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SUMMARY An understanding of the principles associated with the side resistance of rock socketed piles has
been developed by considering the pile-rock interface as a confined joint. The approach indicates that
relative displacement between the pile and rock will occur by either sliding of one surface on the other ox
by shearing through the concrete or rock asperities, 1In either caze, a dilation has been shown to occcur
across the interface which has given rise to significant stresses normal tec the pile. The side resistance
has been found to be a function of the normal stresses and the strength properties of the concrete and rock.

The validity of the concepts developed has been investigated by fileld testing several piles Itol.2m
diameter and 2 to 2.5 m long in highly to moderately weathered mudstone. The stresses acting normal to
each pile have been caleculated from measurements of strain in the pile segments, and the socket dilations
have been measured by displacement transducers installed im the rock mass. These measurements showed
agreement with the postulated principles and have allowed investigation and design procedures to be
rationally developed. Further, the developed principles simply explain the work strengthening or work
weakening observed during fileld testing of side resistance piles.

1 NOTATION

$p residual friction angle of the rock resistance
A  area
¢y peak friction angle of the rock substance

¢y cohesion (bond} of the concrete-rock interface
d normal stress

c, @
o pparent cohesion of the joint . shear stress

tg cchesion of the rock substance v Poigson's ratio of a rock mass
Ei Young's modulus of intact rock

E, Young's modulus of a rock mass INTRODUCTION
gu Peek side resistance

The foundations for high and concentrated loads
frequently consiat of large diameter piles socketed
asperity angle relative to the overall shear into rock. Such piles may be deaigned to carry
direction their load in side resjstance only, in base resis—
tance only or in both wide and base resistance,
according to the construction methods and local

N  normal force practice. The allowable values of side or base
resistance are often determined on the basis of
guidelines contained in Codes of Practice, previous
k. radius of a rock socket experience or special investigations designed to
sult the need of the particular project.

£
fgr residual side resistance
1

mass factor = Ep/Ey
qa unconfined compressive strength of rock

s shear force

Sy standard deviation of asperity height above a Investigations concerning the side resistance of
line running through the roots of the asperities  rock socketed piles have usually involved the
. conatruction and load testing of small or full size

Sy standard deviation of the asperity angle test piles. Typical investigations, e.g. Rosenberg

x  side resistance reduction factor reflecting and Journeaux (1976), Hvorath (1378) and Williams
changes in the strength of intact rock et al. (1980a) have measured the peak side resistance
£ fau, and the residual side resistance fgy, and rel-
= _8u (for intact rock) ated these capacities to the unconfined compressive
9, strength, q,, of the rock. As a result, useful

empirical correlations now exist between side resis-
tance and rock strength. Unfortunately, investiga- !
tore reporting the results of lead rests liave pat

B side resistance reduction factor reflecting
changes in the mass medulus

ay (For joluted tuwe k) proveeded will thelt vaifous aselyses to oblain
uq' an understanding of the principles asscciated with
a the development of side resistance, which makes it
& normal displacement (dilation) difficult to apply data obtained from one set of
n conditions to a different situation. TFor example,
AR change in the radius of a rock socket the fmportance of socket roughness does not appear
%, friction angle of th 8 to have been fully considered, and no attention
i 8 ¢ concrete-rock interface appears to have been given to the effects of joint-
9o apparent fricticn angle of the joint ing or the rock mass compressibility. These and
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other factors need to be considered if a proper
understanding of side resistance is to be achieved
and sensible pile designs are to be produced.

