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FIELD AND LABORATORY MEASUREMENTS OF SMALL STRAIN STIFFNESS OF
DECOMPOSED GRANITES

C. W. W. NG? and Y. WaNG?)

ABSTRACT

Non-linear stress-strain characteristics and stiffness-strain relationships of sedimentary soils and sands at small
strains have been reported by many researchers. Research work on the behaviour of weathered or decomposed
granites at small strains, however, has rarely been reported. This paper compares some stiffness measurements of
decomposed granites from field investigations involving crosshole seismic, self-boring pressuremeter (SBPM), and
high pressure dilatometer as well as results from laboratory tests using bender element and internal transducers. The
in-situ crosshole measurements show that the elastic stiffness of Moderately Decomposed Granite (MDG, approxi-
mately 7000 MPa) is about 25% greater than that (about 5500 MPa) of Highly Decomposed Granite (HDG), which is
in turn approximately 18 times higher than that (about 300 MPa) of Completely Decomposed Granite (CDG). This is
likely attributable to the materials’ different bond strengths and structures. A new method has been adopted to inter-
pret the SBPM data. Measured data from crosshole seismic and self-boring pressure meter tests for CDG are found to
be consistent. Bender element laboratory tests on CDG indicate that the measured A-coefficient in the expression of
Go/p:=A(p/p,)" lies between the results from clay and sand as reported in the literature. However, the measured n-
value for CDG is generally larger for clays and sands. The measured bender element results are consistent with data
from internal transducers. Highly non-linear characteristics of CDG were observed in both the laboratory and field
tests. Generally the elastic stiffness of CDG as determined by laboratory tests is about 50-80% of that from field tests.
Some possible reasons are discussed.

Key words: bonding and structure; decomposed granites; non-linear; shear and bulk modulus; stiffness (IGC:
D6/D3)

the numerical analyses related to non-linearity at small

INTRODUCTION strains has been performed to study deformations in ge-

Non-linear behaviour of most soils even at small
strains (0.001% =<&,=1%) is widely accepted. Figure 1
shows an idealisation of soil stiffness for a wide range of
strains. The shear modulus remains nearly constant at
very small strains and decreases as the shear strain in-
creases. At strains exceeding about 1%, stiffness is typi-
cally an order of magnitude less than the maximum, and
it continues to decrease as failure approaches. The strain
at which stiffness starts to decrease varies with plasticity
from about 0.001% for low-plasticity soils to about
0.01% for plastic clays (Georgiannou et al., 1991). The
non-linear stiffness-strain characteristics at small strains
are very important for understanding deformations asso-
ciated with soil-structure interaction problems. Typical
soil strains mobilised near geotechnical structures such as
retaining walls, foundations, and tunnels in stiff and
hard soils such as stiff clays and dense sands generally fall
within the classifications of small strain (Burland, 1989;
Tatsuoka and Kohata, 1994). Much of the research and

otechnical engineering (Jardine et al., 1991; Tatsuoka
and Shibuya, 1992; Simpson, 1992; Ng, 1992; Ng and
Lings, 1995; Jiang et al., 1997; Ng et al., 1998a).

Hong Kong is a mountainous city subjected to
prolonged subtropical climate conditions. Weathered gra-
nitic and volcanic rocks occupy most parts of Hong
Kong. The geology of Hong Kong is briefly revealed in
Fig. 2. Weathering generally can be classified into three
types: chemical weathering (decomposition), physical
weathering (disintegration), and biological weathering.
In tropical and subtropical regions such as Hong Kong,
chemical weathering is the dominant process. A six-fold
rock material weathering grade classification scheme was
recommended by the Geotechnical Control Office (GCO)
in 1988 as reproduced in Table 1. This scheme is current-
Iy used in Hong Kong. It can be seen that the more inten-
sively weathered the rock, the higher the weathering
grade. Grade I (fresh granite), grade II (slightly decom-
posed granite) to grade III (moderately decomposed
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granite, ‘“MDG”’) are generally considered as rock;
whereas grade IV (highly decomposed granite, “HDG’’),
grade V (completely decomposed granite, ““CDG’’) and
grade VI (residual soil) are collectively known as soil. In
geotechnical engineering terminology, MDG is a soft
rock, and HDG and CDG are named as granitic sapro-
lites, which still possess certain structure and bonding
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dense or stiff soils (Mair, 1993)

NG AND WANG

characteristics inherent in their parent rock (refer to
Table 1).

Many laboratory and field measurements of small
strain stiffness have been conducted on sedimentary soils
and soft rocks (Tatsuoka and Kohata, 1994; Viggiani and
Atkinson, 1995; Jovicic and Coop, 1997; Tatsuoka et al.,
1997). With a few exceptions such as Lee and Coop
(1995), Viana da Fonseca et al. (1997) and Ng et al.
(1998b; 2000), however, research on the stiffness-strain
relationship of decomposed rocks and soils at small
strains is relatively limited. Lee and Coop mainly focused
on the study of the strength parameters of a recompacted
decomposed granite from Korea, whereas Viana da Fon-
seca et al. concentrated their research on interpretation
of the pressure-settlement curve from footing load tests
in a granitic saprolite in Portugal. Ng et al. (1998b) pub-
lished some stiffness measurements of a CDG from
Kowloon Bay using local transducers only, but they did
not have measurements of elastic modulus for useful com-
parisons. Ng et al. (2000) compared the laboratory meas-
urements of CDG from Kowloon Bay with in-situ test
results using self-boring pressuremeter and the suspen-
sion P-wave and S-wave logging method from the same
site. However, the data were fairly scattered, especially at
very small strains. As far as the authors are aware, no
reliable test data and interpretations on small strain stiff-
ness of MDG and HDG from Hong Kong has been
reported in the literature.

