q varies on a logarithmic scale from 0.00]
to a maximum of 1,000 and is defined by:

_ROD J;
J, Jg; SRF

Q

B 36 434636 Foundations o.n. ?\ock



where RQD s the Rock Quality Designation

A is the joint set number
I, is the joint roughness number
1o is the joint alteration number
T is the joint water reduction factor
SRF is the stress reduction factor
© 37 434636 FoundationsonRock

b It appears that the rock tunnelling quality Q can now be
considered to be a function of only thiree parameters which
are crude measures of:

[. Block size (RQD/])
2. Inter-block shear strength (/1)
3. Active stress (f.,/SRF)

38 R . .434535.F6undations on Rock



DESCRIPTION VALUE NOTES
1. ROCK QUALITY DESIGHNATION RGQD
A. Very poor G-25 1. Where RQD is reported or measured as = 16 {including 0),
B, Poor 25-50 a nominal value of 10 is used to evaluate Q.
C. Fair &0-75
D, Good 7580 2. RQ@Dintervals of 5, i.e. 100, 95, 90 etc. are sufiiciently
E. Excelient 80 - 100 accurale,
2, JOINT SET NUMBER I
A. Massive, no or few jaints 05-10
B. One joint set 2
C. One joint set pius random 3
D. Two joint sets 4
E. Two joint sets plus random 8
F. Three joint sats 9 1. For intersections use (3.0 - di)
G. Three joint sets plus random 12
H. Four ar more joint sets, random, 15 2. For portals use (2.0 ~ J”)
heavily jointed, 'sugar cube’, stc.
J. Crushed rock. earthiike 20

39

434636. Fo.&ndations on Rock

3, JOINT ROUGHNESS NUMBER
a. Rock wall contact

b. Rock wall contact before 10 cm shear
A. Discontinuous joints
8. Rough and irregular, undulating
C. Smoath undufating
D. Slickensided undulating
E. Rough orirregutar, planar
£, Smooth, planar
G. Slickensided, pfanar
c. No rock wall contact when sheared
H. Zones containing clay minerals thick
enough to prevent rock wall contact
J. Sandy, gravely or erushed zone thick

enough to prevent rock wall contact

A

4

3

2

15 1. Add 1.0 if the mean spacing of the relevant joint setis

15 greater than 3 m.

1.0

05 2 Jr= 0.5 can be used for planar, slickensided joints having
lineations, provided that the lineations are oriented for

10 minimum strength,

{neminal)

1.0

(nominal)

40
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Rock Tunnellin

4, JOINT ALTERATION NUMBER
& Rock wall cantact

A. Tightly healed, hard, non-softening,
imparmeable filing

2. Unaltered joint walls, surface staining only

C. Slightly altered joint walls, non-seftening
mineral coatings, sandy paricles, clay-free
disintegrated rock, ete.

L. Slity-, or sandy-clay coatings, smalt clay-
fraction (non-scftening)

£, Softening or low-friction clay mineral coatings,
i.e. kaolinite, mica. Also chlorte, talc, gypsum

1.0
20

3.0

4.0

and graphite etc., and small quantities of swelling

clays. {Discontinuous coatings, 1-2 mm or less)

¢r degrees (approx.)

1. Values of ¢r, the residual friction angle,

are intended as an approximate guide

25-35 to the mineralogical properties of the
25-30 alteration preducts, if present.
20-25

§-16

41
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4, JOINT ALTERATION NUMBER

a
b. Rock wall contact before 10 cm shear
F. Sandy particles, clay-free, disintegrating rock etc. 4.0
G. Strongly over-consolidated, non-softening 6.0
clay minerat fillings (continuous < 5 mm thick)
H. Medium or low ovar-consolidation, softening 8.0
clay minerai filings (continuous < & mm thick)
J. Swelling clay filings, i.e. montmorillenite, 8.0-12.0
{continuocus < 5 mm thick). Values of 4
depend on percent of swelling clay-size
particles, and access fo water.
¢. No rock wall eontact when sheared
. Zones or bands of disintegrated or crushed 6.0
L. rock and clay (see G, H and J for clay 2.0
M, conditions) 80.120
N. Zones ot bands of silty- or sandy-clay, small 5.0
clay fraction, non-softening
Q. Thick continuous zones or bands of clay 10.0-13.0
P. & R. (see G.H and J for clay conditions) 68.0-24.0

or degrees (approx.)

25-30
1624

i2-16

§-12

§-24
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GI) ”

uality Index,

5. JOINT WATER REDUCTION Jyr approx. waier pressire (kgf,cmz)

A. Dry excavation or minor inflow L.e. < 5 1fm locally 1.0 <10

B. Medium inflow or pressure, occasional 0.68 1.0-25
outwash of joint filings

C. Large inflow or high pressure in competent rock 0.5 25-10.0 1. Factors C to F are crude estimates;
with unfilled joints increase J,,, if drainage installed.

D. Large inflow or high pressure 0.33 25-100

E. Exceptionally high inflow or pressure at blasting, 0.2-0.1 > 10 2. Special prebiems caused by ice formation
decaying with fime are not considered.

F. Exceptionally high inflow ar pressure 0.1-0.05 =16

43 434636 Foundations on Rock

6, STRESS REDUCTION FACTOR SRF
a. Weakness zones intersecting excavation, which may

catise loosening of rock mass when wmnnel is excavated

A, Multipie occurrences of weakness zones containing clay or 100 1. Reduce these values of SRF by 25 - 50% but
chemically disintegrated rock, very loose surrounding rock any only if the relevan: shear zones influence do
depth) not intersect the axcavation

B. Singie weakness zones contzining clay, or chemically dis- 5.0

tegrated rock {excavation depth < 50 m)
C. Single weakness zones containing clay, or chemically dis- 25
tegrated rock (excavation depth > 50 m)

D. Multiple shear zones In compeatent rock (clay free), loose 7.5

surrounding rock {any depth)
E. Single shear zena in competent rock (clay free). (depth of 5.0
excavation < 50 m)

F. Single shear zone in competent rock (ciay frae). (depth of 25
excavation > 50 m)

G, Loose open joints, heavily jointed or 'sugar cube’, (any depth) 50

434636 ?6uﬁ§fétions on Rocl




Rock Tunnelling Quality Index, Q (NG

DESCRIPTION VALUE NOTES
6. STRESS REDUCTION FACTCR SRF
b. Competent rock, rock siress probfems
R 5154 2. For strengly anisotropic virgin strags field
H. Low siress, near surface > 200 >13 25 {if measured]: when 5o /oq10, reduce o,
J. Medium stress 200-10 13-0.66 1.0 tc 0.8, and gy to 0.8c,. When aylag > 10,
K. High stress, very tight structure 10-5 0686-03533 05-2 reduce o and g to 0.8c, and 0.8ay, where
{usually favourable to stability. may &, = uncenfined compressive strength, and
be unfavourable to wall stalility) oy = tenslle strength (point load) and oy and
L. Mild rockburst {massive rock) 5-25 0.33-C.16  5-10 o3 are the major and minor principal stresses.
M. Heavy rockburst (massive roek} <25 <0.16 0-20 3. Few case records available whefe dapth of
c. Squeezing rock, plastic flow of incompetent rock crovin below surface is less than span wicdth,
under influence of high rock pressure Suggest SRF increase from 2.5 1o 5 for such
N. Mild seueezing rock pressure 5-10 cases (see HJ.
0. Hoavy squeezing rock pressure 10-20

d, Swelling rack, chemical swelling activity depending on presence of water

P. #ild swelling reck pressure 5-10
R, Heavy sweliing rock pressure 10-18
B 45 434634 Foundations on Rock

ock Tunnelling Quality Index,

» Barton et al (1974) defined an additional parameter which they
called the Equivalent Dimension, De, of the excavation.

b This dimension is obtained by dividing the span, diameter or
wall height of the excavation by a quantity called the
Excavation Support Ratio, ESR. Hence:

D = Excavation span, diameter or height (1)
o =

Excavation Support Ratio ESR

b 46 - - 434636 Foundations on Rock




The value of ESR is related to the intended use of the excavation

ock Tunnelling Quality Index,

and to the degree of security which is demanded of the support
system installed to maintain the stability of the excavation.

Barton et al (1974) suggest the following values:

s

T

TUNNELLING QUALITY

434636 Fox;m&.a.tic.).ns”on Rock

Excavationcategory ESR
A Temporary mine openings. 3-5
B Permanert mine openings, water tunnels for hydro power (exciuding high 1.6
pressure penstocks), pilot tunnels, drifts and headings for large excavations.
C Storage rooms, water treatment piants, minor road and rallway tunnels, surge 1.3
chambers, access tunnels.
D Power stations, major road and railway tunnels, civil defence chambers, 1.0
portal intersections.
E Underground nuclear power stations, railway stations, sports and public 0.8
facilities, factories.
434636 Foﬁnﬁaﬁoﬁs on Rock
ock Tunnelling Quality Index,
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Span or height i m
ESH

ROCK CLASSES
<] E E ) c a8 A
Excaptisnally Extremoly Vary " P very Ext ! Exc.
poor paot puar Poer | Falr | Goed | geod! good | noed
106 - - x ——

imated support categories

Estimated support categories
based on the tunnelling
»  quality index Q {After

g Grimstad and Barton, [993,
"% reproduced from Palmstrom
! ;—f and Broch, 2006),

0.001 G004 0Of 004 0% s 1 4 i 40 190 00 10
RaR  Jr Jw
Rock mass quallty Q= 75~ X 1 ¥ SRE

REINFORCEMENT CATEGORIES:

13 Unshipparied & Fibre reinforced shotsete and boiting. 8- 12 am
2} Spotbolting 74 Fibro seintorced sholorete and bolting, 12 15em
F) Bystemalic bolting & Fibre rointoresd shektate, - tiem

4§ Systemaitic Bolling. famd wirsinforced shoterote, 4 - 10 an;

53 Fibrn teiiforced shotarets and bolling, 5 - S em 8 Casteanerele fning

rainfuecad riks of shakorets mnd baiting

434636 Foundations on Rock

5 50

l. Rock Quality

2, Joint sets

3. Joint roughness
4, Joint alteration
5. Joint water

6. Stress reduction

R R R

Description
Good

Two sets
Rough

Clay gouge
Large inflow
Medium stress

_80 3 033 _,

Yalue

RQD = 80%
In=4
Jr=3
Ja=4
w=0.33
SRF = 1.0

From the Figure 3.7, the maximum equivalent dimension B, = 4 meters,

A permanent underground mine opening has an excavation support ratio ESR
of 1.6 and, hence the maximum unsupported span which can be considered
for this crusher station is ESR x De = 1.6 x 4 = 6.4 meters.
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Axtial
stress

4
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f
é

Uneontrolied

Arial strain

Stress-gtrain curves for britile
fraeture in wniarial compression

Arial
stress

i

Ductile
behaviour

Brittle-ductile
transition

P
o

Axial strain

Stress-strain curves for ductile
behaviour in compression
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Azxial
stress

1

Controlled

|
i

Uneontrolied

Axigl strain

tress-strain cwrves for brittle
Fracture in wniarial compression

Brittle and Ductile Behavior

Brittle failure occurs when the
ability of the rock to resist load
decreases with increasing
deformation. Brittle failure is often
associated with little or no
permanent deformation before
failure and, depending upon the test
conditions, may occur suddenly and
catastrophically. Rock bursts in
deep hard rock mines provide
graphic illustrations of the
phenomenon of explosive brittle
fracture.

. 54 434636 Foundations on Rock



A material is said to be ductile when it

Axial . def .
stress can sustain permanent deformation

] without losing its ability to resist load.
Most rocks will behave in a brittle

Ductile rather than a ductile manner at the
behaviour i
/ confining pressures and temperatures
Brittle-duotile encountered in civil and mining
transition engineering applications. Ductifity
increases with increased confining pressure
and temperature, but can also occur in
- weathered rocks, heavily jointed rock
masses and some weak rocks such as

Axial strain

Stress-strain curves for ductile

behaviour in compression evaporites under normal engineering
conditions.
% 55 434636 Foundztions on Rock

rittle a Ductile Behavior
anial As the confining pressure is
stress increased it will reach the brittle-~
i ductile transition value at which
Puctile , there is a transition from typically
behaviour brittle to fully ductile behaviour.
/’:,/ The brittle-ductile transition
Brittle-ductile pressure as the confining pressure
transition . . .
is which the stress required to
form a failure plane in a rock
- specimen is equal to the stress
Azial strain required to cause sliding on that
Stress-strain curves for ductile plane.

behaviour in compression

& 56 434636 Foundﬁtions orré Rock o



Laboratory Testing of Intact Rock Specimens

» Uniaxial and triaxial compression tests

Hardensd and grownd
steel spherical seate

Clearamae gop

Hild gteel

ceil body

Rozk speciman

0L inies

Sératn gawges

fukber sealing sleeve

Design by Hoek and Flankin (1964)

i 57 DR .;434636 Féundétgéhg onRDCk

Laboratory Testing of Intact Rock Specimens

b Uniaxial and triaxial compression tests

Uniaxial compression

G,=6;=0

O = O, (uniaxial compressive strength)

Triaxial compression

O, = O3 = P (confining pressure)

Rudbar gaaling gigsvd

. 58 . e 434636 F(;‘:maétk.ms O,n ROCR,, .



An Empirical Failure Criterion of Rock
» Hoek and Brown ([980) have drawn on their experience in both
theoretical and experimental aspects of rock behaviour to develop, by a

process of trial and error, the following empirical relationship between the
principal stresses associated with the failure of rock :

g = CT% + \/mo‘3o‘3 + so 2 {The original Hoek and Brown Failure Criterion)
i k ¢
where

m = constant depending on the characteristics of the rock mass,
5 = constant depending on the characteristies of the rock mass,
o, = uniaxial compressive strength of the intact rock material,
& = major prinecipal stress at failure, and

;= minor principal stress at failure,

b 59 ' 434636 Foundations on Rock

» The uniaxial compressive strength of the specimen is given by
substitutiono; =0

G'C rockmass = O-c ALS {Corapressive Strength of Rock Mass})

b For intact rock, O ooumass = O and s = |,

v For previously broken rock, s < | and the strength at zero
confining pressure, where o_ is the uniaxial compressive
strength of the pieces of intact rock material making up the
specimen.

e 434636, Foundat'ons ,c.m, ROCk e



» The uniaxial tensile strength of the specimen is given by
substitution of o, = 0 in equation o, =0, +mo,o, +s0’
and by solving the resulting quadratic equation for o,

GC s 2
Gr.rocb1nass et U/ Bt VI /B 4s (Tensite Strength of Rock Mass)

2

a guadratic equation is a polynomial equation of the second degree.