This paper develiops the principles governing the
development of side resistance by comsidering the
pile-rock interface as a joint and by applying the
technology established for rock-rock joints to the
pile~rock joint. The concepts developed have been
supported by laboratory tests designed to simulate
the action of side resistance and by small and large
size field pile tests, with particular attention
being given to the effects of the following:

(1) roughness of socket walls
(11}

(i11) the modulus of the rock mass including
the effects of jolnting.

conatruction under bentonite

3 PILE-ROCK INTERTFACE AS A JOINT
3.1 Shear Strength of Joints

The shear characteristics of rough joints which are
applicable to the present discussion may be consid-
evred initially in terms of the bilinear joint model
(Patton, 1966) and the semi-empirical strength
criteria of Barton {(1976). The bilinear model used
by Patton (1966) to describe the behaviour of the
vegular joint shown in Figure 1 indicates that
sliding will occur aleng the asperities according to
Equation 1 and that shear will then occur through
the asperities according to Equation 2,

T o= tan(';vi + 1) (4]
T=c +o0 tan ¢O ()

Equation (1) indicates that sliding on the inter-
face will not ocecur if ¢4 + 1 = 90°, which, for
typical values of ¢4 = 30° to 40°, implies that
sliding will not occur 1f the agperity angle, 1, is
greater than about 50° to 60°. Asperity angles of
this order seldem occur fn natural jointe, however,
they may be common in the case of rock socketed
plles, particularly if the socket has been hand ex-
cavated or If the socket has been specially grooved.
Further, it may be seen from Equations (L) and (2)
that if $5 + i 1is greater than about 75° to 80°,
i.e. 4f i is greater than about 35° to 50°, only a
small noimal stress will preclude failure according
te Equation (1), and failure will therefore occur
by shearing through the roots of the asperities
according to Equation (2).

o=Ny
=3 l

}« A 4>|
Figure 1. Model of a joint with regular
asperities (after Patton, 1966)
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Patton's model has treated the interface as a
friction surface; however, 1f the concrete is cast
against a clean socket wall, a significant bond will
develop. The presence of such a bond, or cohesion,
will influence the initial mode of failure only,
because it will be destroyed 1f any sliding on the
interface occurs. It is therefore appropriste to
modify Equatiom (1) to iInclude the interface
cohesion, using a static analysis, as shoun in
Equation (3) for the condition before shear
displacement has cccurred.

4

U= 7 con 1 (cos 1 ~ sia 1 tan ¢I)+ a tan(¢i+ IRE)

In order to determine whether failure will occur
initially along the interface or through the roots
of the asperities, Equations (2) and (3) may be com—
bined, then if the normal stresses are considered

to be negligible before the initial failure, the
criterion for initial failure by sliding is given

by Equation (4)}.

c
2 2 cos i{cos 1 ~ sin 1 tan ¢,) > 1 (4)
0::_i i

In the case of a rock socketed pile observations
indicate that 1t may be assumed that ¢ = ey, and
Equation (4) then indicates that failure 111 eeccur
by sliding only if (¢; + 1) < 60° to 65°. .ne
effect of a concrete-rock bond therefore has the
effect of reducing the value of 1, below which
sliding may cccur, to about 20° to 35°.

The foregoing analysis 15 simplistic and it has been
included tn simply illustrate the commonly accepted
failure mechani~m for rock joints and the importance
of the interface bord and asperity angle. It is
more practical and realistile to consider the shear
characteristics of an irregular joint in terms of
Barton's (1976) strength criteria, viz.:

T da
s - tan [JRC logig (U) + ¢r] (53

where JRC is an empirical joint roughness
coefficient.

The ratio q,/c effectively provides for a sliding
type of faiiure when the normal stress fs low
compared with the compressive strength of the rock,
and for a progressive Increase in shearing through
the asperities as the normal stress increases.

The joint roughness coefficient, JRC, has been
determined empirically by analysing the strength of
various joints with different roughness profiles.
In order to use Barton's equation, the JRC must be
estimated, and this 1is often done by comparing
typical standard roughness profiles with the profile
in question. This method of determining the JRC is
rather subjective and often difficult in practice.
It has been found practicable to describe the rough-
ness of rock sockets in terms of the statistical
shape of the asperities. The statistical shape
parameters found to reflect shear characteristies
by Meyers (1962) for metal surfaces and by Krahn
and Morgenstern (1979) for rock surfaces may be
translated to the standard deviation of asperity
height above the root line of the asperities, Sy,
and the standard deviation of the asperity angle,
51, although both Meyers (1962} and Krahn and
Morgenstern (1979) found that 54 alone adequately
repredented the roughness from the ahear atrengpth
viewpoelnt., A statisticul annlysie of the Lyptes)
roughness profiles considered by Barton ($976) has
produced the correlation between the JRC and the



asperity angle 8; as shown in Figure 2, which tends
to confirm the ability of Si to adequately represent
the roughness of joints subjected to a constant
normal force.
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Figure 2 The correlation between Barton's {(1978)
joint roughness coefficlent and the
asperity angle standard deviation.

