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1. INTRODUCTION

Design allowable bearing stress for deep foundations on rock can be
selected on the basis of any of four different procedures: building codes,
empirical rules, rational methods based on bearing capacity and settlement
analysis and field load tests.

Building codes are traditionally conservative and in many structures
little financial gain would be achieved by adopting higher allowable stresses.
However, in the case of structures imposing large loadings such as bridges,
dams, mltistorey buildings, considerable saving could be achieved by
increasing the allowable bearing stresses based on rational methods of bearing
capacity and settlement analysis. Theoretical considerations and field test
results suggest that the ultimate bearing capacity of the rock mass is
unlikely teo be reduced much below the uniaxial compressive strength of the
intact rock, even if open vertical joints are present. In most cases where
the rock is stronger than the concrete, the allowable bearing stress is
governed by the bearing stress at which allowable settlement occours.

To evaluate the allowable bearing stress and settlement of foundations
on discontinuous rock, the rock mass must be characterized. Characterization
of rock masses for foundation analysis and design can only be done with a full
appreciation and understanding of the role of the geologic factors involved
(Kulhawy & Goodman, 1980). Some of the factors that are considered in the
characterization of rock masses for foundations are:

(a) rock type,

(b) discontinuities {orientation, spacing, continuity,
openness, infilling),

{e) structure of the rock mass,

(d) rock material properties (strength, deformation’
modulus),

(e) weathering and alteration,

(f) groundwater,

{(g) durability,

(h) in situ stresses, and

(i) geometry of imposed structure in relation to
the geological structure.

Volcanie deposits usually give rise to extremely variable foundation
conditions due to wide variations in strength, durability and permeability.
Generally, the older volcanic rocks do not present many problems in
foundation engineering unless they are weathered. Hong Kong volcanic rocks
are geologically very old deposits; ash and lava deposits have been welded
together, hardened under great pressures, 3lightly metamorphosed and
transformed into very strong rocks with strengths in excess of 150 MPa in the
fresh state. However, these rocks have been weathered extensively by
dominantly chemical processes under Hong Kong's sub-tropical climate over a
very long period of time. Weathering significantly reduces the strength and
deformation properties of the rock.

In this report, allowable bearing stresses and settlements of the
caisson foundations on weathered Hong Kong volcanic rocks have been computed,
with particular reference to the fresh to moderately weathered rock mass
grades, by various well-established and widely used foundation design
methods. The volecanic rocks have also been characterized in terms of mass
and material properties for the purposes of foundation analysis and design.
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Detalled discussion of various methods of calculation of allowable
bearing stresses and settlement and the effect of weathering on the rock mass
properties have been given in "Foundation Design of Caissons on Granitic
Rocks: A Technical Review" (Irfan & Powell, 1982),

2. DESCRIPTION AND CLASSIFICATION OF VOLCANIC ROCKS
2.1 General

The engineering behaviour of rock masses is controlled by the mass and
material properties of the rock. Therefore, rock mass characterization for
engineering purposes involves the description of the geoleogical nature of the
rock mass, including the petrographic properties and details of
discontinuities and structure, coupled with an assessment of the engineering
properties of the rock material such as strength and deformation modulus. A
detailed semiquantitative or quantitative description of rock material
properties supplemented by description of discontinuities and weathering
state provides one of the best engineering geological schemes for grading
rock masses which then can be used in the preliminary design of foundations.

2.2 Geological Description of Volcanic Rocks in Hong Kong

Voleanic rocks of Hong Kong are grouped under the Repulse Bay Formation
by Allen and Stephens (1971). The Repulse Bay Formation consists of a
succession of tuffs, agglomerates, ignimbrites and mainly acid 1lavas
deposited subaerially with several intercalated units of sedimentary rocks.
These rocks have been taken to a few kilometres within the crust, hardened,
folded, faulted and slightly metamorphosed by a granitic batholith.

The volcanics have been subdivided on the basis of major lithotypes into
the following classes :

(1) Undifferentiated voleanic rocks Rp

{2) Sedimentary rocks and water-laid

Volecani-clastic rocks Rpg
(3) Acid lavas Rpy
(4) Mainly banded acid lavas, some welded

tuffs Rpvb
{5) Coarse tuffs Rpe
{6) Agglomerates RBag

(7} Dominantly pyroclastic rocks with
some lavas HBp

The pyroclasties and lavas are similar in composition to granites., The
term pyroclastic is used for rocks formed by all mechanisms of dispersal of
debris extruded from a volcano which are distinet from lava flows and
explosive pyroclastic erupts (Allen & Stephens, 1971). The common names used
for pyroclastic rocks are : fine tuff, coarse tuff, lapilli tuff, tuff
breccia, pyroclastic breccia and agglomerate.
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The volcanic rocks of the Repulse Bay Formation are well-jointed.
Generally three or more sets of joints occur giving the rock mass a blocky-
tabular structure. Joint spacing commonly ranges from 200 to 600 mm
{(moderately jointed, ISEM 1978) but in the vicinity of fault and shear zones
a joint spacing of 20 -200 mm is more common. Coarse tuffs may have widely-
spaced joints, 600 - 2 000 mm, and may produce corestones when weathered.

Weathering is generally shallow in the volcanics with an average depth
in the order of 10 metres except along the fault and shear zones and also in
certain kinds of tuffs and sedimentary rocks where it may extend mich deeper,
to depths of 40 m or more. The depth of weathering may vary considerably
over short distances due to the variations in grain size, mineral content,
Jointing pattern and hydrological conditions. The change from fresh volcanic
to completely weathered voleanic is generally gradual and corestones are
rare,

2.3 Scale of Weathering Grades in the Rock Mass

Rock can weather by chemical decormposition or by physieal
disintegration. Generally both mechanical and chemical effects ocour
together, but one or the other may be dominant depending on the climatic
region during active weathering. In Hong Kong, rocks are weathered to great
depths by dominantly chemical processes (decomposition) under a humid sub-
tropical climate over a long period of time,

A scale of weathering grade in a rock mass may be erected on the
relative intensity of decompeosition and disintegration. The scale of
weathering grade used in this report is the one recommended by BS 5930 (BSI,
1981) (Tables 1 and 2). This scheme, unlike earlier schemes, does not take
account of changes either in rock strength or whether or not discontinuities
are open as these are distinct aspects of the rock mass which are dealt with
when the rock mass is described fully. The scheme is based on the visual
recognition of the degree of discolouration, the proportion of rock
decomposed and/or disintegrated to soil and the presence or absence of the
original rock fabric. The rock mass grade can then be based on the
weathering grade supplemented by determination of discontinuity and material
strength grades. This in turn can be used to estimate the modulus of
deformation of the rock mass.