—b+ /b~ dac

2a

dd

a:r2+ba:—|—c:0, T =

. R 434536;:0”“(13“0“5 OnROCk ;

ailure

RELATIORSHIF BETREEN PRINCIFAL
STRESSES AY FAILURE

o, =0, + \/m0‘30'3 + 507!

ey

Trigsial |
sompppReon

Gc. rackimss Gc \/:

Mawinum grincipsl stress &) o) faflure

nigainl
/ pommrARELon
i

g 3
- =—”(m—»«./m“ +45)
. rockmnss b

a

/ Yrigwial tenpiomn
L

- Temibon | CATPIREETON ———
Ainar priscipal stress
or confining prejsvye
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» Mogi (1966) investigated the
behavior of most rocks changes
from brittle to ductile at high
confining pressure,

2a

2o
<

» For most rock, the transition
pressure is defined by :

! Transition from brittie fo
Sk ductile failwre illustrated
! by test daia obtained by
f Seloartz'37 for Indiana
I timestone.
1 i

& 5 10
Minor principal stress
gy - 1b/in? x 1000

B 63 434636 ?cunéétioﬁs o.n Rdck

Determination of Strength Parameters

Part | (for Intact Rock) (Data from triaxial lab test)

- ce - " - 2
The empirical eriterion given by o) o3 + Ymoc.03 +  sa,

may be rewritten as: y = woo.x 4 scrc2

where y=1f(oy, - 63)2 and =z = a3

For intact rock, s = 1 and the uniaxial compressive strength G and the material
constant m are given by :

R = 3 x5
2 yyd Iriyy - 1ﬁ =
g = = - g
e n .2 (fxiy2| n
X2 =
LTIy
oy -
m = Ge }",1:.52 ~ (mzzz ""} (m,)
t 9

Wwhiere  xp  and e are sucgessive Jata pairs end 05 the total pumber of such
data pairs. -

b 64 434636 Foundations on Rock -



Determination of Strength Parameters

The coefficient of determination r? s given by :

. rmizwd|e
rz ~ L"’I:‘L-d‘b - ) J
B (I=i)2 (i¥i)<

the closer the value of ¢ 13 o 1.00, the botter the §it of the spirical sguation
to the trigeiol Lost data.

N 65 e '434535;0Qnaéﬁ;h;;;;R;;k“"“

B@termma&mn @f Stmngth P&mm@terg

Part | (for Intact Rock)

1. Enter triaxial dara in the form = = g3, ¥ = (ay-03)?
2. CLalculate and accumulate :
Izg, Ex:%, Eyg, fyg? and Izmgyq,
Caleulate o, from equation A.Z,
Calecutate m from eguation A.3,
Calculate % from equation A.k4,
. ilote that = 1 for Intact rock.

Ov o

S
- i ' EIf,Eyv,
oo | EEL g
ZIt)z n

: 23171.53!7,
1 n A3
U¢ II‘,E:?‘ - __:._).2 ( )

[&”qzy«; nz"’ziiy—:jz
2 - [ZI{,Z - “{Efzﬁz—][gyiz B E%Q‘z} (Ad)
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Part || (for Broken or heavily jointed rock)

_ Emimyd
| B -

5 | Tepr - CZ0°

H
1

When the value of the censtant s is very close to zero,

somelimes give a negative value.

In such 2 case, put s = 0 and calcuiate m a3 foliows :

= Ey{
© o Iri
L
Ix{Iyile
N [kﬁt' 7
r = ]
2 . (2:*1)2 W2 (51} }
[Zzz n i n
5 é? - 434636 Foundations on Rock

etermination of Strength Parameters
Part 1 (for Broken or heavily jointed rock) (Data from rock mass test)

Enter value of o, for Intact rock,
Enter triaxial data in the form x=g3, v = (o;~04)% ,

i
2.
3. CLalculate and accumulate: -
Ly, Ez:iz, Syi, Ly -2 and EI_t:y.g,
4. Calculate m from equation A.3,
5. Calculate s from equation A.5,
6. CLaleulate r2 from equation AL,
7. When s <0 in step 5, put 5 = 0 and calculate m from equation A.6,
8. Note that sgquation A.4 is not valid when & < 0.
S
s I 22 L (A5
m= = ——=m | (A3) s = =2 - mog (A3)
oc | pmez - CELY ' o | 7 m
o _szzyzr )
2 [ A (A4) w - -2k (AS)
> (ZE2Y(. o (Tyu)<] VT velze
[s27 - 2 ][ - 2]
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Survey of triaxial test data
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Survey of triaxial test data
on intact rock specimens

W
£

LLL|

%

3

w

Lt

Shear strength <

©owd

1 Unlaxial compressive strength

~
2l

LI
1
i

3

Hajor principal stress o3
Uniaxial compreysive strength o

)

2

i
W}

=T

Ll
L

r;

EER

~0.5 o 1 z 3 4

Effeciive normal stress o

Uniaxlal compressive strongth o
] ;

~0.5 [ i 2
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Use rock mass classification for strength
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Use rock mass classification for strength

prediction

Ontutbed rock mass M and ¥ values

Table I : Apprawimate refationship between tock mass quality and materiaf comstants

undivtutbed rock masy 1 snd A values

.
ot
® ET] = e
fadc] x Ba w g Peas
EMPIRICAL FAILURE CRITERION g 3 23 EX 2‘ iz 33
gl = TR Edw |HY =Y
oh=ebs o vact Edi |23 1Eed | BEE (5Ess
2 Do o x & oD B
of = major principa) efuctive stress @ g 3 § % g’ o] : = § g % § E o3 :
&% = minot printipal effective stress gc 1 'é 4¢3 gz9% 2 g £ |a g %"‘g
o, = ushisial compressive strength 8= ] E - z ? 5& ay.d 2o T
of intact rack, and ':.IJQS 25 ZEQE g3 §§§.§
moand ¥ ate empitical constants. £ g = a = E o : &y g o ﬁ gy 5
&3 & B z=zas| Bg& IE
9% | ser |EEDY i} |E0sy
S8% | Sk3 j<ho] 05 [O¥D&
INTACT ROCK SAMPLES
Laberitoty slze specimens fee m| 100 .00 15.80 e 35.00
frors dicontingities ] 100 189 L 108 130
CStR rating: RMR = 160 m 260 060 15.60 1res 2500
NGirating: Q = 520 z Log 1.02 o4 1.08 Low
WERY GGOD QUAELTY ROCK MASS
Tightly interlocking yndiaty: bed rock m TAD 3.43 514 582 256
with vowesthared jointe 2t 1 (e dm. [ G082 D682 4082 0.082 {062
CHIR rating: RMR 2 35 m LR 388 v.ls 795 14.63
NGl rasing: Q = 100 s | 0189 2158 [¥] 24 a.res 4.389
GOOR QUALITY ROCK MASS
Fresh to sfightiy weathesed rock, siphtly nl| o5 042 1231 1195 2052
disturbed with jointy az 1 10 Im. % £.08253 £00293 2.00231 0.06293 00733
TSI esting RMR = 85 m) 2006 2865 €258 4871 [
NGI rating: @ = 10 H 0.620% 0.0205 0.6205 0.0265 4.070%
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Use rock mass classification for strength
prediction

r_ Toble I : Appeeximate relotionship hob rock mass quakity and materisl constants
Dwrbed 1ock mass m aad ¢ walues unditurbed rock mass 12t vead 8 viloor
=
g2
n bl A I~ R
=% ¥ FR"] = » 8o
EMPIRICAL FAILURE CRITERION gz 3 8% é 2 E 2 23
= = Fow e |Ew®
of = 5+ fmood + 1of ;§§ :_:,"E %ad ga s [EX 63
Eof | Eig |82, | 58y (BEil
o} = major printipal effective steess - E - § 23 ¥aad g =2 4 g 2 :f
oy = minor principal effective strese § g - =y gzpt 2 ?_ g oz g i
@, == unliaiat compressive strength z 0 5.. = § o : 5 E ES g & g = uw ': <
of intact reck, and mag 22 LDEaoy gﬂ:% Ecwnd
. b g a0 O =0 o S
m and £ e empirical conctanes. ga ¢ o gk EU% i LY u.ﬂ§ I
Ead | 25X {2225 854 [gz2°0
£58 | iy |EEz:| 2Ed |3Eed
3838 | Eii |nBi| ES5%Y |88s8
FAIR QUALITY ROCK MASS
Saverat sers of moderarely veosthered " 0.138 183 0275 2313 a45g
Jeinte spaced a0 0.3 to Im, 3 ¢ oogos 00508 030008 008008 085349
C5IR 1ating: RMR o 44 = 0.947 , 1153 2030 2301 3383
NG rating: @ =1 s | coorse | coorss 1 poeerss § ooorse | copes
POOR QUALITY ROCK MASS
Nermecous weathered joints ot 38-500mm, m | &b 4041 6.063 069 2.62
some gouge, Clean compacied waste rock ¥ il Htand 000001 &.6004001 0680003 0.040601
CSIR 1ning: RMR = 23 m | OA4F 0.839 0.95% Lper 1568
HGlrating: @ « .1 E 890079 &.o0018 0.pe81s 0.00014 0.06019
VERY POCR QUALITY ROCK MASS
Numsrous beswily westhesed joints apsced m | 4.007 £830 5015 0.017 b.025
<30mm with gouge, Waste rock with fnes, ) 060000 $.0000001 £.0095021 0.80868583 00050001
CEIR sating: HMR =1 m 0.21% 0.313 X114 0532 Q782
WGl rating: § = $.01 & i 000052 0.00002 2.00002 0.86002 200802
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and s (rock mass)

| E;E};sﬁ ation Qf

» Based on the attempts by Priest and Brown (1983}, the following updated
empirical relations to calculate the constants m and s were presented
(Brown and Hoek, 1988, Hoek and Brown, 1988):

Undisturbed tar Interlocking) Rock Masses Disturbed Rock Masses
RMR-100 R0
m=me * w=me
RAR00 RE-106
s=e ° s=e °©
where
; = the value of m for the intact rock, and

RMER = Rock Mass Rarmg (Bieniawski, 1976).
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5

v In the book by Hoel;, Kaiser and Bawden (1995) a general form of the

Hoek-Brown failure criterion was given. With notations as defined earlier,
this is written

o)

2

. a
. . C4
O, =0;+0 |, —+5

» Forintactrock,ie. s=1landm,=m,

4

. 102
: : O,
O, =03 +0 i, —=+1

where
&, = major principal effective stress at failure,
&y = miner principal effective stress af failure,
ny = the value of the copstant w for broken rock. and

a = cbnsiant for broken rock.

75 - .“.‘4"3k46367 Foﬁndéﬁ&né onr Rock

» The constant m; can be determined from triaxial tests on intact rock or, if
test results are not available, from the tabulated data provided by Hoek,
Kaiser and Bawden (1995),

b To estimate the value of parameters m,, s and q, the following relations
were suggested by Hoek, Kaiser and Bawden (1995).

G57-100
I

= e

Yor GSI = 25 (Undisturbed rock niasses)

RA4R-100
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n, s and a (roc

b To estimate the value of parameters m,, s and q, the following relations
were suggested by Hoek, Kaiser and Bawden (1995).

For GST <25 (Undisturbed rock masses)

§s=0,

a=0.65——,
200

where GS/ 1s the Geological Strength Index.

(St is similar to RMR but incorporates also newer versions of
Bieniawski's original system (Bieniawski, 1976, 1989). Hence, the
following relations were developed (Hoek, Kaiser and Bawden, 1995).

» 77 434636 Foundations on Rock

Estimates of m and s using GSI
(Hoelcet al, 2002)
my, =n; exp (M] D is a factor which depends upon
' 28-14D the degree of disturbance to which

the rock mass has been subjected by

(GSIWIOO]
§ = eXpl ————
- 9-3D

— 53
(e GsIns _, ..ou)

blast damage and stress relaxation.
It varies from O for undisturbed in
situ rock masses to | for very
disturbed rock masses. Guidelines for
the selection of D are discussed in a
later section.
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NG CLASSIFICATION
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RMR > 55 (i
E = 2 RMR = 100 (GPa)

E= 17.5In (Q)~10.17 (GPa)
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The rock mass modulus of deformation is given by:

E, (GPa) = (I%QJ\!S;% ‘10((631_10)";40) for T, < 100 MPa
100

| D :
E,(GPa) = (1 -~ E) S [ for &, > 100 MPa

(Heoek et al, 2002)
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In situ stresses fiel

» Stress field before excavation is represented by 3 principal stresses:
Vertical stress is generally equal to the overburden stress

Horizontal stresses are influenced by tectonic stress {in rock) and earth
pressure coefficient (in soil}

» If the excavation is below water table, it is necessary to take into
consideration water pressure {effective stress law)

P LS

G,
8] i
y L 7~O;
Oy Op
% 8 434636 Foundations on Rock

Vertical stress

# Depth below the surface,z = [,000 m
»  Unit weight of the rock, y = 0.027 MN/m?
» The weight of the vertical column of rock? =227 MPa

. T
Vertical stress on the element
G, =Yz
z

where is the vertical stress

¥ is the unit weight of the overlying rock and

Z is the depth below surface oy

Gy /
}:':-
on |

36 o e e 43_4636Foundaaonson ROCk S



Vertical stress

VEATICAL STRESS 9, -~ MPe

[+ 1% 20 i o 58 64 20
Vertical stress measurements
from mining and civil engineering
s projects around the world. (After
Brown and Hoek 1978).
o
# = 608z
' , o, = 0.027 MPa/m
=~ | psi/ft
g +000 ______~ A AUSTRATIA T \\ H
- ©Y UMITED STATES ‘
LA CaNAsh : E \
;O SCAHDSHAVIA = \l
250 | @ o s . As a rule of thumb, taking the.
o enam s N average density of rock into
account, 40 m of overlying rock
o 1 induces 1 MPa stress.
& 87 434636 Foundations on Rock

Horizontal stress

» Much more difficult to estimate than the vertical stresses
» Ratio of the average horizontal stress to the vertical stress, k
» kincreases when shallow depth decreases

Horizontal stress on the element

(O :kgv =k Yz

- w e 434636, Foundaﬁons .o_n_‘ RDCR S
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m*m@ mg Sw@m

» Terzaghl and Richart (1952) suggested that for a grawtattonally loaded rock
mass in which no lateral strain was permitted during formation of the
overlying strata, the value of k is independent of depth and is given by

where Vv is the Poisson's ratio of the rock mass.

/91 e . 434536 Foundatlons OnROCk e e e

m*mmgmﬁ sﬁmm

| The mﬂmﬂmi stress can be es'hma?ed usmg of elastic %”hemr"y If
- we- _consider the strain afong any axis of a small cube at depth,
_ 'i‘hen the total strain can be found fmm the strain due to. ?ha

r;x}..u;‘;:‘gc}-
o P For example: .

~ : gy - VOgy ;;1"C?‘H’

- Y E E E

Al sipan, b= er,

Young's modutus,
it

A

£ iy P\mmn 5 patka,

’_:,_[_& £‘\ -

- pf‘»‘%!
e,
T

S Coke
p . ¥y Yy : i N
F.. -F, ...._E N

E'ﬂ«.
-

{Hudsan & Harpison (1697} A
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orizontal stress

And, because oy = O 1
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Thus fhe ratio between ‘rhe o
:hamzom'al and. verﬂcal stress
| (referred to as K = o /o) is a
'_fun;:hon of _‘rhg Poisson's ratio:

|| Far a $ypical Poisson's ratio (v) of
7| 0.25, the resulting K-ratio fg - 7 .
| 6.33.For o theoretical maximuem
| ef v="0.5, the max:mum K mi’m
|| predicted’is 1.0 :
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Horizontal stress

» Sheorey (1994) developed an elasto-static thermal stress model of the

earth. This model considers curvature of the crust and variation of elastic
constants, density and thermal expansion coefficients through the crust and

mantie.

» He provide a simplified equation can be used for estimating the horizontal
to vertical stress ratio k.

I 1
k z0.25+715h[\0.001+;}

L9

where z (m} is the depth beow surface and E, (GPa) is the average deformation
modulus of the upper part of the earth's crust measured in a horizontal direction.

> 95

Bepth below surface, 2 (m)

| 434636 Foundations on Rock

1000 —

2000 o]

3060 |

...