In this research, the stiffness of decomposed granites in-
cluding CDG, HDG and MDG was measured in-situ at
Yen Chow Street for the new West Rail project by cross-
hole seismic tests, self-boring pressuremeter and high
pressure dilatometer tests, as well as in the laboratory by
using bender elements and internal local transducers fit-
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Table 1. Classification of granite decomposition grades of Hong Kong (from GCO, 1988)
Descriptive Slightly Moderately Highly Completely
term Fresh granite decomposed decomposed decomposed decomposed Residual soil
granite granite (MDG) granite (HDG) granite (CDG)
Grade symbol I I 1 v A VI
Characteristics |Not broken easily by |Not broken casily by {Cannot usually be Can be broken by hand |Original rock texture |Original rock texture
geological hammer geological hammer broken by hand; into smaller pieces preserved completely destroyed
Makes a ringing sound | Makes a ringing sound | easily broken by Makes a dull sound Can be crumbled by  [Can be crumbled by
when struck by when struck by geological hammer when struck by hand and finger hand and finger

geological hammer
No visible signs of

decomposition (i.e.

no discolouration)
Overall rock colour

geological hammer

Fresh rock colours
generally retained but
stained near joint
surfaces

Makes a dull or slight
ringing sound when
struck by geological
hammer

Completely stained

grey/ white Feldspars hard to throughout
Feldspars hard and slightly gritty Yellowish brown

shiny Orthoclase feldspars | Feldspars gritty
Biotite shiny, not often pink Biotite not shiny

stained
Quartz colourless or
grey, glassy

Biotite slightly stained
and dull around edges

N Schmidt rebound
value >45

N Schmidt rebound
value 25-45

geological hammer

Not easily indented by
point of geological
pick

Does not slake when
immersed in water

Completely discoloured
compared with fresh
rock

Yellowish brown to
yellowish orange/
brown

Feldspars powdery

Hand penetrometer
shear strength index
>250kPa

Positive N Schmidt
rebound value <25

pressure into
constituent grains

Easily indented by
point of geological
pick

Slakes when immersed
in water

Completely discoloured
compared with fresh
rock

Yellowish brown to
reddish brown

Feldspars powdery to
soft

Hand penetrometer
shear strength index
<250kPa

Zero rebound from N
Schmidt hammer

pressure into
constituent grains

Reddish brown

Feldspars completely
destroyed

Quartz is only
remaining primary
mineral; usually dull,
etched or pitted and
reduced in size
compared with fresh
condition

ted inside a triaxial apparatus. The objective of this
research is to study comprehensively the behaviour of
decomposed granites at small strains.

After obtaining high quality laboratory and field data
and achieving a reasonable understanding of the small-
strain characteristics of weathered granites, ideally ap-

shown in Fig. 3. Two groups of boreholes, located about
300 m apart, were drilled to carry out ground investiga-
tion work and in-situ field tests. At the south of the site,
three boreholes consisting of YCSIA,YCSIB and
YCSI1P were put down. Boreholes (YCS1A and YCS1B)
were to provide access for in-situ crosshole seismic tests.
High pressure dilatometer tests were conducted in bore-

propriate constitutive model(s) specifically for the
granites should be developed and applied in practice. In
the meantime, high quality interpreted data can be adopt-
ed for back-analysing case histories using some existing
strain and stress path dependent constitutive models such
as the “‘Brick mode!l’’ (Simpson, 1992). Once the selected
model and model parameters have been calibrated with
reliable and relevant case histories, they can be readily
adopted for engineering design analysis in similar ground
conditions. Alternatively, based on the back-analysis of
mobilised shear strains in the ground, soil stiffness at the
mobilised shear strain can be found and adopted in some
simple models for engineering designs in similar ground
conditions. Details of these approaches, and their advan-
tages and disadvantages are explained by Ng et al. (1995).
Moreover, the measured data can be used to assist en-
gineers to estimate and modify their empirical design
parameters.

GROUND CONDITIONS AND SOME PHYSICAL
PROPERTIES OF CDG

The study was carried out at one of the station sites of
the new West Rail Project in Hong Kong. The test site is
shown in Fig. 2 and the detail locations of boreholes are
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Fig. 3. Locations of boreholes
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hole YCS1P. The distance between YCS1A and YCS1B
is 6.12 m and borehole YCSI1P is almost at the midpoint
between them. In the northwest of the site, a second
group of boreholes including YCS2P and SBTA was
drilled. The distance between YCS2P and SBTA is 2.25
m. The former was put down to obtain high quality in-
tact samples using a Mazier sampler (GCO, 1990) for
laboratory testing and the latter was used for self-boring
pressuremeter tests. The geology of the site comprises a
sequence of fill and alluvium, overlying a thick layer of
decomposed granites, which are medium to coarse
grained. A simplified stratigraphy of the site is shown in
Fig. 4. At the first group of boreholes (YCS1A, 1B and
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1P), a linear variation of standard penetration N-value
(SPT-N) with depth was consistently measured from the
ground surface to about 43 m deep in the three bore-
holes. SPT-N blow counts exceeding 200 were ignored at
about 43 m deep or more. Three types of decomposed
granites varying from Grade V (CDG) through Grade IV
(HDG) to Grade III (MDG) were identified. At the sec-
ond group of boreholes (YCS2P and SBTA), only a sin-
gle layer of CDG, about 50 m thick, was found. The
SPT-N values in YCS2P varied almost linearly with
depth to reach 200 at about 45 m below ground.

Some physical property measurements of CDG speci-
mens taken from the site were conducted in the laborato-
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Fig. 5. Particle size distributions of CDG
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ry. Figure 5 shows the particle size distributions of the
specimens, which contain about 50% sand, 32% slit and
18% clay. The soil may be classified as clayey & sandy
slit. The uniformity coefficient C, is estimated to be 250.
Since the size of the soil particles (about 40%) is greater
than 425 ym, this CDG is considered low plasticity soil,
and no plasticity index can be determined.

IN-SITU MEASUREMENTS OF SOIL AND WEAK
ROCK STIFFNESS

Crosshole Seismic Measurements

Geophysical methods are useful to access some materi-
al properties in ground investigations. Details of several
geophysical methods are given by Dobrin (1988). Cross-
hole seismic tests measure seismic wave travel time and
hence the in-situ shear wave velocity between two bore-
holes. Given that the in-situ bulk density of a material is
known, the shear modulus of that material can be com-
puted from travel time and path length.