3. ENGINEERING PROPERTIES OF VOLCANIC ROCKS

3.1 General

There is very little published data on the engineering properties of the
fresh and weathered volecanic rocks of the Repulse Bay Formation. Published
laboratory test data compiled by Lama and Vutukuri (1978) on the strength and
deformation properties of volcanic rocks are given in Table 3. Figure 1 is
an engineering classification of the voleanics such as dacite, andesite and
rhyolite in terms of Young's modulus and uniaxial compressive strength.

Most of published test data on strength and deformation properties of
volcanics are from relatively recent tuff deposits of USA and Japan with very
low densities of 1.6 to 2.0 mg/m3 and strengths of 3 to 40 MPa.



3.1.1 Heng Kong Data

Repulse Bay Volcanies are much older in age. The have been compressed
under great pressures and netamorphosed to scne degree with densities in
excess of 2,5 Mg/m3 and strengths of 100 MPa or more in the fresh state,
Available test data compiled from various Publie Works Departrent (P.W.D.)
projects on the strength and deformation properties of the FRepulse Bay
volcanic rocks is tabulated in Table 4, The validity of some of the test
results are questionable, particularly in the case of fresh volcanics where
very low compressive strength and tangent Young's modulus values are
obtained. Failures through the discontinuities may have been included in
these results and the testing method is unlikely to have met the ISRM
standards.

3.2 Classification of Hong Kong Volcanic Rocks in Terms of Strength and
Deformation Properties

Tables 5 and 6 set out the classification of weathered Hong Kong volcanic
rocks in terms of material properties such as the uniaxial compressive
strength and the tangent Young's modulus and the rock mss properties such as
the joint intensity and the RQD. The corresponding rock mass factors, (Hobbs,
1974) given in Table 6 is based on Deere et al (1966), and Coon and Merritt
(1970},

In Hong Kong, volecanic rocks are closely to moderately jointed, and have
lower than usual RQD's, usually in the range of 5C-75% when fresh.

The mss deformtion modulus to be used in the settlement analysis has
been calculated for each rock mass class from the following formula

E
|
J =g

1

where j is the rock mass factor,
E;j is the deformation modulus of the intact rocks, and
Ep is the deformation modulus of the rock mass

Lower~bound and mean values of uniaxial coempressive strength and tangent
Young's modulus have been selected as the design parameters (Table 7) for each
rock nass class (foundation layer) and used in the calculation of bearing

stresses and settlements of the pile and caisson foundations on volcanice
rocks.

The rock mass modulus and the effect of weathering on mss engineering
- properties are further discussed elsewhere {Irfan & Powell, 1982},

4. ALLOWABLE BEARING STRESSES AND SETTLEMENTS FOR FOUNDATIONS ON VOLCANIC
ROCKS

4.1 Allowable Bearing Stress and Settlement

Theoretical considerations suggest that the ultirate bearing capacity ef
rock is unlikely to be reduced much below the uniaxial compressive strength
of the intact rock, even if open vertical jecints are present (Poules & Davis,
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1980). On the basis of available data, an allowable bearing stress in the
order of 0.3 X unconfined uniaxial compressive strength would appear to be
quite conservative for all rocks except swelling shales., Reference to the
theoretical solutions show that such values generally include a factor of
safety of at least 3 in fractured or closely-jointed rocks and 12 or more for
intact rocks. Thorne (1980) recorded end-bearing stresses of 0.3 to 4 x
uniaxial compressive strength in actual field tests carried out in different
rock types and in most cases no failure occurred (Table §)}.

In a case where the rock is stronger than the concrete, the bearing
capacity of the rock imposes no practical limitation on the foundation and the
allowable bearing capacity is then governed by the bearing stress at which
allowable settlement occurs.

There are various ways of determining allowable bearing stress of
foundations on rock. In this review, the allowable bearing stresses for Hong
Kong volcanic rocks are determined by using the following methods :

(i) Building codes - presumptive bearing stress
- empirical bearing stress

(ii) RQD method
(iii) Canadian Foundation Engineering Methods
(iv) Settlement

A brief description of these methods is given in Irfan and Powell
(1982).

4,2 Calculation of Allowable Bearing Stress
4.2.1 Building Codes

Presumptive allowable bearing stresses specified by various building
codes and autherities differ in their recommendation for the same kind of
rock (Table 9). No specific values are given in these codes for volcanices
except that the rocks are classified in general terms such as massive
crystalline rocks in sound condition, foliated metamorphic rocks in sound
condition, sedimentary rocks, shattered rocks, weathered rocks, ete.

Widely- to very widely-jointed (joint spacing of 600 mm or greater),
fresh to slightly weathered volcanies can be considered as massive
crystalline rocks with presumptive bearing siresses of 5 to 10.7 MPa. Fresh
volcanics with medium-spaced joints (joint spacing of 200 to 600 mm) can be
considered as "foliated rock in sound condition™ or stronger sedimentary rock
with presumptive bearing stresses of 2 to 6 MPa, When the rock is closely
jointed or highly fractured, or moderately to highly weathered, then the
presumptive allowable bearing stresses specified range between 0.5 and 3 MPa,
but are generally in the range of 1 to 1.5 MPa.

Uniform Building Code (1964) and Dallas Code (1968) relate the allowable
bearing stress to the uniaxial compressive strength of the intact rock
material by the following formula :

Allowable bearing stress = K x Uniaxial compressive strength of core
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Table 1C gives allowable bearing stresses calculatec for Heng Kong voleanic
rocks by using lower-bound and average uniaxial compressive strength values
and K = 0.2 as specified by these ceodes fer each grade of reock nass.

