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CHAPTER 1

INTRODUCTION

In-situ measurement techniques such as the cone penetration test
(CPT) are indirect methods of subsurface soil exploration where
information ig obtained without the need to obtain representative soil
samples. The results do not rely on the successful retrieval of
undisturbed samples and measurements are taken under actual field

conditions instead of the synthetic environment of the laboratory.

CPT has played an important part in both onshore and offshore soil
investigations. Many cone penetrometers are in use, and even though
they adhere more or less to the European standards, they may give
different results due to instrumentation and probe soil interaction
effects (Campanella and Robertson, 1981, 1982). This means that soil
parameters interpreted from cone penetration tests may be different
depending on the type of cone penetrometer and the laboratory or field
conditions under which they are used. Hence, repeatability of results
obtained using an electrical cone and the procedure related to the

accuracy of these results become important.

Being a faster and simpler test than other in-situ tests, CPT's
adaptation for common use in site investigation has accelerated in the
last decade. However, in all the applications of CPT data the soil
parameters, properties and characteristics could only be arrived at
indirectly. The method of inference is commonly developed by either
direct calibration, empirical correlations or assumed theoretical

relationships.

Sometimes these approaches may not take account of sufficient
variables. It is essential, therefore, that a sound theoretical basis



be developed and verified against data from accurate and reproducible
experiments in which soil properties are controlled and actual
penetration mechanisms observed. Cone resistance is determined by
several factors which cannot, at present, be incorporated in a single
formula that relates the CPT values to soil properties. A brief review
of the previous theoretical as well as the experimental work on

penetration mechanisms is given in Chapter 2.

There are two approaches that are commonly used to interpret CPT

data in sand:

The first approach is the direct one that aims at correlating the
measured cone stresses (cone tip resistance, dor and sleeve friction,
fs) with measured performance of foundations without the need to
evaluate any soil parameters. For example, the measured bearing
capacity of a shallow pile might be expressed as a function of de- This
approach leads to empirical methods in which the quality of the result
is strictly linked to the number and quality of the case histories upon
which the approach has been established.

The second approach is to use large scale calibration chambers in
order to make penetration tests in samples of known sand at predesigned
densities. The latter are obtained through special pluviation
techniques which depend on the rate of pouring and drop of the sand
particles. The pluviated sample is then compressed to the desired
stress level and the penetrometer pushed into the sample while its cone
stresses are measured. Small scale laboratory tests are often required
to obtain the conventional engineering properties of the tested sand
and the measured penetration stresses and small scale test properties
are then correlated so that the latter may be deduced from field values
of the former and used in design. This approach, although basically
more sound and rational than the direct one, suffers in that a
theoretical support requires the solutions for very complex boundary
value problems that are rarely feasible for the CPT (Jamiolkowski et
al., 1988). Despite this, the indirect approach has been used in the
past 15 years by performing comprehensive calibration chamber (CC)



tests on numerous silica sands of varying crushability with the aim of
validating and improving the existing correlations between the cone
stresses and engineering parameters for a wide range of soil types and
conditions.

In this regard, a large calibration chamber has been on loan from
the Norwegian Geotechnical Institute (NGI) to Southampton University
for the past decade. It holds a cylindrical sample of sand 1.2 m
diameter by 1.5 m high with sides and base having independent,
flexible, constant pressure support whilst the rigid top has a central
hole through which a full scale penetrometer (10cm2 in cross-section)
may be passed and forced into the soil mass.

An initial Southampton project, supported by NGI and SERC,
comprised a total of 73 successful loading and penetration tests in
Hokksund sand [SU series] and involved both full scale and half scale
penetrometers to include the study of scale effects. These tests were
performed under two distinct lateral boundary conditions: one constant
pressure [denoted by BCl] and the other zero mean lateral strain
[denoted by BC3] with stress histories ranging from normally
consolidated (NC) to very overconsolidated (OC) and all at various soil
densities. An analysis of the results of the SU series, as well as
those of comparable tests in Norway and Italy, is given in Chapter 3 in
order to investigate existing techniques for the interpretation of CPT
data on sand.

The results of the analysis show that calibration chamber tests on
dense Hokksund sand are affected by the size of the chamber and thus
raise questions about the validity of the obtained experimental
results. Extensive research by NGI and others together with the
findings in Chapter 3 has shown that the chamber-to-cone diameter ratio
should be higher than an estimated 50 [the NGI chamber’s is only about
34 when using the standard cone] if boundary and size effects
[sometimes also called the scale effects] are to be eliminated. Cone
stresses have been shown to be underestimated in both BCl and BC3
cases and the effect is believed to be linked, mainly, to the influence



of the lateral boundary on the calibration chamber specimens.

The use of chambers having dimensions sufficiently large to avoid
the chamber size effects for dense samples has met limitations in the
cost effectiveness of research programs. Some researchers have
suggested the implementation of a computer controlled feedback at the
radial boundary of the specimen to simulate the stress which will occur
at the same radius for a hypothetical cylinder of soil having infinite
radius. This would be useful if a clear understanding of the
penetration mechanism existed and has been partially successful in the
testing of pressuremeters in sand by assuming a plane strain type of
expansion. It has been found difficult to extend the analysis to the
effects of chamber size on the CPT results as the variation with depth
makes any numerical analysis very complex and requires a description of
soil behaviour in 3-D which is practically impossible to measure

directly.

Having recognised this fact, researchers have tried to quantify
the scale effect by introducing some correction factors to the measured
cone resistance values depending on the stress level and the stress
history of the sample. Hence, Chapter 4 focuses on the effects of

boundary conditions and chamber size from various perspectives.

The present research program seeks to model a more natural
boundary behaviour and this, ideally, would have required the
implementation of a variable stiffness boundary for testing soils of
different stiffnesses. Such a design was, however, beyond the available
resources and a basically constant stiffness boundary was, therefore,
adopted and thus limited the range of soil stiffness conditions that
could be studied.

Since the boundary stiffness effect is most noticeable in very
dense sand, the required stiffness for the modified chamber needed to
be determined for the test sand (Hokksund sand) at one stress under NC
conditions and another under a given over-consolidation ratio (OCR) (to
give the same lateral stiffness) and chosen to match similar stress



conditions in tests under the previously setup boundary configurations
(i.e., BC1 and BC3). The boundary strains produced during CPT would be
beyond the elastic range of a simple thin walled, steel, confining
cylinder and the boundary stiffness was, therefore, modelled by using a
radial compression layer using natural rubber strips placed at certain
spacings and covered with a thick layer of solid rubber (which
distributed the load and filled out the annulus between the flexible
sample membrane and the inner wall of the chamber). The design of the
new boundary stiffness required an extensive preliminary research
program which included the development of a full-length, axially
placed, expanding cylinder designed to expand in three, approximately
equal length sections, in plane strain expansion. The development of
this expanding cylinder together with a complete testing program under
various boundary conditions including a true infinite field condition
is given in Chapter 5 and Appendix I. The results of the expansion
tests were then used to develop a new method of analysing pressuremeter
tests in sand. A theoretical approach based on the cylindrical cavity
expansion in an elastic Mohr—Coulomb plastic material is given in

Appendix II.

A major part of the new instrumentation included the placing of
the designed rubber strips vertically together with the installation of
a great number of strain gauges at different levels of the lateral
boundary and the provision of enclosed pockets in the base and top of
the chamber to measure or control the stresses and strains at different
locations. Chapter 6 and Appendix III, respectively, summarise the
calibration chamber’s old and new features and the strain gauge

installations.

Having modified the calibration chamber for the new boundary
stiffness control and obtained the corresponding operating stress
conditions, a series of cone penetration tests [named CP series] were
conducted. Additional tests that did not conform to the designed
boundary stiffness were also performed on both dense and medium dense
samples under different stress levels and stress histories [originally
intended for a contract to NGI in collaboration with STATOIL] in order



to determine the effect/usefulness of the designed boundary under
different stress and density conditions. The analysis and the
interpretation of the CPT data under the new boundary conditions with
regards to the evaluation of engineering parameters as well as the
confirmation and/or modification of the previous empirical correlations
[as presented in Chapters 3 and 4] are given in Chapter 7. This also
includes the boundary stresses as measured by the strain gauges during
penetration together with those obtained from the theoretical analysis

under similar confining stress conditions.

From the measurements of the lateral strain gauges it was realised
that the calibration chamber might deform due to variation in the sand
density giving a non-uniform stress around the boundary at any given
depth. The effects of such a phenomenon on the resulting soil stresses

have been discussed in Appendix IV.

Gross simplifications needed to be made in current theories
concerning the mechanisms of expansion and penetration. Moreover,
interpretation and assessment of particular output data, despite
separate cone and sleeve measurements, seems to give guidance only to a
single soil property. To achieve any realistic advance in theory or
interpretation the detailed distribution of both stresses and strains
in the material surrounding the penetrometers is needed. Clearly, this
cannot be obtained directly, but can be reasonably deduced from the
boundary stresses and strains for the plane-strain expanding cylinder.
The results of such an analysis could then be used, together with the
stresses and strains on the boundaries of penetrometer tests during
penetration, to interpret the local stress/strain behaviour (as a
function of radius, height, and degree of penetration) of the latter
tests. To understand the mechanisms involved during both pressuremeter
expansion and penetration testing, a mathematical model was developed
for a transversely-isotropic material subject to an integrated series
of cavity expansions. The elastic constants necessary for the model
were obtained from the results of the expanding cylinder tests and of
special triaxial tests in the calibration chamber (CC) as well as
further small scale tests [see Appendix V]. This theoretical model and



its development are discussed in detail in Chapter 8. Appendix IV
introduces a more direct approach to the expansion of cylindrical
cavities in purely anisotropic elastic media and compares the results
with those of the model.

In Chapter 9, first, a unique relationship between the expanding
cylinder and the cone penetration test results is formulated. Then the
components of the theoretical CPT model are combined for the different
testing conditions used in the expanding cylinder test analysis. The
obtained lateral pressure distributions at the outer soil boundary are
compared with those deduced by the strain gauge measurements.

Chapter 10, finally, gives the conclusion of the research program
together with future suggestions regarding the use of penetrometers and
calibration chambers for further research.



CHAPTER 2

REVIEW OF PREVIOUS THEORETICAIL AND
EXPERTMENTAL WORK ON PENETRATION

2.1 Introduction

The cone penetration test (CPT) has been in common use since the
1930’s primarily to determine layer sequence and thickness as well as
the lateral extent of different layers. Initially, a mechanical cone
was used and soon it was realised that the results could be related to
the bearing capacity and shear resistance of the deeper sand layers on

which piles were founded.

In the late 1960’s, the CPT was greatly improved by the
introduction of the electrical penetrometer (De Ruiter and Richards,
1983) which has permitted continuous measurements of cone resistance,
dor and sleeve friction, fs' This penetrometer has now become the major
tool for offshore soil investigations and offers an almost exclusive
capability for obtaining reliable information on the shear strength and
deformation properties of soil deposits in deep water. The new
generation of penetrometers could be remotely controlled, with
automatic data acquisition. There are developments to include
measurements of permeability, seismic activity, moisture content and

soil resistivity.



The standard cone penetrometer in the CPT testing is 35.7 mm in
diameter (10 cmz) with a 60° apex angle which is pushed into the ground
at a constant rate (usually 2 cm/sec). The penetration resistance at
the tip of the cone as well as the friction along a 150 cmz sleeve
placed behind the cone are measured. The work required to advance the
penetrometer is interpreted as a measure of the soil strength so that a
record of the variation of resistance to penetration with depth can
provide both qualitative and quantitative information on the soil
profile.

A historical background of penetration testing is given by
Sanglerat (1972) and more recent state-of-the-art reports have been
documented in ESOPT I (1974), CPTE (1981), ESOPT II (1982), and ISOPT I
(1988), and equipment and procedure standards in ASTM D3441 (1979).

Cone penetration test results have been used qualitatively for
soil classification, stratigraphy, type and variability by Sanglaret
(1972), schmertmann (1975), Dayal and Allen (1975), Baligh et al.
(1980), Douglas and Olsen (1981), Jones and Rust (1982), Robertson and
Campanella (1983), Senneset and Janbu (1984), Robertson et al. (1986),
and Campanella and Robertson (1988).

In quantitative analysis, the following areas have used the CPT
data:

1. Assessing mechanical properties of soils in-situ, e.qg.
strength, deformability, permeability and pore pressure prediction:
Plantema (1957), Meigh and Nixon (1961), Rodin (1961), Begemann (1965),
ESOPT I (1974), Schmertmann (1975), Torstensson (1977, 1982), Wissa et
al. (1975), Mitchell and Lunne (1978), ESOPT II (1982), Keaveny (1985),
and ISOPT I (1988).



2. Estimating pile length, capacity, settlement, and drivability:
Kerisel (1961), De Beer (1967), and Schmertmann (1975).

3. Estimating bearing capacity, settlement, and safety factor for
shallow foundations: Schmertmann (1970), Mitchell and Gardner (1975).

4. Assessing liquefaction potential of soils: Marchetti (1982).

A brief review of theoretical evaluations of the CPT data will be
given in this chapter supplemented by a discussion of experimental
techniques relating to the penetration mechanism. Studies of such
theories and deformation patterns will give the background to the
interpretation of previous CPT data from a calibration chamber and the

principle of penetrometer calibration.

2.2. Theoretical Evaluation of Cone Resistance

In view of the complexity of the problem, it is perhaps
unrealistic to seek a single formula to account for all factors which
influence the mechanism of penetration. Numerous empirical and
theoretical approximations already exist each with certain limitations

which cause difficulties in their application.

The deduction of soil strength from the results of a cone
penetration test is essentially a deep foundation bearing capacity
problem in reverse. A measure of the ultimate bearing capacity of the
sand (i.e., the tip resistance, qc,) is known, a failure mechanism is
assumed, and from this an estimate of the socil strength mobilised along
the assumed failure surface is made. Theoretical failure mechanisms
and/or empirical correlations based on field or laboratory data
obtained under controlled conditions are used.

~10-



Cone resistance evaluations have been made by adopting certain
computation procedures based on the classical theory of plasticity of a
rigid-plastic body or on the theory of expanding cavities in an
elastic-perfectly plastic material; this latter has allowed one to take
into account, in an approximate way, the influence of the soil
deformability in both elastic and plastic zones on the computed d.
values (Vesic, 1975; Al-Awkati, 1975).

Among the available computation procedures, several bearing
capacity theories (e.g., Durgunoglu and Mitchell, 1973, 1975),
cylindrical and spherical cavity expansion theories (Vesic, 1975,
1977), and recently the modified cavity expansion approach (Keaveny,
1985 and Mitchell and Keaveny, 1986) have been used to evaluate the

cone resistance,

2.2.1. Limit Equilibiium Method - Bearing Capacity Theories

The limit equilibrium method is concerned with incipient failure
under conditions of plane strain. This was originally applied to obtain
the bearing capacity of piles and shallow footings for which mechanisms
of collapse consisting of slip planes were assumed.

Most of the bearing capacity theories represent extensions of the
classical work by Prandtl (1921) and Reissner (1924), whose solutions
were applied to bearing capacity of deep foundations first by Caquot
(1934) and Buisman (1935). These are illustrated in Fig. 2.1.

One of the solutions that somewhat differs in approach from all
the others is that by Skempton, Yassin, and Gibson (1953), as shown in
Figure 2.1.d. Their analysis is based on the work by Bishop, Hill, and
Mott (1945), who had first presented a special case of expansion of a
cavity inside a solid.

~11~



All the solutions for q, are in the following general form:

q = C*N_-v, + c'vf-Nq- a (2)

where U’vf is failure effective vertical stress at the level of the
foundation base, and N, and Nq are bearing capacity factors with Yo and
Yq being shape factors. The bearing capacity factors are given in the

form

2
i

(Nq —~ 1)-coté¢r (3)

and Yo (Yq - l/Nd) /(1 - 1/N§) (4)

So, only Nq and Yq are independent quantities. A single factor Nq*
is normally used for circular or square bearing areas such that
*

=N - 5
Ng = Ng'7q (5)

Fig. 2.2 shows the values of bearing capacity factor Nq* for deep
circular or square footings, as obtained by different solutions. As
evident from this Figure, there are appreciable differences in proposed
Nq* values, even if solutions based on slip lines extending back to the
shaft are excluded. Among the latter(Fig. 2.1.b), Meyerhof (1961)
presented data relating the bearing capacity of rough and smooth cones
and wedges of deep piles to the depth. The measure of roughness was the
ratio of the angle of friction between the cone and soil to the

friction angle of the soil (8/¢7).

Another theory developed along similar lines is that of Janbu and
Senneset (1974) but with a slight difference (Fig. 2.3). The theory was
based on experimental results and on back calculation of values of
bearing capacity factor, Nq’ from plate loading tests. The experiments
indicated that the failure mechanism did not extend back to the shaft

-12~



and was of quite limited extent, terminating on a plane at an angle
(generally 15°) below the horizontal. This effect was attributed to the
compressibility of the soil. It also incorporates a failure criterion
in terms of an attraction, a, where a = c-coté¢’, which must be
estimated in practice from the d, versus depth curve (Parkin, 1988).
This parameter was included because the sand was believed to have a
strength envelope which was linear but which did not pass through the

origin,
The formula for cone resistance is

q. = Nq + (P'+ a) - a (6)

where P’ is effective overburden pressure, and

N, = tan 2 (n/4+47/2) exp [(n-26)tan '] (7)

Although this theory is for plane strain only, and does not
incorporate a lateral stress like the majority of other bearing
capacity theories, it appears to work well in practice. Janbu and
Senneset give a recommended range (also by Lunne and Christophersen,
1983; Chapman and Donald, 1981).

Durganuglu and Mitchell (1973, 1975) presented a bearing capacity
equation based on the results of experiments on shallow footings. The
mechanism generated for deeper foundations was suggested to have the
form given in Fig. 2.4., with the assumption of general shear failure
having to be used in order to obtain the solutions from the theory.
This contradicts experimental results but, interestingly, the theory
gives good results when used to predict the bearing capacity at large
relative depths (Treadwell, 1976). They proposed the following
expression for the evaluation of cone resistance in sand:

q.=yBN - (8)
© g g
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where y is the unit weight of sand; B the base width of cone; Nyq the
bearing capacity factor; and qu the shape factor.

This theory has the advantage of incorporating the lateral stress,
only through the coefficient of earth pressure, Ko’

Nyq is a function of the soil friction, ¢’, base roughness (§8/4'),
relative depth of penetrometer (D/B), K, and wedge or cone apex angle.
This factor, according to the authors, may be overestimated at depths
greater than critical D/B (the depth just enough to contain the full
failure mode), which means most practical situations. However, the fact
that the failure mechanism was based on the results of tests at
relatively shallow depths should not be overlooked (Last, 1982).

The bearing capacity relationship proposed by Durganuglu and
Mitchell is able to match, in an approximate way, the variations of .
with depth only if necessary consideration is given to the problem of
the variation of the friction angle with depth (Durganuglu and
Mitchell, 1975). In order to get agreement between measured and
computed q. values, it is necessary to allow for a decrease of the
angle of friction in the plastic zone with increasing cone resistance,
a phenomenon which reflects the non-linearity of the strength envelope.

The effect of apex angle on the variation of slip-line field
geometry was included using finite difference approximation solutions
(Nowatzki and Karafaith, 1972). Figs. 2.5 and 2.6 show the output from
such an analysis for six different apex angles and the same base
diameter. The results show a contraction of the radial shear zone with
the decrease in cone angle. The active, passive, and radial shear zones
all have curvilinear boundaries because of the three-dimensional nature
of the problem and is clearly different from the classical Prandtl
solution for weightless soil which involves logarithmic spirals in the
radial shear zone. The analysis assumed a slip-line field which ends at
the base level and in so doing ignored the shear strength of the
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overburden. There was also no consideration for the effects of dilation

and it does not represent deep penetration.

2.2.2. Cavity Expansion Theory

Results from cone penetration tests have shown that large plastic
deformations of the soil medium occur in the immediate vicinity of the
probe while smaller elastic deformations exist over a wide region
beyond this plastic zone (Addo, 1983). This theory is concerned with
the expansion of either a spherical or cylindrical cavity in an
infinite medium (Gibson, 1952; Vesic, 1965; Chadwick, 1959; and Gibson
and Anderson, 1961) and since its early development many authors have
attempted to improve it by including more realistic soil properties
(Ladanyi, 1963; Vesic, 1972, 1975, 1977; Baligh, 1976; and Baldi et
al., 1982). Schmertmann (1975) reported on the work of Al-Awkati in
determining ¢’ from pressuremeter test data, in which the effect of
volume change in the soil was considered. Hughes et al (1977) also
accounted for volume change in sand by assuming that the sand fails
with constant ratio of principal stresses. The dilatant behaviour of
the sand was modelled by a linear volumetric stress— strain

relationship.
The cone resistance is given by:

where

i

q
effective stress

[(1+2-Ko)/3]-ov' = initial octahedral normal

av' = vertical effective stress

N *
q

]

bearing capacity factor

This also takes into account the stiffness and compressibility of the
soil by using a reduced rigidity index, Irr’ defined by
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r

= T = (10)
2(14v) (c+q-tang) “ e (1+A-Ir)

Irr

where CV = Volume change factor incorporating the average

volumetric strain in the plastic zone

E = Young's modulus = 2G(1+v)
G = shear modulus

v = Poisson’s ratio

I = rigidity index.

r

Vesic originally proposed the use of the initial tangent Young’s
modulus to calculate rigidity index, but a much better correlation
between calibration chamber measurements and theoretical cone
resistance has been obtained by using the secant modulus at a
deviatoric stress level of 50% (ESO) of that required to cause failure
in a triaxial test (Keaveny, 1985).

Vesic’s approach based on the theory of the cylindrical expanding
cavity can also be used to obtain the following approximate formula for
de when cohesionless materials with curved strength envelopes are
considered (Baldi et al., 1981):

noodg n
g, = B A1 + tan Z—+ ;-~ tan(¢s) . exp(./2~¢s] (11)

where Pu = ultimate pressure of the expanding cavity in an elasto-
plastic infinite medium,
A
s

stress at failure in the plastic zone.

empirical shape factor = 1+tan¢s (Vesic, 1974), and

]

secant angle of friction related to the average effective

The corresponding equation for the spherical expanding cavity is
(Vesic, 1977)
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P 14 ¢
T T _1—:*2;1;5 o 1 +2”;i 'GXP[(R/Z - ¢s)'tan¢ ] (12)

where P, is the same pressure as before but for a spherical cavity.

Given strength envelope, Young’s modulus, and volumetric strain
relationships, Py values have been evaluated using the theory proposed
by Baligh (1975)- a non-linear strength envelope theory- by means of
the computer programme EXPAND developed at the Civil Engineering
Department of Massachussetts Institute of Technology. Comparison of the
results from Vesic’s expansion theory and from calibration chamber
tests (Baldi et al., 1981) shows that, in the case of dense and very
dense sands, computed d. values are in reasonable agreement with those
measured in the calibration chamber. Generally, one observes that a
spherical cavity approach matches the experimental values better at
shallow depths, while cylindrical cavity theory gives better results
for greater depths. Also, the agreement between measured and computed
4 values is better for CC tests performed under BCl (c'v = constant
and o’h = constant). For tests under BC3 (c'v = constant and Aeh,
change in lateral strain = 0), measured do is slightly higher due to
the increase of the radial stress during penetration, a phenomenon

which becomes pronounced with increasing D..

In the case of medium-dense sand, all measured de values fall on
or slightly below the lower limits of the computed de values (in
conjunction with soil parameters from drained-triaxial tests).

The application of Vesic’s theory, however, will require some
knowledge or assumption of the volumetric strain in the plastic zone
and its effect on the measured cone resistance. Analysis of several
sands by Mitchell and Keaveny (1986) showed most to exhibit dilatant
behaviour during triaxial deformation (i.e., A was negative, meaning

that 4 is assumed to be zero due to Vesic’s formulation, thus making
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reduced rigidity index equal to rigidity index). Under these
circumstances and with the theory being unable to formulate the
dilating behaviour of the yielding soil around the expanding cavity,
the influence of e, on q, is neglected. The assumption of A=0 has been
shown, however, to have little effect on the results of the tested
sands.