3.2  Application of Joint Analysis to Rock Sockets

The discussion above has been based on the concept

of the common direct shear test in which the normal

stress (or force) is maintained at a comstant value
until a peak, and sometimes residual, strength is
indicated. Such test results are obviously
applicable to the analysis of slope stability
problems for example, where the normal force is
reasonably constant.

In cases where the joints are confined, as in rock
sockets and 1m many other underground situations,
the normal streas develops as a result of dilation
normal to the jolnt as sliding or shearing occurs
and ax a result of elastic effects, and as such it
1s not constant. The dilation normal to the Jeint
is usually small enough to allow elastic theory to
be used to relate joimt dilation to normal stress.
In the case of a rock socket the normal stress
caused by joint dilation may be estimated according
to the expanding infinite cylinder theory, e.g.
Boresi (1965), as indicated by Equation (6)

En
1+

>

AR
R

o = " (6)

The normal stress which results from Poisson's ratio
effects in the pile and surrounding rock mass, and
which should be added to that given by Egquation (6),
may be estimated from elastic finite element analysis,
however, preliminary work by Williams et al. (1980b)
has found this to be smzll compared with the

normal stresses discussed In Section 5.

4 LABORATORY DATA

It is possible to determine the shear character-
istics of a confined joint by carrying out a direct
shear test in which the normal stress 1a determined
automatically according to the normal stresa—
dilation relationship. Such & teet may be turmed a
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"sonstant normal stiffness direct shear test', (CNS
direct shear test), because the ratio of normal
stress to dilatiom, ¢/é,, is constant. In the case
of a rock socketed pile the normal stiffness may
be determined according te Equation (6) for the
particular socket size being considered.

A direct shear machine has been designed by the
author and built at Monash University to enable
tests to be made with a constant N/é,, which provid-
ed a practical approximation to the constant a/8;
concept. The CNS machine was designed to test
specimens nominally 150 mm wide x 200 mm léng.

Initial laboratory tests were made on plaster—
concrete samples with regular 122 and 45° asperities
to provide simple models on which te develop an
understanding of the CNS direct shear test. A
typical result from a test on 45° mgperities made
with a normal stiffness of 1017 kPa/mm %s shown in
Figure 3.

The inirial dilation angle of 45° shown in Figure
3(b) corresponds to the asperity angle which indi-
cates that the initial linear portion of the curves
corresponds to sliding along the plaster-concrete
interfaces. An abrupt decrease in shear rvesistance
is apparent at a displacement of 3 mm when fallure
aceurred through the asperities, however, the normal
stress was apparently unaffected by the asperity
failure. The abrupt decrease in shear resistance
may therefore be attributed to the loss of cohealon
of the asperity, with the subsequent behaviour
becoming largely frictional as the remaining rough-
ness was worn away. The results of several tests
on plaster-concrete joints with 129 and 45°
asperities are summarized in Figure 4.
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Figure 3 The renult of a typical constant normal
atifiness direct sbear tent on a plantor-
concrete jofut with regular 45° amperities.



Figures 4{(a) and (b) indicate a significantly
greater shear displacement and a greater dilation
at the overall peak shear stress for the 12°
asperities, however, Figure 4(c¢) suggests that the
overall peak shear stress is the same for the 12°
and 45° asperities.