4.2.2 BRQD and Allocwable Bearing Stress

Allowable bearing stress of volcanic rocks celeculated for a range of RQD
values uvsing the empirical correlztion between the allowzble contzct stress
and RQD suggested by Peck et al (1974) are tabulated in Tzble 11, The
allowable bearing stress for the fresh to slightly weathered volcanic rccks
determined by this method is over £.5 MPa even for an RQD value as low as
50%. In the moderately weathered volcanies with very low REQD's this value
may reduce to 1 MPa, If design is based on these values settlement of the
czisson foundations is not expected to exceed 12.5 nm (Feck et al, 1974).

4.,2.3 Canadian Foundaticn Engineering Method

Allowable btearing stresses of Forg Kong volezrnic rocks have zlsc been
caleulated by using the fcllowing formula {(Canzdian Geotechnical Ffociety,
1978) . ‘

g = Kgp + Qy » ¢

where g; 1s the allowable bearing stress,
gy is the average uniaxial compressive strength cf rock cores,
Ksp iz an empirical coefficient depending on the discontinuity spaecing
and including a facter of sefety of 3, and
d is the depth factor and equal toc :

H

d=0.8+ s¢g2
D

where Hy i3 the depth of sccket, and
D is the diameter of the socket.

In the calculatien of Kg , @ Joint spacing of 300 mm and joint thickness
of 1 mm for fresh te =slightly weathered rocks znd & rmm (or less than 25 mm
if filled with soil or rock debris} for moderztely weathered rccks, have been
adopted. In roderately weathered volcanic recks the raterial around the
joints may Lbe extremely weak or conpletely weathered teo soil. In the
weathering grade classification, necderszstely westhered rock my contain up to
50% decompesed or disintegrated materiz! (BSI, 1981). For the purpcses of
this study the cut-off point is tzken at 109 scil within the zone of
moderately weathered rock. This approximtely corresponds to 25 mm of
decorposed or disintegrated raterial zlonp the joints in the weathered rock
mass. For very closely-jointed rocks or for rocks weathered te higher
degrees cr where the rcock is of very locw strength, in situ pressurenmeter
tests are recomnmended.

Minimum allowable bearing stresses calculated by the Canacian Foundation
Engineering method is over 1C MFa for the fresh tc slightly weathered
voleanic rocks (Table 12}, Fer moderately weathered velecanie rocks, the
&llowable bearing stress ranges from 1.3 to 3.5 MPa depending on the strength



of intact rock.

4.2.4 Settlement

Settlement in rock foundations can be caleculated by elastic analysis,
from pressureneter test resuits or from plate load tests., 1If deformaticn or
settlement is the limiting criterion of a structure impesed on a rock mass
the defermation modulus of the rock mass is the prime controlling factor in
defining this settlement. Therefcre, the determination of the rock mass
modulus is an important part of the Investigaticn, design and construeticn
process. A large number of in situ pressuremeter tests must be carried out
to assess the variability of elastic redulus of the rock nass and the effect
of discontinuities on the mass elastic modulus. In situ plate load tests can
be used to assess the settlement, btut thke results depend on the plate size,
tests are expensive and difficult to carry out properly, and results are
frequently variable,

In the absence of in situ test datz settlements can be computed by
elastic theory from the properties determired in thke laboratcry and an
empirical rock mass factor (or reduction facteor) to take into account the
Jjointec state of the rock nass using the following formula :

2
.-l -v7) . r .1
S-E Em 5

where s is the settiement,
q is the uniform load per unit area,
Ep is the deformation modulus of the rock mass under the pile,
Is 1is the depth reduction factor,
r is the radius of pile, and
P  is the Poisson's ratio.

Various empirical and semi-empirical methods of estimating rock mass
modulus have been suggested in the literature {(Coon & Merritt, 197C;
Woodward, et al,1972; Bieniawski, 1975; Hobbs, 1974; Kulhawy & Goodman 1980;
Thorne, 1980). In the present investigation, the rock nass moduli have been
computed from the lower-bound and average elastic moduli of the intact
volcanic rock in each foundation layer, using various rock rnass factors
corresponding to a range of RQD classes and joint intensities as discussed in
Section 3.2.

Table 13 gives the mximum and average computed settlements of caisson
foundations on weathered voleanic rocks under different bearing stresses. A
depth reduction factor of Ig = ¢.85 for v = 0.25 has been adopted to allow
for an average embecdment of the foundaticn by approxirately one diameter
{Burland, 1970).

In corputing the settlement, it is assumed that all the load is
transferred to the base and the reduction of the load due to the rock socket
effect has been neglected for the overlying rock. Elastic shortening of the
concrete shaft of caisson is not included in these calculations, For hand-
dug caissons a considerable proportion of the lcad is expected to be taken up
by side friction. 1In additien, for rock-socketed piles lateral dilation of
the caisson into the socket may take the m jority of the remaining load, and
relatively little lcad will be transferred to the base. These latter two
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relatively little load will be transferred to the base. These latter two
mechanisms could be expected to reduce settlements of the caisson.

Settlerment may also result from the presence of debris at the bottom of
a caisson excavation and a careful inspection is therefore necessary to
elirminate this pessibility.

Figure 2 shows the range of mximum expected values of settlement
against allowable bearing stress for a caisson diameter of 2 1n in various
foundation layers, The maximum settlement for caisson diameters of 1 to 4 m
is less than 12.5 mm in fresh to slightly weathered volcanies for a high
bearing stress of 15 MPa, even in highly jointed rock mss with average RQD
of 50% or joint intensity of 5-8 joints per netre (Table 13).

In moderately weathered volcanics settlement will depend on the degree
of weathering of the rock mterial, the amount of decomposed or disintegrated
spil along discontinuities, the deformmtion modulus of the rock and the
Jointing in the rock mass, Allowable bearing stresses of up to 3 MPa will
not lead to any excessive settlements in these rocks except in highly
fractured zones.