In the crosshole seismic measurements presented in
this paper, the seismic source was provided by a shear
wave hammer. Horizontally propagating, vertically po-
larized shear waves (Shy) were detected by a borehole-pick
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three-component geophone. In the borehole pick, three
orthogonal geophone units are housed. The borehole
pick is a three-axis borehole geophone of minimum di-
ameter 43 mm. An expandable rubber packer tube allows
the geophone to be coupled with the borehole walls for
making the detection of shear waves possible. The signal
from the geophone was recorded on a seismograph. The
frequency of the shear waves was about 200 Hz. The dis-
tance between boreholes YCS1A and YCS1B at the sur-
face was 6.12 m. The deduced path length of shear wave
propagation at different depths along the boreholes
varies from 6.07 m to 6.18 m. This shows that the vertical-
ity of boreholes is reasonably good. The shear wave veloc-
ity (V) profile is presented in Fig. 6.

The shear wave velocity of CDG increases gradually
from 29 m to 42 m. There is a gap at 43 m, and velocity in-
creases quickly after that. This may be caused by a
change of soil stratigraphy indicated by the measured
SPT-N values. There is a noticeable change in the rate of
increase of the SPT-N value with depth from 29 m to 42
m and from 43 m to 47 m (refer to Fig. 4a). According to
the substantial increase in SPT-N values between 43 m
and 47 m deep, a corresponding increase in measured
stiffness at depths of 43 m to 47 m is expected. Moreover,
the gap can be attributed to the ‘‘head’’ wave effect
(Dobrin, 1988), caused by the arrival of a refracted
““head’’ wave travelling in a stronger underlying stratum
at the receiver before the direct wave travelling in the
weaker overlying stratum. The velocity is likely to be
overestimated at a depth just above the interface between
the two strata and a correction is needed. A trend line
along the velocities of CDG at depths far from the inter-
face, which has less effect of ‘““head’’ wave behaviour, is
extended to the depth just above the interface to correct
the ‘‘head’’ wave behaviour. The trend line between

Shear wave velocity Vi, (m/s)

Fig. 6. Shear wave velocity profile at boreholes YCS1A and YCS1B

velocities and depth at depths 29 m to 42 m (the solid line
in Fig. 6) is extended to the depth of 47 m (the dashed
line in Fig. 6) to correct for the ‘‘head’” wave effect.
Given that the bulk densities of the materials are taken to
be 2000 kg/m? at depths 29 m to 43 m, 2200 kg/m’ at
depths 44 m to 47 m, 2400 kg/m? at depths 48 m to 53 m,
and 2550 kg/m?® at depths 54 m to 59 m (as shown in Fig.
7), the variations of shear modulus Gy, with depth can be
calculated and are presented in Fig. 8. The Gy, values at
depths 43 m to 47 m were calculated with corrected shear
wave velocities for the ‘‘head’” wave behaviour (the
dashed line in Fig. 6). The Gy, values increase at a small
rate initially from about 50 MPa corresponding to a
depth of 29 m to about 250 MPa at 48 m within the CDG
stratum (see Fig. 8). Between a depth of 48 m and 52 m,
there is a significant increase in the shear wave velocity in
the HDG layer (refer to Fig. 6). However, it is believed
that the measured increase in shear wave velocity could
have been affected by the ‘‘head’ wave behaviour to
some extent and could not be reliably accounted for prop-
erly due to the thin thickness of the HDG layer. There-
fore, the measured data with this HDG zone are shown in
Fig. 8 without any corrections and the interpreted stiff-
ness of HDG is likely overestimated.

From the top for MDG, the values of Gy, increase gen-
tly from about 5,500 MPa at a depth of 52 m to about ap-
proximately 7,000 MPa at a depth of 58 m but decrease
slightly towards the depth of 60 m. The measured elastic
stiffness of MDG is about 25% greater than that of
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HDG, which is in turn approximately 18 times higher
than that (about 300 MPa) of CDG at the bottom of each
stratum. This is likely attributable to the materials’ differ-
ent bond strengths and structures. MDG is a soft rock
and possesses a strong bonding and structure. In con-
trast, CDG only has weak bonding and structure.

The Gy, profile is in agreement with the stratigraphy of
boreholes YCS1A and YCS1B, which show a thick layer
of CDG over the depths between 29 m and 47 m and
HDG and MDG beginning at a depth of around 48 m
and 52 m respectively.

Self-Boring Pressuremeter Measurements

The purpose of a self-boring device is to enable a meas-
urement device to be installed at a test location with mini-
mum disturbance to soil. This enables the self-boring
pressuremeter to perform a loading test on virtually un-
disturbed soil to determine in-situ stresses, strengths and
deformation moduli. Details of self-boring pres-
suremeter tests are given by Clarke (1995). In order to
evaluate the stiffness-strain relationships of CDG, four
self-boring pressuremeter tests were carried out in bore-
hole SBTA at depths of between 39.4 m and 48.5m. A
Cambridge self-boring pressuremeter was used. Calibra-
tion of the strain arms and pressure cells were conducted
before and after the site work. Membrane stiffness and
compressibility were measured before commencing test-
ing and during the fieldwork for correction.

The borehole was put down by a drilling rig, and the
self-boring of the pressuremeter was carried out with
water flush using rotation and thrust from the drilling rig
to achieve penetration of between 1.1 and 3.0 m. Follow-
ing a relaxation period, typically 30 minutes, pressure
was applied under computer control in a strain-con-
trolled manner. Up to four unload-reload loops were car-
ried out during each test with a holding period prior to
each loop to minimize creep during the loop. The follow-
ing relationship was adopted to avoid the ground failure
in extension during the stress reversal from compression
to extension: (Clarke, 1995)

2 sin ¢’
142 sin ¢’
where A4 p{ is the range of unload and reload, p. is the cav-
ity pressure, (p.— Uo)max is the effective cavity pressure at
the start of unloading, u, is the measured ambient pore

pressure; and ¢’ is the estimated effective friction angle
of the material.