The shear tests on plaster-concrete joints were fol-
lowed by simillar tests on mudstomne-concrete joints.
The mudstone samples were obtained from the sldes

of 1 m te 1.2 m diameter scckets drilled in mudstone
adjacent to the test piles discussed in Section 5.
The CNS direct shear tests were therefore designed
to model the behaviour of the test piles.

In the first serles of tests samples were obtailned
from 1 m diameter sockets drilled in highly weathered
mudstone. One socket had been drilled normally
without any special regard belng given to the socket
roughness, while a second socket was drilled normal;y
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Figure 4 Summary of constant normal stiffness

direct shear tests on glaster—concrete
joints with regular 12
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and 459 asperities,

and then specially roughened by adding an extra
tooth to the auger. The roughness parameters obtain=
ed are represented by the parameters quoted for the
test piles 53 (roughened)} and §5 (normal) in

Table II. The result of a CN§ direct shear test on
a specimen from a normally drilled rock socket 1s
shown in Figure 5. Similar results were obtainad
for specimens from roughened sockets. Figure 5(a)
Indicates that’an abrupt loss of shear resistance
does not occur as progressive shearing of the
asperities occurs. This 1s presumably because of
the dilation which occurs and the normal stress
which develops during the shearing of a confined,
irregular, rough joint. The normal stress and
normal displacement are seen to remain reasonably
constant after the main asperity shearing, while
the shear resistance is seen to decrease gradually
to & residual value. The results of the tests on
specimens from normally drilled and roughened
sockets in highly weathered mudstone are summarized
in Figure 6.

A gecond series of CNS direct shear tests was made
on gpecimens obtained from a 1 m diameter socket
drilled normally into moderately weathered mudstone.
The roughness parameters pertaining to these speci~
mens were similar to those for test piles M1 and M3
as listed in Table II. The results of the tests
were similar to those for the highly weai ered
mudstene, and are summarized in Figure 7.
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Figure 5 The result of a typical constant normal

stiffness direct shear test on a
mudstone-concrete joint. The mudstone
was obtained from a normally drilled
socket in highly weathered mudstone.



DILATION AT

INITIAL DILATION ANGLE DEG.

PEAK SHEAR STRESS kPa

Figures 6{(c) and 7(c) indicate the effect of normal
stiffness, i.e. rock mass modulus, on the peak side
resistance. This effect is particularly relevant
to the design of piles socketed into a jointed rock
mass in which the mass modulus has been significantly
reduced by jointing (e.g. Deere et al., 1966). 1In
order to quantify the effect of modulus changes in
a general form, 1t 1s necessary to normalize the
curves contained in Figures 6(c) and 7{(c) in terms
of the side resistance factor B, which represents
the decrease in side resistance relative to that in
an intact rock, and the mass factor j, which repre~
sents the decrease in mass modulus relative to that
of an intact rock, The result of normalizing the
curves 1s shown in Figure 8, which indicates that
the peak side resistance decreases at a much slower
rate than the rock wmass modulus.
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Figure 6 Summary of constant normal stiffness

direct shear tests on mudstone-concrete
jodnts, The mudstone was obtained from
normally drilied and roughened rock
sockets in highly weathered mudstone.

The results of plie test 53 arealso shown.
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5 FIELD DATA

4 series of pile tests was made on 660 mm to 1300 mm
diameter piles constructed in highly and moderately
weathered mudstone. The tests were designed primsr-
ily to measure the peak and resideval side resistances,
however, the opportunity was takerm to obtain field
data conceraing the dilation of pile-rock interfaces
and the development of normal stresses during shearing.

The dilation of the pile-rock interface wad assessed
from the results of displacement transducers instal-
led in the vock tc measure the radial diplacement of
the rock betweern a point near the interface and a
point 1 m from the Interface. The displacement
measured over the gauge length was adjusted to pro-
vide an estimate of the interface dilation relative
to an infinite boundary (Boresi, 1965). A typical
result is shown with the load-settlement curve for

pile 83 in Figure 9, where it is seen that the
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Figure 7 Summary of constant normal stiffness

direct shear tests on mudstone-concrete
joints. The mudstone wag obtained from
normally drilled sockets in moderately
weathered mudstone. The results from pile
tests In the same mudstone are alsc showm.