Ratio of horizontal to vertical
T 100 stress for different deformation
moduli based upon Sheorey’s
equation. (After Sheorey 1994).
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» The World Stress Map project, completed in july 1992, involved over 30
scientists from 18 countries and was carried out under the auspices of the
International Lithosphere Project (Zoback, 1992).

v The aim of the project was to compile a global database of contemporary
tectonic stress data.

» The World Stress Map (WSM} is now maintained and it has been extended
by the Geophysical Institute of Karlsruhe University as a research project
of the Heidelberg Academy of Sciences and Humanities.

b The WSM is an open-access database that can be accessed at www.world-
stressmap.org (Reinecker et al, 2005)

434636 Foundations on Rock

World stress map giving orientations of the maximum
horizontal compressive stress
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www.world-stress-map.org
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Stress map of the Mediterranean giving orientations of the
maximum horizontal compressive stress

as° o 1o 2 3 an'

250" o 10 20 o 40"
o etonteses .
St larat e st www.world-stress-map.org
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[n-situ Test an

leasurements

Objectives:
t.  To determine in-situ stress (G, and G,)
2. To determine rock mass properties

434636 Foundations on Rock



In-situ Test and
‘Measurements from:
¥ Borehele / Drill hole

3 Outcrop
b Tunnel wall / Pillar

ml e e 434636 ,;;,L,naéﬁbﬁgo'r{ ROCk B

In-situ Test and Measurements

fn-situ stress Measurement Methods :

3 Hydraulic Fracturing *
2 Flat Jack *

3. Overcoring *

4 Doorstopper

5. Undercoring

Elastic Modulus Measurement Methods :
L Plate Bearing Test

2. Dilatometer Test

3. Flat Jack Test

In-situ Direct Shear Test:

[ 02 e e e e e 434636 Fégndmoéé o Rock



@ i
ydraulic Fract 5
Hydraulic Pump
Wiru!inugf d {tas! interval)
3
Measurement in Borehole/Drill hole 3,5%
1 i & ala Acquisition
géi: Bnn
4 clensiby=p
" Hydraulic Pumg
{packers)
High Prossure Pressure
Hose TransdJcer

Plane view

Facker

Frauiure

SHﬂ‘%ﬁ.I I".‘3 m

’Shmin
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Plane view o PRESSURE
L i A

Crack Pressure (Break down in A-A)

Shut-in Pressure

Hydrostatic Pressure

TIME

104 434636 Foundations on Rock




* homogenous / continuous
* linear elastic

* isotropic
Apphed from Kirsch Solution

=4 & 4 (Radial Crack Occeurred)
P = G'h max? P GI1|'n|n’r 4, 6=0

§ o

Flane view

and P=0 (:nternai pressure)
Gh, max
R e )
Gp = 30!1, min Gh, max
TR ERIEIE TR aeY - (¥ '\ - RTPas

Hydraulic Fracturing Method

Applied from Kirsch Solution
Point A & A’ (Radial Crack Occurred)

Px = Gh.max' Py = Gh,min’ r=a, 0=0
and P=P_, (internal pressure)

Plane view Tangential stress at Point A or &’

= 36h.min - 0'h,max_PcI

h, max
For Radial Crack Occurred (g, = -T,)

—0 %0

T, = tensile strength of rock around boreholle

Gh ) 3Ch,min = Ohmax™ Pe) = 'TO
, min

5% 106 ' 434636 Foundations on Rock



PRESSURE
A

Flane view

G P Crack Pressure (Break downin A-A)

l ‘ ; ] ’ Shut-in Pressure

. [Hydrostatic Pressure

s TIVME

B 107 434636 Foundations on Rock

ydraulic Fracturing |

PRESSURE
A

Flane view .
G N it Crack Pressure (Break down in A-A))
'7 A h, max_
¥ e ?M ______________________

Shut-in Pressure

Hydrostatic Pressure

To=P,-Py TIME

. ios . .434.636 ;:Guﬂda;tiohs o go.c.k.. e e e e



Measurement in Tunnel wall / Pillar

{b)

!

|

|

|

|

I

I

|

!
Time Jack pressurePC
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Measurement in Borehole/Drill hole
Tunnel wall / Pillar

Water
T swivel

H Qrimnting
EW-rad H device

: Core bernet Instailetion
’ o
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Deformation

gage i Large drill

/’ﬁ-‘\
i A
L <]
Plane of buttens Bistance drifled

Change in diameter
Ad®) = o,f; tof, + o.f; + 1.5,

434636 Foundations cn Rbck

vercoring I

where

= 64 +gin 20)
E

434636 Foundations on Rock
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Vercoring

Equation

Ad(®)) - 1,6, £, £, f, G

AdO,+60) -fo ¢ =] £, £ £ 's)

AdO, +120) - £, 0, i, f, £ T,
&g = Change in diameter
Frrin v n = 1,2,4 indicate the value of f|,f; and f,
m = 1,2,3 indicate the position of 8, ,0,+60 and 6,+120
> 113 434636 FoundationsonRock
O
z Oh, min

Gy

Horizontal Plane
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Measurement in Borehole/Drill hole
Tunnel wall / Pillar

installation

Strain
cell
{Strain Rosette Gape)

&)
434636 Foundations on Rock
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Joorstopper

To bridge ¢ircuit

B
AG.\. s 1 v 0
Insertion toot B
/ A
L1 fi‘Gz. 2 = Y 1
Potting material (liquid rubber) ' 1—v 2
o Sirain rosctte page
At . 0 0
Metal foil

434636 Foundations on Rock
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Calculate the stresses and shear stress

(Ao, ) ~oa c b 0 M (o, )
Ao, = - b c a 0 o,
< 4 3
At, 0 0 0 d G, [
\ 4 .. Y K T’Az /

a w 1.30
b = (00854 0.15v-v)
c = (0473 +0.91V)

d = (1.423 - 0.027v)

- 1E7 R 434636 Foundatiéns on Rock |

Undercoring

Measurement in Borehole/Drill hole
Tunnel wall / Pillar

“fm: Gx : fl * Oz ) f.': + sz ‘ f3

2
1 a

£, = ——[(L+Vv)+H " cos 26]
IE v

Borehole

2
I a

£ =—+—{1+V)—H- cos20
2E

°

X
Gage points

2
&

£, =

i
E r

H sin 20

H=4—(1+v)a /1

8 434636 Foundations on Rock



e, = Ly £ Ly o,
U £,3 fB H f3 2 f?\q -E::z

® w n = 1,2,3 indicate the value of {,f, and f;

m = 1,2,3 indicate the position of 8, ,8, and 0,

I i? 4374763"“;1730171r§dati0ns on Rofk

late Bearing Test |

Measurement in Outcrop/Tunnel wall

ensioning head Rigid Plate Bearing Test (ASTM D34%94)
Bearing plate
— Mortar
Cable
. G
§ Bearing plate
4 H=Y  Mortar
Anchorage —

%120 43463FoundationsonRock



mm &@a

est

» Rigid Plate BearlngTest

b Flexible Plate Bearing Test

f21

g r,, swt 417 Eypucal s up tor

ol eking st in which

ceqie pad, X1 m didmeter
mm_ 1. Famzle boess pad.

4 Tep platz. 5. MPBX, anchors—
5 o motebole. 6 MPEX sznsor
bzad, 7. Rubbzr shave oves Inad
wvites. B, Trunsherr fatd wir.
9. Eiydravlic howes 10, Hy-
deanlic pump, 70 MPa. 15, Dan.
Soquisinun sysiem MPa. 32 NX
drill hale, depth w 6 agack diae
mererv. . Prepared diameter,
3.5 10 2 > Mar jzek dizmarer,

14. Bese phae, 33 Serews fur st
wp and rersoval LR, Tunud
diamerer pavge. 17, 254 men
<hameter alurtinteh colompe
18. Tunsel suctace.
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igid mate Bearing Test

(ﬁ% Designation: D 4394 — 04

il

INYERNATIONEL,

- 1.2i..

Standard Test Method for

Figure 4.18 Typical aranpe
nent of plate laad tesr ax
groond surface (Pusch, 1992),
1. Hydraufic jacks. 2. Steel
Heam reaction head. 3, Sted
i, 4. Tie rods. 5. Conerete
foondaticn, 6. Schistase
gneiss, 70100 mm dia.
achor holes.

Determining the In Situ Modulus of Deformation of Rock

Mass Using the Rigid Plate Loading Method®

434636 Foundations on Rock



10 Dia, _i l
oyl
v 1

i I
il

DISPLACEMENT BEARING Sk
f/ TRANSDUCERS PLATE =t
REACTION 12 A, P
AR HYDRAULIC RAM tnd

FiG._ 3 Rigil Beardng Plate for 12 i, Diamester Test

HAND PUNMP
PRESSURE
TRANSDUCER ~

AL WEES
~
NOTE . THE DRILL

HOLES ARE
ROT SHOWN.

FiG. 4 Typical Rigid Plate Bearing Test Setup Schematic
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| Plate Bearing Test

=g P
E=—w—%
g2 .

PLate

where:

= Poisson’s ratie of the rock,

total load on the rigid plate, Ibf (kN).

average deflection of the rigid plate. in. {mm), and
radivs of the rigid plate, in. (mmm).

1/

7"
i

S BEARING PRI R

g/l BT 1
;i,@ LA
S '.z"?)'-; i
3
I #

FIG. 5 Allowable Dimensions for Rock Surface and Bearing Pad

5o 434636 Foundations on Rock

L&gb’) Designation: D 4395 — 04

«u'

IHERRATIONAL

Flexible Plate Bearing Test

Standard Test Method for

Determining the In Situ Modulus of Deformation of Rock
Mass Using the Flexible Plate Loading Method’

\'26 . 434636Foundationsonp\ock e e e



TiCLE DOARD Pap

TUNNEL DIAMETER 0P PLATE
GAGE \ ] ~ TUNNEL ROUK SURFACE

\\ 125 \ i |
BASE PLATER:, \L\/ /
X, 76 MM DIAMETER, T ?‘5'% AT /:,nF AT JACK, BPPROX
E DRI (,/ T M DIAMET
i f F&% COMCRETE PAD

i
“MEBX MEASURNG

DIAWETERS B

WS HE &

PREPARED DIAMETTR

1] dgfr’

ANTLn

15 102 T:MES B% NELSUEAG
FLAT ALK a;—ms?sa»-—‘ [ & 47 MORD bR

NGTE : TiMBER PLATFORN
FOR SUPPORT DURING
ERECTION NOT SuOWN,
GFTIONAL w280 COLLS
INORESTRANT IOLUMNS
A58 NGT SHOWH

DATA ACQUISITION §Y§ 1’?&‘ £9 Do HYDRALLID PUMP
FIG, 3 Typical Flexibie Plate Bearing Test Setup Schematic

LEAD WIRES

T TRANSOUCER LEAL ®IRE

473476376" Fc;ﬁﬁdations orn Reock

127

; DN S AR
L GiFTYMAX

HEABUREMINT
LOCATIONS ~.

IRSTRUMENTAT 0K~
DO BEL T e

FiG. 4 Aliowable Dimensions for Rock Surface and Bearing Pad,
Flexible Plate Loading Test
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Flexil

E—Calculate the modulus, £, from the deflection at the center
of a circularly loaded area at the rock surface as follows:

_20—vIQR |

E i

where:

N = Poisson’s ratio of the rock, N

Q@ = pressure on loaded area, Ibffin~ (MPa),

E = radius of loaded area, in. (mum), and

W . = deflection at center of loaded area, in. (mm).
w129 " 434636 Foundations on Rock

Calculate the modulus, £ from the deflection at the edge of
a circularly loaded area at the rock surface as follows:

_ M1 -y)0R

E i

where:

¥ = Poisson’s ratio of the rock, .

O = pressure on loaded area. 1bf/in~ (MPa),
R = radiug of loaded area, in. (mm), and

W, = deflection af the edge of the loaded area. in. (tum).

;,\' ' | 307 ‘ . 434636 Foundations on Rocle

ble Plate Bearing Test

lexible Plate Bearing Test



Calculate the modulus, £, from the deflection at a point

within the rock mass beneath the center of a circularly loaded
area as follows:

2000=v% 3 _aua
£=T({R + 27— Z)

OZ(1 + )
- .

(ZR® + 2V - 1)

where:
Z = depth beneath center of loaded area. in. (mm), and
W. = deflection at depth =, in. (nm).

;ié“*». . |3I .4.3.4636 Foundations on Rock

Flexible Plate Bearing Test

Calculate the modulus, £, from the deflection at the center of
an annularly loaded area at the rock surface as follows:

P 20(1 — "}'."){Rz — &)

Wﬁ'
where:
R, = outside radius of annulus, in. (mm), and
Ry = inside radius of annulus, in. {mm).

Calculate the modulus, E, from the deflection at the edge of
an anmularly loaded area at the rock surface as follows:

4001~ ¥R — By)
T,

=

P 434636 Foundations on Rock SR



Flexible Plate Bearing Test

Calculate the modulus, E. from the deflection at a point
within the rock mass beneath the center of an annularly loaded
area as follows:

701"" ] b 3122
f_——f—ﬁ}.-"'—){(.za, +ZH (R, 4+ ZHVY

+—[Z o + ) (R + 297 — (R, + 2719

The deflection, WZ. along the center line beneath the loaded
area may be expressed in a general form (inches or millimetres)
from equations Eq 3 or Eq 6 as follows:

o
K

W:.'-‘_—'—E—“

#l

» 133 - 434636 Foundations on Rock

memMe mat@ @m:mg ’E‘est

From this, it follows that the modulus, £, may be calculated
from the relative deflection between two positions below the
center of the loaded area as follows:

‘Kza — Kﬂ:

k=g W, — W
where:
K. .K., = geometric coefficients for depths z; and z,.
i respectively, and
wo, wy, = deflection at depths z; and z,, respectively.

134 434636 FoundationsonRock



/\ﬂg]ﬁ? Designation: D 4506 — 02 (Reapproved 2006)
g

TRTERNATIONAL

135

Standard Test Method for
Determining the In Situ Modulus of Deformation of Rock
Mass Using a Radial Jacking Test’

434636 Foundations on Rock

2 n

T &

FIG. 2 Typical Graph of Appiled Pressure Versus Dispiacement

1. Akasenng proflls, 2 fistnge oquat o IR AT OF Blive loodng. 3. Tonbrol eXneomoels 4, Setoure page. 5 Relotonte b0, 6 Hydese mp. 7, Flatiad,
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wedoms. 18, Erznvaton mikas. 12, Jrmeaiond Crse 19, Rockbali anchor 20, St bmg.
FIS, | Aadisl Jackiy] Test
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434636 Foundations on Rock -



ial Jacking Test

b
T Zarr

pl fp:n

where:

py = distributed pressure on the lining at 7|, psi (MPa),
8 radiug, Tt {m),

P = pressure in the flat jacks, psi (MPa), and

b = fat jack width (see Fig. 3), fI (m).

o Tae N
o _ DSt R i
L 7 Aot P
i LR ®
[
SR -L-*E.—‘j
PZ =)= FiG. 3 Scheme of Loading Showing Syinbols Usad In tho
3 Celeulations

» 137 434636 Foundations on Rock

Radial Jacking Test

A =4, +4,

_pars (1479 where:
A, v Py o= maximum test pressure, ad
Dyry {1+ v § . ) . .
= “T—v——) v = estimated value for Poisson's Ratio.
d
Wy fv 2 e
E mg“ﬁ_—‘l" +in2 ] - wherer N
: e v 2 i s = radius to the Hmit of the assumed Assured and
Paty (v + 1 ) toosened zone, Tt {m), and
D= . +In —;) : .
A, ] ¥, ¢ In = natural logarithm.
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Vilatometer Test

Measurement in Borehole/Drill hole

- : can be made remote from surface as part of the
exploration program.