Higher bearing stresses my be used in moderately weathered rock rmasses
with high strengths anc favourable joint orientation and spacing. Hi gher
allowable bearing stresses should be based on detailed laboratory and field
investigations to determine the mss and mterial properties of the rock.

4.3 Roek Socket

In the case of foundations on rock, the portion of the caisson socketed
in rock contritutes significantly to load transfer. Studies indicate that
shaft resistance values can be large and can account for a significant
portion of the load support capacity of drilled pier and caisson foundations
(Ladanyi, 1977; Pells & Turner, 1979; Horvath et al, 1980; Williams et al,
1980; Donald et al, 1980),

Shaft resistance values of caisson foundations socketed into rock
calculated by the Draft Australian Piling Code (Pells et a1, 1978) and Coates
(1967) formulae using the compressive strength of the concrete as the
controlling strength are in the region of 1 to 2 MPa depending on the type of
concrete used. Higher shaft resistance values have been reported in the
literature for weaker rocks such as sandstone and shales (Horvath et al,
198C; Thorne, 1980, and Table 8). Further discussion of the effect of rock
sockets and the calculation of shaft resistance are given in Irfan and Powell
{1982},

If the caissons are to be founded in rocks weathered to higher degrees
or in extrerely fractured zones, detailed laboratory anc field investigation
should be undertaken to determine the mass and material properties of the
rock.

For hand-dug caissons a considerable proportion of the load will be
taken by side friction on the shaft of the caisson. In rock-socketed
caissons, side friction coupled with the lateral dilatation of the pile into
the socket will lead to reduced load being transferred to the base, and hence
reduced settlements.
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There is relatively very little local data on the engineering properties
of Hong Kong volcanic rocks. Engineering parameters of volcanic. rocks used
in this report are based on limited Hong Kong data, published results
elseshere in the world and the author's own experience. Further testing will
greatly assist to advance the state of the art in volcanics,

Where preliminary design 1is based solely on borehole data, the
importance of accurate and detailed logging of boreholes, particularly in
areas where variable rock conditions are likely to be encountered, by a
qualified engineering geologist must be emphasized. During construction, the
rock in caisson excavations should be visually inspected and described by
experienced personnel to verify the rock conditions assured in the structural
foundation design. In situ techniques such as Schmidt hammer, core drilling
and percussion air drilling can be used to provide guantitative evidence of
in situ rock conditions (Irfan & Powell, 1983).

5. CONCLUSIONS

The current local practice of using a presumptive stress of 5 MPa for
fresh to slightly weathered volecanic rocks is overconservative. Considerable
saving could be achieved in the case of structures imposing large loadings by
increasing the allowable bearing stress based on engineering geclogical
characterization of the rock mss and rational methods of bearing capacity
anc settlement analysis.

Varjable foundation conditions exist in Hong Kong volcanie rocks due to
differences in mode of origin, weathering and structure.

Allowable bearing stresses for Hong Kong volcanic rocks have been
determined by various conventional design rethods available, wusing
conservative geotechnical parameters. Settlement of volecanie rock
foundations under various end-bearing stresses have also been calculated
(Table 13). Settlement predictions by this methods are upper-bound values,
as conservative parareters for elastic modulus have been adopted and the
effect of the rock socket in reducing the end-bearing stress and settlement
has been ignored.

A range of bearing stresses may be used for caisson foundations in the
Repulse Bay Volcanics depending on the rock rass properties existing at a
particular site. Figure 2 gives the expected range of mximum settlements in
various volecanie rock foundations for & 2 m dianeter caisscn under different
bearing stresses.

In fresh to slightly weathered volcanics an allowable bearing stress of
10 MPa will produce settlements of less than 12.5 mm, according to elastic
theory. In moderately weathered volcanics end-bearing stresses of up to
3 MPa could be used without carrying out in situ testing. These allowable
bearing stresses are lower-bound values, and if requirec for a particular
project, higher values my be justified when sound design procedures are used
with rock mass properties obtained on a site specific basis.
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Table 1 - Scale of Weathering Grades of Rock Mass

Term Desecription Grade
Fresh No visible sign of rock material weathering; I
perhaps slight discoloration on na jor
discontinuity surfaces.
Slightly Discoloration indicates weathering of rock II
Weathered material and discontinuity surfaces. Al the rock
material may be discoloured by weathering.
Moderately Less than half of the rock mmterial is decomposed IIT
Weathered or disintegrated to a secil. Fresh or discoloured
: rock is present either as a continuous framework
or as corestones,
Highly More than half of the rock mmterial is decomposed IV
Weathered or disintegrated to a secil. Fresh or discoloured
rock is present either as a discontinucus
framework or as corestones,
Comp letely All ‘rock mterial is decomposed and/or v
Weathered disintegrated to soil, The original mss
structure is still largely intact.
Residual All rock material is converted to soil. The mss VI
Soil structure and mterial fabric are destroyed.

There is a large change in volure, but the soil
has not been significantly transported.




Table 2 - Description of Weathering Grades of Rock Material

Term Description

Fresh No visible sign of weathering of the rock material,

Discolcured The colour of the original fresh rock material is changed
and is evidence of weathering. The degree of change from
the original ceolour should be indicated. If the coclour
change is confined to particular nineral constituents
this should be mentioned.

Decomposed The rock is weathered to the condition of a soil in which

o the original material fabric is =till intact, but some or
all of the mineral grains are decomposed.

Disintegrated The rock is weathered to the condition of a soil in whiceh
the original material fabric is still intact. The rock
is friable, but the mineral grains are not decomposed.