On the other hand, positive (compressive) volumetric strain during
shear will have a significant effect on the reduced rigidity index. A
decrease in reduced rigidity index for a given ¢’ causes a decrease in

the bearing capacity factor (Vesic, 1975, 1977).

Measurements of volume change around an advancing miniature probe
within a triaxial specimen were made by Miura et al. (1984) and were
found to be comparable to that measured in a triaxial extension test.
More importantly, dilatancy did not develop around the advancing probe
until the sand had a relative density of more than 75%. Thus, it might
be reasonable to assume that volumetric shear strain is equal to zero
during cone penetration into sands that are dilatant in triaxial

compression tests.

2.3. In-Situ Evaluation of Deformation Characteristics

Available in-situ techniques for the evaluation of deformation
characteristics of soils can be classified in the following three
categories (Baldi et al., 1988):

i. wWhen all strained soil elements follow a very similar effective
stress path (ESP), deformation modulus can be calculated from
theory, e.g. self-boring pressuremeter (SBP) and elastic body
waves (EBV).

ii. When strained soils follow different ESP’'s, an average

equivalent modulus of deformation of semi-empirical nature is
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computed from simplified assumptions, e.g. plate loading test.

iii. When penetration testing (SPT, CPT, DMT, etc.) induces large
straining of the surrounding soil, only purely empirical
correlations with deformation moduli are possible.

This classification of the in-situ tests suggests that
correlations between penetration resistance and deformation
characteristics of soils are far from fulfilling the basic requirements
suggested by Wroth (1984, 1988), which are

- Physical appreciation of why correlation is expected to work;
~ Theoretical background, however simplified or idealised;

and further by an additional requirement (Baldi et al., 1988):
- Validated by large scale laboratory tests and prototype

performance.
One may argue that the links between penetration resistance and
deformation characteristics of sand are certainly not very strong and

therefore, with few exceptions, are of purely empirical nature.

2.3.1. Displacement Measurement Techniques within Sand Samples

It has always been of interest to be able to obtain detailed
experimental information regarding displacements and strains within a
granular medium subjected to penetration by a probe. The techniques
have been very limited, especially for deep penetration. Some
qualitative measures of soil failure modes and deformation patterns
were provided by the use of layered coated sand. Layers of coloured
sand were mixed with cement. After the test, water was allowed into the
mix and the mix was left to set. The set mix was then sectioned for
examination. Such a method was never adequate for quantitative
analysis. In another case, an inductance type gauge was used to record
soil movement around foundations. Such gauges did not gain support in
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that they were relatively large and caused disturbances of the soil

during installation.

A successful method for measuring plane-strain soil deformation
was developed by Butterfield et al., (1970). A pair of photographic
plates taken at the start and the end of a displacement increment were
used in a stereo photogrammetric technique. The method is generally
cheap and can be used for very detailed examination and measurements,
provided highly accurate photographic equipment is used. It is
particularly good if the deformation mechanism is in the form of

relative body displacements.

An alternative method to derive such strain data is by
radiographic techniques using discrete lead markers. The pioneer of
such study was Roscoe at Cambridge University in the early sixties.
Addo (1983) used this technique together with the stereo photographic
method as a qualitative back up in some tests to study details of sand
movements in a plane strain condition, and, in particular, to search
for thin slip surfaces which could not easily be differentiated by
X-ray methods. The transmitted X-ray beam out of the medium is usually
detected by photographic means to reveal a scatter shadow of the latent
internal structure. The strains were measured by inserting a regular
grid matrix of lead shot into the middle of the sand medium. When the
sand is irradiated from the front, only the X-rays which transverse the
sand sample can produce an image on radiographic film positioned at the
back of the sample. Radiographs taken at different stages of the test
can then be compared using two radiographs at a time. By superposition,
the relative movements of the positions from the images of each shot
are measured. From the measured displacements, strains can be measured.
It is also possible to determine the dilational behaviour of the sand
which is proportional to the apparent exposure of the resultant
radiographic negatives.
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The penetration mechanism of a more realistic three-dimensional
axisymmetric problem using X~ray analysis was studied by Chen (1986).
He managed to prepare suitable test samples with lead shot in a
vertical plane along the radius of the sample. He obtained experimental
measurements of the displacements around a cone penetrometer in a

cylindrical sample in three-dimensions.

Addo’'s experiments had shown that the small absolute values of
volumetric strain in the elastic zone are cumulatively significant
because the extent of this region is 1argé. Hence, Chen combined Last’s
(1982) solution for an expanding spherical cavity, in which plastic and
elastic volume changes in the plastic zone were treated separately and
no volume changes were accounted for in the elastic zone, so that all
elastic and plastic volume changes could be accounted for
simultaneously. The results of his study are given in the following
section.

Baligh (1984) developed a closed form solution for a probe
penetrating an incompressible homogeneous isotropic material initially
subjected to an isotropic state of stress. A spherical cavity is
allowed to expand at a specific volumetric rate in this material as the
material flows past. He found that directly beneath the probe (Fig.
2.7), the direct simple shear strains (obtained through a procedure of
integration ) are relatively small and such that the major principal
strain acts in the vertical direction. In zones II and III the direct
simple shear strains and those associated with cylindrical cavity
expansion (i.e., a mode of failure associated with a pressuremeter
test) rapidly increases at similar rates. In zone IV the major
principal strain is that associated with the condition imposed during a

pressuremeter test (plane strain condition).
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2.3.2. Deformation Patterns around an Advancing Cone

There have been numerous arguments about deformation patterns
around and under advancing probes and cones in sand. From a review of
the past studies of the failure mechanisms associated with static
penetration, including Vesic (1963, 1967), Robinsky and Morrison,
1964), Durgunoglu and Mitchell (1975) and Keaveny (1985) several
conclusions can be drawn concerning a probe (such as thin rods or steel

balls) penetrating soil or a soil simulant:

1. A zone approximating the shape of a wedge is found beneath
the pile extending downwards and outwards from the edge of the pile
point. This wedge is conically shaped for circular probes and wedge
shaped for rectangular probes (Figs. 2.8 and 2.9). The soil within the
above mentioned wedge is highly compressed in that it is subjected to
high confining stresses relative to the initial confining stress of the
soil and predominantly two-directional horizontal expansion takes
place away from the pile point, accompanied by radial downward
translation. Subsequently it has a higher stiffness than the

surrounding soil.

2. For rectangular shaped probes (i.e. strip footing), in
relatively incompressible soils with a penetration depth to probe
diameter ratio (D/B) of less than about 10, a distinct general shear
surface , i.e., a slip line of a radial shear zone, emanates from the
tip of the wedge to the ground surface (Figs. 2.9 and 2.10). These slip
lines can be closely approximated by a logarithmic spiral.

3. For circular shaped probes (i.e., piles and penetrometers) at
D/B values equal to and greater than 1, no distinct shear surface has
been observed beyond the immediate vicinity of the tip in any soil.
This implies that in dense, and also loose, sands a punching shear or
at best a local shear mechanism occurs around an advancing penetrometer
(Figs. 2.8 to 2.11).
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4. A deep probe, therefore, regardless of its diameter or the
shape, strength, or rigidity index of the soil it is penetrating,
appears to fail the soil in the same manner, i.e., in a punching shear
mechanism under the conical tip.

a. Experimental Studies by Chong (1983, 1988)

Chong (1983, 1988) performed a series of CPT on sand with
different densities and measured density changes and deformation
patterns. During sample preparation, thermocouple needle probes were
embedded in the sand to measure the density changes around the
penetrometer and on the shaft immediately above the cone at different

stages of the penetration.

The probe contained a constantan heater wire and a copper
constantan thermocouple located at midheight of the tubing and was
filled with silicon oil. The probes detect changes in thermal
conductivity in the sand due to the changes in the density. The thermal
conductivity was calculated based on a line heat source theory by
measuring the temperature at the centre of the probe at different

times.

The results showed that the sand close to the shaft of the
penetrometer had undergone considerable loosening as a result of
penetration (Fig. 2.12 - zone 1). The decrease is maximum at a relative
depth of 8 (Fig. 2.13) and then followed by a lesser decrease in
density with increasing penetration depth.

In the areas surrounding the penetrometer, loosening occurred for
the dense sand in the form of 'V’ shape and for the medium dense sand
in the form of an irregularly outlined 'U’ shape (Fig. 2.12- zone 2).
Further away from the penetrometer, densification had generally
occurred, with some randomly scattered areas of slight loosening

~23-



(Fig. 2.12 - zone 3). In the zone immediately beneath the cone tip,
loosening occured for dense sand while densification occured for looser

sands (Fig. 2.12 ~ zone 4).

Density changes were used to calculate the volumetric strain
values throughout the sample. These strains immediately behind the cone
vary greatly from dilation at the penetrometer surface to compression
some distance away. The volumetric strains, as a function of the
relative radial distance from the axis of the penetrometer are shown in

Fig. 2.14.

The volumetric strain data were used as inputs to the spherical
cavity expansion theory of Vesic (1972) in order to compute cone
resistance values. This theory was used for a blunt cone with a
modification factor to account for a rough cone with 60° apex angle
[the radius of the perceived hemisphere beneath the cone tip (at the
end of the cavity expansion) being equal to the radius of the

penetrometer].

Fig. 2.15 shows the computed and measured q values. For medium
dense sands the computed cone resistance, using an average of the
volumetric strain at a relative radial distance of 7, was lower than
the measured cone resistance. In the case of dense sands, the computed
cone resistance, taking the volumetric strain to be zero and ignoring
dilations at the cone tip and base, agreed fairly well with the

measured ones.
b. Experimental Studies by Addo (1983)
Addo (1983) performed X-ray studies of a plane-strain wedge

penetration under four different boundary conditions in relation to
soil density and stress level giving the following results:
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The displacement field in loose sands showed no distinct particle
movement. The same pattern seemed to occur equally in dense sand as
well, except for the large extent of the major movement in the latter
case. In general, the deformations around the penetrometer were similar
irrespective of the boundary conditions. Close to the probe, soil was
pushed downwards and then outwards on both sides of the tip. The effect
became apparent further away. Outside the immediate surrounding of the
probe, the favoured direction of particle movement was controlled by
the disposition of the flexible boundary. As might, perhaps, have been
expected, the all-rigid test and all-flexible test results showed most
similarity while the other boundary condition tests (side-flexible
base-rigid test and side-rigid base-flexible) results were the most
contrasting. Typical patterns of displacement fields which propagated
ahead of the tip are shown in Figs. 2.16 and 2.17 under BCl and BC3.
These showed that the direction of the dominant movement was towards
the flexible boundary.

The penetration mechanism can also be observed from the volumetric
strain data, as shown typically in Figs. 2.18 and 2.19 for loose and
dense sands under BCl and BC3. It was believed that the penetration
process took place with soil elements undergoing a complex loading and
unloading path. The loading initiated compaction well ahead of the
probe with dilation being started by the high shear strain in the near
vicinity of the tip followed finally by some recompression mainly
behind the tip adjacent to the shaft. In loose sand, the material is
found to be compressed along the shaft, (as also found by Robinsky and
Morrison, 1964) whereas in dense sand, the material along the shaft has
been loosened (as seen from Chong’s study). The above figures also show
that the zones of dilation are localised around the tip in loose sand
whereas in dense sand dilation is apparent along the shaft as well with
finger-like zones extending horizontally. This consistent pattern could
suggest that a block mechanistic mode may tend to develop with zones of
discontinuous slipping.
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Based on the above results, Addo (1983) proposed a mechanism for
deep penetration (Figs. 2.20). The volumetric strain data suggested
dilatant rupture lines which are shear bands separating block zones.
The envelope which enclosed the instantaneously failing zones and the
area previously failed are shown in a simplified smoothened form in
Fig. 2.2lc. The exact extent of the precompressed zone, below the
failed bulb at the tip varied with the test boundary conditions and was
believed to vary with soil density. The stress-strain response of the
different zones is indicated in Fig. 2.21d. The block mechanism of
Fig. 2.20a is similar to the local, steady-state, shear mechanism
proposed by Last (1982) whereby zone R represents a sustained cavity
around the shaft and the radial compression zone corresponds to a
cavity at the tip. Zone T is the region through which the cavity at the
tip, probably, spherical, degenerates into a cylindrical cavity around
the shaft. Beyond the critical depth, the size of the cavity around the
probe would not be expected to increase significantly and hence
penetration into an infinite medium is believed to become a

steady-state process.
c. Experimental Studies by Mahmoud (1985)

Mahmoud studied the effect of different penetration probe shapes
on the kinematics of plane strain soil deformation in a rigid
rectangular tank 1.0m x 1.0m x 0.4m (length x height x width). The
ratio of the tank length, where deformation patterns are studied, to
the 20mm dia. cone with parallel sided shaft is 50. [Calibration
chamber tests, as discussed in the next two chapters, will show that
this ratio needs to be maintained in order for the penetration results
not to be affected by the boundary conditions].

The penetrometers were buried in the sand before the test, and,
therefore, pull-out tests were done rather than actual penetration
ones. Only the results of his studies on parallel sided shaft
penetrometers are, briefly, described below:
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Typical displacement patterns for dense sand, for shallow
penetration (D/B = 3.5) and deep penetration (D/B = 20), are shown in
Figs. 2.22 and 2.23, respectively. In shallow penetration the particle
movement directly adjacent to the tip remains horizontally outward but,
further out from the probe, the material is pushed outward and upward.
In deep penetration, on the other hand, the material around the tip is
pushed laterally outward and downward. Above the probe tip, the
particles seem to move outward and slightly upward near the surface.
Davidson et al. (1981) reported the same phenomenon occuring in CPT’s
on dense sand (Fig. 2.24).

d. Experimental Studies by Chen (1986)

Finally, in this section, a summary of Chen’s three-dimensional
X-ray analysis of the displacement patterns during CPT under different
boundary condition is discussed. His aim was to use the displacement
data to see whether or not the displacement vectors radiated from one
fixed point [i.e., based on theories of continuum which assume
homogeneous behaviour, e.g. expanding cavity theories]. He also checked
the data against block mechanisms of various forms [e.g. limit
equilibrium and bearing capacity methods] such as those of Addo (1983)
and Last (1982).

A more qualitative comparison was made by studying the lateral and
vertical components of the displacement vectors. Fig. 2.25 shows the
lateral component for ’all-flexible’ and 'all-rigid’ dense and loose
tests. The most obvious trend from these diagrams is that the bulb of
significant displacement is much larger in the dense tests. The only
difference, however, observed between the all-flexible and all-rigid
tests is that the absolute displacements are slightly more restricted

in the all-rigid cases.
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The results of mixed boundary tests (Fig. 2.26) confirmed the
findings of Addo (1983) where the zone of major movements was towards

the flexible boundaries.

Density and boundary effects can also be observed from the shear
strain plots, obtained from the displacement data, for different
stresses (Fig. 2.27). The general trend is that the region appears to
be larger in the dense tests, the contrast being very severe in the
all-rigid tests. The size of the zones seem to be the same for loose
tests regardless of the ambient stress level in the all-flexible tests
(a and b). There is also a marked tendency for fingers of plastic zones
to form in the dense test (most intense in the all-flexible cases),
which is believed to be the result of the low imposed lateral stress.
The zones of plastic deformation in the all-rigid tests appear to reach
opposite extremes. Hence, the plastic bulb in the loose test is smaller
than for the all-flexible cases, while in the dense tests it is

significantly larger.

Based on these observations, Chen developed an analytical model
based on the expansion of a spherical cavity in a Mohr-Coulomb material
which allowed elastic volume changes in the elastic zone and elastic as
well as plastic volume changes in the plastic zone. The analytical data
obtained from considering three boundary conditions were then compared
with the experimental data. There appeared to be a mismatch between
theoretical and experimental results which was believed to be caused
mainly by incorporating the enormous expansion required for the
build-up of the cavity pressure; thus giving theoretical displacements
not relevant to those in the near vicinity of the tip.

2.4. Review of Procedures to Calibrate Penetrometers in Sand

Interpretation of cone penetration tests is normally based on
empirical correlations between the measured cone stresses (namely cone

resistance and/or sleeve resistance) and soil properties that may be
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used in geotechnical analyses.

In the case of cohesive soils, the most obvious way to calibrate
is to perform field vane tests or to recover undisturbed samples for
standard laboratory testing, allowing CPT outputs to be compared with
field results via theory.

In sands, however, there is a real difficulty in relating cone
stresses to design parameters. Firstly, there is no equivalent of the
field vane tests for sands to determine an in-situ strength parameter
directly. Secondly, laboratory testing of undisturbed samples of most
sands is difficult and does not provide an alternative approach as it
does for clays. Two approaches to cone penetration testing are,

therefore, currently in use for the interpretation of results.

The first approach is to correlate the measured cone stresses
directly with measured performance. For example, the measured ultimate
bearing capacity of a pile may be expressed as a function of the
measured de value. It is noted that a sound understanding of the
behaviour of the CPT and the foundation design problem is still
required if this methodology is to be useful.

The alternative approach to CPT interpretation in sands is to use
large-scale laboratory calibration chamber (CC) tests. A sample of
known material at a known density is prepared in the chamber and then
subjected to the desired stress level. The cone is pushed into the
sample and the cone tip resistance and the sleeve friction determined.
Laboratory tests (usually triaxial tests) are then carried out to
determine the engineering properties of the sample in the chamber. The
cone stresses can then be related either directly to the engineering
properties (such as friction angle, ¢’) or can be related to relative
density with the engineering properties in turn being defined as a
function of relative density. This approach will be adopted in this

section.
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2.4.1. Cone Resistance versus Relative Density — Stress Level

Many attempts have been made to calibrate penetrometers through
measured cone stresses. These have been correlated to other parameters

over limited ranges.

In sands, it is almost universal practice to correlate cone
results against relative density, D.. Work in large scale calibration
chambers (Veismanis, 1974; Harmon, 1976; Parkin et al., 1980; Baldi et
al., 1981; Chapman and Donald, 1981; villet and Mitchell, 1981;
Bellotti et al., 1985) has provided numerous correlations of cone
resistance with relative density. Most of these works have also shown
that no single unique relationship exists between relative density,
in-situ effective stress, and cone resistance for all sands, because
factors such as soil compressibility also influence cone resistance.
Schmertmann’s (1978) results of tests on a highly compressible sand,
Baldi et al.’s (1982) on a moderately compressible sand, and those of
incompressible sands (Villet and Mitchell, 1981), respectively, have
shown that compressible sands result in lower cone resistances at both

loose and dense states than do less compressible sands.

Tumay (1976) analysed the variance of the results of a large
number of CC tests performed at the University of Florida and showed
that relative density and effective stress are the most important
variables influencing cone resistance, while less important factors are
stress history, sand type (valid only for predominantly quartz sands),

boundary conditions, and moisture level.

Schmertmann (1976) and Harman (1976) analysed several different
correlations of cone resistance with relative density and stress level
to find the best fit of CC data. Schmertmann then suggested the
following relationship for NC sands
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q, = C, a",cl exp (C,+D_/100) (13)

where Co’ Cl’ and C2 are experimental coefficients, and de and a'v are

in kg/cm?.

Bellotti et al. (1985) found that in OC samples alone, or in
combination with the NC ones, d. is best related to relative density
through either horizontal or mean stress. Based on regression analyses
carried out on the CC experimental data, they generalised Eqn. (13) for
all stress histories and suggested a range of C, values for both
Hokksund and Ticino sands [0.53 to 0.57 and 0.54 to 0.73,
respectively]. Parkin (1988) believes that this generalised
relationship which uses a vertical stress for NC samples and a lateral
or mean stress for OC samples (or NC + OC samples) does not
differentiate whether the coefficient of earth pressure at rest, Ko' is
greater or less than one, or whether o'y is changing as in a BC3 test.
These factors, in his opinion, would naturally influence the degree of

dependency of g, on the stress level used.

In an attempt to account for the OC samples, Schmertmann (1978b)
recommended the following equation, based on CC test results, for
calculating an equivalent NC cone resistance from the OC samples:

g _ oC C

(coc/qCNC)~1+o.75 (KO/KI; -1] (14)
Also

KSC/ Kgc - (ocR)0-42 (15)

Lunne and Christophersen (1983) updated Eqn. (13) to account for
the boundary effects, and suggested a 30% increase to the Schmertmann

curves for very dense samples.
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In an attempt to estimate sand deformability on the basis of CPT
data, Lancellotta (1983), however, developed a correlation between Dr
and d, through a’v from a regression analysis on five different sands.
This correlation, as given in Fig. 2.28, is applicable to NC,
uncemented, unaged, sands in which quartz minerals are predominant. The
correlation is not, however, directly applicable to OC sand deposits
for which no unique relationship exists between D, and o through c’v
[Schmertmann (1976) and Baldi et al. (1983 and 1985)1].

Lancellotta’s relationship through effective stress is also
thought to be influenced by grain size and minerological composition,
structure, and crushability of the test material (Baldi et al., 1981).

In conclusion, it is necessary to point out that the relationships
discussed so far suffer at present from some uncertainties linked with
the fact that they have all been established on freshly deposited
sands. The tendency to infer c’h and/or OCR from the results of the
penetration tests is quite recent. The insertion of the penetrometer
into the sand changes the geostatic stress conditions drastically, so
that the horizontal stress surrounding the penetrometer increases to a
value above the KO stress. The change in these stresses depends on
relative density and effective confining stresses. In dense soil, the
a'h may, however, tend to decrease with time due to relaxation. This
soil-penetrometer interaction illustrates the difficulties faced when
soil parameters, describing the initial state, are inferred from any

kind of penetration tests.

2.4.2. Cone Resistance — State parameter

Extensive testing on a Canadian sand (Been and Jefferies, 1985;
Been et al., 1987) has shown that the bulk characteristics of sands are
not sufficient to characterise mechanical behaviour of granular
materials (see also Lee, 1965; Lade, 1972). Confining pressure, in
particular, modifies the material behaviour of sands: if tested at
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sufficiently high confining pressure, a dense sand will behave
similarly to loose sand at lower confining pressure. Therefore,
properties of sands cannot be expressed in terms of relative density

alone and a description of stress level must also be included.

In this regard a sand, tested with several silt contents and under
very different combinations of void ratio and mean effective stress,
will behave similarly if there is an equal initial proximity to the
steady state, defined by a state parameter (Fig. 2.29) [Been and
Jefferies, 1985]. The physical state of the soil is represented in void
ratio-log stress space. A reference state is defined in order to
quantify the state of a soil, the steady state line providing the
reference state for sands and the void ratio distance from this line,
¥, the state parameter. It is claimed that ¥ can be used to describe
much of the behaviour of granular materials over a wide range of stress
levels and relative densities, and that this emphasises the fact that
it is the combination of these conditions that is physically relevant
to the description of granular material.

Calibration chamber test programmes do provide a valid and useful
data base for the interpretation of the state parameter for a tested
sand. But, it is unrealistic to carry out CC tests on every sand or
natural sand deposit. By utilising the state parameter concept many
sand properties, in particular failure parameters commonly used in
bearing capacity analyses, normalise very well with respect to Y. The
relationship between normalised cone resistance and the state parameter
for different sands has been evaluated (Been et al., 1987 and 1988).
This relationship is illustrated in Fig. 2.30. In the evaluation of Y
from d.r @ knowledge of the in-situ stresses and the value of ASS,
which is the slope of the steady- state line in e-log p’ space, is
necessary. Laboratory tests are, therefore, required to determine Xss
(Castro, 1969; Casagrande, 1975; Poulos, 1981; Castro and Poulos,
1977).
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Having obtained the steady state line for Hokksund sand [i.e., ASS
= 0.056], Been et al. (1986) used the void ratio and stress conditions
of each CPT test result from CC in order to calculate Y and, hence,
obtain a relationship between de and Y in the form
9 ~ %
~———— =k + EXP (-mY) (16)

a
m

From the graphs provided by Been et al., the constants k and m
were deduced, approximately, as 25.8 and 11.3, respectively.