Figure 4.15 Dilatometer for making modulus mea-
surements in boreholes (ISRM, 1987} (a) components
of a dilatometer system; and (b} cross section showing
fabrication details of CSM-type dilatometer.

. Pistan actoator,

. Vernier.

Valve.

. Pressure transducer,

. Pragsure seadout,

. Fligh-pressure stainless-sieel twbing.

. Polyurethane rubber menbrane.

. Removable end cap.

. High-pressure connection,

16). Pipe thread for insertion tool.

11. Fluid passape.

Piston pump Ditatorneter probe

{a)

139 434636 Foundations on Rock

Shear Modulus

and

Eq = 2(1 + vg)Gq

Modulus of Elasticity

Where L = length of test section (cell membrane)
d = diameter of drill hole test section
Vi = Poisson’s ratio of rock
p = pump constant
(fluid volume displaced per turn of pump wheel)

kikt

ke = (ks — k1)

(MP a/turn) Stiffness of rock

40 saese ;:Oundét-lons' o.n.R;)..c.k... e e



Pressure from curved

“flat jacks”

Steel ring sets

AN

E=0+v)Ap —

(Goodman et al., 1972)

& 141 434636 Foundations on Rock

Flat Jack Test

Tack T 1 T N pum
Qil

T S S S S
&p++i+e+) do = 2y

1

)

3

3 H

] H 3
H H

----------------- R ; 2Ay c

£ i

:

: =

§

3

walll
Sl

B=B2D 1y 1YYy, )
C

(Goodman, 1989)
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-sitw I

AELB}) Designation: D 4554 - 02 (Reapproved 2008)
I

Standard Test Method for

In Situ Determination of Direct Shear Strength of Rock
Discontinuities®

PO SR Figure 4.24 Typical set up for an iz site direcr-shear
Ttioos Yoo 3 test in an adit (Saint Simon et al., 1979).
e 1. Rock anchor, 2. Hand-placed concrete. 3. WF beam.
TR 4. Hardwood. 5. Steel plates. 6. 30 ton jack. 7. Dial

gauge. 8. Steel rollers. 9. Reinforced concrete. 10,
Bearing plate. 11, Styrofoam. 12. 30 ton jack. 13. Steel

D 52 G4 05 0B 1Bm ball.
SCALE
[43 434636 Foundations on Rock

irect Shear Tests

>,

*“;‘:fv\z:-«‘:lﬁw LA
oy

':""’ _’/
17

e e B b e [ B |

I P ST
T e
LAY i ot e A
- 1 He 3 .

P )

TS T A e s

B 1B bt
fr sinee Bhoeewr Toms

Wrinagrimt robiiare
SElabbaretrer

et B dspireren

. —— (A posiyin
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£

o

& PP foosed

& [ES0

52 Shear stress, v = — = ——,

g™ A A

o) 1 EHG‘"“ -

z I g $TH F Pop + Py 18ing)

3 HER l etrace _ e P s b ]

: | nsslguALS Homoal stress, o, = T = 3
LN ol ’
cf !
S
Nom;f::;giﬂm where
" P, = iotal shear force, MPa,
F. = total normal force, MPa,
P, = applied shear force, MPa
P, = appled normal foree, MPa,
o = inclination of the applied shear force o the shear
plane; if @ =0, cose =, and sine =0, and
A = aren of shear surface overlap (corrected to acoount
for shear displacement}, mm.
B 145 434636 Foundations on Rock




Bearing Capacity of Foundations

R
2.

434636 Foundations on Rock

Topic 5 Bearing Capacity, Settlement
8 Stress Distribution

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

Fracture and weathered rock
Shallow dipping bedding planes

Layered formations

3636 Foundat;onson hoa



Foundse > Rock

Ly

] E] /Zone B = Passive Z/nz
A(//x

/
Zone A = Active Zone

WQV;A;- AN T T AN AT TERT

!
S ® ‘OE
~ H

\

// l\{

©3 434636 Foundations on Rock

Effect of Fracture Intensity on Bearing Capacity

A
A

b RQD > 90% -no reduction
v RQD =50 - 90 % - reduce baring pressure by factor of 0.25-0.7
»  RQD < 50% - reduce baring pressure by factor of 0.25-0.1

4 e 434636Foundat;onsonRock e e
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Bearing Capacity of Fracture Rock




Oip

InZone B

Gzp= 0
O18= Ou(m) (= Oza)

:

Uniaxial compressive
Strength of rock mass

w7 434636 Foundations on Rock

Fia Hoek and Brown Strength Criterion

COLE (mGﬁ(r)Gg,"{" SGu{'r)) / + O3
o = (457 + ¢/2)
< _

Wedge B © Gufm) = (sgﬁ(r})

1/2

(UCS in Rock Mass Condition)

Cia =9 O3a = OG18= Oy(m)

Loy = (mUu(r)(SO'Zu(r))Uz ‘i“scﬁ(r))lﬂ + (55211(:))1/2 g

i

; = 51/2(5“(,-){1 e (ms--lj?. e 1)1/2] :
i ey

P
¢

E g 434635 Foundat]onson Rock e



anes of Foundation

F.S. = Strength / Allowable Stress (q,)

_ Crlslﬂﬁu{rﬂ} + (ms™ Y2 + 1)1/'?-}

Table 5.4 Correction factors for foundation shapes
¢ (L =length, B = width)
Foundation shape ; C[] o Cr
| Strip (L/B > 6) L 1.0 1.0
. Reciangular ; :
. LjB=2 C 112 0.9
. L/B=S ¢ 1.05 0.95
¢ Square ro1.25 0.85
i Circular o T 0.7
5 9 434636 Foundations on Rock

ecessed Footing

q

. , 2 172

B Cri(mGu o +s65,) 7" + o] A
4a = ES

e o Vs e e R = - i e AN e )
wht:re
‘ e el 2 ' 5 o'y
oy = {?’?’lﬁu(r}qs -+ Scu(r)) -+ ds L ] 3
.= (457 4 0/2)
| :

Wedge A Wedge B

Strength in Zone B Confining Stress

» 10 434636 Foundations on Rock



apacity on Soft Rock

6.

. loading is vertical and concentric;

depth of embedment D is less than or equal to B;

. foundation rock is uniform to depth below the

maximum expected shear surface;

water leve]l is lower than depth of the shear
surface;
5. foundation rock has strength parameters de-
.. . B
fined by friction angle and cohesion; -————'1
friction and adhesion on the vertical sides of o
the footing are neglected. D]; *‘“ﬂm“l‘ ‘l‘ R
i 8
§ 44 A
———T

434636 Foundations on Rock

v for strip, square or circular footing

_ CnieNe -+ Ca(BY:/2)N, +YDNq - gejt solution

- ES |

¢ = cohesion, C, and C;; = correction factors B
B = width of footing (or diameter)
v = rock unit weight ;!
D = depth of embankment o
Ne N, Ny = bearing capacity factors D]: §

i 4 20

h o4k

IR

N.=2 N:pﬂ(Nda +1) | Cohesion
Ny = 0.5NYH(N} —1) | «-— Density

434636 Foundations on Rock



Table 5.4 Correction factors for foundation shapes
(L =length, B = width)

Foundation shape Cpr Cr

Strip (L/B > 6) 1.0 1.0
Rectangular
L/B=2 1.12 0.9
L/B=35 1.05 0.95

Square 1.25 0.85
Circular 1.2 0.7

» 13 "~ 434636 Foundations on Rock

10

Using chart

Ne=2N"(No+1)
N, = 05N (NG — 1)
Ny=Ng

Bearing capacity factars: N, M, N,

15 20 25 0 35 40 45

Friction angle ¢°

Cia s 434636 Foundat;ons on Rock T T T




Weight of wedge of rock is ignored
D=0

_ CneNe + Co(

a

BT TE

FEANANG S AN

w15 434636 Foundations on Rock

Footing on o
Slope Ground

i
o

_ CneNeg + {CaBy,/2) Ny,

#

Beanng capacity faclor N,

L33

o

w

Baaring capacity factes A,
n

20 40 80 B0
Slopz angle f*

Q

15 I '434636 Foun{jatgoﬂsonRock e




[63aNs1 + (€1 /tan d1)(Ngg — 1)]

Where:

y; = dip of joint set 1
¢y, C; = cohesion of joint set 1, 2

Ny = tan* (45 + d1/2)
Nyz = tan® (45 + ¢3/2)

{5 c2 3
Rl (man qu)N“ ’ (ran%) M1

Case of surcharge load (q,) around footing

B : .
L o= (g, +Y—2~tan q:l)m,g + (‘—1) N2 - 1)

tar 4y or be recessed into the ground
s 17 434636 Foundations on Rock

Figid " -
® Compresstie = Punching Failure

Ricid = Bucking Failure

Plastie, incompressible

v Figia = Bedding Failure

GCompressibie

} 5 e 434636 Foundat:onson Ro‘ck” e



(Roark and Young, 1970)

t:

H2

M - maxmum moment at center of slab

M=:}%[(I+ v) log, (%) * 1}

r = radius of circular slab supporting the load
H = thickness of slab

v= Poisson’s ratio

r, depend on relative dimensions

- fB>H, thenr(;:—g— )

i

2
{8 < H, thenro= [1.6 @) w.LHi‘] —0.675H

19 434636 Foundations on Rock

Settlement

4 types of settlements

I. From strain of intact rock, closure of fracture, compression of
clay seem

2. From movement of rock block along shearing of fracture

3. From time-dependent (ductile rock)

4. Due to the subsidence (mine collapse)

g 20 S Ca3ae3E Foundat;onson Rock e



Cé = T|gfd|ty factor Table 3.6 Shape and ngidity facrors Cy for calculating sextlenzents of points on loaded areas ac the surface of
q= hea ring pressure an elastic hall space (afrer Winterkorn and Fang, 1975)

B = footing width . Shape Center Cormer | Middle of short side  Midelle of long side Average
Circle 1.60 0.64 RN X 2] C.64 0.835
Cirele {dgid) 0.79 0,72 679 . 0.79 .79
Square 112 © o ASs G676 476 095
Square (ngid) 0,95 0.99 : 0.%9 0.9% 0,99
Recrangle:

Lengthiwidth . PERRI .
15 1.36 0.67 .89 .57 115
2 1.52 0.76 . 0.98 1.12 L3G
3 1.78 0.3% o 1-1% 1.35 L2
5 2.10 105 0 1.2¥ 1.68 ©1.83
19 2.53 126 145 212 2,28
o 4.40 00 220 ’ 3.60 370
1006 5.47 275 - - 254 3063 313
10000 6.59 3.50 - .70 6.50 660

\ S saese A A

Settlement on Layered Formations

Eotg
Ht Eave e

BERE P By, || e BB

- L . -
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Settlement on Layered Formations

‘ B Geclogical | ieulati
% g 1 condition Settlement calculation
i A x
; kY {) Homogenous, {a) Determine shape factor G,
i TN IS0tropic, from Table 5.6.
i { l t 1 ] halt space. (b} Cajcutate seittement using egualion 5.18.
§
H
Table 5.6 Shape and vigidity Factors Uy for calevlating settlerments of poirts on loadsd areas ot the sorface of : .
ar chastic half space tafter Winterkom and Fang, 1975) ) i Sv o
Shape Canter Cornzr Middle of short side  Middle of lomg side Arersge
Cirds 100 064 54 G564 .35
Cirele trigidy 475 0.7 4.7 0.79 3.7
Square L1 0.56 076 076 095
Sqense {rigid) 0.3 .99 0.39 09% 0.59
Recrangle:
Lengthluidth .
15 .36 0.67 0.69 0,57 115
2 182 076 098 112 130
3 178 058 RS 133 152
5 10 185 127 1.68 183
18 253 126 149 212 35
jlid] 400 08 - 20 360 370
1000 347 275 % 5.03 315
806 650 150 370 650 &80

434636 Foundat}oné onRock

S@tﬂem@nﬁ on &ayemd Fm*matmms

{b) Compressible (a) Determine ratios H/B, L/E.
layer on (b} Determine shape factor C; from
rigid base. Table 5.7.

{c) Calcutate settlement using equation 5.18

] I l l 1 I i rigid v =

Lo s]

Table 5.7 Values of the shape facror € for settlement of the center of a uniformly loaded area on an chastic layer

undeslain by a rigid base (Winterkorn and Fang, 1975)

H/B Circle " Rectangle shape

A = B
L/B=1 LjB=135 L/B=2 L/B=3 L/B=S  L{E=10 L/E=oo

infimite
strip

0.1 949 0.0% 0.0% 0.09 089 0.09 - 0.09 .09

0.25 0.24 .24 0.23 013 023 0.23 023 0,23

0.5 0.48 0.48 0.47 0.47 0.47 047 0 047 047

1.0 .70 0.75 G.81 0.33 Q.53 0.83 7 =083 0.82

1.5 0.80 .86 0.97 1.03 1.67 108 7 L08 1.08

A3 0.58 0.7 1.i2 1.22 1.33 ©1.39 Ul 140 1.40

35 0.91 101 119 131 145 186000189 160

5.0 24 1.05 1.24 1.38 1.33 72 1.82 1.83

o0 100 112 1.36 1.52 178 210 233 o

434636 Foundations on Rock




ettlement on Layered Formations

‘*: () Compressible {a} Determine ratlos (Hy+H,)/B, L/8.
retSic bed within {b) Calculate weighted modulus Efor
P Sl stiffer . upper two beds
H E,, v, fgrr:aétmn E= .(ESJ‘W= + EHHH, + Hz.).
1 - {c) Determine shape factor C;
H Eava for ratio (H, + H,)/8 from Table 5.7.
l ] [ | _1 ' i Env, (d) Caiculate setifemnent using equations,18

Table 5.7 Values of siic shape factor € for settlement of the center of a aniformly fosded zrea on an elastic layer

underlain by  rigid base {(Winrerkorn and Fang, 1975} e CdQ‘B(]. s \)2) :

5

Rl Circle Rectangle shape
diamerer = B

L/B=1 L/B=15 LB=2 L/B=3 L{B=5 LiB=10 L{B=co

infoite
snp
0.1 0.03 0.2 0.09 2.0 0.09 0.69 9.09 0.09
025 024 024 023 223 023 0.13 023 n.23
a5 0.48 (.48 0.47 0.47 0.47 047 0.47 0.47
1.0 0.70 0.73% 0.81 0.83 0.83 0.83 0.83 .83
Ly .80 Q.86 097 03 1.07 1.08 .08 1.6%
2.5 0.88 0.97 11z 1.22 1.33 1.39 © 140 1.40
35 .31 1.01 119 L3 1.43 1.58 1.59 160
5.0 094 1.0% 1.24 1.38 1.5% 1.72 1.82 1.83
o 1.00 1L 136 152 178 216 2.5 o
» 25 434636 Foundations on Rock

Settlement on Layered Formations

{dfy Stift bed {a) Delermine ratios H/B, EJE,.
- overlying {b) Defermine correciion factor a
- compressible from Table 5.8,
PO formation (¢) Determine shape factor C,
E>E, from Table 5.6.
I l I I ’ Hi & {d) Calculate approximate settiement from
equation 5.18 using efastic
B v,y parametes £, v, for overall
foundation.
= (e} Calculate actual settiemant using
equation 5.19,

Table 5.8 Elasric distortion sertlement cosrection factor o~ qu.B(l - VZ) :
a, atthe cenrer of a circular uniformly loaded area on an 6 s {zb 50{3 e
alastic layer Ey underlain by a less stiff elastic marerial v 00 S DA :
Ea, of infinite depth; vy = vy == 0.4 {Winterkorn and ;

Funy, 1975)

ey EE Jr:la"_‘.‘:fls:rjtu‘: i s ju{:tﬁ:;: seseznenss o g o Readed aress ar dhe surtace of
b Leomier
t 2 5 10 100 T B TR
Cier= jtigutl n;; :3;;
1.0 1.00 LOD 1,00 1.00 : Mt L
1.9 0972 0943 0923 076 o e
1.0 0.885 0779 0699 0.431 :
- . - Lip BET 1% Ly B
1.0 0.747  0.566 0.463 0.228 | bets e pod - i
1.0 0.627 (.399 {,2E7 0,121 : ' E:: 58 LI &3 180
1.0 0.55  0.274 9175 0058 o i % L " o
1.0 0.525 0,238 0.136 0.036 | o 4 i t 1 xin
: ! Ex] A3 £ (133 5.1
1.0 0.500 0260 0100 0.010 LT uep 156 17 4§30 460
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Formations

{e} inclined,
acn-uniform
hed of
compressibie
rock.