Note : The stages of weathering described above ray be sub-divided using

qualifying terms, for example, 'partially discoloured’, 'wholly
discoloured', and ‘'slightly discoloured', as will aid the
description of the material being examined. These descriptive
qualifying terms my be guantified if necessary.
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Table 3 - Laboratory Mechanical Properties of Volcanic Rocks
(Lama & Vutukuri, 1978) (Sheet 1 of 2)
Rock Location & Density, Modulus Modutus Poisson’s Compressive Tensile Remarks Reference
Descriplion @ (gom®) of Elastioity, of Rigidity,  Ratio, Strength, Strength,
E{GPa) G(GPa) u o (MPa) o« (MPa)
Tult USA, McDowell - 1.38 - - 15.86 - grain = |- BRANDOW, 1974
Duam, Arnix., lithic mm
il fg. altered,
sait matrix
USA, AECNe- - 9.71* - 0.10" - - variable pore  YOUASH, 1970
vada testsite, la- size
pili tuill, glass
with volcanic
constituents
Mexico, 1.9 1.7* - - - - scismic ULLao, 1964
Soledad Dam X2 2. licid ULLa0, 1964
USA, GreenPe- - 7.4 019 - 23.0 - c= 70, CORNS & NESBITT, 1967
ters Dam @ =240
USA, Green Pe-  ~ 1.0 0.20 - 22.0 - c=717, CORNS & NESBITT, 1967
ters Dam @ =19
USA, AECNe- - mn - 0.19 11.31 17 - STOWE St AINSWORTH,
vada test sirg 1958
Japan, Seikan 2.19 - - 219 2.2 - MOCHIDA, 1974
Tunanei
Japan, Scikan 2.36 - - - 28.6 39 - MoCHIDA, 1974
Tuninel, tatf-
breccia
Japan, Shimane 2.4 3.0 - 0.2 - - c=04, KITAHARA Rt al, 1974
Nuclear Plant &= 3r
Japan.Shimane 1.4 2.0 - a.2 - - c=03 KITAHARA etal, 1974
Nuclear Plant @ =135
Japan - 7.14 - ~ 34.7 - - Y AMAGUCHI, 1968
lapan, Aoishi - 68.0 - - 334 +.31 sandy Y AMAGUCHL, 1968
Tul Japan, Aoisht 1.91 76.0 - - 36.0 +.31 sandy Y AMAGUCHL, 1968
Japan, Aoishi - 70.0 - ~ 34.2 4.45 sandy Y AMAGUCHL, 1968
Canada, Maclead - 61.43 - 0.24 - - - HERGET, 1973
Mine
Canada. Macleod - 745 -~ 025 - - - HERGET. 1973
Mine -
Canada, Macteod - 61.4 - 0.26 - - - HERGET, 1973
Mine
Canada, Macleod - 71.7 - 0.28 - - - HERGET, 1973
Mine
USSR, geosyncli- 2.49 127 - 0.13 - - p = B.3I BELIXOV, 1967
nes + brecaas
Hungary,
rhyolite,
=1 208 -~ - - 9.4 - p=30.0 MARTOS. 1963
w= 165
*21 208 - - - 9.3 - p=300 MARTOS, {965
. w = 16%
Tuat Canada, Kirk- 2.78 86.87 J2.41¢ - 289.58 - p=15 WINDES, 1949
land, Cnt.
USA, Howard 1.45 1.38 - Nl 1.A5 - p=429% USBR, 1953
Prairie Dam.
QOre., lithic
USA, Oak Spring 1.6 4.3 20 - - - p=37.0 ROBERTSON
Formation, Nev., {Unpublished}
bedded
USA, Oak Spring - 49 na7 0.08 - - 1RSI RoserTsOMN
Formation, Nev., (Unpubhished)
bedded
USA, Cak Spong - 7.4 34 (L8]] - - compression  ROBERTSON
Formation, Nev_, (Unpublished)
bedded
USA, Nev,, 2.2 1.2 4.1 - - - p=14.0 ROBERTSON
weided {Unpublished)
USA, Nev, 219 165 - 019 (3] 117 p=198  STOWE.1969
welded
Canada, Noranda 2.74 Bl.5* 17.7* o.07* - - - BirCr & BANCROFT,
Mines, One., 5ili- 1939

cified
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Table 3 ~ Laboratory Mechanical Properties of Voleanic Rocks
(Lama & Vutukuri, 1978)

{ Sheet 2 of 2)

Rock Location & Density, Modulus Modulus Poissonr's Compressive  Tensite Remarks Reference
Description o(giem?) of Elasticity, of Rugidity,  Ratio, Strength, Strength,
E (GPa) G{GPa) v o.({MPa} o {MPa}
USA, AECNe- 192 345 - 0.24 9.65 - w=193 CORDING, 1967
vada test sile, red
tored yellow
—, yeillow 20 15.6 - 0.09 35.3 ~ w=173% CORDING, 1967
—, red & yellow 1,60 6.34 - (GRS 223 - w=45 CORDING, 1967
USA,NTS-E 1.61 .03 - 021 N 1.45 - MILLER, 1965
Tunnel, porous,
cementad
Canada, Lake-  ~ 76.53 311.03 0.23 261.92 195.49 - MORRISON, 1970
shore
Canada, Helen  ~ 82.74 - 0.27 155.13 17.31 - MORRISON, 1970
Mine, vartical
Rhyolite  Japan, Seikan 242 - - - 834 5.6 MOCHIDA, 1974
Tunnel
Japan, Teguchi - 26.0 - - - - - Itoa eral, 1960
Dacite 5. Africa. Pango- 267 - - - 1125 - p=6.06 PHELINES, 1967
lapoost Dam
USSR, geosvncli- 2.62 41.0 - 0.22 - - p=3.06 BELIKOV, 1967
nes, porphyrites
Ignimbrite New Zealand, 1.83~ - - 0.15- - - p=6.4-15.6 JAaMES, 1955
Maraetai Dam 2.16 0.30
wet - 1.7- - - 7.74- .86~ - JAMES, 1955
6.7 338 2.65(R)
dry - 2.34- - - 13.8- 0.89- - FAMES, 1955
1.7 46.9 3.5(R)
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Table 4 - Engineering Properties of Hong Kong Volcanic Rocks

" Hock Type Description{i) Uniaxial Modulus Density, Locality Reference
Compresasive af
Strength, Elasticity
ucs £ d
(MPa) (GPa) (Mg/m3)
Lapilll Tuff MDY 24 4.5 2.54 Taing Y1

" 5DV 67 15.8 2.69 "

i F 70 1.2 2.72 "