A4 pc’ = (pc_ uO)max

New Method to Interpret Non-Linear Stiffness from Pres-
suremeter Tests

Although the non-linear stress-strain characteristics of
soils are well-recognised, there is still some difficulty in in-
terpreting data from the pressuremeter tests. According
to Muir-Wood (1990), the tangent to the cavity pressure-
cavity strain relationship is equivalent to the secant modu-
lus (G;..) of soils. For the calculation of a tangent modu-
lus, however, differentiation of in-situ measured data is
needed. Due to unavoidable errors in the measurement
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Table 2. Summary of self-boring pressuremeter tests in CDG
Depth G G, Cavity strain ¢ New method (last loop only)
Test no. MP MP o ¢
(m) (MPa) (MPa) (%) G (MPa) Shear strain &, (%)

234(1st loop) ‘ 0.04(Ist loop) 250 0.02

| 9.4 54 218(2nd loop) 0.07(2nd loop) 221 0.06

) 254(3rd loop) 0.06(3rd loop) 202 0.08

206(4th loop) 0.11(4th loop) 178 0.11

204(1st loop) 0.07(1st loop) 258 0.03

2 42.4 47 213(2nd loop) 0.07(2nd loop) 222 0.06
174(3rd loop) 0.13(3rd loop) 163 0.12

219(1st loop) 0.04(1st loop) 279 0.03

3 45.0 44 335(2nd loop) 0.03(2nd loop) 255 0.06
266(3rd loop) 0.08(3rd loop) 220 0.09

301(1st loop) 0.05(1st loop) 313 0.03

4 48.5 63 269(2nd loop) 0.09(2nd loop) 276 0.06
304(3rd loop) 0.07(3rd loop) 236 0.09

systems, test data will not necessarily liec on a smooth
curve, and simply differentiating the data will amplify
these errors. There are two methods available to tackle
this problem. Muir-Wood (1990) and Jardine (1991) sug-
gest an empirical relationship to fit the experiment data
and conduct differentiation on the fitted mathematical
curve. Alternatively, Ferreira (1992), Robertson and Fer-
reira (1993), and Fahey and Carter (1993), and Fahey
(1998) have developed another type of curve fitting
method that incorporates a stress-strain constitutive
model. The greatest weakness of the former method is
that curve-fitting is just a numerical technique and it does
not give any insight into the discrepancy between the
measured data and the fitted curve. Thus, the fitted curve
may not truly represent the test data. The weakness of
the second method is that any improper predetermined
soil model incorporated during data interpretation may
impose unnecessary constraints and mask the true behav-
iour of soils.

In order to avoid the problems discussed above, a
different approach (Li et al., 1998), which utilises a digit-
al signal processing technique and applies it in geotechni-
cal engineering, was adopted in this study. This digital
signal processing method reduces the influence of high
frequency noise during interpretations and eliminates
any constraint of a pre-determined constitutive model on
interpreted results. The key aspect of the digital signal
processing technique is based on the sampling theorem
and utilizes a noise-filtered differentiator to simultaneous-
ly differentiate the measured data and filter out the noise.
The method performs true differentiation without an as-
sumed mathematical expression. Details of the digital sig-
nal processing technique and applications are given by Li
et al. (1998) and (Wang, 2000).

For interpreting measured data from self-boring pres-
suremeter tests, the secant modulus of soils was calcu-
lated with the following equation (Clarke, 1995):

Giec=0.5(1 + curr) b
sec Ve ( Ecurr dgcu"

where G is the secant modulus of soils or tangent modu-
lus of pressuremeter tests, and &, is the current cavity
strain which can be calculated as followed:

€c— Eum

1+é&um

801"'1’ =

Here &, is the maximum cavity strain for the unloading
portion, and ¢, is the cavity strain.

Results of Self-Boring Pressuremeter Tests

All four sets of test data interpreted for all cycles using
the traditional interpretation method (Clarke, 1995) are
tabulated in Table 2. As expected, the shear modulus in-
terpreted from the initial loading stage is substantially
lower than those of the subsequently unloading/reload-
ing loops. This is mainly because disturbance during in-
stallation of the pressuremeter may have induced substan-
tial plastic strains in the surrounding soil. In order to
ensure that the soil responds elastically, it is more satisfac-
tory to determine the shear modulus of the soil from the
slope of an unloading/reloading (Mair and Wood, 1987).

For interpreting the test data using the digital signal
processing technique (Li et al., 1998), it was reasonable
to ignore data from the first loading loop for the reason
given in the previous paragraph. Moreover, since the
measured data points from each subsequent unloading/
reloading loop of the tests were very limited and hence
the strain range was too small (i.e., 0.03-0.11%), they
were not suitable for the digital signal processing
method. Therefore, only the test results from the last
complete unloading loop of each test were taken to evalu-
ate the stiffness-strain relationship, and the interpreted
results are also given in Table 2 for comparisons. At each
strain level, the secant modulus of pressuremeter (G)
from each unload/reload loop agrees with the interpreta-
tion results using the digital signal processing technique.
The non-linear characteristics of CDG interpreted using
the digital signal processing technique are shown in Fig.
9. The secant modulus decreases significantly as shear
strain increases. All four tests have similar non-linear
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Fig. 9. Non-linear characteristics from self-boring pressuremeter tests

characteristics, and the magnitude of shear modulus in-
creases as depth increases. As the shear strain increases,
the test curves converge. The interpreted results from the
crosshole seismic tests are also included in Fig. 9. They
are fairly consistent with the pressuremeter tests and
form the so called ¢‘S-shaped’ shear stiffness-strain
relationship. In Fig. 9, the results for Fucino clay
(Robertson and Ferrira, 1993) and Pleistocene sand
deposit (Mori and Tsuchiya, 1981) from pressuremeter
and seismic tests are also included. They all show similar
non-linear characteristics. However, the magnitude is
quite different. The stiffness of CDG is about twice as
large as that of Pleistocene and about ten times larger
than that of Fucino clay at the same strain level. The
strain thresholds of CDG and Pleistocene sand deposit
are about 0.03%.