TABLE I

TEST PILE
53 §5 M2 M8

Pile dimensions mm

diameter 1170 1120 1300 660

length 2510 2590 2000 1800
Socket roughness Sy mm 8.3 2.3 l0.2 -

Si deg 18 11 25 -

Rock unconfined
compressive strength kPa 570 620 2300 2000
Residual interface
dilation from
transducers in rock min 2.6 2.5 3.3 -
Residual normal stress
from strain gauges kPa 1190 990 - 1570
Residual side resistance
from load test 505 479 632 804
Residual side resistance
from dilation gauges 760 670 740 -
Residual side resistance
from strain gauges?® 460 380 - 770
Resdidual side resistance
from laboratory tests 340 220 600 -

Notes:

1 The normal stress has been calculated according
to Equation (6) and residual side resistance has
been calculated from fgy = ¢ tan ¢p with
¢p = 21° for piles S3 and S5, 25° for pile M2
and 26° for pile M8 as indicated from residual
direct shear tests.

2 The residual side resistance was calculated
according to for = o tan ¢r with ¢r ag above,

3 Values selected from Figure 6(c) for piles S3
and 35 and from Figure 7(c) for pile M2 according
to the rock modulus indicated by the plle tests.

o

SIDE RESISTANCE REDUCTION
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Figure 8 The effect of a reduction in the modulus
of a rock mass on the peak side resistance,
for sockets drilled in highly or woderate-—
ly weathered mudstone.
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dilation Increases quickly as the pile load in-
creases and then the dilation angle decreases to a
very small value as the pile apparently reaches a
residual condiltion.

The development of normal stress was determined for
the test piles from the results of resistance wire
strain gauges embedded into microconcrete briquettes
and cast inte the test piles. The strain gauges
were placed to measure vertical and radilal strain

at varfous locations within the plles. The vertical
and*radial stresses in the pile were calculated on
the basis of elastilcity, e.g. Zienkiewicz (1971),

to provide the distribution of vertical stress and
radial (normal) stress with depth.

The results cbtained from the test piles have been
analysed with respect to the residual side
resistance and summarized in Table I.

Although there is scme scatter in the estimation of
the residual side resistance ac¢cording to the
various measurements, the estimates are all of the
same order and thus support the suggestion that the
residual resistance depends largely on the develop-
ment of normal stresses due to dilatjor of the pile
rock interface.

6 DISCUSSION
The preceding paragraphs have demonstrated that the

behaviour of the pile~rock interface of a side
resistance pile 1s sgimilar to that of a natural

5000 T T 1 = ¢
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Tigure 9 The load-settlement curve for a side
resistance test in & roughened mudstone
socket and the corresponding measured

socket dilation.



TABLE I
THE IMPORTANCE OF ROUGHNESS TO SIDE HESISTANCE

Socket Socket £
P;ie Rock Description Size Roughness 4 fsu fsr qsu ~EE
. a
T Sy mm Sy deg kPa kPa kPa = o au
HW Siltstone 1170 dia.
53 (Melbourne mudstone) % 2150 6.4 18 570 505 505 0.89 1.0
1 rn 1120 dia.
S5 % 2590 3.3 13 620 485 479 (.78 0.98
s12 " “ 335 dia. <1 - 620 412 275 0.44 0.67
x 900
MW Siltstone 1300 dia.
M2 (Melbourne mudstone) % 2000 10,2 25 2300 640 632 (.28 0.9%
ta !r 1230 dia.
M3 % 2000 3.1 14 2300 710‘ 710 0.31 1.0
MW Siltstone 1220 dia.
Ml (Melbourne mudstone) % 2000 2.3 13 2460 609 609 0.25 1.0
{bentonite)
M4 n " 1350 dia. 12 27 2340 617 590  0.26 0.96
x 2000¢
(bentonite)
Pells 160 ¢
(1979) Sydney sandstone © smooth 6000 1000 640 0.17 0.64
6 tests 710 dia.
Pells P
(1979) " " 210 dia. "M grOOVES  enoo 1630 920 ©.17 0.89
5 tests at 10 mm piteh
Pells 210 to 7.5 nm deep
(1979) " B 315 dia grooves at 6000 124C 1169 9.21 0.94
3 tests : 10 mm pitch