2.4.3. Overconsolidation Ratio (OCR)

The influence of overconsolidation on a cohesionless soil can be
divided into two factors. The first one is the strain hardening of the
material produced by the accumulated plastic strain. The second one is

oc NC

the increase in CHN for a given level of o' _, or KO > Ky Work by

Mesri and Castro (1987) shows that this lasz factor is linked with
mechanical overconsolidation only [in clay Ko increases with aging]
while the plastic hardening of the soil appears as a consequence of all
types of preconsolidation mechanisms, i.e. aging, cementation, stress

history induced by earthquakes and wind loading, etc.

Large scale (CC) laboratory tests have shown that penetration
resistances are influenced by the current level of a’h and remain
insensitive to the effect of the accumulated plastic strain as is the
case with deformation moduli.

2.4.4. pDeformation Characteristics of Sands

The deformation characteristics of sands are defined using the
laws of continuum mechanics, with the soil behaving as a linear
isotropic material. However, experimental evidence suggests that a

linear elastic cross anisotropic model becomes more realistic (Wroth
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and Houlsby, 1985).

It is generally accepted that the deformation characteristics of a
given soil depends on the stress and strain history of the soil,
including the current level of the mean effective stress, the induced
level of the shear strain, the effective stress path (which reflects
both anisotropy and plasticity) and, finally, on a time factor, e.g.
for phenomena like aging and creep in shear (Jamiolkowski et al.,
1985). Therefore, the safe use of correlations between cone resistance
and soil moduli, from a qualitative point of view, depends on the skill
of the engineer to account for the factors mentioned above.

Sand stiffness can be described by various parameters including
Young’s modulus, E, Shear modulus, G, and Constrained modulus, M, which
are related via Poisson’s ratio, v, (at least at first loading). Of
these, M, measured in a KO situation as in the calibration chamber, is
the one most directly relevant to structural settlements [M is defined
as the tangent modulus evaluated considering the increments of vertical
stress and strain during the final load increment (for NC samples) and
as the tangent modulus evaluated considering the changes of the
vertical stress and strain during the last stage of the unloading
process (for OC samples)] . E and v are normally obtained from drained

triaxial tests and G is derived from pressuremeter tests.

a. Constrained Modulus, M

Due to the complexity of the penetration process, there is no
generally applicable analytical solution available to correlate cone
resistance to constrained modulus. Instead, many empirical correlations
have been proposed for a range of predominantly quartz sands which take
the form M = «rg, where the factor o is generally recommended in the
range of 1.5-4.0 (Mitchell and Gardner, 1975), the smaller « values
being used when 4. exceeds a certain limit. Considerable confusion

appears to exist as to whether or not this relationship should remain
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constant with depth. Vesic (1970) proposed this factor to be a function
of the relative density in the form o = 2(1 +Dr2)' Dahlberg (1974)
found o to increase with d. based on M values obtained from screw plate

tests for precompressed sand.

The constrained modulus is considered to vary, nearly, with the
square root of stress (Janbu, 1963). Baldi et al. (1986) has included
other parameters such as OCR and D.. On the other hand, M has also been
expressed as a function of cone resistance. Senneset et al. (1982)
considers M to be a function of the square root of net resistance
(qc~y~h), applicable to all stress levels and OCR. This conflicts with
Baldi et al.’s (1986) suggestion that M/‘qC is a function of ¢’, OCR,
and D.. Based on field and laboratory results, a linear relationship
was found between M and d. by Lunne and Christoffersen (1983).

b. Shear Modulus, G

Based on extensive laboratory work (Seed and Idriss, 1970; Hardin
and Drnevich, 1972), correlations have been developed for sands between
cone resistance and the dynamic shear modulus, G [obtained from
resonant column tests (RCT) and in-situ tests using elastic body wave
(EBV) propagation tests]. Having found such correlations, it should be
possible to estimate the shear modulus at any strain level using some
reduction curves developed by Seed and Idriss (1970). Byrne and
Eldridge (1982) suggest that the initial tangent modulus under static
loading condition is about 1/5 the dynamic modulus. This includes the

combined effect of strain level and repeated loading.

As mentioned earlier, Baldi et al. (1986, 1988) believe that de
bears a more fundamental relationship to G than to M or E as G is
little affected by stress and strain history (borne out by the large
number of experimental data that show G for cohesionless soils is
influenced very little by the stress and the strain history of the
sand). For a given cohesionless soil this modulus is mostly a function
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of the following variables (Yu and Richart, 1984):

G=f (Dr, a'a, o’ (17)

b)
where:
a’a = effective stress acting in the direction of seismic

wave propagation, and

o'y = effective stress acting in the direction of soil

particle motion.

It is noted that G/qC depends strongly on D, but only moderately
on the stress. Parkin (1988) believes that the product (Dr/100)-(G/qc)
varies relatively little over the range of study (3.0 to 5.5).

In an attempt to model the penetration mechanism, Greeuw et al.
(1988) obtained the following relationship for shear modulus as a
function of relative density from triaxial tests in a cylindrical 1.9 m
diameter chamber:

G [MPal = G

o P r

¢’ 0.5
[—‘1‘-] -p“ (18)
a

: , . : . 1 ,
with o o’ being the isotropic pressure = 3 (1 + 2 KO) o

and Pa’ a reference stress = 1 kg/cm?

The measured shear moduli for a dry uniform fine sand (Ooster—
schelde) ranged from 29 to 370 MPa. He points out that even apparently
identical samples gave a variation in G of more than a factor 2.

Cone resistance has been plotted against dynamic shear modulus for
Ticino sand (TS) using the CC test data (Baldi et al., 1986), resonant
column tests (Lo Presti, 1987) obtained on pluvially deposited TS with
the field data of cross-hole tests and CPTU’s performed on medium to
fine Po River silica sand (Baldi et al., 1988) [FPig. 2.317.
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2.4.5. Prediction of Sand Strength

In coarse grained soils where penetration takes place under
drained conditions, the penetration test results are used to evaluate
the drained shear strength expressed as the friction angle, ¢'. It is
generally a normal practice to determine the friction angle, once the
relative density is agreed upon, either by triaxial tests or some
empirical correlations. There has been a tendency, lately, to estimate
friction angle directly, without reference to relative density. This
can be done via a bearing capacity factor, Nq, in the form q. = Po‘Nﬁ
(Koumoto, 1988) in which PO is considered to be a function of
overburden pressure at the cone base. Bearing capacity factor, in turn,
is a function of ¢’. Robertson and Campanella (1983) reviewed a series
of calibration chamber test results in order to compare the measured
cone resistance with measured friction angle from drained triaxial
tests, which were performed at confining stresses approximately equal
to K, condition. The result of this study is shown on Fig. 2.32. Based
on the average relationship obtained from this figure, a design chart
was then proposed by Robertson and Campanella for estimation of
friction angle from cone resistance for given vertical stresses (Fig.
2.33).

The methods generally used for the determination of sand strength

can be divided into three categories:

(a) those based on bearing capacity theories [such as Durgunoglu
and Mitchell (D & M) (1973, 1975) and Janbu and Senesset (1974)1;

(b) those based on cavity expansion theories [Vesic (1975, 1977,
Keaveny (1985) and Mitchell and Keaveny (1986)]; and

(c) an empirical method proposed by Been et al. (1985) based on
the state parameter, Y.
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In the analysis of several sands, Mitchell and Keaveny (1986)
obtained similar sand strength values using the D & M bearing capacity,
(a), and the state parameter, (c), methods. Being based on a theory
that takes no account of the compressibility, the D & M method
underpredicts the actual peak triaxial friction angle by up to 15% -
for Hokksund sand the underprediction is more than 5°.

The prediction of peak triaxial friction angle made using the
Vesic’'s expanding cavity theory show good agreement with the measured
values (Mitchell and Keaveny, 1986). The method originally developed
was modified by using Young’s Modulus corresponding to 50% of the
deviatoric stress at failure rather than the initial tangent modulus
(Keaveny, 1985). Cavity expansion theories which can account for
nonlinearity in the strength envelope and soil compressibility,
however, require a knowledge of additional soil parameters, such as KO,

€y, and G, and makes their use in practice difficult.

The state parameter approach of Been et al. (1985, 1986) appears
to be useful for evaluating ¢’ but may not be able to account for the
environmental factors (aging, cementation, and fabric) that have a
dominant influence on the in-situ state (KO) and stiffness. A summary
of the approach proposed by Been et al. (1986) and modified by
Jamiolkowski and Robertson (1988) is shown in Fig. 2.30.

The shear strength of sands is related to the dilation rate at
failure which in turn depends on the relative density, mean effective
stress level and soil compressibility. These factors are reflected in
Rowe’s stress-dilatancy theory (Rowe, 1971) which has recently received
a simple but conceptually sound formulation by Bolton (1984, 1986).

Bolton (1986) has shown that the peak secant friction angle (¢’S)

of many sands can be estimated from the empirical expression
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4,'3 = ¢'cv + 3IR (19)

where ¢'cv is the friction angle at constant volume and In is a
relative dilatancy index given by:
IR = Dr {Q - 1In p'f) -1 (20)

Dr being the relative density, P’f the mean effective stress at failure
(in Kpa) and Q a constant depending on the compressibility and
mineralogy of the sand. Bolton (1986) suggested a general value of

Q = 10 for most silica sands.

Fig. 2.34 shows the results of triaxial tests on Hokksund sand to
evaluate Bolton’s formulation. Although Hokksund sand is a
predominantly silica sand Bolton’s formulation underpredicts ¢' by
about 2° to 3°,

Bolton’s formulation represents a useful tool for evaluating ¢'
from cone resistance. A method that uses Bolton’s formulation to derlve
¢'S was proposed by Jamiolkowski et al. (1988). Fig. 2.35 shows a
comparison between measured L from triaxial results and the predicted
values from CPT—qC using Bolton’s formulation and the method suggested
by Jamiolkowski et al. (1988).

2.5. Conclusion

Some of the interpretation methods discussed throughout section
2.4 will be analysed and checked against the data obtained from a
series of large scale calibration chamber tests on Hokksund sand at
Southampton University for a range of relative densities, stress levels
and stress histories in the next chapter.
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Fig. 2.5 Geometry for cone indentation problem proposed by
Nowatski and Karafaith (1972)
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a= 150°
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Fig. 2.6 Slipline fields for cones penetrating ideal soil

proposed by Nowatski and Karafaith (1972)
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Fig. 2.7 Predominant failure modes around an advancing probe
proposed by Baligh (1984)
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Test 2:
Dense, high stress
0, =0,,= 150k /1°

Test 14: Dense, HC

7, =150kH/n
thlOOkn/mZ
R —mw
lest 1l: Loose, NC Test 4:
Gv=llOkN/m2 Loose, high stress
0,,=50kd/n° 0, =0, =150kN/m>
all-rigid all-flexible

Fig. 2.25 Lateral component contours of NC and OC dense and loose
samples of sand [’all-rigid’ vs. fall-flexible’] (Chen, 1986)
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Test 8:
Dense,'sides-rigid!

G, =70k /m®
G, =35ki/m®

Test 10:
Dense,'sides~{lexible’
G§=65kN/m2
! Gh:ESRH/mE

Test 7: Test 9:
lLoose,'sides-rigid’ Loose,'sides~{lexible’
G§=15Okﬂ/m2 g§=120kN/m2
Gh=6OkN/m2 Uh=60kﬂ/m2

Fig. 2.26 Lateral component contours of NC and OC dense and loose
samples of sand [mixed-boundary tests] (Chen, 1986)
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CHAPTER 3

Analysis and Interpretation of Previous Southampton
CPT Results and Related Tests on Hokksund Sand

3.1. Introduction

The last section of Chapter 2 gave an extensive review of the
procedures that are commonly used today to calibrate penetrometers and
evaluate engineering parameters in sand. The objective of this chapter
is to check some of the empirical correlations for Hokksund sand tested
previously in a large scale calibration chamber at Southampton (SU

series).

The SU series included a total of 73 loading and penetration tests
that covered a wide range of initial stress levels (0.5 to 4.0 Kg/cmz)
under two distinct lateral boundary conditions: one constant pressure
(BC1) and the other zero mean lateral strain (BC3). These tests covered
a variety of stress histories ranging from normally consolidated to an
overconsolidation ratio of 8 with relative densities ranging from very
loose state (Dr = 20%) to very dense (Dr > 95%). Both standard 10 cm2
and half scale [5 cmz] penetrometers were used to study the chamber
size effects on the produced results. In conjunction with the results
of other tests using non-standard cone sizes in different chambers, a
range of diameter ratios can provide information that would lead to
quantifying this effect. The wide range of stresses covered in this
series provided data which was lacking from the more limited NGI and
Italian (ENEL~CRIS) series. Hence, the deficiency in data and the gap
between techniques of interpretation and the results of limited CC
tests, as noted from the results of extensive work by NGI, might have
very well been filled. The results of these tests have been summarised
in graphical format by Last et al. (1987).
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Of the 73 tests, 12 were limited to the pre-loading phase -
extended to provide further stiffness data as very large-scale triaxial
tests. All the tests provided K, consolidation data (some with rebound
as well) whilst 3 explored isotropic loading prior to penetration
[though not considered in the present analysis]. Results for the NC
tests are given in Table 3.1, whilst those for overconsolidation are
given in Table 3.2. These are supplemented by the NGI and Italian
results as given in Tables 3.3 and 3.4. The information given in these
tables are for both loading and penetration phases. The loading phase
data includes density, vertical confining stress, KO, OCR and the
vertical stiffness as constrained modulus, M. The penetration data only
includes the cone resistance, Qor and sleeve friction, fs’ though many
of the Italian and NGI published results only give the cone resistance.

It is hoped that the results of this analysis in conjunction with
further tests in the modified chamber will give a clearer understanding
of the scale [size] effects that are present in CPT testing in
conventional fluid control boundary chambers.

As a normal procedure for calibrating penetrometers, the cone
stresses — cone resistance and sleeve friction -~ are related to

different soil parameters.

3.2. Evaluation of Engineering parameters in Hokksund sand

3.2.1. Coefficients of Earth Pressure at Rest

During the consolidation phase of the sand samples, the vertical
and horizontal stresses are continuously measured; therefore reliable

values of coefficients of earth pressure at rest, Ky for first loading
NC
(K
o}
the variation of K, versus effective vertical stress for selected loose

and dense samples rebound at various stresses. KONC

) and rebound (KOOC) can be determined. Figs. 3.la and 3.1b show

refers to the end

oc
’

of the loading stage (the maximum load reached in each test); KO on

the other hand, refers to the end of the rebound stage.
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NC

As far as K, is concerned, the experimental data show the

following:

NC

~ for a given range of relative densities, the Ko at the end of

the consolidation stage seems to be independent of vertical stress past

an applied vertical stress of 0.5 kg/cmz.

- KONC tends to decrease as Dr increases. The observed variation
between them can be approximated by the following empirical
relationship (Bellotti et al., 1985)

FC_ g L ap® (1)
[e] O min r

During unloading, the variation of the principal stress ratio is
very different and appears to be a function of the applied stress. The
slope of the elastic rebound of the unloading curve (i.e., Koo @8 will
be used in the derivation of the five elastic constants for an
anisotropic model) does appear to be a function of the maximum past
vertical pressure as shown in the above figures for both dense and
loose samples. The Koe values at any common vertical pressure is the
same for both loose and dense samples despite the difference in their

KQNC values prior to rebound.

BAs far as over—consolidated samples are concerned, the observed

oC

variation of KO with OCR can be approximated quite well by the

empirical relationship proposed by Schmidt (1966) and Alpan (1967) to

compute an equivalent KOOC from KONC
g€
° 8
—— = (OCR) (2)

KNC

Based on a series of calibration chamber tests, Schmertmann (1975)
recommended a value of B = 0.42 for Hokksund Sand. The experimental
values of B, although quite scattered, increase as D, increases.
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3.2.2. Cone Resistance — Relative density

In order to obtain the in-situ relative density from the measured
cone resistance, it is convenient to express D = f(qc, ¢’) in the form

originally suggested by Schmertmann (1976) as:

qc
Dr=1/C21n——-————-—— (3)

C()~a'Cl

in which €0, Cl, and C2 are the experimental coefficients and ¢’ is an
effective stress which may be vertical, horizontal or a combination of

both stresses.

In NC sands, the cone resistance - relative density relationship
is best related through effective vertical stress, whereas in OC or for
both NC and OC samples taken together, it has been found that a better
comparison is obtained using the effective horizontal stress or the
effective mean stress comparison between experimental and theoretical
results. An analysis of the dense sand results has shown that at lower
confining stresses (c’h< 0.75 Kg/cmz) [Fig. 3.2] experimental d. values
are slightly higher than those obtained by using the above
relationship, but testing under high stresses, CC results are lower
than the calculated values. Such relationships are not linear,
suggesting some crushing of sand grains at higher densities
(Schmertmann, 1978b; Holden, 1976; Veismanis, 1974). However, it must
be pointed out that if one accepts the validity of the theory of the
expanding cavity for modelling the cone resistance of materials with
curved envelopes, it is then possible to justify the non-linearity
between d. and o', even in the case of a sand that does not crush
(Baligh, 1976).

A regression analysis made on the results of the SU test series
indicated that the accuracy of relating 9 to D, through the mean
stress, o'm, and OCR is better than the same through o'm alone as shown

in the following equation.
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c1
0-'

q, = CO0 po{f](oca)(’:" EXP (C2°D_) (4)
8]

[

where: €0, Cl, C2 and C3
Py

experimental coefficients

I

reference stress (= 1 kg/cm?)

It is noted that de values were corrected for the chamber size
effects through the procedure given by Lunne and Christophersen (1983).
[They suggested that the NC values of de under BCl and BC3 should be
increased by 25 and 7 %, respectively, whilst the same for the OC tests
should be increased by 24 % under both BCl and BC3]. The experimental
coefficients of Egns. (3) and (4) together with those of Baldi et al.
(1986) (which includes some earlier results of SU and Italian and
Norwegian results) are shown in Table 3.5. It shows that the q. values
corrected by the Baldi et al. (1986) procedure [see Chapter 4] seem to
give a better fit than those obtained using Lunne and Christophersen
(1983) correction factors.

The accuracy of relating cone resistance to overconsolidation can
be confirmed in another way by considering both the vertical and
horizontal stresses in the d. - b, relationship. The SU results showed
that both the OC cone resistance and more importantly sleeve friction
are more sensitive to c’h than to the a'v. The regression analysis of
the test data fitted to the following empirical equation allows the
separation of influences of o', and o', and supports this criterion.

c1 c2

%| . [*h
g, = CO pa[;-] . [;—] EXP (C3-D_) (5)

O O

where: €0, Cl1, C2 and C3
Py

I

experimental coefficients (Table 1)

ii

reference stress (= 1 kg/cm?)

The results of a regression analysis based on the above
formulation is given in Table 3.6 for Hokksund sand and shows that
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€2 »> Cl confirming the accuracy of Eqns. (4) and (5) [as compared to a
unique d. relationship with D, through o' , Eqn. (3)] for all stress
histories.

It may be convenient to correlate cone resistance with confining
stress for tests both under Bl and B3 boundary conditions and for NC
and OC samples over a given soil density range. This can be achieved by
plotting d. against effective lateral stress on a log-log basis. The
results of the SU series seem to fit a straight line:

In q_ = 6.043 + 0.601 In(o) (R® = 0.96) (6)

valid for all OCR’s and under both boundary conditions over a density
range of 85-100% (qC values corrected by Lunne and Christophersen
method). Using the latter’s set of correction factors for q, seems to

fit the data very well, as shown by the R2 factor.

In order to be able to quantify the effects of different boundary
conditions on penetration, the cone resistance values for both NC and
OC samples were analysed under BCl and BC3 for all densities. The
regression analysis gave the results as shown in Table 3.7. There
appears to be a good correlation between g, and relative density
through the effective mean stress individually for each boundary
condition. The correction for OC samples, as pointed out by Lunne and
Christophersen (1983), does not appear to depend on the boundary
condition used during the test. These results will become important in
suggesting possible correction factors to the measured cone resistance
values as compared with the factors obtained from the infinite boundary
test results. This is treated in Chapter 7. A comparison of the
corrected cone resistance values with those from the infinite boundary
tests may result in adjustments to the correction values suggested by

Lunne and Christophersen.
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3.2.3. Cone Resistance — State Parameter — Shear Strength

The state parameter, Y, is able to describe sand behaviour
including shear strength. Having obtained the steady state line for
Hokksund sand [i.e., Xss = 0.056], the relationship between de and Y of
Been et al. (1986) can be written in the following form for the SU
results:

Q. - o

€ B _ 25.77 EXP (~ 11.286Y) (2.16)

o’
m

The ¢’ values from drained triaxial tests of Kildalen et al.
(1982) on the same sand were plotted by Been et al. against ¥ and are

seen to fit the following exponential relationship:
$'° = 35.894 EXP (-0.932Y) (R2 = 0.90) (7)

puring field CPT, the only unknown remaining is the lateral
stress, o'y, which can be readily obtained by using lateral stress cone
penetrometers or cone pressuremeters. Having obtained this, Egns.
(2.16) and (7) can be combined to give the shear strength of the
Hokksund sand for any measured de value in the field as

9.~ 9y
$7° = 27,448 |——— (8)

o’
m

This equation was used to calculate the shear strength of the SU
test series and then correlate to the measured D, values by a linear

relationship obtained as

$7° = 37.31 + 0.079D_ (D, in %) (R% = 0.86)  (9)

Alternatively, the 9. = f(c'm, D_) relationship [Egqn. (3)] was

r
combined with Eqn. (8) to give ¢’ as a function of D, and o', @S
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In ¢7° = 3.647 - 0.0388 1n o'  + 0.00155Dr (10)

3.2.4. Sleeve Friction

Another parameter of interest in the calibration of penetrometers
has been the sleeve friction, fs. There has been little success in
correlating sleeve friction to soil parameters independently of cone

resistance.

A general review of the SU results could indicate that the
horizontal stress has a controlling factor on the sleeve friction
measurements. On this basis, the fs values can be related to the
horizontal stress for a given sand density. Since the lateral stress
under BCl remains constant during penetration, it is convenient to
correlate the measured sleeve friction values of the dense samples to
the initial, K lateral stress by the following relationship:

2

0.985 150 nej (R

fs = 1.718 o = 0.996) (11)

This relationship will be used later to estimate a correction factor
for the CPT sleeve friction in conventional chambers as compared to the

infinite boundary test results.

The R2 factor of almost 1.0 indicates how closely the sleeve friction
is related to the lateral stress. The same form of relationship also
exists for NC results under BC3 as well as for OC results (BCL + BC3):

£ = 2.354 oh’0'849 [BC3, NCJ (R® = 0.983) (12)
and
£, = 2.244 ah'1'2216 [BC1+BC3, OC]  (R® = 0.970) (13)

It could be deduced from the data in Tables 3.1 and 3.2 that cone
resistance values depend on the lateral stress as well as the vertical

stress, thus indicating that sleeve friction and cone resistance might
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be related for a given density level. In fact, for given boundary and
density conditions sleeve friction has been found to relate linearly to
cone resistance on a log-log basis (Fig. 3.3a). The linear relationship
on a double logarithmic scale also exists for the small cone (5 cm?),
but with a different slope (also Parkin, 1986). This suggests that the
relationship between sleeve friction and cone resistance also depends

on the cone size.

Whilst it is tempting to represent the de ~ fs relationship by a
straight line, in Hokksund sand the linear relationship between the two
only roughly exists for loose and medium-dense samples at lower
stresses, [and hence, lower cone resistances (qc<250 kg/cmz), Fig.

3.3b]. Dense samples do not even show this degree of linearity.

As far as fS is concerned, the boundary condition under which a CC
test is carried out, plays an important role in dense and very dense
samples, though not in loose ones. When dense samples are tested under
BCl (constant stress), the measured fs values will be lower than those
obtained under BC3 (constant lateral volume, base flexible) for the
same cone resistance. The two cases converge at very high cone

resistances (qC > 400 kg/cm?).