- SDy Il 18.0 2.72 -

" MDV 57 11.3 2.70 "

" SDV 56 11.8 2.73 "

" F 79 14.8 2.76 "

" F 84 18,7 2.77 "

" F 45 12,8 2.73 "

" MDY 38(2) g,1(2} 2.65 " PWD Contract

" F L) 23.8 2.7t Lantau No. 512 of

" sy 9y 20.6 2.69 " 1980

" Spy 4 22.0 2.69 -

' Lantau Fixed
Medium to Crosaing
Coarse Turf sDY 126 24 .4 2.69 Ma Wan Project,

" 50w 70 27.7 2,67 " Phase II

- SDY¥ g2} 7.002) 2.68 " (Mott, Hay

" SDV/MDV 55 6.0 2.62 " & Anderson,

" 5Dy 87 19,5 2.69 n 1981)

" SDV 98 271.8 2.67 "

" F 1u0 19.3 2.7C "

" F 68 15.7 2.1 "

" MDV 39 16.2 2.54 "

" SDV 28(2) 11,6(2) 2.57 "

n F m 18.4 2.67 "

" F 168 21.7 2.70 "

" F 1uh 25.0 2.7¢ n
Pyroclastic SDhv/F 146 79.0 2.75 Hew Territories Future

" 3pv 198 59.0 2.6% " Increase of

" SDV/F 109 20.4 2.71 " Water Supply

" sov 155 31.8 2.71% " from Chipa -

" MDV 25 25.5 2.68 " Stage 1 =
Lava Tufr sDV 66 18.0 2.72 " Western
Pyroclastic MDYV /S SDY 51 1.7 2.75 " Aqueducts

" MD¥ 39 9.5 2.63 " (Charles
Lapilli Turf MDYV 123 15.4 2.69 " Haswell &

" SDV 1z 25.0 2.72 " Fartners,1983)
Coarse Tuff MDYV 166 ho.o 2.74 "

Tuff sSDv 142 69.0 2.68 *

Notes :11) Material deseription :

F - fresh volcanie,

MDV = moderately decomposed volcanie.
12) Failure through joint {7}

SPV - slightly decomposed volcanic,
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Table 5 - Classification of Weathered Volecanic Rock Materials in Terms

cf Strength and Deformation Modulus

Mass

Uniaxial Tangent Foisson's

Weathering Compressive Young's Ratio,
Grade Strength, Modulus, D

Ucs E¢

{MPa) {GPa}
Fresh ) 75 to 200 25 to 75 0.09
Veleanics
Slightly
Weathered 5C to 150 1% te 50 to
Veoleanics
Moderately
Weathered 12.5 to 75 5 to 25 0.28
Volcanics

Note :{1) These ranges cover a wide spectrum of voleanie rocks in Hong Kong.

Table €6 - Reck Mass Properties of Volecanic Rocks

Mass

Joint RQD Rock Mass
Weathering Frequency Factor,
Grade per m (%) J
Fresh 90 - 100 0.8 - 1.C
Volecanics 1 -5 75 - G0 ¢.5 - 0.8
5 - 8B E0 - 75 0.2 - 0.5
Slightly 1 9C - 100 0.8 - 1.0
Weathered 1 -5 75 - 90 .5 - 0.8
Volcanies 5 - 8 50 - 75 0.2 - 0.5
Moderately 5 -8 50 - 75 c.2
Weathered g - 15 25 - 50 C.1
Volcanics > 15 0 - 25 C.1




Table 7 - Summary of Engineering Properties of Volecanic Rocks Used in the Calculation
of Allowable Bearing Stresses

Mass Uniaxial Tangent Rock Rock Poisson's
Weathering Compressive Young's Mass Mass Ratio,
Grade Strength, Modulus, Factor, Modu lus, v
ucs E¢ j Em
Mean Lower Mean Lower Lower Mean Lower
bound bound bound bound
(MPa) {MPa) {GPa) (GPa] {GPa) (GPa]
Fresh 125 75 40 25 0.8 32 20 0.25
0.5 20 12.5
Slightly 100 50 25 15 c.8 20 12 0.25
Weathered 0.% 12.5 T.5
0.2 5 3
Moderately 35 12.5 12.5 5 - 0.2 2.5 1.0 6.25
Weathered 0.1 1.25 0.5

L
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Table 8 - Socket Adhesion and Uniaxial Compressive Strengths
and Achieved End-Bearing Stresses of Various Rock
Foundations {(Thorne, 1980)