rock joint. There appears to be an initial phase
during which dilation and normal stress increase
rapidly in a manner similar to the sliding phase

of the bilinear model. The rate of dilaticn appears
to diminish to a negligible value as major sheax
planes develop approximately parallel to the direc-
tion of shear, and the behaviour enters a second
phase which is similar in effect to the shearing of
the asperities of the bilinear model. There appears
to be a gradual transition from the first phase to
the second as observed for natural rough jeints by
Barton (1976) and Ladanyi and Archambault {1%70).

The peak side resistance may be regarded as a funce
tion of the normal stress, the bond between the
concrete and rock, the strepgth of the intact rock,
and the shape of the asperxrities. However, the resi-
dual side resistance will depend only on the normal
stress and the residual friction angle of the rock,
with the normal stress beilng determined primarily by
the dilation due to shearing and elastic effects.
The implications of this are apparent when the
results of tests on smooth and rough sockets are
compared for the results of pile tests shown in
Figure 10.

The peak side resistance of a plle cast into a
smooth sided socket will depend on the interface
cohesion, or bond, plus a small normal stress due
to Poisson's ratio effects. Such a pile wiil
experience an abrupt loss of capacity when the bond
is broken and will have a residual capacity which is
significantly lower than the peak capacity. Pile
behaviour of this type ds illustrated in Figure 10
for pile C2 in a smooth sandatone socket and for
plle 512 in a relatively smooth mudetone socket.
Becaguse the peak side resistance of a smooth socket
depends largely on the concrete-rock bond, any
smearing of remoulded rock or bentonite which may

reduce the bond will also affect the peak side resis-
tance. This effect was noted by Pells (1979), who
found that failure to remove a thin coating of
remoulded sandstone reduced the peak resistance by
60%, and that the casting of a pile under bentonite
reduced the peak resistance by 76%.

100

[a4]
[e]

o]
o

Notes:

H
o
T

|, Pife 53 117Omm._did. mudstone

rough socket.

Pile $12 335mm.dia. mudstone
mm. pitting-

;Lg_A} 315 mm. dio. sondstone ]
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Figure 190 The effect of socket roughness on

sockets in sandstone and mudstone
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The behaviour of piles comstructed in sockets with
some degree of roughness has been fourd to be dis-
tinctly different to the smooth socket piles, as
indicated in Table I and illustrated inm Figure 10
for the relatively smooth socket tests C2 and 8§12

and the rougher socket tests A3 and 53. The pro-
vision of 7.5 mm deep grooves in 210 to 315 mm
diameter sandstone sockets (Pellg, 1979) and Sy of
more than about 3mmin 1.1 to 1.2 m diameter mudstone
sockets was found to increase the peak side resis-
tance by 60% to 80%Z. The provision of roughness

was also found to increase the residual side resis-
tance to at least 90% of the peak value, as indicated
in Table II. Further, the construction of piles
under bentonite was found to reduce the capacity of
rough sockets by less than 10%.

7 CONCLUSIONS

The mechanism of side resistance in rock socketed
piles has been shown te be comsistent with the
concepts developed for the shear strength of rock
jodints.

In the case of smooth sockets, the faillure mechanism
has been found to consist initially of breaking the
concrete~rock bond which results in a sharp loss of
side resistance, followed by the development of a
small normal stress due to minor interface dilation
and Poisson's ratio effects. The peak side resis-
tance of such sockets has been shown to be sensitive
to the presence of any smear on the socket gurface
which could reduce the concrete-rock bond. The
residual side resistance of smooth sockets has been
shown to be much lower than the peak side resistance.