3.2.5. Cone Size

The relative cone size has always been an important criterion in
checking the validity of calibration chamber test results. When the
small cone is used, a plot of friction ratio (fs/qc, in percent)
against cone resistance gives a linear variation for dense samples
(with BCl relationship flatter than the BC3) [FIG. 3.4]. For the 10 cm?
cone, on the other hand, relationships for both boundary conditions are
almost flat at low stresses,and hence at low d. values, but rapidly
increase for 4 > 200 kg/cm?.

Further investigation on the effect of cone size is dealt with in

the next chapter on the chamber size effect.
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3.2.6. Stress Level

A measure of the cone resistance dependence on stress level alone
can be seen from the plot of de against a’h. The results yield a
log-log linear relationship between de and o'y for both NC and OC dense
samples tested by the standard 10cm? cone (Fig. 3.5). The same
relationship exists for the small cone (5cm?), but shows a factor of
about 1.2 times that of the larger cone.

Stress level also affects the obtained sleeve friction data.
Sleeve friction is best related to mean or horizontal stress rather
than vertical stress. Figs. 3.6 and 3.7 show plots of fs against
effective horizontal and mean stresses, respectively, for very dense
Hokksund sand. It is interesting to note that BC3 values are higher
than those under BCl for both cone sizes. The large cone, on the other
hand, yields higher sleeve friction values than the small cone does.
Under low stresses (o’h < 0.2 kg/cm? and c’m < 0.4 kg/em?), all values,
in general, tend to converge. The large cone, however, shows a linear
relationship under BCl for both NC and OC samples. One can roughly
assume the same trend for the small cone under the same boundary

conditions.

Furthermore, when plotted against o'y the curves for both NC and
OC samples coincide; but a clear divergence is noticed in the fs - c’m
relationship even though the linearity is maintained in both cases.

3.2.7. Overconsolidation Ratio (OCR)

Large scale (CC) laboratory tests have shown that penetration
resistances are influenced by the current level of c'h and remain
insensitive to the effect either of the accumulated plastic strain or

of the deformation moduli.

From the SU dense tests under different stress histories it was

implied that cone resistance is a function of both o’ and OCR (Fig.
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3.8). This, however, is not the case if o'h values are also plotted
against each point. The resulting contours indicate that A is a
function of o'y only (to a sufficient accuracy), at least up to OCR=8.
This can also be checked from a plot of cone resistance (normalised
against mean stress) versus OCR (Fig. 3.9) for a given c'V. The first
figure shows a slight increase in 9 due to overconsolidation, but for
practical purposes, one may assume this dependence of cone resistance
on horizontal effective stress applies (Veismanis,1974; Chapman and
Donald, 1981).

The same occurs when normalised sleeve friction values (against
o’h) are plotted either against OCR for a given stress level or against
the coefficient of earth pressure at rest, KO [determined during the
initial loading of samples for different stress histories] (Figs. 3.10
and 3.11). The first one shows that normalised sleeve friction is
independent of OCR for a given o' ;- It is apparent from the second
figure that for a given stress history, K, is almost independent of
stress level, especially at higher sleeve frictions or lower horizontal

stresses.

3.2.8. Deformation Characteristics of Sands

Because of the complexity of the relationship between the cone
resistance and the strength and deformation properties, there is no
generally applicable analytical solution relating them. Instead, many
empirical correlations between cone resistance and deformation modulus

have been established.

a. Young's Modulus, E

Because of the non-linearity in the stress-strain relationship, E
is usually determined as a secant modulus, computed at an estimated
working stress level. Baldi et al. (1982) suggest a factor of safety
for foundations on sand tc be at least 4:; hence, E’25 is the common
value selected for study (Bellotti et al., 1985), i.e., the secant

modulus evaluated at a deviatoric stress level corresponding to one
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fourth of the failure stress. Experimental values of E’25, obtained
from triaxial tests have been related to the consolidation stresses
using an empirical formula (similar to the relationship proposed by
Schmertmann, 1976), which also incorporates the influence of relative
density on E’ (Bellotti et al., 1985), as given below:

E',s = CO B - ( o'/P ) exp (D -C2) (14)
where:

of = selected consolidation stress component

C0,C1,C2 = experimental coefficients

Pa = reference stress = 1 kg/cmz.

E'25 values have been related to cone resistance values obtained

from CC tests at the same densities, as illustrated in Fig. 3.12.

For NC samples, the stiffness ratio (EI’25 to qc) falls in a narrow
range, showing that it is almost independent of the sample density.
Similar results have also been obtained by Schmertmann (1970) and
Schmertmann et al. (1978).

For OC samples, on the other hand, the above ratio is several
times higher (also by Lambrechts and Leonards, 1978, and Baldi et al.,
1985 for this and other similar sands), suggesting that stress and
strain history have a major effect on the stiffness of sands but a much
smaller effect on the cone resistance. Also, the stiffness ratio, for
OC samples, is greatly influenced by the relative density (it decreases

as Dr increases).

b. Constrained Modulus, M

In considering the linear relationship between M and Ao in dense
Hokksund sand, at the most favourable diameter ratio and boundary
condition for modelling field conditions (small cone and BC3), Lunne
and Kelven, 1981, and Parkin, 1977 suggest M/qC = 3. Though not fully
supported by the results of tests at the Norwegian Geotechnical
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Institute (NGI) and Italy, a great number of Southampton CC tests show
that normalised M values (M/qc) fit in a narrow range, very little
affected by relative density changes, giving n/qc =5+ 1 for loose
samples and M/q, = 3.5 + 0.5 for very dense samples (Fig. 3.13). For
the same values of relative density and consolidation stress, the M/qC
ratio for OC sands is much greater than that for NC ones. This
observation confirms that d. is influenced only to a limited extent by
the stress-strain history of the soil, which, on the other hand, has an

appreciable influence on sand stiffness.

The Southampton results suggest a linear relationship between M
and the square root of d. for NC samples when a 5 cm? cone is used but
with some scattering for 10 cm? cone data (Fig. 3.14). This confirms
the effect of cone size on the obtained results. For OC dense samples,
on the other hand, a perfect linear M versus /qc relationship exists
for each stress history (OCR), with higher slopes for lower OCR (except
OCR=1).

A similar type of relationship also exists between M and square
root of sleeve friction (/fs) for both the NC and the OC samples of
Hokksund sand tested in the CC (Fig. 3.15). Boundary condition and cone

size also effect the obtained results.

Despite Vesic’s (1970) belief that no correlation exists between
M/qc and stress (a'v or o'h), the constrained modulus can be related to
the consolidation stress by means of the following empirical formula
(Bellotti et al., 1985):

M=m p, - (c'/’pa)ml - exp (m2- D) (15)

where:

mo , ml , and m2
0"

Pa

experimental coefficients

selected consolidation stress component

il

i

reference stress (= 1 kg/cm?)
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The SU results show that this formula fits closely to the
experimental values for med-dense and very dense samples at low
effective horizontal stresses (c'h < 0.5 kg/cm?), but underestimates
them at higher stresses. For OC samples, on the other hand, the above
relationship only fits well with the measured values at stresses higher
than about 0.7 kg/cm? and overestimates at lower stresses (Fig. 3.16).
This may be due to the fact that average secant constrained modulus
values rather than the modulus corresponding to the final increment of

the unloading process have been chosen from the experimental results.

This relationship was further modified by Baldi et al. (1986) in
order to account for the influence of OCR directly rather than through

the increased horizontal stress alone as a result of overconsolidation:

ml

0.'
M = mopa[:ll](OCR)m EXP (m2-D_) (16)

a

A series of regression analyses performed on both NC and OC
specimens of Hokksund sand resulted in the following coefficients for
Eqns. (15) and (16) as given in Table 3.8.

Eqn. (16) can also be combined with Eqn. (4) in order to correlate
cone resistance with the constrained tangent modulus, resulting in the

following form

M n m m3
— mopa(;—-](OCR) EXP (m2-D ) (17)
qC a

Based on this correlation, the following general comments can be made:
- For the same stress history, the ratio of M/qC decreases as D,

increases. This reflects the different degree to which the D,

influences M and Aer respectively.
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~ The M/qc ratio moderately decreases as the mean effective stress

increases.

~ For the same values of Dr and c'm, the M/qc ratio increases with

increasing OCR.

3.3. Conclusion

It has been shown, indirectly, throughout this chapter that cone
response is different for different boundary conditions. Hence, the
interpretations of material properties are affected by the BC used. The
author feels it necessary to discuss the effects of boundary conditions
and the chamber size on the measured stresses separately together with
their implications on the material interpretation. The next chapter
considers these issues from different perspectives and adjustments to

the measured cone stresses are discussed.
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~ y ¢! K OCR M q f d

TEST‘ t/r%3 ER kg/ng 2 - kg/cm kg/gm2 kglgm2 c§ BC
5U1 - - - - - - - - ~ -

su2 1.715 91.4 0.63 | 0.37 1 508 176 0.48 2.52 B1
SU3 1.717 91.9 0.63 | 0.35 1 510 133 0.37 3.57 Bl
SU4 1.727 94,4 1.13 | 0.33 1 638 204 0.70 3.57 Bl
su5s 1.730 95.1 2,13 | 0.32 1 1020 275 1.16 3.57 B1
SU6 1.720 92.4 4,13 | 0.31 1 1250 377 2.13 3.57 Bl
su7 1.705 88.9 3.13 | 0.36 1 1378 342 1.97 3.57 Bl
su8 1.711 90.4 4.13 | 0.31 1 1190 418 2.71 3.57 B3
suU9 1.740 97.6 2.13 0.33 1 1075 336 1.94 3.57 | B3
sui0 1.720 92.7 1.13 0.33 1 714 224 1.03 3.57 B3
Sull 1.706 89.1 0.63 0.41 1 852 163 0.71 3.57 B3
suU12 1.692 85.6 1.13 | 0.60 1 - 284 1.29 3.57 Bl
SU1i3 1.717 91.9 1.13 | 0.95% 1 - 323 1.81 3.57 Bl
SUl4 1.690 85.1 1.13 | 0.95 1 -~ 266 1.29 3.57 Bl
SU15 - - - - - - - - - -

sy22 1.733 95.9 1.13 0.37 1 887 265 0.73 2.52 B1
5U23 1.706 89.1 2.13 0.37 1 1187 367 1.05 2.52 B1
SU24 1.700 87.6 3.13 0.38 1 1275 408 1.35 2.52 B1
Su25 1.713 90.9 4.13 0.37 1 1595 500 1.58 2.52 B1
SU26 1.731 95.4 0.63 | 0.37 1 576 194 0.56 2.52 B3
su27 1.720 92.7 1.13 | 0.37 1 750 265 0.91 2.52 B3
sy28 1.710 0.2 2.13 0.37 1 1250 408 1.68 2.52 B3
SU29 1.720 92.7 4.13 0.38 1 1765 540 2.32 2.52 B3
su32 1.720 92.7 0.63 0.39 1 576 175 0.57 2.52 B1
SU33 1.630 69.0 0.62 | 0.38 1 536 38 0.25 2.52 Bl
SU34 1.628 68.5 0.62 | 0.34 1 329 35 0.39 3.57 B3
SuU3s 1.627 68.2 0.62 | 0.35 1 392 84 0.39 3.57 B1
SU36 1.610 63.4 2.12 | 0.38 1 809 238 1.03 3.57 B3
Su37 1.620 66.2 2.12 | 0.36 1 850 228 0.90 3.57 Bl
SuU38 1.570 51.8 0.62 | 0.39 1 283 57 0.19 3.57 B3
SU39 1.550 45.7 2.12 | 0.40 1 490 112 0.51 3.57 B3
SU40 1.552 46.3 1.12 | 0.40 1 329 76 0.28 3.57 B3
Su41 1.564 50.0 4.12 1 0.40 1 864 209 1.03 3.57 B3
SU42 1.472 20.5 0.61 0.47 1 116 20 0.06 3.57 B3
SU43 1.482 23.9 2.11 0.47 1 302 57 0.19 3.57 B3
SU44 1.482 23.9 4,11 0.45 1 481 121 0.65 3.57 B3
1) Aborted

2) Not KO loading
3) Assumed density
5) Test not satisfactory

Table 3.1. CPT results in the calibration chamber on NC Hokksund sand

at the University of Southampton (Last et al., 1987)
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y D a' K OCR M q £ d

TEST t/g3 ZR kg/gm2 2 - kg/cm2 kg/gm2 kg/gm2 cﬁ BC
SuUlé 1.719 92.4 1.13 0.49 2 2307 245 1.03 3.57 B1
Sut17 1.680 82.5 1.13 0.60 4 2000 296 1.55 3.57 Bl
5U18 1.718 91.9 0.63 0.47 2 1456 163 0.55 3.57 Bl
sU19 1.730 95.1 0.63 0.63 4 1530° 184 0.71 3.57 Bl
sU20 1.733 9%.8 0.63 0.81 8 1342 204 0.87 3.57 Bl
sy21 1.701 87.9 2.13 0.40 2 3191 347 1.88 3.57 Bl
SU30 1.730 91.4 1.13 0.49 2 1974 306 1.15 2.52 Bl
su3l 1.730 95.1 1.13 0.61 4 3000 367 1.42 2.52 Bl
Su45 1.476 21.9 0.61 0.54 2 927 38 0.16 3.57 B3
SU46 1.481 23.6 0.61 0.63 4 1020 35 0.17 3.57 B3
Su4? 1.481 23.6 1.11 0.64 4 1417 66 0.28 3.57 B3
SU48 1.469 19.5 0.61 0.56 2 1457 30 0.14 3.57 B1
SU49 1.473 20.9 1.11 0.56 2 1457 52 0.28 3.57 B1
SU50 - - - - - - - - - -
SU51 1.478 22.6 1.11 0.53 2 1430 60 0.28 3.57 B3
SuU52 1.470 19.8 0.61 0.69 8 981 68 0.33 3.57 Bl
5US3 1.470 19.8 0.61 0.62 4 1020 56 0.22 3.57 Bl
SU54 1.480 23.2 1.11 0.66 4 1457 67 0.36 3.57 B3
SuUss 1.472 20.5 2.11 0.57 2 2125 103 0.53 3.57 B3
SU56 1.475 21.5 1.11 0.64 4 1417 63 0.35 3.57 B1i
SuUs7 1.481 23.6 2.11 0.56 2 2550 127 0.64 3.57 Bl
SUs8 1.489 26.2 0.61 0.71 8 936 56 0.28 3.57 B3
SU59 1.498 29.2 0.61 0.63 4 1085 52 0.18 3.57 B3
su72 1.623 67.1 0.62 0.78 8 300 78 0.29 3.57 Bl
5U73 1.643 72.6 0.62 0.88 8 1020 72 0.27 3.57 Bl
SU74 1.616 65.1 0.62 0.47 2 1275 78 0.26 3.57 Bl
SuU75 1.619 66.0 0.62 0.59 4 1020 95 0.30 3.57 Bl
SuU76 1,654 75.6 0.62 0.58 4 1133 133 0.36 3.57 B1
1) Aborted

J) Assumed density

4) Special test

Table 3.2. CPT results in the calibration chamber on OC Hokksund sand
at the University of Southampton (Last et al., 1987)
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9. co | c1| %2l e3| r® | TEST SERIES
x10
£(o’, Dr) 57.63{0.530[1.88 | NA |0.94 SU

m

£(or, pr)* ]19.48[0.549|2.88 | Na |0.96 | SU+ITAL.+NOR.

f(oﬁ, OCR, Dr) 53.4410.590(1.91 [0.1110.95 SU

* after Baldi et al. (1986)

Table 3.5. Results of the regression analyses on Hokksund sand

in relating cone resistance to relative density.

C3_
x10

Hokksund {12.393} 0.14 | 0.40 | 3.38 | 0.96 64

2

Sand Type co cl C2 2] R No. of Tests

30 < Dr <98 (%) 0.5« o'v < 8.0 (bars)
1 <OCR £ 8 with d. values corrected for CC size effects

Table 3.6. Results of Regression Analyses relating Cone Resistance
to Relative Density and Confining Stresses Separately
(after Baldi et al., 1986)

C2_
x10

BCl 1 108.01{0.5764{0.88820.983

BC OCR co Cl 2 R

BC3 1 43.71710.559212.0248]0.966

BC1+BC3| 2 -~ 8|51.612|0.8176{1.9954|0.951

Table 3.7. Results of the regression analysis on the SU results based

on the gc = f(a'm, Dr) of Egqn. 3.3 for different boundary
conditions
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M stress of m0 ml m2 m3 R
history %x0.01

£(o’, Dr) NC o’v 208 10.425] 1.36] NA | 0.95

Bellotti et al oC c'h 2065(0.561| 0.38] Na | 0.77

(1985) oc G’m 2055(0.569] 0.30f NA | 0.77

f(o', D, OCR)
Baldi et al. NC+OC | o' 283.8|0.522| 1.32(0.334| 0.97

(1986)

Table 3.8. Results of Regression Analyses on Relating Constrained
Tangent Modulus to Stress Level and Relative density
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CHAPTER 4

STANDARD BOUNDARY CONDITIONS AND CHAMBER SIZE EFFECTS

4.1. Introduction

Two boundary conditions have become commonly accepted in recent
years for the NGI type chamber. Both rely on a hydrostatic water column
to support and apply pressure to the cylindrical rubber sleeve that
encloses the sample laterally. The BCl tests control this lateral
pressure to remain constant (at a given height) for the duration of the
penetration test, the amount of water pushed out of the annulus in this
process being measured to enable the diameter change (averaged over the
height) of the sample to be determined. The BC3 tests, on the other
hand, are run without allowing transfer of water from the lateral
annulus so that the average diameter of the soil sample remains
essentially constant. Instead, the pressure increase in the water is

monitored as a function of penetration.

The two tests were originally considered to represent lower and
upper bounds to the true field conditions: soil at the radius of the
chamber could reasonably be expected to be subject to an increase in
radial stress during penetration, but this would also be accompanied by
some increase in radius or circumferential extension. However, based on
several series of experiments run and collated at NGI, Lunne and
Christophersen (1983) suggest that even BC3 underestimates the cone
resistances for dense sands.

The methods used to interpolate and extrapolate from the test
results to appropriate field conditions are reviewed in this Chapter as
are the general limitations of the approach. Finally, the steps are
outlined by which a boundary was designed to approximate the same local
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stiffness as sand extending to infinity and to allow, therefore, a more

direct evaluation of the test data.

4.2. Chamber Size and Boundary Effects

Probably the most important assumption inherent in CC testing is
that the cone resistance value in the field would be in the range BCl
to BC3 as measured in the CC, provided that the material was identical
and at the same state of stress and overconsolidation. This assumption
is not strictly valid. The effect of chamber size and boundary
condition on measured de values have been well documented (Parkin and
Lunne, 1982; Ghionna, 1984).

The second important assumption is related to the behaviour of
different materials. In most cases, chamber tests are not carried out
on the same sand actually encountered in the field. Instead, the
chamber test correlation for the most similar sand is used and the
assumption is made that the different sands will show similar behaviour
at the same relative density. There is an additional implicit
assumption in this approach that sands which show similar behaviour in
triaxial or other laboratory tests will also show a similar in-situ

behaviour.

The most obvious problem with calibration chamber testing is that
the chamber is not infinitely large, and, therefore, that the cone
resistance and sleeve friction may be influenced by the boundary
conditions in the chamber.

Calibration chamber tests are generally carried out in 1.2 m
diameter chambers and, for the standard cone, the diameter ratio is
about 34. Parkin and Lunne (1982) conducted penetration testing using
different chamber sizes and different size penetrometers including the
standard 10 cm2 cone and other non-standard ones (e.g., 5 cmz) to study
the chamber size effects. Despite the relatively large diameter ratio
of 34 in the standard test, they showed that for very dense Hokksund
sand, q, was still a function of chamber diameter (also deduced from
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the Southampton test results of Last et al., 1987) [Fig. 4.1]. Parkin
and Lunne state that the penetration resistances in the field will lie
between a CC test with zero lateral strain boundary (rigid-wall
chamber) and that with a constant lateral stress boundary (BCl). The
rigid-wall boundary overestimates dr s higher stresses will exist at
the radius of the chamber boundary than in the field.

It has been deduced, Figure 4.1, that the results for both
boundary conditions converge when the diameter ratio is greater than
50. The true value of A independent of lateral boundary effects, is
thus identified and measured de values for a given diameter ratio can
be adjusted to reflect a diameter ratio of 50.

It is also evident from this figure that the chamber size effect
is not very important in loose sands but becomes more important as Dr

increases.

The results of CC tests performed in Italy on Ticino sand with
different size cones suggest that for dense samples d. is independent
of diameter ratio under BC3. This is different from the results in
Hokksund sand (Bellotti et al., 1985; Ghionna, 1984), where a marked
chamber size effect is observed under both BCl and BC3. The actual
chamber designs used for both sands are quite similar and the best
explanation for the difference seems to be the difference in material
type. This explanation is not entirely convincing in that the intrinsic
properties of the two sands are in fact quite similar (Been et al.
1987a; Mitchell and Keaveny, 1986). However, the normalised qc-w
relationship for the two sands, as reported by Been et al., is
different, and in the correct sense to suggest that boundary effects
may be smaller for Ticino sand.

The top and base boundary conditions in calibration chambers
appear to have been of less concern than the lateral boundary
conditions. This is largely because the top and base boundary effects
appear to be visible on the cone trace. However, even the central
portion of the do- depth profile may be affected because the ’'bearing
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capacity’ cone of stress extending below the penetrometer cone tip must
be affected both in geometry and in magnitude by the stiffness of the
base (and, indeed, the sides) to both shear and normal stress. The
boundary control on the base for both BCl and BC3 tests is uniform
stress and is achieved using, essentially, a water-filled bag on top of
the chamber piston. The pressure in the bag is the same as the
controlling pressure below the piston (after allowance has been made
for any friction at the piston rim). A comparison of vertical stresses
under the tip of the cone in such a flexible membrane-based chamber and
in the field would show the difference. In-situ, it is the vertical
stress above the cone that is approximately constant and the stress
below the cone is governed by the soil behaviour. In stress controlled
chamber tests, the stresses that can develop below the cone are limited
and also the vertical stresses above the cone tip are not constant but
decreases as q, increases. In a constant-volume-base chamber test,
i.e., one in which penetration takes place with the piston ’locked’ in
position, there is less effect on Ao but the flexibility of the
membrane over the large chamber base area nevertheless reduces the

stress concentrations that can develop under the cone.

This arguement suggests that there may be a difference between dc
in the field and in the calibration chamber due to the base boundaries.
Been et al. (1987c) describes a chamber with a true zero strain steel
base. The zero strain steel base should result in higher de values than
in-situ and the constant stress boundary in lower d. values than
in-situ. The results of such chamber tests have shown little difference
from that of normal chamber designs, suggesting that the base boundary
may have little effect, and that, therefore, it is approximately
correct to assume a constant de value in the middle of the chamber
(Been et al., 1987c).

Based on the work of Parkin and Lunne (1982) and Ghionna (1984),
the boundary effects can be quantified and in most cases a modest (less
than 20%) adjustment to the measured q, can satisfactorally reflect the
field conditions. On the basis of a limited number of experimental
data, Lunne and Christophersen (1983) suggest the following correction
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factor, «, to modify the measured cone resistance under BCl:

9. (Dc/dc = @) a (Dr - b)
o = =1 4+ ———— (1)
qC (Dc/dc = 33.6) 100 - b
where:

a , b = empirical coefficients; they are assumed to be the
following for the two sands (Bellotti et al., 1985):

0.35 , b
0.20 , b

R

30%
40%

R

Hokksund sand: 0.25 < a <
Ticino sand: 0.10 £ a £

Based on the analysis of the CC tests on Hokksund sand, Baldi et
al. (1982) have suggested some multipication factors, r, to be applied
to d. measured in a chamber with Dc/'dC = 34.2 [presumably under BCl],
shown in the following table:

Class of sand stress History r
NC 1
Med—dense oc 1
NC 1.08
Dense oc 1.39
NC 1.18
Very dense oc 1.67

Table 4.1. Tentative values of correction
factor, r, for chamber size effect

As can be seen from this table, for dense OC and very dense OC
samples, it is necessary to increase the measured cone resistance by
about 40% and two-thirds, respectively. This shows how much the chamber
size can effect the results, and the empirical correlations between
penetration resistances and other soil parameters, most of which are
based on limited experiments or empirical coefficients, further add to

the uncertainty.
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Baldi et al. (1982) also used some experimental data from triaxial
tests to compute the cone resistance by Vesic’s (1972) theories of
spherical and cylindrical cavity expansion [see Egns. 2.11 and 2.12]
and to compare the results with the values measured in the calibration
chamber (corrected for size effects using the data from Table 4.1). The
results indicated that expansion theory is able to predict the d.
values with a sufficient degree of accuracy for dense and very dense
sands, particularly when one refers to cylindrical cavity expansion.