Use numerical gnalysis to accurately
muodel foundation geometry.

(Fig.5.13)

27

Settlement on Layered Formations

434636 Foundations on Rock

40
-
a -
at A &

{f; Transversly
isotropic rock.

Use eguations 5.20a-¢, 5.21 and 5.22a—d.

= vertical deformation

m m
T
nl

Gy = shear moduius b/w
and vertical plane

modulus
horizontal deformation modulus

horizontal

vup, Poisson’s ratio for horizontal stress on the
complimentary horizontal strain
vi,, Poisson’s ratio for horizontal stress on ver-

tical strain

v,;, Poisson’s ratio for vertical stress on the

horizontal strain

434636 Foundations on Rock



ent on Transversely isotropic rock

(¢ + Gr)de(e ~ )
T 2 bGrale + d(e + B¢ + d(e — B)] . 4= Settlement
(5.20a) |
% negative:
_ Qetad)” 5.20b
% = S lad ~ %) (5-200)
B?' = 0:
_O(¢ + Gro)de? .
O (e + ) (5:20¢)

The appropriate equation to use is defined by:

7 , _ ] n1l/2
6 = ad — & — Zcf(;hhd 2Gu(ad) (5.21)

" "'4'3'4'636 Foundations on Rock

Settlement on Transversely isotropic rock

The appropriate equation to use is defined by:

i n o~ w1/2
2 _ ad — % — 2C4GGZh - zczh(da) (521) 4- BZ Factor
zh

The factors 4, ¢, d, and e* are defined by the
following equations:

Eh(l - Vh‘{.Vzh)

= 5.22a
AT e ) O
R 2\ S (5.22b)
1~ Vi — 2VhzVan
_ Envan (1 — vin) 59%¢
d= Vi (1 = iy — 2y Vop ) (3.22¢)
172
e ad —¢% — 26’4%:;- 2Gx(ad) (5.22d) |
# :
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ution 1 Di

'Boussinesq’s Equations |

3072

30

1

TS N PN
1+ (7]
‘ o Q[ 1-2v
A "7 2| RS R(R+2)
e 1 z
\ i ="M RET) R
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égzijz

Circular
Load Area

Distributed Loads

Influence vatue, 1.{x 100}

Depth, 2B

10

| [ I N

indicate valus of #lb

10 10G
't L L 3 3 / o TF
1.0
0.0 |
o5 0.25
i 5
Q.75 b
Mole: Numbers on curves

i under a umiformly loaded circular area {Winserkorn and Fang, 1975).

Figure 3.18 Influesce diagram For vertieal normal stress o, at various points within an elastic half space

" 434636 Foundations on Rock.
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025 b vem&:ﬂ agemal eirigs o,

poq b bereathcomer of unitsrmly _t,.’-r-—--ga.s——-j
Daged reclanguiat area // ; 6"“—‘
023 |- p v | 6 s
- g -1.4———:
° s b 7 £ ]
€.21 . 1.4 ——
v/, 1.4 e
Q.20 -
0.8 —
419 L.
j 0.8 m——
018 =, o,
[ER A Sy 7 0.7 ——t
n= B2
A5 e T
& ERE N /
018 W  Forsquwes, m=n /
Hote Mutrbers shawva an / ¥
Q.34 cuves are M B

infuence vatue §

0 i SN B RSN & | 2 I B B B
o1 10 e
moen

Figore 3,09 Iafluence diagram for vestical nonmal stress a1 a point within an elastc Ralf space bonzath the coraer n:
a uniformly loaded recangular area (Winseckorn wnd Fang, 1975],

434636 Foundatlons on Rock

£ (MNfn)

™|

2l 5
Q = line load (N/m) I g
8= angle form vertical g’ E
R = radius distance from Q i £

st &

sl

2 we
{a) -iB}

1 2 \ ' y ;
Figare 3.21 Seress contouss for [oonmgs Jocated on sotropic Lnear clastke hali-space: () vertical normal stresses
tencath uniformiy luaded sircudar area, radhus 5 and ib) radial srresses beseadh ling foad.
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Eccentrically Load Footi z

2 o

Figure 5.26 Stress condinions produced by footings subjected 1o overturning: {a) ¢ < B/6; (b} ¢ > 56,

e 434536 Foundat;onson oo T

e<B/6 ST
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PRSI | mwm\w 7

Q
l .y

! B
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Eccentrically Load Footing
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Relatire Elevalion

Tiisplayed Volurne: 263333 m°

Morthings s

434636 Foundations on Rock
Topic 6 Stability of Foundation

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

Stability of Sliding lock

Planar Sliding Failure Wedge Sliding Failure

{b)

434636 Foundations on Rock



o f | ];

Toppling Failure Circular Failure

PR o . PEVPET LM B e e e

‘Stability of Sliding Block

Stable Condition

7S R 434636 Eoundations on Reck



Stable
block

Figure 6.2 Stability of sliding block related to dip of sliding surface.

»5 434636 Foundations on Rock

Bign convention
for fores directions

-N
-g™ . i :
Figtre 6.3 Resolutinn of forees in
foundation to determine normal N
N +8 and shear § components cn potential

failure surface.

: frf___ Resisting Force

fa Displacing / Driving Force

ik

5 434636 Foundations on Reck



Sign corvention
for foree directions

—~N
- . . .
7 Figure 6.3 Resolution of forces in
foundation to determine normal N
+8

N and shear § components cn potental
-+ .
failure surface.

Normal force, Ng - é‘;{r‘;{'% - (5.2}

Shear Force, Sq = Q cos(¥g — U,) (6.3);

. where §, is the dip of sliding surfacc%
{07 <, < 80°).

57 e e 434636Foundat|ongonRock e

pgt_ferminisﬁc Stability Analysis

For Morh-Coulomb Material Sign convention

for force directions

—N
IN -~
et —und e Dhear Stress
+5

: +
or.. .

fe=cA+ZINtand - w Shear Force

IN = Wsin{90 — ¥, )+ _Qsm(\llQ — ) % 4 Jotal Normal Force

fa 2 23 = Wcos(%“; ¥,) + 0 cos(q;Q — ) < 10tal Displacing Force

tang .
tan ¥

FS ==

If cohesion = 0 and vertical foundation load

\8 e 434636F0undat[0n50nRoc§<



M=V [y, )
8= Veos (w, - )

Optimum plunge
YTopt ™ (180 + Yp - )

9 434636 Foundations on Rock

Plane Failure




Plane Failure

e e P e ag? ”z%&%
i ;g‘?‘i{*}‘*& SRt A?f,f L jjﬁi\%‘%ﬁ‘% (@w%y%;@ oo \%

:
i
» 11 434636 Foundations on Rock

Plane Failure
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Plane Failure

TSRV | 5 T - R Rock T

Plane Failure

A s aehe Foundaions




General Condition for Plane Failure
» Rare

¥ Strike of sliding plane // strike of slope face ( 20 degrees)

b Daylight (y; > yr)

# Overcome friction angle (y, > ¢)

#  Upper end of sliding surface intersects upper slope / tension crack

+  Release surface

(=) i {c}
Upper slope ——._ Yy

Aelease surfaces

N, SHea of umd
“y, Hhicknass

-Tensian crack

Fer sliding
w thy o

Figure 6.2 Gromeny of stope exhibiting plane failure: (a) crosssection showing planes forming & plane failure;
{h) retease surfaces at ends of plane failure; {o) unie thickness slide used in stabiliny analysis.

! . 15 e . 434636 Foundat;g;—]son Rock e

Plane Failure Analysis

The geometry of the slope is defined two cases:
() A slope having a tension crack in its upper surface
by Aslope with a tension crack in its face.

(a} » Tenstan crack in uppor

Eace “‘\\:/ surlace of slope
\\\//\\»‘ =
" -

e \j/"<

Slide plane

) Tansion crack in face
T

e Sfica plane

5 16 434636 Foundations on Rock



Assumptions Required for Analysis

b Both sliding surface and tension crack strike parallel to the slope surface.

b The tension crack is vertical and is filed with water to a depth z,..

b Water in sliding surface and tension crack subjected to atmospheric pressure.
3 All forces act through the centroid of the sliding mass.

b Using Coulomb criterion, © = ¢ + ¢ Tan ¢

b Release surfaces is no resistance to sliding.

W
g i

j?W

Yy by

w17 434636 Foundations on Rock

A = area of sliding block y; = dipangle of slope face
U = uplift force v, = dip angle of failure plane
A% = waler pressure in tension crack y, = dipangle of upper slope face
H = slope height Y = unit weight of water
b = horizontal distance b/w slope crest Y = unit weight of rock
& tension crack Z = depth of tension crack
W = weight of sliding block z,, = vertical depth of filled water

» 18 434636 Foundations on Rock



E.S. Calculations

_ Resisting IForce

F.S. hik
Driving Force
FS o cA+{(W.cosy, —U-V.siny  )tang
W.siny  +V.cosy
where
A = (H +b.tan y, - z). cosec y,
U =Yy, .z, (H+btany,—z) . cosec y,
V = Yy, .22,
b 19 o 434636 Foundations on Rock

F.S. Calculations
For the tension crack in the upper slope surface
W = y[(l-cot y; tan y,) (bH + %2 H? cot ;) + V2 b? (tan y — tan v, ]
(for y = dip angle of upper slope face) s s
o

W = Yy H? [(1 - (2/H)?) cot y, — Cot ] - \f 1
(for w= 0, upper slope face is horizontal) *

For the tension crack in the slope face

20 e e e 434536F0undat|0n5 . Rock e



zﬁmaﬁyﬁis @E E‘aﬁlm‘e on a R@&gh Hane

For dry slope, U=V=0

FS.=— 8
Wsiny,
65 w2 tan(¢ + JRClog (o, /o)A

Wsiny

Wceosy .
Sub o= o L in Equation

_ tan(¢ +JRClog,,(c,/c)) Barton Criterion
- tany
ES.= fan(¢ +1) Patton Criterion
tany/
P21 - 434636 Foundations on Rock

Remfﬁmemem of a Siope

~Remf0rcernent Wuh Tensmned Anchors
-Reinforcement with Fully Grouted Untensioned Dowels

~-Reinforcement with Buttresses

sy on Rock



Reinforcement with Tensioned Anchors

AANT AN L,

T sin (yrp +yrp)

‘l”TB;

T cos (p+yrr)

23 e 434636 Foundahonson ROCk :

Smbﬂity o;f BE@;@E{S | -

» f, «— Resisting Force
ops=l
fa 3 Displacing / Diriving Forge

W = weight of wedge
T = tension supported force

E = external load (Q)
V = water force

24 e 434636F0undat;{)nsonRock



Wedge Failure

434636 Foundations on Rock

General Condition for Wedge Failure

General Condition for Wedge Failure

» Two plane always intersect in a line
(trend o and plunge yr,)

5]

v Daylight and overcome friction a1 zle_

&)

irlersostion N

(Wﬁ > \[fi> q)) WPHMA
» Line of intersection is between e Piancs }
- Fage
(X.l and C{'i, *
/4
Direglinnof
gidmg

Motz Tha conventina adopted ir Lis
nalysts i thal e daiter pare o always
1efaeaditnas Piana A

) (G
Lo ptintersaclon

Plana 8

Range ol &, lor sB#ng

434636 Foundations on Rock




Trend o, and Plunge v,

Dhrgetion of

e ” ‘!_
/( stiding
N

o270 434636 Foundations on Rock

Analysis of Wedge Failure
» The E.S. of wedge assuming that sliding is resisted by friction only and that the
friction angle ¢ 1s the same for both planes

(R, +R;)tang
W sin y,

FS.=

Where R, and R., are the normal reactions provided by planes A and B

{a 5 {by N

Ay

Direction of
shiding

v 28 434636 Foundations on Rock o



Analysis of Wedge Failure
+ In order to find R, and Ry, resolve horizontally and vertically in the view along the
line of intersection :

Rysin(B-12E) = Ry sin(f-%E)
Rycos (B -%2&)+ Ry cos (B +128) = Wcos vy,

¥ Solving for R, and R and adding :
W Cos l]f .Sinf3

R,+R,
Sinmz-& G
Ra
’ Hem;s': sinf .tan[b
sinLg v
% 20 434636 Foundations on Rock

Wedge Analysns mciudmg Cohesmn Frzctmn and Water Pressure

The numbering used throughout thls book is as fo[lows.
1 — Intersection of plane A with the slope face
2 — Intersection of plane B with the slope face

3 — Intersection of plane A with upper slope surface

4 — Intersection of plane B with upper slope surface

5 — Intersection of plane A and B

{a) Upper slope surace,
which can be obliquely
inclined with respect
to the faca

Plans A Plane B

Face

30 434636 Foundationson Rock



Wedfre Analysns mdudmg Cohesmn, F rlctmn and Wai:er Pressure

The factor of safety

where

Cp and ¢y = cohesive strengths of planes A and B
b, and ¢y = angles of friction on planes A and B
Y, = unit weight of the rock

Yo = unit weight of water

H = total height of the wedge

X.Y,Aand B = dimensionless factors which depend upon the
geometry of the wedge. »

Assumad water pmssura
dislribution

434636 Foundations on Rock

Wedcre Analysm mcludmg Coheswn Frlctlon and Water ?ressure

The values of parametezs XY A and B

AT

e sin®,,
sind ;5 cosB,
Y = sinf,,
sinf ,; cosO,
A = Sosy, -cosy p-COSO
siny .sin 0 P—
B _ COS\P‘b i COSW u.COSe nia.nb

- . 2
Sln“p 58111 9 2na.nb

. 434636 Foundations on Raaw T



Stereoplot of data

Grast circle
planaB ™

Pole of /
plana A \‘\

Groat circla
of faca

Greal circle of
upper sudace

S

Wedge stability calculation sheet

Groat cirche
plang A

Pole of
plane B

.