REF, UNCONFINED ROCK EOCKET LAB, CALC. FIELD
MO, LOCATION RCCK TYPE COMPRESSTON MAX, ATTAINED STRESSES SECANT HD[‘)U'LUS.
(Qu) ADHES ION END BEARING | MODULUS
HPa MPa Qu MPa Qu HPa MPa “Qu
14 WESTHEAD Vianametce Shale (Shear rones 1
AUSTRALIA te 100 me kin othervwlise fresh Ly 2.5 0.07 28 0.8} 1760 3ovo a8
rock)
14 | ¥BUGASTLE | Tighes Hill Swadstone 10 to 15 2542 0.2 1672 - | a2sa0 |00
AUSTRALIA
14 BR1SBANE Tuff [Fhme ¢lay weam just below]l5 to 20 - - 1.6 - _ L8R5 2%
AUSTRALTA base)
Y4 | pERTH AUST. | King Park Shale 1.3 - - - - 125¢ -
SYDNEY AUST, | Sandstone, fresh defect froe 27.5% 3.0 o.M g5p |1 e - 1929 70
2 AUCKLARD Ssndetone & Sllcetone 0.7 te 1.0 - - 18.8 12 - 121 140
NEVW ZEALAND | Variably cemenced
4 | sR1SEANE Ausq argiiitee 16.2 - - 2.7 8 070 - asp |25 PLATE
{ FLATE TEST) .5 Q.4 TEST
Freah Limestone concaina 3mm
¢ 3:;:0“' thick blitualneus whale seams pt 33 to 123 22 0,18 13000 i
0.6 to 1.0 m spacing
] BANT1COKE Slightly Westhered Limestone .
CANADA shale seam aw above 55 o 123 22 >0.18 4000 5
b OTTONA Shale, occasional recemented
CARADA molsture fractures snd “thin 55 3.3 0.06 27.8 a.5 - peflection tosnall
M to measure
sud” seamn, Intact core
lengehs 75 to 250 mm
b} LALIFORNIA Highly fractured uneveniy - 1.0 - - - 124 -
U.S. A veatherad Sandecone and Shaje
5 u.K. Mard Shale Fraccures 0.3 to 8 L2Pfaas 1) e - 00 50
1.0 m spacing
s v, Shale {Jotnts @ 10 to 20 mm) - 02541 . 4.2 - - 100 -
L3 BROOKFIELD Shale contalns “frequent’ a.s 0.25”' Q.50 Pullost Tust Rock atrength probably
NOVA SEOFIA weathered zones Disintegrates (0.007 conservarive
N _exXposure o {*'c)
9 CONVENTRY Sandatonesr & S51iltetones with (2 (1)
U.X, Mudstone bands 0.6 MPa¥ sbout 5.0 9.22 0.03 5. 63 0.43 - 130 7
1 m spacing. Fractuces & 100mm
or closer spacing.
BUUR Moderately hard, Mudstone and 20
19 A}EU:TMLﬁ sandstone. Joint spacing (con{ Ined 0.68“ O.OH-H 8.05(I D.tnDr” - 70 to
sverage 4 to 10mo many clay at 700 %Pa) 80
fitled.
Flesile whaie, joince 20 to 6 o 40
1 ::::::Lb\ 100mm mpazing. Clay seams 5 to| estimazed 2.68(” 0.08 21.8(]) 0.6 - 23:0 100
10mm thick, 20 to LDmm spacing| 30 average 1200
in 150mm ehear zone just below
bsee of pile
12 HALIFAX Steeply dipping weathered - - - 3.4 - - - -
CANADA slates core recovery BX 65%
(PLATE TEST)
12 WORTH QUEBEC | "Sound Granite core recovery _ . ~ 203 - _ _ _
CANADA AXT 957 o
QUEBEC . R 1 - _ . _
12 CANADA { PLATE } Sandetone, RQD 10% - 24,8
12 LA BRA DOR Friable Iron formations simi- - _ - 5 “(1} ~ _ . .
{ PLATE} far o weathered & Friable )
sandatons.
Fractuored &4 pheared sndeafce
12 CANADA shear zones wirh sofr green 10.3 1.1“" 0.!1“] _ . . 390 18
chlorite on surfaces BXL core L06ELY
recovery 33 ta 757
]
12 CANADA Horlzontally bedded shale 0.7 1.7“‘ L.os B Pullout Test 1130 55
core length 75 to 125 mn 0.050¢t)
Weathered fractured incer- f
12 bedded sandrione & shales - 1.0 B.0M%
ERARING 2.6 te I0,R pocketied load equivalent to Field cent showed
13 H.S. W, CLAYSTONE 8.5 avaragelld. 6 MPa end bearing alone or high creep (5}
1.3 MP3 (n adhesion dians.
tn Fallure Atiatned §{2) Proportion of end bearing/adhension estimaced {3) Concrere shafy failed
{4} Shaft grooved, stress glven 1o outslde of grouve. 53] Righ water inflows thought to heve sofrened claystane.




Table 9 - Presumptive Allowable Bearing Stresses (MPa) for Rock Specified by Various Building Codes and Authorities

6L

Massive crystalline Foliated metamorphic Sedimentary rocks Badly fractured Heavily shattered Notes
Foundat icn rock in sound rocks in sound in sound condition rocks, or breken or weathered recks
condition (granita, condition (slate, rocks, or partially
Reference basalt, gneiss) schist) weathered rocks
' except argillaceous
rocks
NAVFAC, USA 16971 6 to 10 3to 1.5 to 2.5 0.8 te 1.2 Increase by 10%
for each 300 mm
embedment
Canadian 1978 10 3 1 to U to be assessed by
Geotechnical examination in situ
Society
EQCA 1968 10 L] 2.5 to 4 1.0
National Building
Code, USA 1967 10 4 1.5
Uniform Building
Code of USA 1964 0.2q, C.2qy, ¢.2q, 0.2q,
Los Angeles 1965 1.0 0.4 0.3 Earthquake area
CP 2004 1972 10 3 2 to 4 to be assessed my need
(BSI, 1972) after inspection alteration upwards
or downwards
US Bureau of
Reclamticn 1965 0.7 3.8 1.1
Dallas 1968 0.2qy 0.2q, 0.2qy 0.2q, Inerease by 1/3
if foundat ion
relatively dry
New York City 1970 b 6 2 to 4 0.8 Increase by 103
for each 300 om
embedment
Hong Kong 1976 5 1 to 3 to be assessed
after inspection
Sowers 1979 > 10 (RQD = 90%) 1. 5 to (RQD = 50%) 0.5 = 1.2 (N » 50)
Legend : qy = uniaxial coampressive strength of intact rock sample
N = EPT N-value
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Table 10 -~ Allowable Bearing Stresses for Volecanic Rocks Determined by
Building Codes, K = 0.2

Mass Uniaxial Compressive Strength Allowable Bearing Stress
Weathering UCS-min UCS-av Qg-min Qp-av
Grade { MPa ) {MPa ) { MPa ) { MPa )
Fresh 75 125 15 25
Volcanics

Slightly 5¢C 100 10 20
Weathered

Volcanices

Moderately 12.5 35 2.5 7
Weathered

Volcanics

Table 11 - Allowable Bearing Stresses for Volcanic Rocks Based on the
reD( 1) Method

Rock RQD Allowable
Bearing Stress,
Type da
(%) { MPa )
Fresh 7% - 100 20
Volcanics 75 - 90 12
50 = 75 6.5
Slightly g0 - 100 20
Weathered 7 - 90 12
Voleanics 50 - 75 &.5
Moderately 50 - 75 6.5
Weathered 25 - 50 3.0
Volecanies 0 - 25 1.0

Notes : (1) RQD for use from this table should be the average within a depth
below foundation level equal to the width of foundation, provided
the RQD is fairly uniform within that depth.