Smits (1982) believes that BCl tends to underestimate, and that
tests in the rigid-wall chambers tend to overestimate the field cone
resistance: BC3 should be avoided as its compatibility with actual
in-situ penetration is not well defined. Further, the accuracy of
simulation of the in-situ cone resistance by the BCl and the rigid wall
tests may be estimated from cylindrical cavity expansion calculations.

For the plane strain deformation case it is obtained as

qc d 2
g0ecY * 1+ [1—5) - I_ tan ¢ (2)

The ’'rigid-wall’ is actually the steel shell of the chamber. It is
regarded as stiffer than the soil would be and its stiffness is allowed

for in the calculations as shown below:

2

9 w1l (d
q_(rigidwall) = 1~ T2 ”) "I, tan ¢ (3)
D-G
where w="F
S
in which,

de = actual cone resistance
d. (BCL), d, (rigid-wall) = cone resistance measured
with BCl and in a rigid-wall chamber, respectively

d = cone diameter
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D = diameter of calibration chamber

I = rigidity index of soil

G = shear modulus of soil

s = wall thickness of the rigid chamber
E, = Young’s modulus of steel chamber wall
v = poison’s ratio of soil

4.3. The Effects of the Boundary Conditions on the
General Shape of Cone Resistance Profile

The series of CPT’s performed in an all-rigid chamber at King’s
College (Chen, 1986) suggests that, in testing dense samples of sand,
failure occurred mainly by punching shear, indicated by the monotonic
increase in resistance with penetration depth (Fig. 4.2). The results
of tests with all-flexible boundary conditions, on the other hand, show
that cone resistance profiles reach distinct asymptotic values at early
stages of penetration (Fig. 4.3). The difference in response must
effectively be due to the change in the boundary conditions. When
testing very dense samples, it is obvious that in all-flexible
conditions, the boundary tends to yield in order to accommodate the
large zone of displacements. But in the all-rigid case, the rigid
boundary cannot provide any yield and instead restricts the soil from
deforming beyond the boundary line. Further penetration is only
possible with increasing levels of resistance resulted from the stress
field becoming ever more enhanced. This process is accompanied by
progressive densification and even mass crushing of the sand.

The condition of constant volume in the lateral boundary [BC3 of
the tests in Southampton in the NGI chamber allows zero average lateral
boundary deformations. Veismanis (1974) and Last (1982) argued that the
true field condition would be between BCl and BC3 cases. One can argue
that BC3, although controlling zero average boundary deformation, is
not truly a zero deformation test. Numerous dense tests in a rigid
sidewall chamber have shown that there are major increases in the
normal stress as penetration proceeds with peak values attained at the
level of the tip. Radial displacement data of Chapter 2 have shown
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regions of major displacements extending as far as the boundaries and
volume change measurements that recorded overall dilation. Therefore,
in constant lateral volume (BC3) tests, deformations will still occur
and local expansion must be accompanied by contraction elsewhere. An
exaggerated illustration of the possible deformation behaviour (Fig.
4.4) involves bulging of the sample at the cone tip level compensated
by a decrease in sample diameter below this bulb. In this way the
sample can still expand laterally whilst maintaining zero average
boundary deformation. This is probably why there is such close
similarity between the trends of the BC3 and BCl series in Fig. 4.1
both of which have flexible sidewalls. The same trend can be observed
in the cone resistance profiles under both boundary conditions (from
the series of tests performed at Southampton SU series (Last et al.,
1987)) where constant lateral volume tests tend to peak at the very
beginning of penetration and may even decrease to lower values than
those of the constant lateral stress tests. The constant lateral volume
configuration of the BC3 series is neither a rigid zero displacement
boundary nor a flexible constant stress condition. The d. values from
tests with this configuration therefore cannot be interpreted as upper

or lower bounds to the field values.

It is also evident from Fig. 4.1 that in dense tests the dc values
measured in a rigid chamber are closer to the estimated field value

than a flexible test value at the same diameter ratio.

The effect of boundary condition on cone resistance profiles can
be represented in another form. Chen (1986) compared the results of
X-ray measurements of deformation during cone penetration testing with
the idealised behaviour in the near vicinity of the cone tip based on
an expanding perfectly spherical cavity under different boundary
conditions. His key interest in this parametric approach was the effect
of angle of dilation, y. The data from the analytical model show a
family of curves of cavity pressure against penetration under different
dilation angles as compared to the de profile (Figs. 4.5 to 4.8). In
Fig. 4.5, comparison between the y = - 8° curves for the loose infinite
and flexible models show close similarity; the effect of the two BC’s
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appears to yield a higher d. in the infinite boundary case. This agrees
with the experimental observations that penetration in loose sands is
not significantly influenced by the boundary condition. The qc—profile
comparison, however, shows a substantial difference between theory and
experiment. Extrapolating the trends of the theoretical curves, it
would appear that a theoretical value of ¢ of at least +40° would have
to be applied to achieve comparable data.

In Fig. 4.6, the qc—profile for a dense flexible boundary shows an
acceptable similarity with the infinite boundary case during the early
stages of penetration. At further penetration the experimental data
appears to rise toward the theoretical infinite curve.

In rigid-boundary tests, loose samples show the same trend as in
the flexible boundary case (Fig. 4.7). However, the magnitudes of the
cavity pressure are always higher in the rigid model than in the
corresponding flexible case. The dense rigid tests (Fig. 4.8) repeat
the progressive increase in cavity pressure with angle of dilation as
in the flexible cases.

The theoretical curves of the flexible boundary model in Fig. 4.6
appear to peak at early stages of penetration. In rigid boundary
models, on the other hand, the curves are continuous throughout the
whole penetration, with no tendency for a plateau section to be
reached.

4.4. Proposed Chamber Modifications

To overcome the boundary condition effects discussed in the
preceeding sections, one is left with the option of either increasing
the size of the chamber up to a point where such effects become minimal
or of modifying the chamber to simulate an ideal infinite boundary.
The second choice would not only make more efficient use of the
existing chamber but would hold out the prospect that - if the design
were successful - future calibration chambers could be made smaller,
cheaper, and thus more common! (The present chamber, on loan from the
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Norwegian Geotechnical Institute was very expensive to make and
requires considerable laboratory spaces and crane facilities to
operate.

The modification of the calibration chamber would mean that the
boundaries would have to be designed in such a way that the imposed
stresses from the soil would produce strainsg at this radius which would
correspond to those that the same soil to infinity would undergo with
the same stress at this radius. Since the strains required were greater
than could be accommodated by a simple metal jacket it was necessary to
use a compressible layer rather than a stretched hoop. Also, since the
prime function of the chamber is to calibrate penetrometers as they
travel down through the soil, the stiffness provision needed to be
local so that it would be possible to have an approximate modelling of
the variation of stress and displacement with depth at any stage in the

penetration process.

This last requirement presents a theoretical difficulty since a
local deformation will affect the stress/strain field in the vicinity
and thus the apparent stiffness of neighbouring zones. To model this
3-D coupling would not be practicable and the best that could be
achieved would be complete de-coupling of local stiffness from its
neighbours ~ essentially Winkler foundation theory applies to the
chamber walls. To ascertain the required stiffness, therefore, it would
be sufficient to devise a plane-strain experiment with no depth
variation (except that imposed by gravity) and a hydrostatic pressure
state at the boundary. For this, a full length central cylindrical
cavity of 150 mm diameter could be made to expand into the soil and
thus model the expansion of the whole chamber to a one eighth scale.
Moreover, the chamber boundary stress/volume change could be controlled
during the expansion test to model the soil behaviour already exhibited
at the early stage of expansion in the walls of the expansion cavity
thus giving a very close approximation to infinite boundary conditions.
This, essentially, would correspond to a full length pressuremeter test
and such tests have received considerable attention in the past both
experimentally and theoretically.
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vertical shear load transmitted to the wall). The calibrated stiffness
of the boundary would then also give the corresponding strains in the
soil. Several columns of such gauges would allow detection of variation

from the true axial symmetry otherwise assumed in the theory and in the
experimental design set-up.
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CHAPTER 5

Expanding Cylinder Test Series

5.1. Introduction

It has been shown in the last two chapters that CPT results in the
calibration chamber are affected by both the constant lateral stress or
constant lateral volume boundary conditions and the chamber size. To
counter this, it was proposed to modify the chamber boundaries to model
a more natural soil behaviour by provision of a compressive layer
around the boundary which would model more closely the stiffness of the
soil extending to infinity.

The soil shear stiffness in the horizontal plane, however, could
not be obtained from conventional soil tests which are not capable of
isolating the in-plane shear stiffness of a transversely isotropic
medium. The solution was to carry out an expansion test (with the axis
of the expanding cylinder along the vertical/normal of the plane of
isotropy) which would not only give the required stiffness on
analytical grounds but would, in fact, model the expansion of the outer
boundary of the soil sample at the reduced scale of the expanding
cylinder boundary. Since, except for the small effect of gravity on
both the vertical stress in the soil and the pressure in the confining
water, the expansion would be purely cylindrical and plane strain, the
resulting average boundary stiffness would be the true Winkler
stiffness required. Thus, a full length central cylindrical cavity of
150 mm diameter could be made to expand and thus model the expansion of
the whole chamber to a one eighth scale. The principal of an expanding
cylinder test, which is equivalent to the central portion of a
pressuremeter, is that, in theory, the boundary conditions are

-121-



controlled and well defined, as are the stress and the strain
conditions in the surrounding soil mass. The characteristics of the
sand can be deduced from measurements of the pressure and the change in

volume [radial strain] of both inner and outer soil boundaries.

It can be shown that the pressure/expansion relationships obtained
from expanding cylinder tests in an infinite body of homogeneous
material (linear or not) are independent of the size of the expanding
cylinder used for monotonically increasing pressure expansion tests. By
using this property, a series of tests were carried out in the
calibration chamber under equivalent infinite boundary conditions. The
internal pressure/expansion relationships, obtained from these tests
were, in turn, imposed on the outer boundary so that the same stress/

strain behaviour was followed at both radii.

Ideally, a chosen rubber strip stiffness would only apply to a
very limited range of soil conditions with different stress levels for
different stress histories as for NC and OC tests at a given density.
However, the testing programme was extended to include the nearby
stress level and history of some of the previous Southampton University
tests, performed under constant lateral stress or constant average
lateral strain boundary conditions, for which all the necessary data

were available. These tests can be summarised as follows:
1. NC-Dense tests with vertical pressure, o', = 4.0 and 2.0 bar

3., OC~Dense tests with o’v = 1,0 bar (OCR=4) and 0.5 bar (OCR=8)

5.2. APPARATUS AND TESTING PROCEDURE

5.2.1. Design of the Expanding Cylinder Model

To achieve plane-strain cylindrical expansion it was, of course,
necessary to install a central expanding cylinder running the full
length (height) of the sample. Such a model would still be affected by
the top and bottom boundaries of the chamber, but by monitoring only
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the middle third for volume change these end effects could be
substantially eliminated and a plane strain deformation in the middle
region achieved. Fig. 5.1 shows a diagram of the designed model.

The expanding cylinder consists of three components: end pistons,

former, and the divided rubber sleeve.

The lmm thick rubber sleeve is made up of three sections: one
middle section (420mm long)and two end sections (each 540mm long). The
sleeve is fixed to the end pistons by O-rings and fixing plates.

The end pistons are designed to be able to compress during the
vertical consolidation of the soil sample. There are four connections
through the top piston to supply water to and bleed air from the middle
and end sections.

The former is a soil drain pipe 150mm in diameter with 5mm thick
wall. Water under pressure is used to expand the rubber sleeve
surrounding the former into the soil.

One of the features of this design is its ability to compensate
for any top and bottom boundary effects by maintaining equal pressures
to both outer and central sections but from different sources, so that
the volume change supplying the central section could be measured
independently of that of the outer sections. Moreover, the pressure of
the water inside the former was controlled from the same source as the
outer sections so that the former would remain essentially unstressed
during the expansion process.

5.2.2. Preparation of the Model for Testing

The filling and deairing of the expanding cylinder needed to be
done by either placing it completely in a tank full of water in a
vertical position or burying it in sand [not the main testing sand!] to
prevent the ballooning of the rubber sleeve under the hydrostatic
pressure of the column of water. The flow connections would be sealed
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off on completion of filling and deairing, leaving the water under a
slight suction so that the outside support from the cylinder could be
removed. It would be centred at its base and held vertical by three
thin rods at the top which would remain in position until pluviation
was complete.

5.2.3. Sample Preparation and Testing Procedure

The pluviation process is the same as that for CPT, except that
the diffuser meshes at the bottom of the raining device [see next
Chapter on features of CC design] are sealed off by a 150 mm disc at
the centre to mask out the expanding cylinder. After the sand surface
is leveled off, the platen and the lid are lowered on top of the
chamber. The narrow section at the top of the expanding cylinder (Fig.
5.1) has been designed to pass through the central hole of both the
platen and the chamber 1lid to stand clear of the top for easier access
to the connection valves. The clearance around this section is normally
covered by a piece of cloth to absorb any water that may spill during
connection or removal of the water-filled connection hoses.

The sample is first consolidated under Ko conditions (no radial
strain) up to the desired vertical stress level. [The pressure sensed
at the lateral boundary due to K, consolidation is continuously applied
to the cavity in the double shell of the chamber wall to maintain zero
strain for the inner shell and thus true K, conditions for no volume

change in the lateral space between the sample and the inner shell].

The first test intended prior to boundary modification was of a
constant lateral pressure type during which the inner shell of the
calibration chamber between the lateral and cavity cells would
naturally remain undeformed by maintaining the same constant pressure
in the two cells. However, in the modified chamber which had strips of
rubber placed between the inner shell and the sample the expansion of
the sample would cause the inner shell to deform unless the sum of
rubber strip and lateral water pressures could be maintained constant.
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If the cavity between the two shells is sealed and its pressure
monitored, then a constant pressure would indicate no deformation of
the inner shell (and, therefore, a constant total stress against the
inner surface of this shell). The constancy of this pressure is
achieved indirectly by appropriate adjustment (decrease) of the water
pressure in the lateral cell to counteract the increasing pressure in
the rubber strips as the soil expands.

As part of the CC modification, a total of five annular pockets
were designed in the base to measure either the volume change during a
CPT or the pressure build up during an expansion test [see next
chapter]. During Ky consolidation, these pockets were sealed except for
connection to their respective pressure gauges, after a vertical
pressure of 1.0 kg/'cm2 had been reached. This maintained enough
pressure on the strips to seal off the individual pockets throughout
the test. The pressure readings during the consolidation stage would
show if the pressurising base piston were sticking. During the
expansion process, on the other hand, they could be used to check the
pressure distribution on the base due to expansion without violating
the plane strain criterion.

The data recorded during K consolidation included piston and
lateral pressures and volume changes as well as the base pocket
pressures. The additional data recorded during the expansion stage
included the cavity and expansion pressures and the volume change of
the expanding cylinder’s middle section. Fig. 5.2 shows the

experimental set up during an expanding cylinder test.

A preliminary analysis of the results of the first expansion test,
performed under constant lateral stress prior to the boundary
modification, gave an average linear stiffness (Pressure versus
deflection) of 1.0 bar/mm at the early stages of expansion. The
subsequent expansion tests were carried out after the modification, and
included tests with just the lateral boundary stiffness.
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The potential versatility and attraction of expanding cylinder
testing is the ability to deduce soil parameters such as deformation
moduli and strength (i.e., angles of shearing resistance, ¢', and
dilation, y,) for the sand. Such tests have received considerable
attention in the past both experimentally and theoretically in
analysing the performance of pressuremeters. A brief review of previous
analyses on pressuremeter test results and their relevance to the

current project is now given.

5.3. Background to the Plane Strain
Analysis of Pressuremeter Tests

There have been numerous attempts to analyse the results of
expansion tests performed on samples of sand in the laboratory. Earlier
analyses have been presented by Gibson and Anderson (1961), Ladanyi
(1963), and Vesic (1972). The first one ignores volume changes, the

other two incorporate volume change in different ways.

Since the early work of Roscoe (1953), successive research workers
at Cambridge have contributed to the development of the Simple Shear
Apparatus (SSA) [see Bassett (1964), Cole (1967), Stroud (1971) and
Budhu (1979)]. Hughes et al. (1977) performed an analysis on the
results of plane-strain shear tests in the SSA. Later, Jewell et al.
(1980) and Fahey (1980, 1986) performed analyses on the results of
pressuremeter tests in a triaxial chamber (both "cast in-situ’ and
rdrilled in’ tests). Their analyses were on the expansion of an
infinitely long thick hollow cylinder of sand, based on the model used
by Hughes et al, to determine whether the values of the parameters
obtained from the tests were influenced by the finite length of the
pressuremeter (i.e., the end effects). They also studied the influence
of the finite radius of the sand samples compared with the infinite

dimensions relevant to the in-situ tests.
Stroud (1971) carried out four different tests on Leighton Buzzard

sand in an initially dense condition and three tests on initially loose
sand. Each test of the two sets was conducted with a different (but
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constant) value of the vertical effective stress. For all tests, after
the peak stress ratio is reached, the value of stress parameter ratio
t/s’ [where t = 1/2 (a'1 - 0'3) and s* = 1/2 (a’1 + 0'3)] and the ratio
of volumetric strain to shear strain remained sensibly constant over a
substantial range of strain. Similar behaviour was observed in all
Stroud’s other tests in which the stress levels were varied (as happens
in a pressuremeter test). The results of seven tests have been plotted
as shown in Fig. 5.3. Stroud’s results agreed well with Rowe'’s (1971)
stress dilatancy theory which relates the stress ratio and dilation
rate [see Eqn. (15)]. These experimental observations were later used
by Hughes et al. (1977) in the interpretation of pressuremeter tests. A
study done by Jewell et al. (1980) in which the pressuremeter test was
simulated in a large triaxial chamber has provided some justification
for the use of the method of analysis of Hughes et al. (1977), but, on
the other hand, leaves open the question of the validity of the
assumption that the expansion of the pressuremeter is identical with
that of an infinitely long cavity (neglecting the end effects in the
analysis).

There exist, however, differences between the deformation of a
sample in a SSA and that around the expanding cavity in a
pressuremeter. The most significant difference is the assumption of no
rotation of principal axes during a pressuremeter test while the
principal directions of stress and strain both rotate in a test in the
SSA (Fahey, 1986). In addition, the stress paths imposed on the soil
elements in t-s’ space are different for the two tests. During the
elastic phase of the pressuremeter test, there is no change in the mean
normal stress, so that the stress path remains vertical in a
Mohr-Coulomb plot until failure occurs (Fig. 5.4). In a SSA test,
unlike the assumed stress path in the pressuremeter test, the mean
normal stress increases even in the elastic region (Fahey, 1980). In
theory, if an elastic soil is subjected to simple shear (achieved by
maintaining a constant vertical stress on the sample and applying the
shearing force to it), there should be no change in mean normal stress
in the elastic region, which is not the case in the SSA. Fahey (1980)
believes this to be due to either the test being, in reality, not a
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single element plane strain test, or due to the inadequacy of
elasticity for describing the prefailure behaviour of sand. If the
latter reason is the main one, then the actual stress path in the
pressuremeter test may also be very different from the assumed stress

path shown in Fig. 5.4.

In the analysis of the expansion of a cavity in sand as a
simulation for a pressuremeter, an infinitely long cavity is generally
assumed which is contained in a material extending to infinity in all
directions. Also, the material property and the initial stress
condition are assumed to be constant with depth. In idealisation it is
assumed that a finite length cavity is expanded in an infinitely thick-
walled cylinder, confined between rigid frictionless boundaries at the
top and the bottom.

In an idealised form, a dense sand is assumed to have, initially,
an elastic behaviour until a limiting value of stress ratio, [stress
obliquity], 0'1/0'3, is reached, and that the material continues to
fail at that value of stress ratio over the range of shear strain
applicable to the pressuremeter test (Fahey, 1980), which in the case
of a self-boring pressuremeter is never greater than about 30%. The
initial idealisation used by Hughes et al.(1977) was that the behaviour
could be taken to be rigid up to failure. The necessary condition to
reach the failure stress ratio is that the corresponding strain is
unique and that the material properties are independent of the radius
in the soil surrounding the cavity. The assumption of linear (elastic)
prefailure behaviour is made to enable their analysis to be extended to
a cylinder of finite thickness. In addition it is assumed that the
dilation rate is also constant over this same range of shear strain
(Fahey, 1980, 1986). The soil is, therefore, characterised by elastic
parameters G (shear modulus), v (poisson’s ratio ), and by angles of
friction and dilation (¢ and ).

Jewell et al. (1980) obtained good agreement between the observed

behaviour and that predicted from the analysis, indicating that, if end
effects could be neglected, the Hughes et al. analysis would be
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appropriate, at least for dense sand.

Basically, during a pressuremeter test, the soil surrounding the
expanding cavity is assumed to undergo plane strain deformation. If an
initial isotropic stress state is assumed, then throughout the test,
the major, minor, and intermediate stresses are fixed in the radial,
hoop, and vertical directions, respectively (i.e. no rotation of
principal stress axes occurs). In a normally consolidated soil, the
vertical stress, o', is initially the major principal stress, but it
is assumed that during a pressuremeter test in such a soil sample the
radial stress, c'r, rapidly becomes the major principal stress. Thus,
even in this case no rotation of principal axes occurs, although the
major and intermediate principal stress directions interchange when the

radial stress becomes greater than the vertical stress.

As far as the axially symmetric (transversely isotropic)
distribution of stress and strain is concerned, the vertical stress
plays no role in the stress equilibrium equation. The vertical stress
is normal to the plane of shearing, and it is a dependent stress. It
adopts whatever value is necessary to prevent any strain occuring in
the vertical direction to correspond to a plane strain situation. All
the analyses, so far, have assumed that the vertical stress has no
influence on the behaviour of the soil so that when the soil fails
according to a Mohr-Coulomb failure criterion, it fails with the radial
effective stress as the major and the circumferential effective stress
as the minor principal stress. The failure is reached on the horizontal
plane throughout the soil. Fig. 5.5a shows the profile of radial and

circumferential stresses with radius for the two assumed phases.

It will be shown in the following analysis that in all the chosen
tests (both NC and lightly OC ones) the vertical stress is still the
major principal stress when failure is reached at the cavity wall and
continues to be so until a point where the radial stress grows to
dominate it. In this case it is invalid to assume that the behaviour of
the soil only depends on the radial and circumferential stresses
immediately after the expansion starts. Fig. 5.5b shows a profile of
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the change of the three principal stresses with radius expressed
symbolically. Note that three distinguished phases are recognized in
this set-up. The elastic phase is the same as that in Fig. 5.5a. In the
first plastic phase, the plastic flow is mainly in the 20 plane. Hence,
the decrease in o', and o' is controlled by the stress obliquity in
this plane. Since the vertical height should remain constant under
plane-strain conditions, the decrease due to vertical plastic strain is
counter-balanced by an equal increase from elastic strain. In the
second plastic phase, however, the plasticity is controlled in the r®
plane, where the increase in both radial and circumferential stresses
is related by the stress obliquity in this plane, whereas the vertical
stress changes elastically.