High Pressure Dilatometer Tests

A Cambridge high pressure dilatometer (Clarke, 1995)
was used to perform two tests on loading the walls of
borehole YCSI1P to evaluate deformation and stiffness
characteristics of HDG and MDG. The tests were carried
out at depths of 51.5 m and 52.8 m. Calibration of the
strain arms and pressure cells was carried out before and
after the site work. Measurements of the membrane stiff-
ness and compressibility were made before commencing
testing and during the fieldwork for correction. Some of
the interpreted test results are shown in Table 3. General-
ly the test results from the high pressure dilatometer are
about twice to six times smaller than those obtained from
the cross-hole seismic test results for MDG and HDG re-
spectively. The difference may be caused by possible un-
derestimation of stiffness due to disturbance using the
dilatometer and possible overestimation of stiffness due
to ““head’’ wave effects during a seismic test, especially in

Table 3. Comparison between dilatometer and cross-hole seismic

tests
. G; from G, from | Gy, from
Test no. D(emp')th M?terelal dilatometer | dilatometer | cross-hole
P (MPa) (MPa) (MPa)
1 51.5 HDG 400 900 5500
> 3000
2 52.8 MDG — > 3000 7000
> 3000

the HDG layer. Nevertheless, the unload-reload shear
modulus (G,,) of MDG and HDG are larger than 3000
MPa and about 900 MPa, respectively, which are subse-
quently larger than that of CDG (about 300 MPa). The
difference of modulus in decomposed granites is likely at-
tributable to the difference in the materials’ bonding
strength and structure. MDG, HDG and CDG have the
same parent rock but are subjected to different degrees of
decomposition due to weathering (refer to Table 1),
which leads to variations in bond strength and structure
from strong to weak between the materials. MDG, which
may be described as weak rock, is subjected to less
weathering and has the strongest bonding and structure,
and thus the largest shear modulus. CDG, which is a soil
and may have weak bonding and structure, is decom-
posed completely. CDG’s shear modulus is therefore the
smallest.

LABORATORY MEASUREMENTS OF STIFFNESS-
STRAIN RELATIONSHIPS OF CDG

Measuring Devices
The laboratory tests were carried out using a com-
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puter-controlled stress path triaxial apparatus. Stiffness at
small strains was measured using three Hall Effect inter-
nal transducers, including a pair of axial gauges and a sin-
gle radial gauge. The resolution of the Hall Effect trans-
ducers is claimed to be 0.002% strain and the accuracy of
the transducers can be as good as 0.01% strain (Clayton
and Khatrush, 1986). The elastic shear modulus (Gyniab)
at very small strains was obtained by using bender ele-
ments (Dyvik and Madshus, 1985; Viggiani and
Atkinson, 1995). The modulus is determined by measur-
ing the velocity of a shear wave travelling through the
sample, which is similar in principle to the crosshole seis-
mic tests. Arulnathan et al. (1998) pointed out that the
delay time obtained from characteristic points or cross-
correlation between the transmitted and received waves
in bender elements tests is theoretically incorrect in most
cases because: (1) the output signal of the receiving bend-
er is measuring a complex interaction of incident and
reflected waves; (2) the transfer functions relating the
physical wave forms to the measured electrical signals in-
troduce significant phase or time lags that are different at
the transmitting and receiving benders; and (3) non one-
dimensional travelling waves and near field effects are not
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accounted for. The errors due to the significant phase or
time lags introduced by the instrumentation systems can
be minimised to an acceptable level by using a powerful
analyser. The transmitting bender can be regarded as a
“‘point source’’ only for the ratio A/4 is much larger
than 4, where A is the wavelength of the signal and /, is
the length of the bender element inserted into the soil
specimen. On the other hand, the ratio L/A should be
kept as large as possible in order to minimise a near-field
effect, where L is the path length of shear wave propaga-
tion. The frequency of the input signal therefore has to
be chosen to balance these conflicting factors. Several ex-
citation frequencies were tried in order to determine the
best frequency for CDG. Some typical time histories of
the transmitting and receiving waves of bender elements
are shown in Fig. 10. It can be seen that the near field
effect may easily mask first arrival of a shear wave when
the excitation frequency is low (Fig. 10(a)). When the ex-
citation frequency is too high, the output signals are also
complicated, due to the invalidity of ‘‘point source’’ as-
sumption (see Fig. 10(c)). When the optimum frequency
(6 kHz) is adopted, the output signals are clear, and
hence, the first arrival of the shear wave is well-defined
(Fig. 10(b)).

The error of the bender element tests is mainly associ-
ated with an inaccurate determination of the first arrival
of a shear wave. When the optimum frequency is adopt-
ed, the first arrival of a shear wave can be well recognised
and hence the travel time of the shear wave can be deter-
mined with high accuracy. The error of elastic shear
modulus obtained from the bender element tests in this

"paper is estimated to be less than +5%.

Sample Preparation and Testing Procedures
Laboratory tests were run with natural (intact) CDG
specimens nominally 76 mm in diameter and 152 mm

Time (ms)