In the case of rough sockets, the failure mechanism
has been found to consist of a sliding and progres-
sive shearing of asperities, which produces a signif-
icant dilation across the pile-rock interface. The
side resistance has been shown to approach the resi-
dual condition slowly, generally with little loss

of side resistance because the interface dilation
and associated normal stress are maintained natural-
1y at a relatively high level. Although the
provision of roughmess on a rock socket has been
shown to increase the peak side resistance, it
appears that the peak side resistance does not in-
crease significantly further for asperities Tougher
than about Sy = 3 mn and $4 = 12° (JRC = 10). The
peak side resistance has also been shown to depend
on the modulus of the rock wass, which follows from
the relation between the interface dilation and

the resulting normal stress.

8 AKCNOWLEDGEMENTS

The work described in the paper was carried out
at Monash University as part of a research
project sponsored by the Country Roads Board

of Vietoria. It also forms part of a continuing
programme of research at Monash University, under
the direction of Associate Professor I.B. Donald
and Dr. I.W. Johnston, into the performance of
foundations on Melbourne mudstone with special
reference to rock socketed piles. The paper is
published with the permission of the Chairman of
the Country Roads Board of Victoria,

Mr. T.H. Russell.

1-94

9 REFERENCES

BARTON, N. (1973) Review of & new shear stress

eriterion for rock joints. Engineering Geology,
Vol. 7, pp. 287-882.

BOREST, A.P. (1965) Elasticity in Engineering
Mechanics. Prentice Hall In¢., Mew Jersey. p.l157.

DEERE, D.U., HENDRON, A.J., PATTON, ¥.D. and
CORDING, E.J. (1966) Design of surface and near
surface construction in rock. Failure and Breakage
of Rock. 8th Symp. ou Rock Mech., Univ. of
Minnesota, p. 237-302.

HVORATH, R.G. {1978) Field load test data on
concrete~to-rock 'bond' strength for drilled pier
foundations. Univ. of Toronto, Dept. of Civ. Eng,
Publ. No. 73-07.

KRAHN, J. and MORGENSTERN, N.R. (1979) The
ultimate resistance of rock discontinuities.
Int, .Jnl, Rock Mechk. Min. 5¢i., Vol. 16, Ho. 2
Pp. 127-133.

LADANYI, B. and ARCHAMBAULE, G. (1970) Simulation
of shear behaviour of a jointed rock mass.

Proc, 1lth Symp. on Reck Mech. Amer. Inst. Min.
and Metallurgy. pp. 105-125,

MEYERS, N.D. (1962) Characterization of surface
roughness. Wear. pp. 182~189,

NEVILLE, A.M. (1973) Properties of Concrete

John Wiley and Sons. New York. p. 332.
PATTON, (1°66) Multiple modes of shear failure
In rock. Proe. 1lst Inst. Congr. ISRM, Lisbon,
p. 509.

PELLS, P.J.N. (1979) Investigation into the
allowable loadings for bored piles founded on
Hawkesbury Sandstone. Prog. Report No. 3.
Univ. of Sydney, Dept. Civ. Eng. Investigation
Report No. 5243,

ROSENBERG, P. and JOURNEAUX, N.L. (1976) Friction
and end bearing tests on bedrock for high capacity
socket design. Can. Geotech. Jnl. Vol. 13,

pp. 324-333.
WILLIAMS, A.¥., JOHNSTON, L.W. and DONALD, [.B,
{1980a) The design of plles socketed into weak rock.

Prog, Int. Conf. on $tructural Foundations on Rock,

Sydney. Balkema, Netherlands.

- WILLIAMS, A.F., DONALD, I.B. and CHIU, H.K. ((1980b)

Stress distributions 1ln rock socketed piles.
Proec, Int, Conf. on Structural Foundations on Rock,
Sydney. Balkema, Netherlands.

ZIENKIEWICZ, 0.C. { 1971) The finite element

method in engineering science, McGraw-Hill,
Londen. Chapter 5.