——

e
P

Plane Dip Dip Properties

direction
A 45 108 dip =209 cp = 24 kPa
B 706 235 fiy == 30°, o = 48 kPa

Slope face 65 185
Upper 12195
surface

Diraction of siding

434636 Foundations on Rock

{rput data Frenction valus Calelated valnes

¥a =45 ., <os ¥y = 0.707 Cos ¥, — €05 Wi 08 Bupne 0707+ 0342 % 0,191 _
vy == 707 €05 ¥y, = 0.342 A= PR = osisxoger
g == 31,27 sin g = 0,518 sin s Sin° Pua s BT R A

Vognp = 101

frs = 637
Oys = 25°
B2 g = 50

B3 = 62°
fzs = 317
b = 60

s = 30°

dp = 20°

ye =25 LN
o = 9.81 kN e
ea = 24k

cg = 48 kPa

I = 40

€08 Vounh = ~0.191

§in g g = 0.982

sin fizg = 0.906
sin fgg = 0423
COs By, = 0.643

Si!'! 813 = [.883
i 38 = 0,315
cos By 4, = 0,500

wan ¢y = 0377
tan gy = .364
Pul 2y = 0196
JeadyH = 0072
SepiyH = 0,144

I COS Yy = €08 P TOS franp
sin g sin® Breinb

0.342 4 0707 x G191 _
G518 < agEg T = 0256

sin fhg 0.206

= = 3.336
Gn Oagcos bh,, 0423 % 0.643

X =

sin 3 0.883

o = 3.429
sin dzscos Oy 0313 205 g

3 Yo ( ¥ ) .
S = (e X + + &~ 2x f + | B— ZZ¥ ¢
F$ ?IH.(QX epYy (z i )lan gy T AN i

FS  =0.247 + 04584 + 6.893 - 0376+ 1,348 — 0.244 = 1.3

434636 Foundations on Rock



Analysis of Wedge Failure
v+ In other words:

FS.,=KFS.,

Where ES., = factor of safety of a wedge supported by friction only.

ES., = factor of safety of a plane failure in which the slope face is inclined
at \, and the failure plane is inclined at w,.

35 o 434636 Foundations on Rock

Wedge Factor, K

JHU

25 70 k. T
\ o ¥ X
X View along fine of
2.0 X éo \ intersoction
\ 3
ki

Angle of it

_—f"'-——‘

10 | 20 0\\ k Wedge factor K=gin fi/ein (14 £)
N \ \ \ \ N\ K
\ M e
1.0 BN e B B i P T
Two dimensiongl plane faluie
when for 82 %<
05 :
Q
] 20 40 (2] B0 300 120 140 tE80 180

included angle of wedge {— degras
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H
i

: Ny =W, coé U, — (P — Prytand,
- i(}'w -+ ZW)"fwa
+ Qsinllg - ) (6:15) |

Sp = Wasiny = (Pt — Pa) #1405 ~2al7w |
+ Q cos(irg — ) (6.16) |

LEGEND
Stable
Toppiing

& siang

" 434636 Foundations on Rock

Stability of Toppling

er

Pn—i,t =Li {Pu(Mn - Axtan fbs)

W, .
+ ——7—” (yn siny, — Axcos Yy}

2 J x
R
- Va5 + 0 siniig )
— cos{fig = \l!b}y,,:l } (6.17)

Vi=fn  Vi=inge
Pyoys = Po + [~ W{cos U, tan ¢y, — sin )
+Vy~Vatandy, — V3
+ Qf—sin(lrq — ) tan dy
Figure 6,10 Forces acting on a toppling block. + cos{irg — W]} }
% (1 - tan ¢, tan $p)

(620},

Vi =L1v,(w + zw)dx

" 434636 Foundations on Rock



Toppling Failure

s v AN

Toppling Failure




Type of Toppling Failure

Goodiman and Bray (1976)
Block Toppling

o w

Flexural Toppling

-

Block-Flexural Toppling
Secondary Toppling Modes

o

41 434636 Foundations on Rock

1. Block Toppling

Q&. PP o 2134636 Foundat;ons o R



2. Flexural Toppling

» 43 434636 Foundations on Rock
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4. Secondary Toppling Modes

6} Slide tase toppiing when
steeply 3ipping beds are
dragged along by [nstabilivy
ol overiying matarial.

a) $1lde toe roppi ing when
steeply dipping beds of
hard rock are loaded by
instabliity higher up tha
slope.

e
d} Tepoling and s)umpi

c} 31ide head reppiing when T ng '
eqvement lpeer in the slope Frees of toluwasr rock by e e} lension crack toppling in cohesive
block 1o topple. wepthesing of ynderiving material, materials.

w 45 434636 Foundations on Rock

4. Secondary Toppling Modes «ont.,

(a} (by Ay

o\
2

/ e .

:"¥i§;£f le! ;jff

{c) @) Tension cracks
Circular sliding
surfaces

Toppling at
pit crest

Conglomerale Siltstone

434636 Foundations on Rock




Kinematics of Block Toppling Failure

i. Block Shape Test

y, < 0, (Stable)

Ax/y < tan y, (Topple)

it}

2. Inter-Layer Slip Test
(180 -y, = (90- )
or Yy (90- ) + ¢y

)

Block Alignment Test
Ko-og) < 10°

47 Y 434636FoundatmnsonRgck e e

Limit Equilibrium Analysis of Toppling on a Stepped Base

I. Block Geometry

2. Block Stability

3. Calculation Procedure for Toppling Stability of s System of Blocks
4. Cable Force Required to Stability a Slope

5. Factor of Safety for Limiting Equilibrium Analysis

6. Application of External Force to Toppling Slopes

o : e 434636F0undat;0n5 onRock



Limit Equilibrinm Analysis of Toppling on a Stepped Base

1. Block Geometry

o] Stable

24 Topple
> pol Figure 9.7 Model for
) limizing egutlibrivm
ﬁ Shide  4pmtrsis of toppling on a
stepped base {Goodman
sad Bray, 1976).

_H cot(y, ) —cot(y,) |. ]
n=— COSBC(W‘D)"'( SnCy, — ) }m(\ys)[J

a9 434636 Foundations on Rock

Limit Equilibrium Analysis of Toppling on a Stepped Base

1. Block Geometry in position below crest of slope

v, =n{a, - b)
‘i S

above the crest

Ya=Yny-d- b

[ stable a; = Ax tan(y; - y,)

i) Topple 4, = AX tan W, - v

== slive b = Ax tan{ys, - W)

i, = dip of the base of the block
yy = dip of the orthogonal planes forming the faces of the block = (90 - y)

yn, = dip of the base plane (a stepped surface with an overall dip)

5 434636 Foundations on Rock



Limit Equilibrium Analysis of Toppling on a Stepped Base
1. Block Geometry in position below crest of slope
(a) Nin =Y
I“‘n = yn - 31

is the slope crest
Mn =¥y @
Ln =¥a- g

above the slope crest
Mn Yo~

b 51 | 434636 Foundations on Rock

Limit Equilibrium Analysis of Toppling on a Stepped Base
For limit friction on the side of block
{a)
Qn = Pn tan ¢d
Q.. =P, tan ¢,

g = friction angle of the side of block

52 e e i 434536F0undationsonRock e



Limit Equilibrium Analysis of Toppling on a Stepped Base

normal and shear force acting on the base
of block

R,=W, cos y, + (P-P ) tan ¢,
S,=W,_sin W, + (P,-P..})

g = friction angle of the side of block

check for sliding does not occur on the
base

R,>0
IS,l> R, tan @,

s53 434636 Foundations on Rock

Limit Equilibrium Analysis of Toppling on a Stepped Base

(o)

to prevent toppling

rotational equilibrium

Py = [PyM, — Ax tan ¢y) + (W /2}
(¥, sin W, —Ax cos w)I /L,

Pyt -
- tanda to prevent sliding

Pn-l.s = I)n - [{WD(COS \l!p tan q)p -
sin \;IP)}/{ I —tan ¢, tan ¢4})

If  Ppgt > Poys block is on point of toppling

If  Poyt < P.ys . blockis on point of sliding

54 434636 Foundations on Rock



Cable Force Required to Stability a Slope
the anchor tension required to prevent toppling of block 1

_ Wy /2(yy sinyp — Axcosyp) + Pi(y; — Artangg!
- Li cos(¥p + )

T

the anchor tension required to prevent sliding of block 1

_ P11 ~tangp tangy) — Wy(tangp cosyp — sin ¥p)
. tan ¢p sin(yYp + ¥7) +cos(¥p + ¥r)

Ts

F 55 434636 Foundations on Rock

Cable Force Required to Stability a Slope

when the force T is applied to block 1,

the normal and shear force on the base are,
R, =P, tan ¢, + T sin (g +up) + W, cos v,

Sy =Py =T cos (Y +yy) + W siny, ©

—— T 434636F0undatmnsonRoc;< e



Circular Failure

434763'6 Fblindations' bn Rock

Conditions for Circular Failure and Methods of Analysis

» The individual particles in a soil or rock mass are very small wh
slope height

en compare with

» The particles are not interblock

For examples: - Soil slope

Rock filled / waste rock slope
- Heavily-fractured rock

Highly altered and weathered rocks

e
{{{g}&s% "
S
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Circular Fatlure

434636 Foundations on Rock

Circular Failure




Circular Failure

434636 Foundations on Rock

Stability Analysis Procedure

Clreufar sliding
surfaco Forces acting on stice, /

434636 Foundations on Rock




Derivation of Circular Failure Charts

Locations of tension crack and of failure surface are critical (minimum F.8.)

Assumptions

p Homogeneous material

> Coulomb criterion shear strength (t=c+ o . Tan ¢)
b Circular failure surface passes slope toe

b Vertical tension crack exist

b

4

Groundwater Flow Assumptions

Groundwater conditions, varying from a dry slope to a fully saturated slope

Defining the factor of safety of the slope as

and rearranging this equation, we get

v 63

(a)

(0

a346d FoundatmﬂsonRock s

x

L =-i
) ension ~\:_,»-*“
Crag b
Face .af-"/‘ Y
e Phreatic surface
H it G -
[y e Asuined equipotentials
" e s
-";{-"*/ - .,‘\\f‘”} Aasumed fow nee
v -:_’.‘3-5*"""’/— Shesing surfaca
- “,r'—"
™~ Face angie

Surface recharge dug to heavy rain
hrd 5

Fignre 8.3 Dehnition of ground
water flow pasterns used in
circular failure analysis of
slopes in weak and closely
fractizred rock: {a} gronmd water
flow pacern under swady staze
drawdown conditions where the
phreatic surface coincides with
the ground surfase at a distance
x behind the toe of the slope,
The distance x is measured in
nmuldples of the slope height £;
{bY ground water flow pattern
in 2 sararated slape subjecred to
surface rechasge by heavy rain.

434635 Foundatmnsgﬂ Rocg e



Use of the Circular Failure Charts

tan g
FS

yHFES

p65

Step 1:

Step 2 :

Step 3:

Step 4 :

Decide upon the groundwater conditions
(chart no. 1-5)

Calculate the value of the dimensionless
ratio

Find this value on the outer circular scale
of the chart.

Follow the radial line from the value found
in step 2 to its intersection with the curve
which corresponds to the slope angle under
consideration.

Find the corresponding value of tan$/FS or
¢/yHFS, depending upon which is more
convenient, and calculate the E.S.

| 434636 Foundations on Rock

Groundwater Flow Conditions

66

Greund waler flow condifions

Chart number

Fuby drained slopo

rlaco w
bakind toz of slopo

batind 1o of slops

Sitaca watgt 4x 2lope heighl

S
behind toa of slops

watet 2 slopo haigh

LSRRI -) o

¥

i Roavy surlace rochaige

' 434636 Foundations on Rock



Circular Failure Charts No.1

a0 g
20 wd-hﬂ.i 04 g
TS a7
i1 171 #3141 o8
8 [l ey 2% 10
HY / 1
! FIERIS OF AN P 2
i H 3 '.,f Jj P +¥ <
v 7 /s Mg e
i //f / mrr s Htang
t a7,
oLl /
12 (-
1ang
Fa
10
08 by
a6 \E
)
04 i ‘_: T
i S ze
6.2 by = .
= SR = 1o
[ = S S N N = u TB
¢ 02 04 O6 98 AD 32 .4 15 18 20 22 24 26 28 30 A2 34
[
+HFS

Lignre §.46 Circular failure chart number b—fully drained slopa.
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Figiere 8.7 Cireular failure chart member 2—ground warer condition 2 {Figure 8.53,

| 434636 Foundations on Rock




Circular Failure Charts No.3

e

20

1B

16

ot : H
¢ 02 .04 65 0B 30 32 .14 A8 38 20 Z2 24

e S

.

=3

b
28

Figure 8.8 Cireular Tailure chaer number 3eegrosnd water condition 3 (Figure 8,49,
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Circular Failure Charts No.4

20

a .01 oz
i

Iy

03 04
DN, 26
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3

# il

i
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1.6

i

i

A

434636 Foundations on Rock

0.5

o = - x ;.
0 02 84 06 08 40 12 14 1B

EuE

o

£

THES

8 20 22 24 26 28 30 32 04

Figare 8.9 Ciscular failure chart munber 4—ground warter condition 4 {{igure 8.41.
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Circular Failure Charts No.5

0 0107 g3 o0

ey, 05
17 ?"T;fxfi_‘.or o8
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e
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Fiyaere 8,10 Cireular fatlure charr number Senfully saturated slope.
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Example of Circular Failure Analysis using Chart

Given: e n:_;:,& 'D-sw-‘-?i- -
Slope height, H=15.2 m. . N ey «-.’?‘7;93'0910
Slope angle, W, =40 degrees j‘\ l{ ] 1 / T
i /
Soil density, ¥, = 15.7 kN/m? Rl ] HAA T TV
Cohesion, ¢ = 38 kPa 1 } !‘ i 7 e azean
1. d
Friction angle, ¢ = 30 degrees ill ! i
Surface water source 61 m behind toe
/ 5
Lo
Step | : Decide upon the groundwater conditions Y
(61/15.5)~4 = Chart o, 3 ..
ot
Step 2 Calculate the valee of the ratio =
.
c e
——= (.28 M
7H tand) 26 2 24 %% 48 40 32 3

o
YHFS
Step 3 : Corresponding value of

tan @/ £.8. = 0.32 (for y, = 40 degrees)

Step 4 : Calculate the FS.
ES. = (0.32/tan 30} = 1.80
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Location of Critical Slide Surface and Tension Crack

+  Locations of both the critical failure circle and the critical tension crack for limiting
equilibrium (ES. = 1).