Fig. 10. Effect of input signal frequency on output signal

high, which were taken from borehole YCS2P using the
Mazier sampling technique (GCO, 1990). Details of the
test specimens are given in Table 4. After being extruded
from a plastic PVC tube, the specimens were set into a
76 mm diameter plastic mould and both ends of the speci-
men were cut to a length of 152 mm with a wire saw.
Great care was taken during the sample preparation to
minimise disturbance. The samples were saturated with
the de-aired water flowing from bottom to top under a
high isotropic effective stress, which was estimated to be
the mean effective stress in the field. This was to minimise
any potential disturbance caused by a change of effective
stress during saturation. Black and Lee (1973) relate the
required Skempton’s B value for full or nearly full satura-
tion to the soil stiffness. For stiff soils, a smaller B value
(Iess than 1) may be acceptable. Instead of using the tradi-
tional criterion for full saturation, a different saturation
criterion suggested by Head (1986) was adopted. If sever-
al successive equal increments of confining (cell) pressure
give an identical value of B, the specimens were consid-
ered as fully saturated, even though the B value was less
than 0.9 for stiff specimens (refer to Table 4). After satu-
ration, three different series of tests were conducted to
evaluate the stiffness of CDG at different strains: (1) a
“B”’ series, determining elastic modulus using a bender
element, (2) a *‘C”’ series, drained constant p’ compres-
sion tests, and (3) a ‘K’ series, drained constant g (g=0)
test, with increasing isotropic confining pressure, where
p’ and q are the mean effective and deviator shear stress
respectively. The first three numerical numbers in each
sample identity denote the magnitude of initial mean
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Table 4. Details of intact CDG specimens
Sample Depth | Initial moisture Incremental Final
ide tIi)t (n}:) pi (kPa) Test path or type content before B value B value moisture
oty saturation (%) | content (%)
100B 23.0-24.0 100 Bender element test 33.1 0.02 0.95 32.7
100C 23.0-24.0 100 Constant p’ compression test 33.8 0.02 0.94 324
100K 23.0-24.0 100 Constant g=0 test 33.3 0.02 0.94 32.1
150B 27.5-28.5 150 Bender element test 28.5 0.03 0.94 27.0
150C 27.5-28.5 150 Constant p’ compression test 27.4 0.05 0.89 27.3
150K 27.5-28.5 150 Constant g=0 test 28.8 0.06 0.90 27.7
200B 36.5-37.5 200 Bender element test 22.1 0.04 0.94 20.9
200C 36.5-37.5 200 Constant p’ compression test 22.0 0.05 0.90 20.4
200K 36.5-37.5 200 | Constant g=0 test 21.0 0.05 0.88 19.8
250B 44.0-45.0 250 ’ Bender element test 19.1 0.04 0.86 18.0
250C 44.0-45.0 250 ‘ Constant p’ compression test 17.1 0.04 0.84 16.9
250K 44.0-45.0 250 Constant g=0 test 17.9 0.06 0.84 16.1
300B 53.0-54.0 300 Bender element test 15.3 0.03 0.83 14.6
300C 53.0-54.0 300 Constant p’ compression test 15.9 0.03 0.81 14.2
300K 53.0-54.0 L 300 Constant g=0 test 15.0 0.03 0.84 13.5
Note: p; is the estimated mean effective stress in the field.
Specific gravity G, of CDG: 2.64 Mg/m®
200000 ,
: : : +  This study
180000 |----- s G A e -
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Fig. 11. Normalised elastic shear modulus

effective stress (p{). A slow test rate of 6 kPa to 7 kPa per
hour was applied.

Measurements of Elastic Shear Stiffness

In order to measure G at different mean effective
stresses (p’) using the bender elements, specimen 150B
was isotropically consolidated from 150 kPa to 350 kPa.
Shear wave velocity was measured, and, hence, Gypap, Was
determined at every 50-kPa interval. The measured Gy
valves at every 50-kPa interval are shown in Fig. 11. Simi-
lar to sands and clays, an empirical power relationship be-
tween the G (0 Go) and p’ can be found for CDG and

the relationship can be expressed as Gy /p.=A(p’'/p.)",
where p, is the reference pressure taken as 1 kPa. Based
on G,y measurements, the values of 4 and » in the em-
pirical power relationship were found to be 2535 and
0.691 respectively. Comparisons of the test results with
the measured values of London Clay (Viggiani and Atkin-
son, 1995) and sands (Jovicic and Coop, 1997) are shown
in Table 5. It is found that the A value of CDG lies be-
tween those of London clay (i.e., 1964) and sands (i.e.,
3096-3899). On the other hand, the measured n value
(0.691) for CDG is a little bit higher than the reported
values for London clay (0.653) and sands (0.593-0.686).
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Table 5. Comparison of elastic shear modulus between different soils

Soil type A value | n value Reference
Dogs Bay Sand 3096 | 0.686 Jovicic and Coop, 1997
Ham River Sand 3899 0.593 Jovicic and Coop, 1997
London Clay 1964 0.653 | Viggiani and Atkinson, 1995
Granitic Saprolite | 107 | 819 |Viana da Fonseca et al., 1997
in Portugal
 ThisStudy | 2535 | 0.691 Ng and Wang, 2000

Note: A and n values of Granitic saprolite in Portugal were calculated
from measured elastic Young’s modulus and Poisson’s ratio.

Viana da Fonseca et al. (1997) studied the elastic stiff-
ness of a natural granitic saprolite (CDG) in Portugal.
They measured the elastic Young’s modulus (E) and Pois-
son’s ratio (v) in triaxial tests with internal strain gauges.
The converted elastic shear modulus of granitic saprolite
in Portugal was also shown in Fig. 11. As expected, the
elastic shear modulus increases as confining pressure in-
creases. However, the granitic saprolite in Portugal
seems to be stiffer than CDG in Hong Kong.

Bender element tests were also carried out on speci-
mens 100B, 200B, 250B and 300B to measure. Gynap at
isotropic confining pressures 100, 200, 250, 300 kPa, re-
spectively. The test results are summarised in Table 6. As
the mean effective stress varies from 100 kPa to 300 kPa,
the measured Gynab increases from 80 MPa (100B) to 196
MPa (300B).

Variations of Shear Stiffness with Shear Strain

For determining shear stiffness-shear strain characteris-
tics, drained tests were carried out using a constant p’
stress path. Tests 100C, 150C, 200C, 250C and 300C
were the compression tests conducted at constant

500

Table 6. Comparison between measured stiffness in field and laborato-

ry
Sample | Depth y4 Gopiad Gy from Difference
identity | (m) | (kPa) | (MPa) “"S(;k/}‘f’}:)“"“ (%)
100B | 23.0-24.0 | 100 | 80 113 29
1S0B | 27.5-28.5 | 150 | 82 147 4
200B | 36.5-37.5 | 200 | 104 197 46
250B | 44.0-45.0 | 250 | 142 294 52
300B | 53.0-54.0 | 300 | 196 389 50

Note: Gy, at depths of 23.0-24.0 m and 53.0-54.0 m are extrapolated
from the crosshole test results. G, are measurements from ben-
der element tests.

p{ =100, 150, 200, 250 and 300 kPa, respectively, where
pi is estimated in-situ mean effective stress. Figure 12
shows the normalised secant shear stiffness (G../p’)
against shear strain on the semi-logarithmic scale. For all
the tests, it is evident that the shear stiffness of soil is high-
ly non-linear and that stiffness decreases significantly as
shear strain increases.