Wood and Wroth (1977) and Mair and Wood (1987) discuss a case
where K, is about 0.6 (similar to the tests under OCR= 4 with o', = 1.0
bar and OCR = 3 with a'z = 1.5 bar performed in this series). The
radial and circumferential stresses at the end of K, consolidation are
equal and there is only one Mohr’s Circle of stresses. When a
cylindrical cavity is expanded elastically in this material, there is
no tendency for volume change to occur. The radial stress increases and
the circumferential stress decreases until a point where the Mohr-
Circle drawn with c'z as the major and the c’e as the minor principal
stress touches the Mohr-Coulomb failure envelope. Failure then occurs
on an inclined 0z plane and the radial stress is, at failure, the
intermediate principal stress. Jewell et al. (1980) suggest that the
zone in which this happens is always a thin annulus of sand moving
outwards during the test, so that local relief of o', may prevent large

vertical displacements occurring.

It is believed that NC and lightly OC soils, with low K, values
are likely, in practice, to show significant departure from elasticity
before failure is reached. This behaviour has been supported by
laboratory test results (Wood and Wroth, 1977; Wood, 1981) which show
that in such soils the vertical stress starts off as the major

principal stress.
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5.4. Expanding Cylinder Test Results

The expanding cylinder test program comprised a total of six
tests, in addition to the test before the boundary modifications. They
were carried out on dense samples of Hokksund sand under different
consolidation pressures and lateral boundary conditions. The boundary
condition for every test was chosen to utilise the information obtained
from the previous test(s). The first three tests were performed at a
vertical pressure of 4.0 Kg/cm2 (NC); the lateral boundary conditions,
respectively, included constant pressure, true infinite with the
stiffness properties deduced from the constant pressure one and the
expansion earlier in the test, and the last one being under constant
rubber-strip stiffness properties alone as an approximation to the
field conditions and conforming to the constant stiffness under which
the penetration tests themselves would be carried out. The fourth test
had a consolidation pressure of 2.0 Kg/cm2 (NC) with the same boundary
conditions as the second test. The last two samples were
overconsolidated ones: one consolidated to the same vertical pressure
as the first three then relaxed to a vertical pressure of 1.0 Kg/cmz,
thus giving an OCR = 4, again under true infinite boundary conditions,
and the other one consolidated to a maximum past pressure of 4.5 Kg/cm2
then relaxed to a 1.5 Kg/cm2 pressure with OCR = 3 but performed under
constant lateral stress conditions. A complete description of the
expansion tests series is given in Appendix I. A summary of the derived
elastic moduli is given in Table 5.1. The results of the
pressure/expansion curves for the early stages and the overall view are

given in Figs. 5.6 and 5.7.

The series of tests performed indicate that normally consolidated
samples need to be tested at a vertical stress of about 2.0 bars and
the OC ones at stress level of about 1.0 bar with OCR = 4 in order for
the rubber-strip stiffness to simulate the boundary stiffness
conforming to an infinite chamber.

Next, the results of the expanding cylinder tests that were
performed under true infinite field conditions, i.e. tests 2, 4, and 5,
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are analysed. The behaviour of the principal stresses as a function of
the soil strain will be discussed with reference to different testing
conditions [i.e. consolidation stresses and stress histories] at the
end of the next section. Some of the parameters (i.e., ¢’ and ¢) will
be compared with those obtained by an alternative approach based on the
expansion of a cylindrical cavity in a thick elastic-perfectly plastic
(Mohr-Coulomb) material (as given in Appendix II).

5.5. A New Method of Analysis for Expanding
Cylinder Tests in a Simulated Infinite Sample

The aim in this section is to give a step-by—step procedure for
the analysis of the expanding cylinder test results and to distinguish
patterns in the stress-strain behaviour of different tests during
expansion. The analysis is first reviewed generally followed by a
formatted iterative-type procedure, as outlined in sub-section 5.5.1.
Some additional notes regarding the mathematical formulations and

derivations are discussed in sub-section 5.5.2.

This analysis relies on the data recorded during an expansion
test, namely the pressures and the volume changes in both inner and
outer boundaries. The results of the three tests have been plotted in 2
sets of graphs. Set [1] graphs (Figs. 5.8 to 5.10) show the plots of
expansion pressure versus lateral pressure during the expansion stage.
Set [2] graphs (Figs. 5.11 to 5.13) have been plotted to show the
relationship between the expansion pressure and the internal and
external volume changes for the entire expansion process. These have
been summarised in Table 5.2. The steps involving this analysis are
discussed with reference to Tables 5.3 to 5.5, for the three tests
respectively, with columns of data for different parameters. The
elastic properties used for these tests were obtained using the
procedures and additional laboratory tests as described in Appendix
III.

To enable a numerical analysis, the soil in the chamber is to be
divided into a known number of annuli, the radii of which successively
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increase by a common factor to cover the entire soil radius. By so
doing it becomes possible to choose increments such that the strain in
one annulus is the same as that of the next inner annulus on the
previous step and that this relation applies simultaneously to all the
annuli. This is because of the equilibrium requirement that, for a
given o, = Ogr the rate of change of radial stress with radius be
inversely proportional to the radius (i.e., independently of the
stress/strain relationghip). Thus, two annuli with the same stress
history are directly comparable (and have the same radial stress jump
between their inner and outer radii) if the ratio of their radii are
the same. Table 5.6 illustrates the successive steps in calculation of
the radial stresses on the annulus boundaries of Table 5.3. The number
of annuli chosen, therefore, determines the number of steps required
for the state of strain in the inner annulus [denoted as the first
annulus] to propagate to the outer boundary. For example, the radial
stress at the interface of the fifth and sixth annuli in any step would
become that at the sixth and seventh annuli interface in the next
subsequent step. The amount of volume change [in the form of
dilation/compression] of each annulus will, of course, depend on the
actual volume of the individual annuli: the ratio of increase is the

square of the common factor for successive annuli.

The analysis consists of two parts: part (1) is a stress-strain
regime which depends entirely on the experimental results (i.e., the
pressure and strain in the inner and outer boundaries); part (2), on
the other hand, requires an iteration process in order to obtain the
necessary parameters. These two procedures are discussed more in the

following sub-sections:

5.5.1. Stress-strain regime at the inner and outer boundaries

To simplify explanation of the analysis, an initial procedure is
presented in this sub-section in order to obtain a systematic sequence
of stress/strain data at both the inner and outer boundaries. The steps
involved at this stage are,initially:
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1. Divide the sample into 11 annuli, the radii of which successively
increase by a factor of 1.202 to give the imner soil radius of 8 cm and
the outer soil radius of 60.54 cm.

2. Assume an initial cavity stress increment results in an elastic
stress distribution for the whole soil and thus find the starting
radial stress at the boundary of each annulus. Note that the outer
boundary stresses for the next eleven steps will be those of the
consecutive inner annuli of this initial distribution (cf. Col#l in
Tables 5.3 to 5.5 and the left-hand column in Table 5.6).

3. Use the internal and external volume change — pressure diagrams
(Figs. 5.8 to 5.13) to find the corresponding radial stress and the
circumferential strains at the inner and outer boundary for the entire

expansion process.

4. Having obtained the radial stresses at the boundaries of the first
annulus, find the mean radial stress for this annulus. Then use the
equilibrium equation in the r6 plane to obtain the mean circumferential

stress [Col#5] for this annulus.

In this way, the entire data for Columns [1] to [5] and, hence, Col#[9]
can be obtained directly from the experimental data before any
iteration is carried out. The deduction of further information

concerning soil behaviour is discussed in the next sub-section.

5.5.2. Iteration Procedure for the Analysis

Once the radial stresses and the cavity strains for both the inner
and outer boundaries for each step are calculated, the next task is to
perform a simple loop-type iteration in order to analyse the data. This
is described in the following steps, some of which include some

mathematical derivations that are necessary for the task.

1. From the mean circumferential strain,gé [Col#9], for the inner

annulus, calculate the mean radial strain, E} [Col#10], for this
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annulus using the strain-compatibility relationship, developed as
below:

Let the circumferential strains at radii r and (r+ér) be denoted

£ €
by er and er+8r , where

u u_ + du

g, =—%= and ¢ - (1)

er r er+8r r + &r

with u being the displacement at r and the &u as the change in the
displacement across 8r. Also,

su
g = — (2)
Ir &
Then
ser~r + srr-Sr
e = =g, + 8¢ (3)
er+8r r + &r er 9

After simplification this equation can be written in a format similar

to the stress equilibrium equation as

€ - €
= (4)

Or both strains in terms of the mean values as

— (r 1 —
e = 8e |— + ~J + € (5)
r o Sr 2 o

2. For a measured (or assumed) value of ¢’ .+ Use Rowe's (1971)
stress—dilatancy relationship to find the strain obliquity in the re
plane, Nwre [Col¥T7] as follows:

N, =N, - N (A.I1.34)

where
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1 + siné’ 1+ sin¢év 1 + siny

N

~r
= ke
=

e 9. 1-sing® 1 - sing’ 1 - siny

3. Find the change in the total mean circumferential strain between the
two consequtive steps.

4. For an assumed value of strain obliquity in the z©6 plane, Nwze
[Col#8], find the same as that from step (3) from the following
equation which includes the effects of elastic strain changes as well

as of the plastic flow from both the radial and the vertical

directions.
e, <P - p
de. = &g, + 8¢ + 8¢ (6)
) ) 0 l.o Ol

in which &e.P| = [a‘;:“ P _ 55 °) . N (7)
©lre r r) Yro

and sePl =-5c6P.-N =-8°-N (8)
® l,e z Y20 2 Y0

where the 85£e+p in Eqn. (8) is the change in the mean total strain
in Col#10.

The elastic strain changes can be obtained from the stress-strain
relationships for a transversely-isotropic mass (see Egns. A.VI.la to
lc) in which Sa'z = (N¢ze . 6a'e) in the first plastic phase.

5. Match the value obtained from Step (4) by the same from step (3)
[Col#9]. The trial and error process is continued for different strain-

obliquity in the z® plane until the match is made.
Due to the difficulty in deducing extremely small stress and

strain values from the experimental curves, a justifiable

simplification may be to use a constant strain obliquity during the
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first plastic phase, possibly equal to the the maximum strain obliquity
developed at the end of K, consolidation. This would not mean that in
NC tests the vertical stress would stay constant. On the contrary, due
to the constant drop of the circumferential stress during the first
plastic phase, the vertical stress decreases. In OC samples, due to the
very small obliquity in the z6 plane that results from the unloading of
the vertical stress in order to achieve the desired stress history, it
may not be justified to keep this obliquity constant. The analysis of
the chosen OC test showed that the vertical stress would have to be
kept constant while the obliquity increased.

This routine of iterative solution is repeated for every step of
expansion. Since the steps started with the plastic behaviour at the
cavity wall, then after eleven steps, the volume change in the outer
cell would correspond to very first one. This continues until such
point where radial and vertical stresses become equal. This is the end
of the first plastic phase where the vertical stress ceases to control
the plastic flow. Beyond this point, the plasticity will be governed by
the Mohr-Coulomb failure criterion in the r® plane. The analysis in the
second plastic phase is similar to that in the first one except that in
the latter case Nwze is no longer applicable and the stress-equilibrium
is governed by the radial and circumferential stresses: the vertical
stress becomes elastic. All three stresses are at a state of increase
in this phase while the vertical height still remains constant (i.e.
the vertical strain is still zero). Hence, the change in the vertical
stress can be obtained elastically as

86; = v'(&c; + 5Gé) (9)
which will then be added to the E'z value from the previous step to

give the current value of the mean vertical stress for the step.
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5.6. Discussion of the Results of the Analysis

The profiles of the three principal stresses for the annulus
next to the cavity against the mean cavity strain for that annulus have
been plotted in Figs. 5.14 to 5.16 for the three tests. They show how
the initial vertical stress in both of the NC tests decreases, whereas
that in the OC test stays constant: the corresponding radial and
circumferential stresses increase and decrease, respectively, in all
three cases. It is interesting to note that despite the difference in
consolidation conditions, all three tests begin the phase change at the
same cavity strain (at about 0.1 %). The vertical stress in each of the
NC samples reaches its end of consolidation stress at a cavity strain
of about 6%. The circumferential stress, on the other hand, reaches its

initial, Ko’ level at a cavity strain of about 2% for all three tests.

Fig. 5.17 is a summary of the vertical stress profile for the
three previous figures. The results of Ko consolidation show nearly
equal lateral stresses for the 2.0 bar NC and the 1.0 bar (OCR = 4).
Despite the difference in their behaviour in the first plastic phase,
the vertical stress profiles in the second plastic phase coincide. This
even applies to the 4.0 bar NC test along the second plastic phase if

the stresses are normalised to the same value of the second phase.

Baged on the numerical analysis requirement that the cavity strain
move out by the same amount from one annulus to its adjacent one after
one step of expansion, it was possible to obtain an average soil strain
(weighted on the volume of each annulus) for every step of expansion
during both plastic phases. Hence, the amount of total dilation/
compression of the soil versus its average strain for the entire
expansion stage has been plotted for all the tests in Fig. 5.18. All
three start off by compressing during the first, and part of the
second, phase. The 4.0 bar NC test keeps on compressing throughout the
whole process until the vertical stress at the cavity happens to reach
its initial level (with the radial stress at the cavity reaching as
high as 11.0 bar!). The 2.0 bar NC test, on the other hand, starts to
dilate as a whole a few steps before the vertical stress at the cavity
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reaches its initial, KO, level. The cavity radial stress at the start
of dilation is about 4.0 bar. The OC test lies in between the two
Normally Consolidated tests with the average dilation starting at a
cavity radial stress of 5.0 bar.

The response of soil element dilation to radial expansion is shown
in Fig. 5.19 where strain obliquity is plotted versus the cavity
pressure for the inner annulus of the three tests. This figure shows
the similarity in response of 2.0 bar NC and 1.0 bar OC tests (which
have approximately the same starting radial stress) against expansion
and occurs earlier than that for the 4.0 bar test (even in terms of
cavity strain - cf. Tables 5.3 to 5.5). It will be shown later in
Chapter 7 that a similar response to penetration exists between the

first two tests.

Having found the mean radial and circumferential strains of the
inner annulus for every step of expansion, it is possible to obtain the
volumetric and shear strains for this annulus throughout the tests.
These have been plotted in Fig. 5.20 for the three tests. The same
pattern of volumetric compression as shown in Fig. 5.18 is confirmed in
this figure as well. The 4.0 bar test shows considerable volumetric
compression {(negative volumetric strain) which stretches to a shear
strain of about 3.5% whereas the other two tests show very slight

volumetric compression extending to less than 1% shear strain.

Fig. 5.20 also shows the remarkable similarity in the net dilation
rate of the soil for the three tests. The 4.0 bar test has a net
dilation angle in the later stage of the test of y = 5° with the other
two giving a value of about 6°. These are confirmed by the obliquity
calculations in the second plastic phase for each test, and result
directly from the obliquity chosen for individual step (Tables 5.3 to
5.5).

The analysis of a cylindrical cavity in a thick cylinder of sand

(Appendix II) shows that dilation angles can be obtained from plots of
cavity pressure versus cavity strain [on a double logarithmic basis]
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which contain a linear portion having a slope, 8, such that

2N, S—- (N, - 1)
¢cv ¢cv
siny = {(A.I1.36)

N,
‘bCV

Such plots have been made for the analysed samples in Fig. 5.21 for the
triaxially measured value of ¢ v = 36°. The v angles correspond very
well by the two methods, at least up to a cavity strain of 1% beyond
which the figure shows an increased slope and thus implies an increased
¢ value (as already hinted at for the 2.0 bar NC test in the previous
figure).

In the second plastic phase, data in Tables 5.3 to 5.5 show that
the strain obliquity in the r© plane, Nwre’ reaches its limiting value
at a circumferential strain of about 1% for all three tests. The
starting stress values for which this applies are summarised in Table
5.7 for all three tests. Beyond this point, the theoretical Mohr-
Coulomb plasticity equations with constant soil parameters may be
applied. In the 2.0 bar test, this stretches as far as a cavity strain
of 9%, giving a shear strain of 17% at the end of expansion, where c’z
just reaches its initial, KO, value.
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Test|o' o] Xo G. |Gur G.e Remarks on Boundary
No. |bars bar Conditions
1 [4.28] 1 [0.298| 833| _ |833 |Constant Lateral Stress
2 14.20] 1 |0.317| 833| -~ |1660|True infinite
3 14.15| 1 |0.301] 833| 833|2500|Infinite using Rubber only
4 11.00] 4 [0.517| 417| 417| - |Same as Test 2
5 {2.00] 1 |0.255| 417| - | 500|Same as Test 2
6 {1.52] 3 10.617] 693] - | 633|Constant Lateral Stress

Table 5.1. A summary of the expanding cylinder tests

14 2
Gz OCR G B v Y M E
bar bars | bars bars | bars

4.20 1 833 | 3228 | 0.21 | 0.2el| 3500 | 2100
1.00 4 417 | 2354 | 0.21 | 0.282| 2500 | 1070
2.00 1 500 | 1860 | 0.21 | 0.202] 2000 | 1200

Table 5.2. The elastic constants derived from the selected tests

~141~



v ov ol of ol of € -t
r r 9 z 'N* N e r
lateral| cavity| Col#3| Col#4| Col#5| Col#b Voo Y0 Col#9|Col#10

(cc) (cc)

Col#l | col#2 kg/cm? col#7| colss| x 107°
0.0000 |0.0000 |1.329411.3294|1.3294[4.200 [0.2597|0.8206| - -
0.1917210.19172{1.3486/1.3390|1.3102]4.200 {0.2655(0.8326{1.1352|1.1352
0.2770 [0.2767 |1.3570|1.3528|1.3076/4.1210{0.2700/0.8250{1.3521|1.3295
0.4002 |0.3978 |1.3679|1.3625{1.3030[/4.0780{0.2740{0.8050{1.9969{1.9113
0.5782 |0.5600 |1.3823|1.3751{1.2966{3.9510]0.2790{0.7950{2.8125{2.6738
0.8354 [0.8100 [1.4025]1.3922/1.2848|3.8490/0.2850{0.7905(4.0558{4.0122
1.2067 [1.2559 [1.4295{1.4160(1.2688|3.7750]0.2950|0.7855|5.8618|5.7563
1.7439 |1.8000 |1.466011.4478|1.2488|3.6670{0.3095/0.7800{8.4966|8.6077
2.5195 [2.5500 {1.5160[1.4910{1.2185|3.5202{0.3308/0.7700{12.271|11.772
3.6402 |3.6100 {1.5855[1.5508{1.17193.3244|0.3648{0.7600[17.926}19.672
5.2595 |5.2595 |1.6835|1.6345|1.1004]3.1450/0.4187|0.7750|26.25826.975
7.5990 |7.5990 {1.8200{1.7518|1.0078{2.8486{0.4973{0.7700|38.068|37.436
10.979 {11.200 [2.0100}1.9115{0.9141|2.6000{0.6105/0.7850}55.655{60.558
15.846 |16.840 |2.2531}2.1316|0.8065|2.3125/0.7752|0.7850{83.012]99.004
22.913 |25.480 [2.5620(2.4076|0.7239|2.3000|0.8794|0.7850/125.29]153.55

INTERFACE OF THE TWO PLASTIC ZONES
32.069 [38.950 {2.938 [2.750 |0.7261}2.385 [0.9837| -~ 190.751243.96
46.386 [59.290 |3.380 |3.159 |0.7779|2.482 |1.0549| - 290.84(365.58
71.918 [{89.450 |3.895 [3.637 {0.8619(2.600 |1.0962f - 440.35/532.99
103.08 [133.45 |4.500 {4.197 |0.9346|2.733 |1.1666| - 659.90|760.09
146.03 [196.71 |5.210 [4.855 |1.0237{2.890 |1.2319| -~ 977.4411064.1
210.17 |[286.55 |6.045 |5.627 |1.1191}3.072 |1.3062| -~ 1430.7(1468.7
303.97 [413.20 |7.014 |6.530 |1.2975/3.299 |1.3071| - 2071.6(2015.7
435.79 [591.70 |8.138 |7.576 |1.5046|3.562 [1.3079| -~ 2973.5|2765.6
641.40 |820.20 |9.443 |8.791 |1.7473|3.868 |1.3067| - 4240.013829.0

N.B. Cols. [1] and [2] are for 42 cm height of expansion and lateral

cells

Col. [3] is the stress at the soil inner boundary
Cols. [4] to [10] relate to conditions in the middle (mean) of

inner-annulus

Table 5.3. The expanding cylinder analysis results for Test No. 2,

o
KA

= 4,20 bars (NC)

~142~




I\Y I\ o’ o’ o’ o € - €
r r e Z 5 5 6 r
lateral| cavity| Col#3| Col#4| Col#5| Col#é wrs wze Col#9|Col#10

(cc) (cc)

Col#l | col#2 kg/cm® Col#7| col#s| x 107°
0.00000{0.00000{0.5202{0.520210.5202|2.0400(0.2597/1.0186| - -
0.16000[0.16000]0.5299|0.5283]0.5118/2.0120{0.2696/1.0200]0.8015|0.7882
0.23120(0.23200]0.5339|0.5319|0.5098]2.0020/0.27391.0180{1.1605|1.1631
0.33404(0.40198|0.5397|0.5368[0.5052]1.9890/0.2840(1.0180{1.8769|3.6088
0.4826210.62000({0.548210.544110.4976/1.9650]0.2900/1.0180{3.0256}4.0105
0.69729]0.91275[0.5605{0.5544|0.4873{1.9301|0.3013/1.0180{4.5377/4.9100
1.0074511.3500 [0.577410.5690(0.476811.891010.3213{1.018016.6989}7.4122
1.45557{2.0050 |{0.6011{0.5893]0.4601/1.8378{0.3500{1.0190/9.9325]|11.206
2.103013.0000 [0.634210.6177|0.437211.7601]0.3970{1.01901{14.817{17.294
3.0384414.6000 {0.6803|0.6573/0.4060{1.6540{0.466211.10901{22.500{29.136
4.38900(6.9500 |0.7447|0.7125/0.3615]|1.5055{0.5950(1.0190{34.194|41.646
6.3420011.200 (0.8340/0.7894{0.302611.3027(0.785011.0190{54.266177.083
9.16300115.300 [0.9480{0.8910/0.2696(1.1225{0.858211.0190}79.085{82.500
13.2400{22.400 {1.0871{1.0176]0.2594(1.1076]1.0190{1.0190|111.61/117.52

INTERFACE OF THE TWO PLASTIC ZONES
23.000 [32.855 |1.255 |1.171 |0.2657]1.051 |1.1448] - 163.58]173.83
35.505 [47.950 |1.452 (1.354 |0.2906]1.095 |1.2096| -~ 239.221247.93
52.270 [69.900 |1.682 |1.567 |0.3257]|1.147 {1.2497| - 348.01(350.69
77.308 [100.35 |1.950 [1.817 [0.3693{1.208 |{1.2773| - 503.10]489.24
114.82 [143.80 |2.262 [2.106 |0.4215{1.280 |{1.2978| - 722.811679.43
171.80 |204.85 |2.625 [2.444 [0.4834|1.364 |1.3128| - 1032.2]938.10
263.43 |290.45 |3.046 [2.836 |0.5623|1.463 |[1.3098| -~ 1466.3|1296.2
398.00 [410.05 [3.535 |3.291 |0.6501|1.577 |1.3148| -~ 2073.8|1786.0
595.57 {577.00 [4.102 {3.819 [0.7570(1.710 |1.3103| - 2922.212465.7
876.20 |809.80 |4.760 [4.431 |0.8781(1.864 |1.3106| -~ 4105.6(3407.4
1282.761134.0 |5.524 [5.142 |1.0167(2.042 |{1.3136| - 5755.014708.0
1881.5 11587.0 [6.410 |5.967 11.1831|2.250 {1.3101 - 8055.5(6564.0

N.B. Cols. [1] and [2] are for
cells

42 cm height of expansion and lateral

Col. [3] is the stress at the soil inner boundary
Cols.