X > Xl

Location of center of
critical circle

Location of center of
critical circle

b 4 b

Y [
» Tension Y11 Ground water
o crack H surface
Tension crack
Y Drainad slope 3 Slope with ground water
RS P {chart number 3)
Failure through Failure through
tos of slope toe of siope
Drained Slope Slope with Groundwater
T ST PR v T < o Rk

Drained Slope

=X
4 ™ Lacation of center of R e
critical circie !
o3 g ST =10
1 T i [~
» —op- 3 s —
e 202 T L ==+
? Tension g" / “"“ﬂ/sﬂo —‘-"'::\
Hi crack 0. b L \
E 1* /.:doﬂ {\1
h 8. 4 i l ered
T Drained sicns %¢w 25 0 40 G0 o0 70 80 80
Failyre thyough Slepe facd angie ()
o6 of slope Locafion of crifical tension crack poshion
Cistance X
~3H -2t -MH 0 H 2H
AH TR TR TY T TR TR U R TR A LA
o 20 menang{e
8 = $=10°
a2 \ /
N 3H - b 7y T 7
@ F %@Qe = B, l‘ ,I
2k r VN /
£ ok Y50 N\ Y N !
o 2M & 3 Tk
[~ n s Ny \\ 7 P \
oo \;:f >
ey > iy

ER AR

ifsrbidaEracad, AR NI EARA R RENAR RS RS ERE ST MY RE S tn'u
aH ~2H -H a H od 3H
Lacation of canter of erfical gircle for failire through toe
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Distance Y

Slope with Groundwater (chart no.3)

Lt
0.4 .
i “~ Lovation of center of H
critica circle 62 i
. T ;
| ¥ b &
Y i_ Gromd water 5 08—
N i raimnd waler =
Hi T A suttace * o /
oo M -
%ﬁnsinn crack i
: - Slape with ground water ok . ? )
* - (cg;‘; Pimber 3 O i = 30 46 50 €0 0 83 80
Failure through Angte of slopa tacs %}
e of slope { ooation of crizical tension crack position
Distance X
~2H -H Q H 2H aM
AF QT IR Eraraan ER RN nwi%u EEaTLERNEELES:
3 , 104 3
3H . éFﬁcﬁon angle g
b 2 207 & E:
b E : = 3
P PN ;
g : Slops aug {:,egﬂ _m'ﬂl N J /‘)ﬁ.\ 3
aQ o iy \; bt S 4
FoBO0n | P e E
I e e E
F Y e 2 A0 E
3 @ 3
D“:P(!‘!s: 1L il ki L& IEEEREESNENES L] rlLbE LY |Kit-1!}:"
-3H -2 ~H 0 H 2H aH
Location of center of Giiisal circia for failure through toe
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Example of Find the
Given: 0.4
Drrained Slope 0
N =
Siope height, H = 15.2 m. 2 03 / R
Stope angle, y; = 30 degrees & 0.2 \\
(=N
Frictien angle, ¢ = 20 degrees k. / ¢=20" | d =
< h =309 ]
. 0.4 ] \\
Distance X - / 2 404 \
~3M —2H ~H 0 H 2H 3H /
4H:s||nz|n.uinn| P I A i N I B A 2 I|k¥llE4H o
E 20" Fliction angls E Q 1 20 30 43 50 60 70 80 90
£ o 1 $=10° | 100\ 3 Stope face angle ()
aHE < =) /. daH Location of critical tension crack position
3 ":@Qe =, ?'%o D‘; / \:
E '5\‘3 o :[\\\ ! .r‘, §
2H [ A WA N 4 12n
a 502 c\\ 3 \ v \\\ é
E 70z ] \;\\l\j\élx L :
" P B0L Tl DS E y ,
E 3 _J X=02H
- E ey pason T Y=185H
0:u|nuntiu_|_nn TR AN SR ANRN RN ERABIRE --ntur-'_‘o X Ya108H b=01H
~3H -2H i v H 2H 3H
Location of center of critical circle for failure through toe
—
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Bishop’s Simplified Method of Slices (viohr-Coutomp)

§ x| Centor of rotation (ses Figuro 8.12)

L Tension crack

. Ground water

G
T sutfaza

i
2, %,,E

Failure Jhrough 108 Water laroe 2y, . (Axicos dgh
of siope
Factor of aafaly;
pg. BT+ YIFS) &3
2+ Q
wham
Xaloe (yh-7,0,) tand] (Axioosy,) {64y
h Ye=tan gy, land £B.5}
Z=phaAx sy, ne
Shep worght Qusya® (+A) 87
w5l
2éote; qusghe g, is negalive whan shiding uphitt

Figure §.16 Bishup's simplificd
. " . method of slices for the
Thie faliowing congitions must be sakslied lor sach sty of nonecircutar failure
LB e {rany SFS) in snpes cat into materials in
) o' :_} [rr=— @8 which failure is defined by the

Mohr-Coulumb failare
(2) coniy (1 + WFS)= 0.2 B riresion.
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.}v anbu’s MOdiﬁEd Method of Slices (Mohr-Coulomb)

/'?ensicn arack
-

_ Ground water
— " surlace

H
Fature through

oo of slope \
¥

d b Water force = 5, M, [AXIE05 )
,‘-{ T
Factor of safety:
LYXA1 - YIFS)
PG = R s -
ESN ] .10}
where
X=[o+(rht=rehd langl{l +anf A (8.11)
Ye=danfy land (812}
Z=y,haxtaniy, 8.13}
= lea2® (B.14) Figure 8,17 Janbu's
Siice weight madified method nl'_
=rliAx Note: angle 4, is negative when sliding ughill stices for the analysis of
ao-circutar failare in
Approximate corectian factos £ s]npcsvc;t_mmhj "
materials in whic
fy=1 « KldiL - 14011} (8.15) fatlure is defined by the
for =0, K=031 Mohr—Conlenb failire
¢ =0, a'>0; K=0.50 criterion.

g




.} anbu’s Modified Method OESEEQES {i’iﬁf}ﬂﬂ%iki&?‘ag%&ﬁ %%zuzg‘é’m

1 e =
1 2] . Conwrotiutakon

Ralo atgiz iy Is negadve whit Hiding uphil

Faflure tieough e
o teps
Factar of safoty:
tengi) A5 6} .
7 AxEin iy b2 ol
oot bpeghy {Fetlenlus seluson) 18.17}
antd
Tif=Tabe (G AN S} . "
e e g (Pihop dtion) {8 18}

oft+ Ej{21a5-46,:mn(£+nbn';ﬂ)"‘:] 2

s [ Bamute g ™!

oglit+dapsr{ 1~a:m,,u‘;,,,](namt-:'aj’:'

e (425
A3 3)= Jia [Gamyir e a3 T » @24 3

WO 2 s
The somdtions which must be solisfied for sach slce ars:
{7 2'20, where o Is taloutated by Bishop's medod

12) €35 gy b+ flnn gy tang WFSE- 0.2

Figure 848 Bishap™s simplified method of slices for the analysis of circular failure in slope 1n material in
which strengeh is defived by nan-linesr criterion given in Section 4.5,
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434636 Foundations on Rock

Topic 7 Foundations of Gravity & Embankment Dams

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

General Requirements

{.  Stability against sliding

2
3.
4

Stability against overturning
Stability under differential deformation
. Control of seepage and erosion

434636 Foundations on Rock




ads on Dams
Dead weight

i Dam structure + intake + gates + bridge
3 Unit weight of concrete about 23 kN/m?
2. External water forces (upstream)
Tt Water + silt :horizontal = 13.5 kiN/m?
wertical 2 19 kN/m?

3, Internal water force

I

o1 Uplift pressure in foundation and abument
4. Thermal expansion
i Concrete Gravity Dams
5. Seismic force

it Static acceleration

.3 434636 Foundations on Rock

Sliding Stab iﬁifty |

» Geological Conditions

O 5 G
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Sliding Stability

» Geological Conditions

2 Ty s
O Fo
R
A T
S
"'1‘.3
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» Shear strength
+ Rock shear strength
§, ¢ (normally ¢ = 0) ~> joint
O, ¢ —> infilling material
» Rock-concrete shear strength
in Earth dam
tension 0-450 kPa
cohesion 0-900 kPa
friction angle  32-54 degrees

oo IRRRIEARRRRRIRGPUPTEE &%) et .

Siidm.g Stability - o

» VWater pressure distributions
under dam foundation
-uplift pressure
-effect of drain

Upiife RB_ |
pressure | % =%+ ( B 2 (32h —tft) H

R = proportional reduction
in head at drain

Uplift tr — (B — %) oty it 2ut) |
force | U = (1B) + 5 +

A e T



Sliding Stability Analysis

b For Hor;zontal Shdlng

cdq + (ﬁiVI - uy) taxidpn
ES = TH;

£H; = Sum of horizontal force

(reservoir + tailing water + ice + wind)

LV, = Sum of weight of dam structure

Sixdmg Smm&ﬁy Anaiyms

» For Non-horizontal Sliding

FS— cAz + {ZVacos Y, —#2 +XEH;sin \le] tan ¢
e ZHcos Vr, — EVasin s,

Y, = dzp angle of slldlng plane

% 10 & 434636 Foundatmns on Rock
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Stability Analysis

mé For Reé:éssed Dam

ES— ‘ Erﬂ [Ciﬂl Cos \ll + ( { ™ #;CO8 ‘l’:) tan q) /Thp:
N S (Hi— Vitan )

]

w-6s-s3 | i = Subscript related to ~ plane segment
| Uplit i 2 :
pressure ’ } A2 T4 e

& Displacement Ty = ES
(v) AR R 1+ tan®;

tan ¢, tany;

s 11 | 434636 Foundations on Rock

Sinﬂmg S&amhty Aﬁmlysm

» For sliding due to bucking

Buckling slabs

N : i ( L )2
'—i;;_m_,_ﬂﬁ S =———— I bRl

;L,, { I E = Deformation Modulus

A +ZVeanp+f |
*H

ES ==

o e e 434636 Fougdatmnson ok



Overturning and stress distributions in foundation

:  a-zr(1-69)

Fressure |
distribution afong |
‘ | foundation !

p 13 434636 Foundations on Rock
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434636 Foundations on Rock
Topic 8 Rock Socket Piers

Prachya Tepnarong, Ph.D. |
prachya@sutacth

Load Capacity of Socket Piers

» Side wall shear strength adhesion or skin friction

» End bearing

» Combination of both

{.
v Pier cased
., rsugh rock |
. adjacent o
-‘.-'E tunnal

i

[

End bearing
below luninet




Mechanism of

Load Transfer

VUSUD illlﬁﬂ"ﬂ{ﬂl mﬂ@t! ST

Unitorm elaslic rock in
sides and base of pier
ko= ky

useinduimidmte (Qe=KXx3,)
ArdamFuimindnalate (Qb= ka5b)

drudesniaasfidauuniy b
- 2 £ e i
Unninussnaidaty ¥ueddy A
e i @ s 4 F a
1} Mdmbsefninubands bt _1_
Pos ok :
wevingh pler wudiayg
UAZA I VIl LR 1)
. Range of - " N
5 Unilorm efastic rock in
pler Bl . ;ggz‘u':‘;aﬂc: sidlesul pier, stnk 8, w—
ot 'l 4
2} vnnvoasadll e rage orwed ! .
g Me b W ow e Ky
AnFLRuETUMA I Boom By -
a &y oo o Qe O, s
ieuha eI uaz 5
3} Hhldlunsdentanala ik,
VBN A0 TINZA1THIA —w}m-
z @
#IU84 PIET 31NN e p— S
ATENIWA IVOUTITENTH g, mecharism:
v ¥ @ massive rock C=k-8
MR IR NS URY 2 K,
o w o T o &> 5,
amdauadihmmin RO B W G 0,
vysnnfdaudate S0 O W
3 434636 Foundations on Rock

echanism of Load Transfer

Uniform elastic rock in
sides and base of pier

. K, >k,
»‘ 5§>55
. Q,» Q,

@bﬁ NTHALTN menumumﬂammqmmmuﬁmao pier NATIAD at:a‘am%muma
PpsrsdanininIas MaRiauda i NS e TeuS
Umnadsfimsindonda i dsi ﬁwmﬁmmmmﬁwgu k. o
mﬁmmﬂﬂﬁwsshmﬁﬂ'zmﬁnguﬁgm k, M3lds9n98s pier fiaanau
ﬁ@%@uﬁ"lajmm:amaa pier uazmMTbassafisulany assnmsliee
srnannifiedufidinduuusas pier iude _fiehwnnnd B, st oud
m@mwnmmmwwmw&;’mﬂ'mmmw;a'mﬂmmsaa pier

Ca i e g TR



Transfer

?WZ"‘“‘
4
o Uniform elastic rock in
L sides of pier, loose
. grilt cuttings or weak
. seam af base
., ks b k:,
s &y &,

g
3 Q= O
.
JE
N
;

nidifises SeqRddmstuuniinindufeduiinues pier dniu
@hmmﬁ@lmj%mﬁ ky, %}ﬁmmmﬁmﬁaun'jwmmmﬁwq‘%m‘ﬁz k,
ann Hude usafinsernianlifiuisssuusadeusasmiidhutag me
iwhaudadsnRaduiidunuuas PieT uazdunanvsansafioduly
LTI AU BIHUIF T

} L 434636 FoundatggngonRo(;k S

echanism of Load Transfer

*
+
- .“ i -
SE TR N Weak, fractured rock or
R LN oitin sides of pier,
I PO base bearing on strang,
MR I TR massive rock
TN R S ky woo K,
S S AR 5, = 8,
" ‘_' ' '.‘_- . Q, o O,
hd -
B I D
_Mfm a ' o )

nTdifany dmaanzdecs pler N’i%’ﬁ*‘i@ﬁﬁﬁ’l modulus dnadly
am’tmumm modulus gInan i mﬂmmmuwm kb 177
mﬂmﬂmmmmﬁw K, wn hﬂmm%wm@zmsmaawnmn 1#o9an
mmmswquﬂmwmmamaa pier ussfadndouiiosrinns
dHoamliisnfifehanudangugenii degléguaes pier luanms
dulazfeussnnidwdmoses pier
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ear behavior of rock sockets
»  Morh-Coulomb criterion
=c+ G, tan ¢

b If displacement of pier exceeds the elastic limit of the
interface -> ¢=0 & ¢=¢

T=G, tan ¢

residaul

res

¥ Normal stress at rock-concrete interface is induced by two
mechanism.

i Application of compressive load on top of pier results in elastic
dilation of concrete

Shear displacement at rough surface of dill hole results in mechanical
dilation of the interface

b 7 434636 Foundations on Rock

yhear behavior of rock sockets

INERIUNGENTINLIE auTa eI L FREE 9 — Aounieluaiaslismmasay
Constant normal stiffness (Ooi us:z Carter, 1987)

3 T T T T
5 ¥ T
Radial stiflness = 1.25 MPa/mm
. . Paak
/ | 1 HRough, bondead [ 4 -
w ot . - *
£ 2r TN~ 7 — /—/—‘:. a
- VAN ' g ;o 60
o ~ \‘\_.._ N ga = * g ¥ . -~
g ;A/ \ @ . a“:y‘/x .
w ¢ - 2 Ta
% ""'_—‘\w?_%\ E / .‘ % i
o -—— &
&5 1 i 2 Rough, unponded - B * Aesidual
3]
3 Smooth, conded N :, ) B
o ! 13 i 1 ¢ '
0 1 2 & 4 § °s 05 1.0 15
(a) Shear displacement (mm) (b) Normal stress (MF’a}
PYEG Peak and residual strength envelopes
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Factors affecting Load Capacity

b

b

Percentage of apphed load O carried in side-wall shear

G

Geometry of piers

Elastic modulus of rock around pier and below pier

Strength around pier and below pier
Condition of side wall

Condition of end of pier

Layering rock

Settlement of pier

Creep

434636 Foundations on Rock

20 A0 EQ 80 160

20 F

A0

€0

Parcenlage of full seckel length

80

100G

i

[Eelare
e

LEGEND

53 Concrele, &,

i

ji_/B ra

Distribution of side-wall shear stress (after Osterberg and Gill, 1973)

1) Effect of socket geometry

sanEwszndsa N EIdaEREgRenan
WansEnUdoindsiiimithuay pier ool
IGERLOIRE 8é”m’]z%mﬁﬁmﬂﬁlmfumnﬁuﬁ Lt
wrelusn end bearing ssiidaatasas
T uagdimasduluduvsausadanme
NutIBe Il
luarsAfuder modulus snnd pier
wsadaurinuaasfedufnidudidos

rons | gasdan L/ B=4 luanedfifusadaudiudn
vosnnfnduiusions: 50 ileiidana
. L/B=1 dwnsnpanuh pier Sufisagus
ﬁoé 4 Fundsvugmmos pler Savwduaslunsiu

| w3 §aulu pier sazdusadvadniton
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11

Increase in normal lo

ad

Ao = ————E(m) Ar
(1 -+ V{m)) r

where:

E(m) = rock mass modulus

V() = rock mass Poisson’s ratio
R =radius of pier

Ar = change in radius of pier

2) Effect of rock modulus

Percentage of applied load & carried in side-wall shear
20 40 €0 80 140

0F ¥

Porcentage uf lull socket length

8O+

100

a0t

60

LEGEND
Rack, £,

[55 Concrete, £,
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M5N5 210V ULT SR OUNTHHITO I
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FINTNOUNTA (EJE_=5) pier 170N
o = o 2t =
wazusanaaziiamnfinladiudia s
ganaliius sedunaludiuuuves
pier Tumsasanudud i ulamam
Bangudinnnouria (E/E_=0.5) s
apziimantosat uazusuiouios
= P T S g 3/ ,
mnreunalufimisdiudiaes pier ua
UYBINTTAAMIATINIANGUATENTRAVIIA
[ 1= &F ] o =

agradudadiy il usuiteuding

i 1 24
nsgawaan el pier Reinanouniiy

T 3 ¥

uazusIRg ez AnIv oAz § 64930
VOALTINATEH
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0 20 40 50 20 100
o : T : : T 8 1 r .
i B E, =2, B, I, =2
s 208 — — EJE =2 EIE, =0.0003
!
1=
:"; I Figure 8.7 Effect of rock
£ modulus at base of pile on
g 4ol distribution of side-wall
= shear stress {Osterberg and
2 F Gill, 1973).
o
&
& Ve
a B0
E 7/
5
& 4 / P L=28
/
ser / 1 uEGEND
/
-y ™1 Rock, £,
e 4 Concrete, £,
100 L E3 ¢
Bl vose, &,
» 13

Effect of rock

Percentage of applied toad Q carried in side~wall shear

NINTEALATBIUTIAUAITY PIET A
ldsuBntnanndr Deformation
modulus vesinfismues pier
viwiu fiudaranadanguiana:
mansnfunseiigldifoadndon

ATULANE M INIZIBEIVDIUT AU
Lmuv‘ﬁﬁﬂag‘gﬁu relative
modulus vesfinlu pier wazfia
g pier ududfen

modulus desfiimssuunsy
swinanss WauSouwdouiy pier Af
Fuufafigm
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3) Effect of rock strength |

Adhesion factor o (Tun/ Gt

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1]

0.0

CEITTH

% ||x|a%}i ] lllil|l

- Mudstone
* Shale
« Sandstone

Line of best fit, & = 0.5(0 )

12

100

Gur/oum) = 0.5 (60)) 0%

T = Side wall shear strength

Gy = Uniaxial compressive
strength

Ouir) @ 2 Ty ©

{Williams and Pell, 1981)
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1.0 [~

0.5

Average side-wall shear stregs (hiPa)

clean

Walls washed

Cast under
benlonie

Auger smear

» If not possible to clean and inspect, it may be necessary to

10 15 20
Displacement (mm)

25

30

35

Figure 8.11 Influence of side-wall condi-
tina on socket shear strength [Williams
and Dells, 1981, courtesy of Research
Journals, National Research Council

Canadal.

434636 Foundations on Rock

5) Condition of end of socket

» Must be cleaned of all drill cutting and loose rock

assume that there is no end bearing (fully load inside-wall

shear)
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Effective side-wail shear resistance

T =prs+ (1~ p)Tr

Effective side-wall modulus

E* =pE+ (1 -p)E:

p = proportion of the shaft which consists of low strength material
Subscript s = low strength material of side-wall
Subscript r = high strength material of side-wall

(Rowe and Armitage, 1978; Thorne, 1980)

» 17 434636 Foundations on Rock

7) Creep

4000
' Butt stress {by strain gauge)
3560 |- [ wenews e Shialt stress 0.4 m above base
] — — — Baso stress (by 'oad cell}
3000
RE00
K
oL
=
& 2000F
g
&
Start Begin
1500 I construction ] complets ocgupancy
1000
00 L it it e s o b e e
1 i L i ]
4 500 1000 1800 2000 2500
{a} Timg (daysk
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wall resistance

total applied load
1, = allowable side wall shear stress

B= diameter of socket
L = length of socket

©
.
o
:}!
o
-
Q
na

For clean socket
Empirical equation
Side-wall undulation @eundwy b/w 1-10 mm deep and <10 mm wide
. = 0.6(0_“([})0.5 :

Side-wall undulation >10 mm deep and >10 mm wide

0.75(cue)™
N

{Rowe and Armitage, 1978}
w19 434636 Foundations on Rock

Design of end bearing S

nB?
Qs = Gu(r)T

Q. = Allowable load capacity with includes a F.S. 2-3
oyn = Uniaxial compressive strength

Conditions:
1. Base of socket is at least one diameter below the ground surface
2. Rock to depth of at least one diameter below the base of socket is

either intact or tightly jointed (no gouge filled seems).
3. There no solution cavities or voids below base of pier.

(Rowe and Armitage, 1978)
20 434636 Foundations on Rock



For conditions where
Rock below pier contains horizontal/near
horizontal seams infilling with low strength

material

Qa = K'(&)GH([)

where

Empirical factor, K’ =

10(1+300§)m

(o3

Depth factor, @ = 1 +9—§£

(Qanadaan Geetechmcas ‘Society, 1992)
434636 Foundations on Rock

Empirical equation

@

= socket {ength
= socket diameter

S = seam spacing
t = seam thickness

BETTLEMENT
OF SOCKETLD.
i |PIERE

L
PSS

BINEWSLE SHEKR ARSISTANDE GNLY

Golgiate sablomenl usiag pquntsa 0. 13
whib induanes faclor § 2htbinad om

Fig. 834 Far racpaset] i e, amply
rectaciion factor @ kom Fig #1510
eoleutated sotifoment

| EHR BEARNG ORLY

< Galoehazn setifomant ug:ng ¢quation
BAGwAE roUoniion 2t IF shlaiied vom FIg. B0,

| "
"M withindatete %
;o Fig # s Figure B,

SOCRETES ERND-BEARING PER

ol applic by poe
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.3
4

a a4

PR + gmf AT

+ R
¢ .

., SIDE-WALL SHEAR RESISTANCE ONLY
9

* L Caleutate settiement using eguation 8.13
« M s .

I Eisy —m with inlluence factor [ sbiained from

4 Fig. 8.14. For recessed piers, anply

L. reduction factor AF from Fig, 8.15 to

h% calculated settlement.

A _

4B Y
- -
AN
B
» 23 434636 Foundations on Rock

eformation

1} Settlemeant of side-wall resistence sockets

. Q = applied load

oI B = diameter of socket

5= BE . Em(e = rock mass deformation modulus
_27m) | 1 = settlement influence factor

2.0
1.6
1.2r

™ T

Ensy =110, /Gu(r)

(s

081

influence factor 1

0.4

o2f

o6k
o123

R A (Pells and Turner, 1979)
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1) Setllement of side-wall resistence sockets

AEH T

0.8

0B

0.7 b

0.6~

Reduction factor for recessed sockel AF

.5 1 L X 3 i 3 I X 1 i f
0 1 2 3 4 5 & 7 8 i 2 3
/B
For recessed | 5= RF_2!
socket - BEms) é
- where RF is a reduction factor.g
(Pells and Turner, 1979)
e s e

‘ END BEARING ONLY

R -»1  Caloulate settiement using equation
. 8.18 with reduction factor RF obtained from Fig. 8,186,

~
RN

e 434636 FoundatmnsonRock e



2} Settlement of end besaring

éc ~ concretemoduius .
RF" = reduction factor

40 {2 +1€§f'cd3(1 ~R)

D = depth of pier
C4 = shape and rigidity factor
Q = foundation load

B = pier diameter

Emep) = deformation modulus
: of rock mass

(pier dnfizdaduemagy fuady
VBIMTNFANIFIATL flexible
footing Cy @ 0.85 uaz rigid
footing Cy wiiu 0.79)

LSRN Y
-

»
ANAANEY

7B2 | E. Emiv) ]

o 10 —r—r— ——r 1.0
& FLEXIBLE RIGID
£ 0.9 FOOTING FOOTING 0.9
@
E ElE<50 | EfEny>50
'8 08 \. v, + 0.8
€
s \0‘47
t=} = PN 4
507 025 2.7
-]
o
S osf + H0.6
= W
< :
§ 0.5 \\0'47 0.5
3o 0.25+ 0. Evey
T

0‘41 1 1 1 1 [ L i 1 04

0 2 4 6810 24 6 8 10
/8 o/
27
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SOCKETED, END-BEARING PIER

Calculate settlement using equation 8.13
with influence factor { obtained from

Fig. 8.17. Figure 8.17 also gives portion
of applied load carried in end bearing.

PP TP I PP 7777

Erntey

| 434636 Foundations on Rock



3} Settlement of zoc

%ﬁ@;?g@{ andg searing pire

13k
ESE EJEM,;, IREL;

e
: JE—
/ | Eref B = 7.0 ‘ Bl Eay = 10

Q = applied load 08y
B = diameter of
socket 0.2
Ems) = rock mass o2
deformation
modulus il

Lir

{%o)

FITE S S WV S RO S t)
12345678810
B

Ly
a

: TP a4 5678810
] % {6} ©
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434636 Foundations on Rock

Topic @ Tension Foundations

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

Tension Foundations

Anchored roof to protect roadway
from rock fall

Rock anchor providing support
for tensioned cable

Permanent tie~down install
to improve overturning of dam

@)

T O e R



» Mechanical Anchorage
» Cement Grout Anchorage
» Resin Grout Anchorage

434636 Foundatmnsongock e

- E xpansion
Shell

~a—— Thra:ad

e Stud

Spheilcal
Seal

e LOGG
incheator

y e Hul

¥

_F_o;g_ed_ﬁead Tyee CHimp Nut Type
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‘e layers of
fusat shrink sloevn
bong breakar

Froe stressing fength ()

rebar

cement

grout Lossnt
Coupler
i reguired)

Bond lengih (1)

B2 50 mm min,
7 growt cavar

: Spaceis 1200 mm o'

Ovardril_

itk hola
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esin Grout Anchorage

Resin/
Grout

@‘\\ faceptate

i
i
|
i

i B

«— Chemical;
Bar

%{i\:\

locking
nut

fast-salting ancher
cartridge

{'V A4S

7 slow-satling resin
caslridges

¥
- ¥ rebar
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echanics of Load Transfer

Q
Mechanism b/w anchor,
grout and rock

vy

[

TR TR 2 TR

erny

i,

o] ag2 0.4 006 008 0%
= x=0 T T T L

Detait

B & 10
e
-
FIAE R I8
w5E
20

anchpr

(Farmer 1975)
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Mechanics of Load T

ransfer

Shear Stress distribution b/w Steel & Grout

T, = %rlﬂcge'm

Assumptions:

-Elastic behavior (steel, grout and rock)
-No slippage at the interface

where:
= radius of bolt
o, = applied normal stress
x = distance from proximal end of bond length

(Farmer 1975)
T

@cﬁmmcs @%" Load ”?mn&ﬁ‘w

Shear Stress b/w Steel & Grout

Ty = %—T}Q‘Soe —S

Thin grout annulus, (r2 rl) <r
R
= [?‘1 (ra —fl)]

Thick grout annulus, (ry-ry) >y

172 ! i
Q [ R ] ’7 .,0 UIL\? Oln-t O|96 O‘Df ﬂ-f.t.
f‘%in(f_z/f} l
where: .
R = E/E, | J
Ey = Eiast:c Modulus of Grout)

E13 = Elactic Modulus of Bolt
r, = radius of drill hole

(Farmer 1975)
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Total load Q carried by anchorage b/w any point (x; and x,)

Q = total load Integration of equation T :%riﬁcoe“m
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- (Farmer 1975)
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Allowable bond stresses and anchor design
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The typical distributions of shear stress along anchor length
demonstrate non-linear nature of distribution.
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» Exact form of distribution (non ~linear) is difficult to predzct for
wide range of conditions.

v To simplify assumption for design proposes:
Uniform shear stress distribution along bond length

» Magnitude of average shear stress (both rock-grout and
grout-steel interfaces) has been established empirically from
results of tests on full-scale and laboratory anchors.

P T <7

rock-grout grout-steef
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Allowable bond stresses and anchor design

» Assuming that shear stress is uniformly distribution

Bond Length (1)

o |

Iy = | g A e

" ndr, ;
where: Y.
Q = applied tensile load W
d= diameter of drill hole Wk v
T, = working bond strength of rock-grout interface |/}

| 745 T -
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Allowable bond stresses and anchor design

» Approximation relationship b/w rock-grout bond strength and
UCS flinddeiohe and Bruce, 1977

Working bond strength | o oy 2ulD)
(design value with F.5. =3) = 30 |

Ultimate bond strength BT

where: o, = Uniaxial compressive strength of rock in bond zone

» 15 434636 Foundations on Rock

Allowable bond stresses and anchor design

Table 9.2 Approximate relationship between rock
type and working bond shear strength for cement
grout anchorages

Rock oype Working bond stress 1, at
rock-grout interface
MPa p.s..
Granite, basalt 0.55-1.0 80150
Dolomitic limestone 0.45-0.70 70-100
Soft limestone’ 0.35-0.50 5070
Slates, strong shales 0.30-0.45 40-70
Weak shales 0.05-0.30 10-40
Sandstone 0.30-0.50 40-80
Concrete 0.45-0.90 70-130
Weak rock 0.35-0.70 50-100
Medium rock 0.70-1.05 100-150
Strong rock 1.05-1.40 150-200
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Uphﬂ capacity of rock anchors
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Gone of o Several possible failure modes:
foabilized -failure in steel
by anchor

-failure in rock-grout bond

~failure in grout-steel interface
-failure in cone of rock
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Estimate tensile strength of fracture rock:
(Hoel and Brown Criterion}

; L i
(. O S R ook
mobilized
by anchor /
where: :
\

o; = working tensile strength on surface of cone
oy = UCS of rock
m, § = rock mass constant

iy T suess S, & S SINAORTTIIE

Pure Tension Loading

i k\ Buoyant Weight, W,
Cone of e B
rog : o ;
k\ a W, o= —gmn2 (—?:) {DSYr — (D~ Dw}3'yw]

i
/" wter |oema Wheres
agex

— . -0 ¥ D = depth of apex below ground surface
\\<= s anglo Dy = depth of water table
' o v. = rock unit weight
Yo = water unit weight
8 = apex angle of cone (assume = 90 deg.)

Resisting force developed on
curve surface area

_ Glﬂbé tan(0/2)
fio = cos{0/2)
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ined Moment and Tension Loading

Weight of mass of rock in truncated cone, W',
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where:

D = depth of truncated cone

D,, = depth of water table

d = diameter of circular of anchor bolts
Y, = rock unit weight

Y. = water unit weight

assume apex angle of cone, 6 = 90 deg.
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Combined Moment and Tension Loading

Truncated Gene o
of rock mobltized |..._......_..—|

by anchars

Gompi
Tension Djy"iﬂ Surface area of one half of truncated cone
(ignoring horizontal base of cone)

§A2m%(D2.+dD)

Resisting force:

fry = oA

\::\ D

45°

o

Section through uplift
position of cone
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Combined Moment and Tension Loading

o
1 Magnitude of force T: (by taking moment)
— o M
l (am/2)
Caluma ; !
e LM hen g = 0.67d
on circutar patiern : d i

Load capacity of tower foundation:

W P e

of zm:h mohilized
by anchorg ; . . .
+Q vertical force upwards in same direction as
tension force induced by the moment;
"” —Q vertical force downwards.

Wﬂﬂ:ﬂlsompmsalm
Tension «}
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