The ““C’’ series test results fall to the lower bound of
the test results on CDG specimens taken from Kowloon
Bay (Ng et al., 1998b). The CDG specimens of Kowloon
Bay were all taken from about 36 m below ground (esti-
mated p/ =200 kPa) but the test results were scattered.
This is likely attributable to a significant variation in ini-
tial moisture content (i.e., 19.19%-35.15%) in the speci-
mens from Kowloon Bay. However, the initial moisture
content of the test specimens presented in this paper
decreases as depth increases (refer to Table 4). Loss of
moisture content of the soil specimen from Kowloon Bay
during sample storage is a likely reason for the higher

300 b e

250 fo o R

G /p'

150
100

50

450 N T T SRR RE R
400 frodee N

50 [-o o g T

. . . . Sample identity:
' e 100C

150C
200C
250C
300C :

Lower bound (Ng et al., 1998b) : '

o X b O

0.001 0.01

0.1 1

Shear strain € (%)

Fig. 12. Variations of shear stiffness with shear strain of intact specimen
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Fig. 13. Variations of bulk modulus with volumetric strain of intact specimen

stiffness. At 0.01% shear strain, the normalised shear
stiffness is about 200, and the difference between the tests
decreases as shear strain increases. At about 0.1%, the
five sets of measurement appear to merge together with
G../p’=100. As the shear strain approaches 1%, the nor-
malised shear stiffness of the CDG specimens drops be-
low 50.

Variations of Bulk Modulus with Volumetric Strain
For evaluating the bulk modulus-volumetric strain
characteristics, the soil specimens (100K, 150K, 200K,
250 K and 300 K) were isotropically consolidated from in-
itial mean effective stress (p/), which was estimated to be
the mean effective stress in situ, to 400 kPa, respectively.
Figure 13 shows the measured normalised secant bulk
modulus (K/p’) versus volumetric strain on the semi-
logarithmic scale. Perhaps, it is not surprising to see that
the bulk modulus also decreases significantly as volumet-
ric strain increases. K/p’ decreases from about 400 at
0.01% to about 50 at 1%. The maximum elastic bulk
modulus (Kmax) can be calculated by using elastic theory
for isotropic material (i.e., Kuaux=2Go(1+v)/3(1—2v)).
By assuming a Poisson’s ratio of 0.2, the K.« value was
calculated using the average value of the measured. The
Kax values calculated with v=0.1 and 0.3 are also shown
in the figure. It is encouraging to see that the calculated
Kinax value using v=0.2 matches quite well with the ex-
perimental data obtained by the Hall Effect transducers if
a trend line is extrapolated (the dashed line in Fig. 13).

COMPARISONS BETWEEN THE FIELD AND THE
LABORATORY TEST RESULTS

Elastic Shear Stiffness of CDG
A comparison between Gy, from crosshole seismic meas-

urements in CDG and G.p Obtained in the laboratory
using bender elements is summarised in Table 6. Both
sets of tests shows an increase in shear stiffness as depth
or mean effective stress (p’) increases. The magnitude of
Giniab 1S, however, smaller than the magnitude of in-situ
Ghy (Giiav=50-80% Gy,). This may be attributable to
differences in the field and laboratory stress conditions,
and sample disturbance. In the laboratory, an isotropic
mean effective stress, which was estimated from the
ground condition by assuming K, value of 0.4 (Viana da
Fonseca et al. 1997), was applied to CDG samples.
However, it is obvious that the field stress condition is
very different and is anisotropic in the ground. Stokoe et
al. (1994) demonstrated that the travelling velocity of a
shear wave is not only governed by stress in the direction
of propagation but is also controlled to different extents
by stress in the direction of polarisation. The isotropic
stress state in bender element tests seems to underesti-
mate the influence of stress on shear wave propagation in
the vertical direction.

Although the Mazier sampling technique (GCO, 1990)
was applied to obtain tube samples from the field and
great care was taken during the sample transportation
and sample preparation, some disturbance was inevita-
ble. This is because natural CDG is generally believed to
have some weak bonding, due to the inherent characteris-
tics of the parent rock. The weak bonding is likely to be
sensitive to disturbance. A soaking test was carried out to
assess any bonding in the samples. The samples were
soaked in the water and collapsed completely within a
few minutes. It was clear that the samples’ loss of bond-
ing was either complete or they did not have any bond
strength in the field.
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Fig. 14. Comparisons between the field and laboratory tests

Non-Linear Characteristics of CDG

For comparing the field and laboratory measured non-
linear characteristics of CDG, Fig. 11 shows the meas-
ured modulus of the ““C’’ series tests and the secant shear
modulus from self-boring pressuremeter tests normalised
to mean effective stress (Gy./p’) versus shear strain on
the semi-logarithmic scale. The mean effective stress used
to normalise the pressuremeter test results is the average
value of effective cavity expansion pressure (oi=p;),
effective overburden pressure (o3), and the lateral earth
pressure at rest (g;). Because no reliable pore water pres-
sure measurement is available, pore water pressure is
taken as a hydrostatic state. For calculating o3, a Kp
value has to be measured or estimated. It is extremely
difficult to determine reliable horizontal stress and hence
K, value from the self-boring pressuremeter tests in the
completely decomposed granite or granitic saprolite from
YCS2P, and so the measured K, value of 0.4 from a Por-
tugal granitic saprolite (Viana da Fonseca et al., 1997)
was applied to estimate o3. It can be seen from Fig. 14
that both the field and the laboratory test results show sig-
nificant non-linear characteristics. Shear modulus
decreases as the shear strain increases. However, the
G/ D from field tests is higher than that from laborato-
ry tests. The Ge./pi value of the field tests varies from
230-330 to 50 as the shear strain increases from 0.02% to
1%. The G,./p6 value of the laboratory tests decreases
from about 150 to 40 as the shear strain changes from
0.02% to 19%. The difference between them decreases and
they tend to converge as the strain approaches 1%. It can
also be seen that the strain thresholds in the laboratory
test results and field test results are quite different. The
strain threshold in the laboratory seems to be less than
0.001%, which is much smaller than that of the field tests
(about 0.03%). The loss of bonding and structure result-
ing from sample disturbance is likely to be the main rea-