[4] to [10] relate to conditions in the middle (mean) of

inner-annulus

Table 5.4. The expanding cylinder analysis results for Test No. 5,
o'z = 2.0 bars (NC)
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I\ I\ o’ o o o €, -t
r r 6 Z —N- ITI o r
lateral| cavity| Col#3| Col#4| Col#5| Col#6 Wre wze Col#9|Col#10

(cc) (cc)

Col#l | Col#2 kg/cm’ col#7| col#8| x 107
0.00000{0.00000}0.5170({0.5170{0.5170}{1.0300{0.2597(0.5175| - -
0.16000|0.16000{0.5380{0.5367|0.5233]1.0300{0.2664]/0.5112]0.8015{0.7882
0.23120{0.23125{0.5414/0.5397]0.52101.0300{0.2691{0.5135(1.1584]1.1397
0.33404]0.33424{0.5462|0.5438{0.5179{1.0300/0.2728(0.5166|1.6734|1.6455
0.48262|0.48292|0.5530/0.5496(0.5128]1.0300/0.287310.52171{2.417712.3779
0.69729{0.69799(0.5628{0.5579]0.5043|1.0300|0.2873/0.5305|3.49313.4348
1.00745(1.0200 [0.5766]0.5697|0.4943/1.0300{0.2994(0.5412/5.0841|5.3304
1.45557(1.4960 {0.5962]0.5864]0.4796|1.0300/0.3176{0.5579]7.4486]7.9130
2.1030112.2030 |0.6240|0.6101{0.45861.0300/0.3456/0.5834/10.951/11.866
3.03844(3.3400 |0.6620/0.6430/0.4359]1.0300{0.3832/0.6138/16.410/20.284
4.38900{5.1100 |0.7150{0.6885|0.3996]1.0300[0.4475/0.6695|25.016/32.106
6.34200{7.9200 [0.7865]0.7508]0.3610{1.0300(0.5401{0.7410/38.575/52.110
9.16300(12.300 |0.8810/0.8338{0.3187/1.0300{0.6800/0.8395/59.861{81.492
13.2400{18.540 |1.0050]0.9430{0.26711.0300{0.9169/1.0015/91.302/110.07

INTERFACE OF THE TWO PLASTIC ZONES
19.129 |27.905 |1.155 [1.080 |0.2721{1.060 |1.0308] - 137.49(164.58
27.638 141.590 {1.334 [1.245 [0.279211.096 |1.1578] - 205.731236.08
39.931 [61.250 |1.545 |1.440 |0.3008]1.142 11.2431 - 304.461330.02
58.412 {89.245 |1.790 {1.668 |0.34521.199 [1.2548| - 445,.53{457.78
85.670 |128.79 12.075 |1.933 |0.394111.265 |1.2738] =~ 645.481630.89
126.16 |184.50 [2.406 |2.241 [0.4536(1.342 [1.2829 - 927.501870.49
191.27 {262.50 [2.791 |2.599 |0.5199|1.431 |1.2983| -~ 1323.411193.9
292.63 |371.70 |3.238 [3.015 |0.6011}1.535 [1.3027| =~ 1877.5|1646.6
453.54 1524.40 |3.757 [3.498 |0.6952]1.657 [1.3067| -~ 2209.0]1987.9
704.37 {737.10 |4.359 [4.058 {0.8076/1.798 |1.3051 - 3734.0|3136.0
1061.7 {1035.0 |5.057 |4.708 {0.939411.962 |1.3018| - 5246.0]4368.0

N.B. Cols. {1]
cells
Col. [3] is the stress at
Cols. [4] to [10] relate to conditions in the middle (mean) of

and [2] are for

inner-annulus

42 cm height of expansion and lateral

the soil inner boundary

Table 5.5. The expanding cylinder analysis results for Test No. 4,
o', = 1.0 bars (OCR = 4)
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outer soil imer soil

boundary baurdary
! |
oo ge| o8 e e e o]
60.54 50.37 41.90 34.86 20.01 24.13 20.07 16.70 13.89 11.56 9.616 8.000 |¢ radius
(on)
1.3204 1.3301 1.3304 1.3309 1.3315 1.3324 1.3338 1.3358 1.3386 1.3427 1.3486 1.3571
1.3301 1.3571 1.3679
1.3304 (INITIAL) 1.3571 1.3679 1.3823
1.3309 X 1.3571 1.3679 1.4025
1.3315 ¢ EIASTIC  REEICN 1.3571 1.3679 1.4295
1.3324 1.3571 1.3679 1.4660
1.3 1.3571 1.3679 1.5160
1.3358 1.3571 1.3679 1.5855
1.3386 1.3571 1.3679 1.6835
1.3427 1.3571 1.3679 1.8200
1.3486 1.3571 1.3679 (TRANSITICNAL) 2.0100
1.3571 1.3679 < FIRST PLASTIC BHASE ,  2.2531
1.3679 2.2531 2.5620
1.3823 2.2531 2.5620 2.938
1.4025 2.2531 2.5620 3.380
1.4295 2.2531 2.5620 3.895
1.4660 2.2531 2.5620 4.500
1.5160 2.2531 2.5620 5,210
1.5855 2.2531 2.5620 6.045
1.6835 2.2531 2.5620 7.014
1.8200 2.2531 2.5620 8.138
2.0100 2.2531 2.5620 ¢ SHIND PIASTIC PHRSE ——  9.443
2.2531 2.5620 11.00
25620
2.9380

TeEE 5.6 Illustrative table showing suoccessive steps in calculation of
ronml stresses (kg/ai’) on aomulus boundaries of Table 5.3
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initial oy oy %9 % | € | ~ &
Gé OCR wre

kg/cm2 kg/cm2 x 107°
4.2 1 6.045 |5.627 11.119113.072 ]1.306211430.7]1468.7
2.0 1 2.625 12.444 10.4834]1.364 {1.3100/1032.2| 938.1
1.0 4 2.406 |2.241 10.4536]1.342 |1.2829| 927.5] 870.5

Table 5.7. The stress and strain values at limiting obliquities for the
analysed tests
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Fig. 5.5. A symbolic representation of the changes in the principal

stresses along the radius for: a- two phase and b- three phase analysis
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CHAPTER 6

CALIBRATION CHAMBER DESIGN

6.1. INTRODUCTION

Calibration chamber testing originated because of a need to
examine the behaviour of field penetrometers under laboratory
conditions where the soil properties, stresses and strains could be
accurately controlled and measured. The chamber also provided a
suitable environment in which to conduct model studies and to calibrate
a variety of soil instruments, e.g. cone penetrometers.

In this chapter, the main characteristics of the existing N.G.I.
calibration chamber are briefly reviewed and the modifications required

to model a more realistic soil behaviour are discussed.

6.2. Brief History

The NGI chamber described in this section was the fourth of its
type to be built and is similar in design to the other three chambers
constructed. These are the County Roads Board of Victoria (CRB) chamber
and those at the University of Florida and Monash University. Since its
original construction in 1976, two more similar chambers have been
built in Italy. A comparison of the chambers geometry can be seen in
Table 6.1. The NGI chamber has the same sample diameter as the Monash
and Florida ones with an average depth of the two (1.215m in diameter
by 1.5m in height. In the recent modifications, the size has changed
slightly to 1.209m diameter by 1.470m height).
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This chamber facilitates the application of controlled triaxial
stress and strain fields to a large carefully prepared sample of sand.
A full description of the chamber is given by Chapman (1975) and Last
(1979). The chamber comprises six major components, each of which is

briefly described below:

6.2.1. The Base

This provides a flat solid surface on which the rest of the
chamber is mounted. The base is made from 40mm steel plate which also
seals off the bottom of the chamber. It must be mounted on a strong
floor to which the reaction frame is also connected. A displacement
transducer penetrates both the floor and the chamber base to sense the

movement of the piston.

6.2.2. Piston and Cylinder

The cylindrical soil sample is centred vertically by a fixed
platen at the top and a piston at the base. The latter travels in a
short cylinder fixed to the chamber base: an O-ring located in a groove
on the inside of the cylinder provides a seal. A leak-proof seal here
is vital to ensure correct operation of the chamber. Vertical load is
applied as a fluid pressure below the piston (air in the original
design, but now water to allow greater control of vertical
displacement). The vertical displacement of the piston is not only
monitored with the long travel displacement transducer, which is
located below the base plate, but also by the amount of the fluid
pushed into, or out of, the piston/cylinder compartment. In the
original design, the moving transducer rod kept its contact with the
underside of the piston under the effect of a dead hanging weight. As
part of the modifications, this rod was permanently fixed to the
underside of the piston in a manner that allows the piston to swivel on
the dome headed rod and, hence, avoids the uncertainty of whether or
not the transducer and piston remained in contact.
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6.2.3. Chamber barrel

This encloses the sample and forms the outer wall of the chamber.
It is constructed as a double cylinder providing 2 walls of 6.5mm steel
plate around the sample. The double wall construction provides a means
of controlling lateral deformation during sample compression. At the
top of the barrel, the two concentric walls are welded to a metal ring
on which the 1id seals with an O-ring. At the base, the walls are
welded onto another metal ring which seals against the base.

6.2.4. Membranes

These enclose the sand sample on the sides and base. The base
membrane was made from 3mm thick neoprene rubber and the side membrane
was of 1.5mm thick rubber sheets, vulcanised together to form an open
ended cylinder. Both membranes are sealed at the bottom, around the top
edge of the piston, by a steel ring and fixing bolts. The space between
the base membrane and the top of the piston is filled with water, which
is intended to ensure a uniform pressure distribution across the base
of the sample and the top of the piston. It also allows the actual
vertical pressure at the base of the sample to be measured without
influence of piston friction . An even distribution of pressure across
the top of the piston, when it is raised, helps to ensure that there is
no tendency for the piston to tilt, and so jam its sides against the
cylinder.

The lateral stress is changed by varying the pressure of the water
contained in the lateral cell (an annular space enclosed by the chamber
barrel inner-shell and the lateral flexible membrane) as in a
conventional triaxial test. The change in cell pressure is produced by
requlating the air pressure at the air/water interface of the lateral
reservoir. Average lateral displacement is monitored by measuring the
change in the volume of the lateral reservoir. This requires an equal
fluid pressure in the cavity between the two shells of the chamber wall
to that in the lateral cell so that the inner shell has no tendency to
deform and change volume.

~164-



6.2.5. Top Platen

The top platen transfers the upward thrust of the piston via the
sand to the lid. The top boundary of the sample is sealed around this
platen. The seal is important as it prevents the sand becoming wet when
the lateral cell of the chamber is filled with water. This seal is
vital in the vertical loading phase. There are, in effect, 2 seals at
the boundary around the platen in both original and new designs. A
secondary seal is made by the strap clamping the membrane to the sides
of platen (in the old design) or at the top rim of the external wall
(in the new version). The membrane is mainly sealed against the
underside of the lid under a vacuum drawn between the platen and the
lid. Thus, the top platen forms a rigid boundary by being held flat
against the lid through this suction.

6.2.6. Lid and Reaction Frame

The 1lid closes off the top of the chamber, sealing around the top
edge of the chamber barrel on an O-ring. A steel boss with a central
hole, through which the penetrometer is pushed, is attached at the
centre of both the platen and the lid. Because the total vertical force
provided by the piston may considerably exceed the weight of the soil,
the chamber 1id must also be restrained. The chamber structure does not
have sufficient rigidity in itself for this purpose and the 1lid is,
therefore, supported against a structural reaction frame anchored to
the laboratory strong floor. The connection between the reaction frame
and the lid is through a pair of hydraulic jacks fed from a hydraulic
multiplier that automatically balances the force of the loading piston.
This ensures that minimal displacement occurs at the top platen of the
sample, and, under these conditions, the base transducer records the
total axial compression of the sample.

The reaction frame also carries the hydraulic cylinder that is
used to push the penetrometer into the chamber (its pump is
flow-limited to give the standard penetration rate of 2 cm/sec). The
driving ram is secured to the crosshead, and the penetrometer enters
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the sample through a central hole in the lid. The frame itself is
pivoted near its base to allow it to be swung down away from the top of
the chamber. This is accomplished by another hydraulic cylinder (see
Fig. 6.1) connected to the side of the frame. Lowering the frame allows
the 1id to be removed and the chamber filled or emptied of sand.

6.3. New Boundaries

The original chamber design only allowed control of the lateral
and base stresses and average measurement of the normal components of
surface strain through volume change of the water in both compartments.
The operation of the chamber could only be done under constant volume
or constant stress conditions. It is obvious that calibration chamber
test results are affected by both the constant stress and the constant
volume boundary conditions and by the chamber size. To minimise these
effects, one is left with the options of either increasing the size of
the chamber up to a point where such effects become minimal, or of
modifying the chamber to simulate an ideal infinite boundary. The
second choice would not only make more efficient use of the existing
chamber but would hold out the prospect that - if the design were
successful - future calibration chambers could be made smaller,

cheaper, and thus more common!

However, the attempt to model more natural boundary behaviour is

limited by two factors:

a) Unless a variable stiffness design can be implemented the

boundary can only be designed for one soil stiffness.

b) A uniform stiffness boundary, even for sand deformation in its
elastic range, does not model the response to arbitrary surface
loadings of a cylindrical cavity in an infinite elastic medium:
only a variable stiffness, locally controlled by a computer—
based boundary element type of algorithm, could achieve such a
response in a physical model. A uniform stiffness boundary is
analogous to the Winkler stiffness often assumed in foundation
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problems.

An original design that would have allowed for variable stiffness
(though not under computer control) proved to be beyond the available
financial resources and a basically constant stiffness design was
adopted. Since the boundary stiffness would be most noticeable with a
very dense sand, the required stiffness needed to be determined for
Hokksund sand in this state under different consolidation stresses and
histories (see Chapter 5). The modification of the calibration chamber
for this purpose would mean that the boundaries would have to be
designed in such a way that the imposed stresses from the soil would
produce strains at this radius which would correspond to those that the
same soil to infinity would undergo with the same stress at this
radius. Since the strains required were greater than could be
accommodated by a simple metal jacket it was necessary to use a
compressible layer rather than a stretched hoop. Also, since the prime
function of the chamber is to calibrate penetrometers as they travel
down through the soil, the stiffness provision needed to be local so
that it would be possible to have an approximate modelling of the
variation of stress and displacement with depth at any stage in the

process.

In the case of an expanding cylinder test (which is essentially
2-dimensional) an infinite boundary beyond the outer soil diameter may
be simulated without the need to modify the present lateral boundary by
increasing the boundary pressure to correspond to the required increase

in radial stress.

The results of the expansion tests showed both from the initial
tangent and, more clearly, from a small partial unload/reload loop in
one of the tests that a stiffness of 1.0 bar/mm could be specified for
the NC 2 bar vertical stress sample and for an OC (4 bar rebounded to 1
bar vertical stress) sample of the same high density.

This stiffness was achieved by using strips of rubber, 6mm square
and placed at 14 mm centres, which would distort in compression by an
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applied normal stress. The boundary, so designed, allows for a working
deflection of 3 mm, i.e. a strain of 0.5% on the 600 mm radius of the
sample. These strips transfer to the inner wall of the chamber that
part of the lateral stress on the soil which is not carried by the
pressure of the lateral fluid. In so doing, the strips distort by
extending sideways and compressing radially so that the rubber itself
essentially deforms in shear without change of volume. During a normal
penetration test the fluid pressure is held constant (or very nearly
so) so that the stiffness experienced by the boundary is that of the
rubber strips alone. Though based on theoretical curves for such
distortion, the resulting stiffness was checked by the experimental
compression of a 150 mm square plate prepared with the strips of the
chosen rubber. Plates 6.1 to 6.3 and Figs. 6.2 to 6.3 show the new
boundary set up.

The top and bottom boundaries of the soil should also exhibit
stiffness properties. For this stiffness to be approximately modelled,
the uniform pressure bag at the base had to be replaced. The required
stiffness could be estimated based on the confined vertical and the
lateral shear moduli. However, the value so obtained is somewhat higher
than that found for lateral expansion and, for convenience, the same
rubber strip spacing (and therefore the same stiffness) has been used
as on the lateral wall.

The base strips were placed circumferentially on a 6émm circular
hard rubber mat grouped to form four semi-circular annuli which were
enclosed by continuous strips around the edges to form pockets (Plate
6.la). Later in the process, the base annuli were changed to form five
full circular pockets. The connection to each annulus is made through
the piston cylinder and out of the base plate (Plate 6.1b). The annuli
are then connected to external volume/pressure measuring vessels via
separate pressure gauges. This makes it possible not only to control
the pressure in the fluid but, by weighing, to determine the volume
change of each pocket and the average of the base separately during the
test. To do this, each pressure vessel was suspended from a small
strain gauged cantilever (Plate 6.2). Each vessel was designed with its
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own air supply valve at the top in order to be able to control the
pressure in individual pockets separately and, hence, seal each one
with a known quantity of air, if required, so that the fluid exhibits
rstiffness’ -~ an increase in pressure with fluid expelled. This was not
implemented for the current experiments (and some thought would be
required to ensure sufficient linearity over the pressure range
required). However, the concept is one method by which the stiffness of
the ends might be increased if that were thought necessary.

The top boundary pockets were arranged as for the base with four
semi-circular annuli with the outlets designed to exit through the
central boss of the platen. These pockets were not utilised for volume
and pressure control during the penetration testing though the
stiffness of the rubber strips was utilised. The top rubber strip mat
was not used in the expansion tests which required plane strain. (The
rubber stfips in the base were active during the expansion test but
under constant volume control so that the radial distribution of
pressure could be monitored. The constant volume constraint allowed
plane strain to be properly modelled.)

The lateral boundary rubber strips are arranged vertically on the
inner shell wall for two reasons. The first is to facilitate the
deairing process in the lateral space; the second to provide a measure
of vertical shear stiffness at the boundary (not possible with a simple
pressure membrane). The order of this shear stiffness is that of the
radial stiffness, but no attempt has been made to predict the required
stiffness from elastic moduli, nor to devise a means for its
experimental determination, though the shear stress itself was
monitored. Plate 6.3 shows the arrangements on the lateral wall.

Since the rubber bag that contains the soil is only 1.5mm thick,
it was necessary to use a thicker rubber in order to distribute the
load evenly onto the strips. The space between the inner shell and the
bag containing the soil allowed a 19mm thick Neoprene rubber curtain to
be used. It was bolted in three parts to the top rim of the chamber and
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was allowed to hang under its own weight. This curtain would transmit
axial and radial stresses from the soil to the inner shell through the
rubber strips, though the high vertical stiffness of the curtain
reduced its effectiveness for monitoring the rate of change of axial
stress which would otherwise have given a good indication of the rz
shear transmitted.

The same curtain material was used in the form of a circular mat
at the bottom and the top. The rubber strips at the top were fixed onto
this thick mat. The bottom mat, however, was placed loosely on top of
the mat of rubber strips. To protect the main 1.5 mm rubber bag, a
second bag of similar thickness was placed inside the chamber and
designed to cover the base mat as well. Fig. 6.2 shows the arrangements
at the base and at the lower end of the lateral wall.

During early penetration tests, the soil level at the top was 25
nm lower than before to allow for the extra thickness of the rubber-
strips. In this way, the lateral membrane could be placed over the top
of the platen, as originally set up, with the lateral fluid being
flushed through ports in the lid. To facilitate the assembly at the top
and the lateral filling process, it was decided to fix the mat directly
to the top platen with a permanent metal ring around the edge, as shown
in Fig. 6.3. Also a circular metal plate was bolted to the central
boss. This latter would ensure that channels provided from the
individual top annuli were sealed, and hence guided to the outlet holes
provided through the central boss. The platen was suspended from the
top lid with bolts through the top and a central clamping bush that was
screwed externally to the boss at the centre. The gap between the
platen edge and the inside of the 1lid was filled with a lean-mix
concrete and an extra 6 mm rubber mat fixed around the top rubber mat
to fill the space between the central plate and the outer ring. This
also required an extra annulus of 6 mm rubber to be glued to the
already overhanging rubber shoulder to eliminate any gap between the
soil and lid after assembly.
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This allowed the lateral double membrane containing the soil to be
folded over the barrel rim and clamped permanently (as used to be done
temporarily during pluviation). The lateral fluid would then be flushed
through the top valve provided on the rim. This is discussed in detail
in Section 6.7.1.

6.4. Instrumentation

All the function of the original instrumentation has been retained
and can be recorded on a data logger. This includes control and
monitoring of lateral and vertical fluid pressures on the sample and
any accompanying volume change, control of the fluid pressure between
the two chamber walls (referred to as the cavity cell),measurement of
the piston movement and also, of course, the cone and sleeve stresses

together with the vertical displacement of the penetrometer.

New instrumentation includes the strain gauging of the inner wall
of the chamber. A knowledge of the stress distribution in the inner
shell of the calibration chamber provides not only the boundary stress
variation in the soil mass but also (via a separate calibration test
for the rubber strip stiffness) the actual local deformation of the
soil as a function of height. To achieve this, the strain gauges were
placed both horizontally and vertically in four different columns (90
degrees from one another). Each column consists of 11 strain gauges: 6
vertical gauges and 5 horizontal. The chamber wall was subdivided (for
instrumentation purposes) into 5 horizontal bands each of 25 cm height
to leave about 12 cm at the top and bottom of the wall uninstrumented.
Hence, each band has a centrally placed circumferential gauge at each
of the four columns to determine the cavity strain of each band, and a
vertical strain gauge is placed at similar intervals between the bands
(and at the top and bottom of the extreme bands) to determine the
vertical strain (the mean of two edge values for each band) both so
that the Poisson’s ratio effect could be allowed for in the stress
calculation and, it was hoped, to provide information on the change of
vertical stress across any band and thus the shear load transmitted to
the band. (It is now thought that the latter function has little value
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as much of the shear load from the sample is transmitted through the
thick rubber curtain directly to the top of the chamber from which it
is supported). For cone penetration testing purposes, where there
exists a radial symmetry, one column of gauges would, theoretically,
have been sufficient. Having four columns not only gives additional
confidence in the experimental measurements but also enables any
circumferential variation of data to be monitored for asymmetric
devices such as the Marchetti Dilatometer and to illuminate any
horizontal variation in stress or strain (due to soil non-uniformity)
that might be present. The gauges are individually four-wire connected
to the data logger using a 1/4 (quarter) bridge variation which
eliminates lead errors and allows any one gauge to be ignored if its
performance proves to be faulty. Plate 6.4 also shows the set of strain
gauges set up at each column. Strain gauge bbnding to the chamber inner
surface required special surface preparation and treatment prior to
bonding and the sealing needed to be both waterproof and to provide
protection from any possible damage. The complete process is discussed
in Appendix IV.

In the analysis of the CPT results, the radial transfer of load
(by shear) between one band and its neighbour has been ignored as
compared with the load carried by circumferential tension within the
band.

The base pockets were connected to their individual pressure
gauges and volume change measuring vessels, which were suspended from
strain-gauged cantilevers. During an expansion test, the pockets would
be connected only to the pressure gauges to monitor the pressure
distribution across the base of the sample. During a cone penetration
test, on the other hand, the base pockets and their vessels were
connected to a common air pressure, measured by an air pressure gauge

and a pressure transducer.
Since the volume change in the cavity cell involved for either of

the expansion or the penetration tests was small, a smaller vessel,
similar to those used for the pockets, was utilized and was also
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suspended from a strain-gauged cantilever. To enable more direct
comparison with the lateral cell the water pressure gauges chosen were
identical of 0.005 bar sensitivity for the two cells. In addition both

cells had electrical pressure transducers for data logging.

The lateral cell was connected to a larger vessel (a triaxial cell
used for the 100 mm in diameter samples) to allow larger volume change
control. During an expansion test, which did not require continuous
measurements as compared to a penetration test, the vessel was weighed
on a balance with an accuracy of 1 gram. In the original design, a
larger air-water reservoir was used for this purpose which was
suspended from a load transducer. This reservoir, in the new design,
was used to supply water to the piston compartment. During the current
penetration tests, however, the lateral cell vessel was suspended for
weight change measurements. The expansion cylinder middle and end
sections (with their common air pressure regulator and pressure gauge)
were connected to similar cells, of which only the one for the middle
section was weighed.

All the strain, deflection and pressure sensors were monitored
both during the Ko preparation of the soil to the required stress state
and (at 5 cm, 2.5 second intervals) during penetration insertion. They
were also monitored for a short time afterwards as the stresses were

relaxing.