(2) These values should not be increased for embedment into
rock.

(3) 1If the design is based on these values, the settlement
of foundation is not expected to exceed 12.5 mm, even
for large loaded areas.




Table 12 - Allcwable Bearing Stresses Deterrmined by the Canadian Foundation
Engineering Method Using Calculated Ksp Values for Pile Diameters
of over 3C0 mm

Mass Uniaxial Allowable

Weathering Compressive Ksp Bearing

Grade Strength Stress

UCS-min UCS-av Qg-min Qg-av

{MPa) { MPa) { ¥Pa) ({ MPa }

Fresh 75 125 0.23 17.3 28.8

Volcanices

Slightly 50 100 0.23 11.5 23

Weathered

Volecanices

Moderately 12.5 35 0.1C 1.3 3.5

Weathered

Volcanies(3)

Notes :(1) Assuming embedment cf the pile into sound rock for approximately
one diareter,

Joint spacing > 300 mm, and

Joints filled with up to 25 mm of decomposed or disintegrated
material.

~

(2]
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Various Foundation Loads (End-Bearing)

13 - Settlement of Volcanic Rock Foundations under

rresh Volcanic 1, 0.85 Edy, = 25 GPa  Ei_, = 40 GPa
Radius [m} 0.5 2 3
egring Stress [MPa) 5 1.5 10 15 7.9 15 7.5 15
Reduction 1 0.4 0. 0.3 a.
Coefficient
Settlement mx. | 0.16 |0,23 |0.31]0.47 D.47 .94 1,88 1.1 z.82
{mm} av, 0.10 |0.15 Jo.2D0 | D.29 0.29 0.5% 1.17 0,88 1.16
JReduction J 0.5 0. c.5 C.
Coefficient
Settlement mx, | 0.2510.38 {0.50] 0,75 0.75 .50 j.00 2.25 4,51
[mm ) av, 0.16 023|031} 0uay G.47 0.94 1.88 1. 2.82
Reduction 3 0.2 0. 0.2 0.2
cefficlent
Settlement mx. | 0.63[0.94 | 1.25{ 1.88 1.88 3.16 7.51 5.63 11,27
{mm) av. 6.39 | 0.59 |0.78| 1.17 1.17 2.35 4.69 1.52 T.08
Slightly Weathered Voleanie 0.85 wn ° Bl GPa
Rad lusa {m) D.5 2 3
IBelrlng Streas {MPa} 5 7.5 —I 0 15 1.5 15 7.5 15
Igeductlon ] 0.8 o. 0.8 o.
cefficlient
Settlement mx. } 0.26{0.39|0c.52]0.78 0,78 1.56 3.13 2.35 4,69
{mm) av. 0.16 1 0,23]0.31} 0,42 047 .94 1.88 1.41 z2.82
Reduction J 0.5 c. C.5 0.
oefficlent
Settlement myx. | 0.42]10.63]0.83] 1.2% 1.25 2.50 5.0t 3.76 7.51
[ mm ) av, 0.25]0.3810.50[ 0.75 0.75 .50 3.00 2.25 4,51
Reduct ion ] a.2 0. 0.2 g.2
Coefficient
Settlement mx, | 1.04) 1.56| 2.,09] 3.3 3.13 6.26 12.52 3.39 18.789
{mm) v, 0.6310.95 ]| 1.25] 1.88 1.88 3.76 7.51 5.63 11,27
Hoderately Weathered Volcanic IB = 0.85 min = 5 Bl = GPa
Radiua (=] D.5 2 3
'Bearing Stress [MPa] 1 I 3 5 I 7.5 1 [ 3 7.5 3 7.5
Iclleductlon 1 0.8 0. 0..8 c.8
oelficient
Settlement mx. 0161047078} 1.7 0.9% 1.88 u,69 2.B2 7.04
|mm ) av. 0,06 {0,191 0.3t} 0.47 0.38 0.75 1.88 1.13 2.82
Reduction R 0.5 o. Q.5 Q.
fCoerficient
Settlement mx. | 0.25|0.75]1,25] 1.88 t.50 3.00 7.51 4.51 11.27
[tmm} av. 0.10| 0,30 j0.50] 0.75 0.60 20 3.00 1.80 h.51
Reduct ion 3 Q.2 0. 0.2 0.2
Coefficient
Settlement mx. | 0.63]1.88]3.13] 4.69 3.76 t2.52)18.74 13.27 28.16
[mm ] av. 0.2510.75]1.25| 1.08 1.50 3.00 7.5t b.51 11.27
Reduction N 0.1 Q. 0. 0
fCoefficient
Settlement mx, .25 3.716 ] 6.26] 9.39 T.51 15.02 |25.03] 37.55 22.53 56,33
(mm | av. S5011.50] 2.50] 3.76 3.00 6.01 15.02 g.01 22.5%
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Et = tangent modulus at 50% ultimate strength,

Classify rock as AM, BH, BL, etc.

Figure 1 - Engineering Classification for Intact Rock-
Basalt and Other Flow Rocks (Deere & Miller, 1966)
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Max. Settlement { mm |

Max. Settlement {mm)

Max. Settlement (mm )

FRESH VOLCANIC

ji=0.2

2 \\
) T T 1
0 5 10 15
Allowable Bearing Stress ( MPal
SLIGHTLY WEATHERED VOLCANIC
6 — j=0.2
4 -
27 j=0.8
N
T I 1
0 5 10 15
Allowable Bearing Stress (MPa)
20 MODERATELY WEATHERED VOLCANIC
=01
18 - \\\
16 -
14
12 - NN
10 -
8 -~
& -
\ v 1=0.5
o \ o3

0

T
5

T J
10 15

Allowable Bearing Stress (MPa]

} = Rock mass factor
( Refer to Tables 6 & 13 )

Figure 2 -« Maximum Settlement Versus Allowable Bearing Stress

for a Caisson Diameter of 2 m
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