son to explain the observed significant differences. Dur-
ing sampling, transportation, and preparation, intact
samples are subjected to disturbances that cause loss of
bonding and structure. Similar difficulties with Tokyo
Bay clay (Tatsuoka et al., 1997), silica sandstone
(Cuccovillo and Coop, 1997) and sand (Atkinson et al.,
1990) have been reported in the literature. Cuccovillo and
Coop concluded that existing bonding is the main factor
that influences on the stiffness of structured sands. Atkin-
son et al. found that cemented sands have higher stiffness
(about 4 times) and a larger strain threshold than those
of uncemented sands.

The difference between the field test results and the
laboratory test results shown in Fig. 14 can also be at-
tributed to some other possible reasons such as different
loading and boundary conditions and anisotropy of
CDG. The loading conditions in the triaxial tests are axi-
al symmetric, the sample is subjected to compression
test, and boundary conditions are well-defined. The
boundary and loading conditions of self-boring pres-
suremeter, on the other hand, are in fact very complicat-
ed (Atkinson and Sallférs, 1991). The soil elements
around the pressuremeter are subjected to different stress-
es, strains and stress paths (e.g. extension test mode).
The modulus measured by this is simply an averaged soil
property. Moreover, as far as the authors are aware, any
anisotropic characteristics of the CDG have not been
well-studied and published in the literature. If the stiff-
ness of CDG is strongly anisotropic, then it may be
another possible reason for the discrepancy observed be-

“tween the laboratory and field test results.

CONCLUSIONS

Both field and laboratory tests were carried out to
study small strain stiffness characteristics of decomposed
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granites in Kowloon, Hong Kong. In the field, crosshole
seismic tests, self-boring pressuremeter, and high pres-
sure dilatometer tests were conducted. In the laboratory,
bender elements and internal transducers (Hall Effect
transducers) were adopted in a stress path triaxial appara-
tus. Based on the test results, several conclusions can be
drawn:

1. The measured Gy, profile from crosshole seismic
tests between boreholes YCS1A and YCSIB is in
agreement with the stratigraphy. The Gy, value in-
creases gradually at a small rate from a depth of 29
m to 47 m in completely decomposed granite (CDG).
The Gy, value increases rapidly from a depth of 48 m
to 52 m in highly decomposed granite (HDG) and
remains fairly constant below 53 m in moderately
decomposed granite (MDG).

2. The in-situ crosshole measurements show that the
elastic stiffness of MDG (7000 MPa) is about 25%
greater than that (5500 MPa) of HDG, which is in
turn approximately 18 times higher than that (300
MPa) of CDG at the bottom of each stratum. This is
likely attributable to the materials’ different bond
strengths and structures. MDG is a soft rock and it
possesses a strong bonding and structure inherited
from its parent rock. In contrast, CDG may only
have weak bonding and structure.

3. Elastic stiffness measurements of CDG using bender
elements in the laboratory indicate that the measured
A-coefficient in the expression of G,/p.=A(p/p:)"
lies between similar tests for clays and sands report-
ed in the literature. However, the measured n-value
for the CDG is larger than the measured n-value for
London clay, Dog Bay and Ham River sands.

4. Comparing the field and laboratory measurements of
elastic stiffness of CDG, the elastic stiffness as deter-
mined by the bender element tests is generally about
50-80% of that from the crosshole seismic tests.
These discrepancies may be attributable to sample
disturbance and different stress conditions in the
field and in the laboratory.

5. Both self-boring pressuremeter tests in the field and
laboratory triaxial tests show that the stiffness-strain
characteristics of CDG are highly non-linear. The
laboratory shear stiffness and bulk modulus decrease
significantly as shear strain and volumetric strain in-
crease, respectively. A markedly different method
was adopted to interpret non-linearity of CDG from
self-boring pressuremeter tests. The interpreted
results from self-boring pressuremeter tests are con-
sistent with the in-situ crosshole seismic tests and
form a so called ‘‘S-shaped’’ non-linear stiffness-
strain relationship. Similar non-linear stiffness-strain
characteristics were also obtained in the laboratory
using bender elements and internal local transducers.
The self-boring pressuremeter test results indicate a
greater stiffness and strain thresholds than those
from the local transducers in the laboratory. At large
strains, both field and laboratory-measured stiffness-
es tend to converge.
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NOTATION

E=Elastic Young’s modulus
Gy =Elastic shear modulus
Gy,=Elastic shear modulus obtained from horizontal propagating
vertically polarised shear wave during crosshole seismic tests
G;=Initial shear modulus of pressuremeter tests
G, =Secant modulus of soils
G, =Secant modulus of pressuremeter tests
Gipiap =Elastic shear modulus from bender element tests using vertical
propagating horizontally polarised shear wave
K=Bulk modulus
K,=Coefficient of earth pressure at rest
K ax=Maximum elastic bulk modulus
L=Path length of shear wave propagation
Vi =Velocity of horizontal propagating vertically polarised shear
wave in crosshole seismic tests
k=Coeflicient of permeability
I, =Length of bender element inserted into the soil specimen
p.==Cavity pressure in pressuremeter tests
pi=Effective cavity pressure in pressuremeter tests
p’ =Mean effective stress
P =Mean effective stress in-situ measured from pressuremeter tests
p{ =Initial mean effective stress estimated in situ
p.=Reference pressure taking as 1 kPa
g=Deviator shear stress
uy=Measured ambient pore pressure in pressuremeter tests
g.=Cavity strain
Ecurr =Current cavity strain
&;="Triaxial shear strain
£um=Maximum cavity strain for unloading portion
&, = Volumetric strain
'=Effective friction angle
A=Wavelength of the signal
v=Poisson’s ratio
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