6.5. Data Acquisition System

The outputs of the various strain gauges, displacement and
pressure transducers were passed to a standard 'Orion’ data-logger
belonging to the Civil Engineering Department at the university and
were either printed out directly (during the stress application stage
when increments of stress were normally at about 1 minute intervals),
or temporarily recorded on internal magnetic tape (during the fast
acquisition stage of penetrometer insertion) before subsequent
print-out at the end of the test.
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6.6. The Cone Penetrometer

The standard 10 cm2 electrical friction cone penetrometer was used

in the CP series. This cone is normally attached to a rod of the same
diameter and, thus, does not provide any relief of diameter behind the
tip. A full description of this penetrometer and the smaller version (5
cmz) can be seen in Last’s report (1979). The main advantage that this
cone offers is the ability to give a continuous measurement of the
stresses at the tip of the cone and the sleeve behind it during use.
The reference procedure for use of the cone can be found in ISOPT-1
(1988) and ISOCCT-1 (1991).

6.7. Operation of the Chamber

The procedure for conducting a test in the chamber involves three
major steps. These are:

1. Forming the sand sample.

2. Applying stresses to the sample.

3. Expansion or penetration of the sample.

Prior to the first stage, it was necessary to saturate the base
pockets by siphoning the water through the central valve on the base
membrane. Some water will be pushed out during sand filling as the
connection between the pockets and the individual weighing vessels are
left open both at this stage and during subsequent loading up to 1 bar
vertical pressure to ensure a good seal at the edges of the pockets.
After the first test, however, the process of adding or removing water
from these pockets would be different, since they needed saturating
only once. At the end of a test, the pockets would remain open during
the sand removal stage until the chamber was half emptied. This
balanced out the pressure from the half full chamber with the head
difference between the base pockets and their corresponding cells. They
would then be closed and remain so until the sand filling for the next
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test reached about mid-height. This restriction was to prevent the
pocket cells becoming empty as a result of the hyro-static head
difference.

6.7.1. Forming the sand sample

Prior to the modification, the lateral membrane was supported, by
using a sample former — an open ended perforated metal cylinder -
during sample formation to form a cylindrical sample. This former was
lowered into the chamber before sample formation and was pulled out
after the top platen was placed on the sand and the lateral space
filled with water. After modification, however, the thick rubber
curtain provided a permanent former for the lateral membrane and
eliminated the danger of damage to this membrane during removal of the
former. During the sample formation, a small vacuum was applied to the
lateral cell to hold the lateral membrane and thick curtain firmly
against the rubber strips.

Sample formation is achieved by a technique known as pluvial
compaction. The sand is rained from an overhead storage device to form
a simulated in-situ deposit. The device, which fits directly into the
top of the calibration chamber, allows the sand to rain continuously
over the whole area of the chamber (see Fig. 6.4). The sand is stored
in an overhead cylindrical hopper. At the base of the hopper there are
two shutter plates through which the sand will pour if the holes in the
plates are correctly aligned. The second shutter plate can be exchanged
with other plates which have holes of a different size. This changes
the intensity of flow from the hopper and in this way the density of
the resulting sample can be varied. The lower plate is moved
horizontally under the action of an air cylinder. This movement will
either stop or start the sand rain, depending upon the relative
positions of the holes in the two plates.

The sand falls a minimum distance of 75 cm from the shutter plates

in a series of well defined jets. The sand then passes through a
diffuser which disperses the jets into a fine rain. The diffuser
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consists of two circular screens of fine rectangular mesh which are
separated by a distance of 20 cm and which are cross orientated through
45° in order to maximize the dispersive effect. The diffuser itself is
maintained above the rising surface of the sand deposit by a system of
lifting wires which are commonly linked to an air cylinder. This air
cylinder is then used to raise the diffuser in a series of steps so
that the distance between the diffuser and the deposited sand is always
between 20 and 40 cm. Under these conditions Jacobsen (1976) found that
the density of a 1.0 m high sand deposit varied by less than 1 % from
top to bottom.

The sand jets can be viewed through the perspex wall of the
spreader and occasionally the holes in the shutter plates have to be
cleared because of the blockages. For this reason one section of the
perspex is in fact hinged to form a door. A small extractor vaccum is
applied to the space below the shutter plates to minimize the dust
hazard.

Once the chamber has been slightly overfilled the sand rain is
halted and the sand spreader removed using an overhead crane. The
exposed sand surface is screeded across the top of the chamber down to
a depth of about 25 mm below the rim.

In the old preparation procedure, once the sand surface was
prepared, the top platen was lowered onto the sand surface. The side
membranes would seal around the top platen after which water would be
allowed to enter the chamber before removal of the former. In the new
set up, the lateral cell filling can commence before the composite 1lid

(including the top platen) is lowered onto the sand surface.

Lateral Cell Filling Procedure

In this arrangement, the main water supply feeds water into an
auxilliary supply tank located 60 cm above the chamber, which has
separate comnections to the chamber lateral cell and to a lateral
air/water reservoir located at mid-chamber height (referred to as the
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lateral cell and the lateral tank, respectively). The water in this
supply tank can be partially de-aired under a vacuum before being used
to fill and de-air any cell or connection line. The only outlet from
the lateral cell, apart from the supply and cell-to-gauge lines at the
base, is from the the top of the chamber barrel directly below the
welded rim to the lateral tank. A horizontal channel has been provided
on the rubber strips directly below the rim to ensure that water runs
from each channel between the vertically oriented rubber strips via
this channel to the lateral outlet. The lateral cell is de-aired by
circulated de-aired water from the supply tank upwards through the cell
to the lateral tank under a partial vacuum.

The cavity cell is filled in the same manner as the lateral cell.

6.7.2. Stressing the Sample

In preparation for loading, the loading frame is raised and the
reaction jacks are connected and pumped up slightly. Once it is certain
that all the lines are saturated, a complete scan of the required data

is made.

For all tests the initial stressing of the sample was made under
Ko conditions - that is, the lateral dimension of the sample was not
allowed to change during the compaction or overconsolidation stage of
the stress application. Hence, the pressures in the lateral and cavity
cells are balanced up to keep the inner-shell undeformed. Since there
could be no change in the volume of the lateral cell, there would be no
change in stress in the rubber strips. Under these conditions, the
diameter of the sample should theoretically remain constant and the
fluid pressure in the lateral cell would represent that required to
sustain this state.

To begin the K, consolidation, the vertical pressure is increased
in small increments (0.25 bar below 2 bar and 0.33 bar above 2 bar) by
regulating the air supply to the top of the piston air/water reservoir.
A pressure transducer and a pressure gauge are used to monitor the
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hydraulic piston pressure. As the vertical pressure increases, the sand
tries to expand in the lateral direction. This increase in volume is
resisted, by the inner shell and results in a rise in lateral pressure
which then requires an increase in the pressure of the cavity cell (by
forcing water into it until the two pressure are once again balanced.
The force applied to the 1lid by the reaction jacks is automatically
increased by the pneumatic multiplier operating from the piston
pressure. When equilibrium has been obtained after each increment of
vertical stress, a complete scan of the data is made.

For normally consolidated (NC) samples the loading is monotonic up
to the desired vertical stress level. For overconsolidated (OC) samples
the vertical stress is increased up to a predetermined value and then
relaxed down to the desired test level, the condition of zero lateral

volume change being maintained throughout.

The base rubber strips have been designed at a 1.0 bar/mm
stiffness up to 2.0 bar of pressure during calibration. The pockets are
all opened to atmospheric pressure up to a vertical pressure of 1.0 bar
so that the rubber strips carry this stress. Above this pressure, the
pocket connections are closed and any increase in vertical piston
pressure is matched by the same increase of pressure in the pockets.
The piston and base pocket pressures together with the lateral and
cavity pressures are constantly monitored on the data-logger screen so
that very sensitive adjustments are possible during the consolidation
phase.

The top pockets (now part of the lid system) are, on the other
hand, open to atmosphere during the entire consolidation phase and the
whole vertical pressure is carried by the rubber strips. (The top

pockets are removed for the expansion tests).

Once the desired stress level has been reached, the main water
supply to the piston from the piston air/water reservoir is closed off.
The second connection from the piston to the pressure transducer and

gauge remains open at all times. The lateral pressure tank is, then,
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brought up to the same pressure as in the lateral cell before
connection between the two is made (through the bottom outlet). This
can be checked by monitoring any weight change in the lateral tank,
under suspension, and allowing it to stabilise.

As mentioned earlier, all strain gauges, etc., were datalogged at
the completion of each step. At completion of loading an interval of
about 15 minutes would normally occur before the start of the
penetration test itself.

6.7.3. Cone Penetration

The sand is now prepared for penetration. The calibration of the
penetrometer is checked. The data-logger is set to scan a complete set
of data at 5 cm (actually 2.5 seconds) intervals - with a standard
penetration rate of 2 cm/sec, controlled by a hydraulic flow valve on
the pump. The penetrometer is then positioned in the loading frame with
the push rod attached to the hydraulic cylinder and the cone tip placed
on the sand surface in the central hole of the lid. The penetration is
stopped at about 125 cm when the limit of the hydraulic piston is
reached. The data-logger was normally left running for a further 40
seconds to obtain data on any subsequent stress relaxation that might
occur in the cone and sleeve readings and in the boundary stresses.

Unlike the traditional tests with this aparatus, there are no
options for the boundary conditions during penetration. Whereas the
earlier tests would normally include both BCl and BC3 lateral boundary
conditions in the testing programme so that the perceived limits of
boundary effects would be covered, the new tests have been designed so
that each test should - as closely as possible - experience the actual
local stiffness expected in the field. This new design relies on the
lateral fluid remaining at constant pressure (the change in volume
being monitored) whilst any local expansion of the soil sample would
result in compression of the rubber strips and inferred from the
circumferential stress in the inner-shell since the latter gives the

change in local boundary stress and, by calibration, the local boundary
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strain.

The base piston of the chamber was held at constant height during
penetration (made possible by using water rather than air beneath the
piston) and, as with the lateral boundaries, both base and top of the
soil sample relied on the stiffness properties built in to the rubber

strip construction at these surfaces.

Once penetration had been completed, the penetrometer would be
withdrawn from the chamber and the chamber would then be ready for

dismantling and sand removal.

6.7.4. Removal of Sand

After completion of the penetration process, the sample is
unloaded slowly and the water in the lateral cell emptied out. The
loading frame is lowered back and the chamber 1lid removed.

During penetration some particle crushing occurs in the high
stressed area around the penetrometer tip. In order to re-use the sand
and to maintain constant soil properties every effort is made to remove
all the crushed sand. This is achieved by pushing a hollow metal
cylinder (normally 4 to 6 inches in diameter) down the axis of the
chamber in the path of the penetrometer and the sand entering at the
base essentially vacuumed out of the free end. The remaining sand in
the chamber is then removed manually by shovelling it into a self
emptying bucket and before storing in a large cylindrical hopper that
is fixed permanently on top of the pluviation chamber. After each
bucket filling, it is weighed using a load cell that is suspended from
the over-~head crane. The total weight of the removed sand then

determines its relative density.

6.8. Basic Properties of Hokksund Sand

Hokksund sand is an angular fluvio-glacial deposit found in the
Drummen river valley near Oslo, Norway. The mineralogical composition
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of the sand was determined by X-ray diffraction (Quartz 35%, Felspar
45%, Mica 10%, Amphibole 5%, and another 5% of unidentified
ingredients). A standard sieve analysis of the sand shows that it is a
uniform, medium sized sand which contains negligible fines. Its high
percentage of feldspar, known to be generally softer than guartz, may
lead to reduced hardness and perhaps an increase in the mineral
friction angle (Lee, 1966).

The calculation of the relative density relies on a knowledge of
the maximum and minimum void ratios (emax and emin) of the sand. These
are obtained by measuring the maximum and minimum densities
experimentally, but there is no accepted standard for this
determination. Several procedures have been used to determine these
values. These include the Proctor standard, dry tilting, and wet and
dry pouring and tamping.The maximum and minimum void ratios for this
test series were obtained by dry pouring through a funnel and wet

tamping in layers, respectively.

The specific gravity of the sand grains was determined by means of

a pycnometer giving an average value of 2.70.
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WHEN WHERE SIZE
1965 ORIGINAL CRB H=0.91m
MELBOURNE D=0.76m

1971 UNIV. OF FLORIDA H=1.22m
GAINESVILLE D=1.22m

1973 MONASH UNIVERSITY | H = 1.82 m
MELBOURNE D=1.22m

1976 N.G.I. OSLO H=1.50 m
U. SOUTHAMPTON 1980| D = 1.22 m

ENEL ~ CRIS H=1.50m

1978 MILAN D=1.22m
ISMES H=1.50 m

1981 BERGAMNO D=1.22m

Table 6.1. Summary of CRB (Vic. Road) type chambers (Holden, 1991)
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CHAPTER 7

CONE PENETRATION TEST SERIES

7.1. Introduction

The series of full length expanding cylinder tests performed in
the calibration chamber revealed useful information regarding different
boundary conditions and the response of the boundary stiffness under
different situations. Since the penetration testing can only be
performed under a constant lateral stiffness, as obtained by the rubber
strips running longitudinally along the depth of the inner-shell, one
is left with the option of using the rubber strips stiffness as a close
approximation to the true field conditions. This means that, at the end
of the consolidation stage, before penetration begins, the lateral cell
is opened to the lateral reservoir which has a pressure controlled
requlator. Since the cavity cell is maintained at the same pressure as
the lateral cell during the entire Ko stage, the inner shell remains
undeformed. Any further increase in the lateral stress of the soil
during penetration is taken locally by the rubber strips and shown in
the changes registered by the circumferential and the vertical strain
gauges. This load in the rubber strips will cause the inner shell to
deform slightly (too quickly to allow pressure balancing with the
cavity which remains under constant - air regulated - pressure). Any
slight increase in the lateral fluid pressure (as was noticed once a
pressure transducer was introduced and the pressure was able to be more
accurately measured) will have been due to restrictions in the flow of

fluid from the lateral cell to the lateral reservoir.

The expansion tests indicated that the ideal stress level for
dense normally consolidated samples needed to be about 2.0 bars
vertically in order to allow the stiffness properties of the rubber to
simulate an infinite boundary chamber. The dense over—consolidated
samples, on the other hand, would have to be consolidated under KO
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conditions up to a vertical stress of about 4.0 bars and then unloaded
(relaxed) to a vertical pressure of 1.0 bar, thus producing an OCR = 4.
It happens that both the respective NC and the OC conditions resulted

in the same horizontal stress of about 0.5 bar.

The tests discussed in this chapter were performed on both
medium-dense (Dr = 60 to 70%) and dense to very dense (Dr = 85 to 100%)
samples of dry Hokksund sand under the aforementioned stress
conditions. For comparison purposes, some additional tests were
performed under different stress levels and stress histories. A

schematic diagram of the cone penetration layout is shown in Fig. 7.1.

One of the primary interests in running these CPT’'s was to obtain
some information on the stress distribution both in the lateral and
bottom boundaries. Hence, some of the tests needed to be performed at a
modified speed. Due to the limitations on the data logging system,
which was later resolved, it was decided to maintain the standard 2
cm/sec penetration speed but with a one minute halt after every 2.5
seconds (about 5 cm of penetration). This allowed a complete scan to be
made of all the data after stabilisation. Later tests allowed the data
to be stored on a magnetic tape without halts. These were then printed
out after the completion of the test.

7.2. Test Results

The test results are summarized in Table 7.1 for a total of 17
cone penetration results under different stresses and histories.
References will also be made to some relevant tests from the earlier,
SU, tests at Southampton University which had Bl and B3 boundary
conditions [see Tables 3.1 and 3.2]. Columns (2) to (8) of Table 7.1
relate to the state of the sand after pluviation and during the
subsequent stressing; whilst the remaining columns summarize the
penetration results. Detailed plots for individual tests are given in
Figs. 7.2 to 7.18 for K, and g, versus vertical stress, and in Figs.
7.19 to 7.28 for d and fs as a function of depth of penetration. Figs.
7.29 to 7.44 give the boundary stresses down the side of the chamber
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and across its base at 25 cm intervals of penetration for each test.

As was mentioned in the last section, the lateral pressures in the
penetration stage of the tests were found to be somewhat higher than
intended because the lateral fluid was not escaping freely. This was
detected after a pressure transducer had been installed in the line
from the chamber to the pressure gauge. One method for correcting these
tests is to assume that this excess pressure is equivalent to a slight
overconsolidation of the already NC sample. Hence, the de and fs values
in Cols. 9 and 12 have been corrected by using the Bellotti et al.
(1985) relationship for over-consolidated Hokksund sand in which the de
value (for a constant Dr) is found to vary with the 0.573 power of the
mean stress. The analysis of earlier SU tests under BCl and BC3
indicates that cone resistance and sleeve friction have approximately
constant proportionality (qc = 250 times fs). This reasoning is used to
apply the same correction factor for sleeve friction, as well. The
correction factor used for de and fs in each test is given in column
(13) and the reverse process would give the actual measured values. The
drainage condition for the lateral fluid was improved (following test
CP13) by fixing a second drainage outlet from the chamber to the
lateral reservoir.

The testing programme comprised two sets: one for very dense sand
with OCR values of 1, 4, 8, and 16 relative to a maximum past vertical
pressure of 4 kg/bmz, and the other for medium-dense sand with OCR
values of 1, 4, and 16 relative to the same maximum past pressure.
Since the boundary stiffness was designed for a dense NC sample to be

2 and for a dense OC sample

tested at a vertical pressure of 2.0 kg/cm
to be tested at a o’ = 1.0 kg/cm’, the designed stiffness for the NC
samples of very dense sand at a o'v = 4,0 kg/cm2 was slightly low,

whilst that for the medium dense samples was rather high.

As was mentioned earlier, during the K, consolidation phase the
fluid pressures in the cavity and lateral cells were kept equal to
prevent the inner shell of the chamber from deforming. The strain
gauges readings during this phase registered an increase in the
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circumferential strains, and conversely a decrease in the vertical
strains. This could have been due either to leakages from the lateral
cell in the chamber or to the existence of trapped air in the cavity
cell either of which would have resulted in a reduction of volume in
the lateral cell and thus stress in the rubber strips. Alternatively, a
slight over—compensation in the reaction jacks at the top of the
cylinder would result in a shortening of the chamber and an
accompanying Poisson’s ratio increase in diameter. The former seemed
the most probable and the changes of strain were converted into
equivalent lateral pressures using a local calibration and have been
included in the calculations of Table 7.1 (columns 4 to 7). The strain
gauge readings, however, were not uniform in all four columns: two
opposite columns seemed to show signs of very slight tensile strains,
and also, in some tests, either stayed undeformed or experienced
compression during both loading and penetration stages. The adjacent
opposite pair seemed to show positive circumferential strains. This led
to the conclusion that the chamber may have deformed from a cylindrical
cross—-section into an elliptical shape possibly as a result of
non—uniform pluviation. This phenomenon and its effects on the soil

stresses is discussed in Appendix V.

The first six tests were performed under less ideal conditions
since samples showed densities that varied with depth due to poor
pluviation (because some holes in the shutter plates became blocked
during pluviation) or were conducted at a non-standard speed of
penetration (one minute interval after every 5 cm at standard
penetration rate). The first group resulted in less dense samples. The
results are plotted against the matching sets of the later standard
tests (CPT7 to CPT17) to show both the effect of density variation and
the penetration speed on the obtained d. and fs profiles with depth.
The results of these tests are analysed in the next section and are
compared with the previous tests under BCl and BC3 on Hokksund sand.
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7.3. Analysis of the Test Results

The changed boundary conditions of the new CP test series can only
be fairly judged against the previous results (SU series) if the basic
soil properties remain unaltered. That this is so is confirmed by the
particle size distribution curve from the current series as compared
with the same from an SU test sample and from another one obtained at
the NGI as in Fig. 7.45. This is also checked with reference to other
soil properties (obtained directly or deduced ’indirectly’ from
empirical corelations with the cone resistance or sleeve friction, as
shown in Chapters 2 and 3) in the following sub-sections.

7.3.1. shear Strength

Internal friction angle is another soil property that can be used
to check that soil conditions of the CP test series are similar to that
of the previous SU set. The results of shear-box tests on the sand
during the current series as well as those from the SU and NGI tests
are shown in Fig. 7.46 which are superimposed on the curves proposed by
Schmertmann (1978) between ¢’ and Dr' This figure shows that the loose
samples fall in Schmertmann’s fine sand region whereas the dense ones
fall in his medium sand region, as shown to be the case by the

particle size distribution curve.

7.3.2. State Parameter

Since Y combines the influence of both void ratio and stress level
with reference to an ultimate steady state, it can show the state of

the sand used in different tests series.

Using the state parameter and cone resistance relationship [Egn.
(2.16)] to correlate shear strength of sand to the measured cone
resistance [Eqn. (3.8)] and to the relative density through q."D-o"
relationship [Egn. (3.10)], the ¢’ values for the CP series were
obtained, as shown in Table 7.2. The ¢’ values together with Egn. (3.9)

have also been superimposed on Fig 7.46 curves. This equation appears
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to overestimate the friction angle for very loose samples, thus placing
the Hokksund sand in the coarse sand region. For very high densities,
however, this gives a good estimate of ¢’. The ¢’ values obtained by
Egn. (3.10) are, on the average, 1.0° higher than those obtained
directly by Egqn. (3.9), which may reflect the appropriateness of the
qoD o' relationship.

The effectiveness of the new boundary conditions can also be
investigated in regards to the determination of in-situ shear strength
values from the measured cone resistance values. Based on limited test
results at the time, Robertson and Campanella (1983) and Lunne and
Christophersen (1983) correlated the bearing capacity factor Nq
(=qc/a’v) with the shear strength of sands (Fig. 7.47): A values were
taken from CPT in the CC and corrected for chamber size and boundary
effects as described by Lunne and Christophersen (1983); ¢’ values were
taken from standard size triaxial tests on samples built in to the same
densities as the CC samples. Fig. 7.47 also includes the results of the
new boundary tests with ¢’ values taken from earlier triaxial tests at
NGI (Kildalen et al. 1982) and Southampton. It shows that using the Nq
vs tan¢’ relationship recommended by Lunne and Christophersen is quite
conservative for NC samples while it fits on the average for OC

samples.

7.3.3. Coefficients of Earth Pressure at Rest

From the continuous measurements of both the vertical and
horizontal stresses during the consolidation phase of the CP tests,
reliable values of the coefficient of earth pressure at rest, Ko’ were
determined for both NC and OC samples, as shown in Figs. 7.1 to 7.17.
As far as NC samples are concerned, the results show that this can be
roughly estimated by a linear relationship as

c
x’: = 0.51 - 0.002(D_) (1)

This yields a Ko of 0.31 for a very dense normally consolidated sand
(Dr = 100 %).
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The CP series on medium dense to dense sand, for a limited range
of overconsolidation ratio, suggests the following empirical

relationship

oC_ NC _ .

Kb = K: + C logZ(OCR) (2)
in which C = 0.177 - O.OOOSDr [Dr in %]

The K value at 4.0 kg/’cm2 of 0.35 and the rate of change of K,
value per log2 cycle on rebound of 0.14 for dense samples [as given by
Last (1979) with D, = 90%] compare reasonably well with the equivalent
values for the current series of 0.335 and 0.132, respectively, as
obtained from Egns. (1) and (2). [see Figs. 7.48 and 7.49]. The form of

these two equations between KONC

and Dr and between KOOC and OCR are
both different from those normally quoted in the literature and fit the
data rather better. Note that the constant C given in Egn. (2) relates
only to the testing range of medium-dense to very dense sand; the value
for loose sand is much lower. Thus C, itself, must be regarded as a
variable (and the functional relationship non~linear) if a wider

density range is to be considered.

7.3.4. Cone resistance — Relative Density

The important results for determining the significance of the
controlled stiffness boundaries are those for the penetrometer itself.
A careful analysis of the data suggests the following, dimensionally
homogeneous, relationship between cone resistance and density which
fits remarkably well to the CP test results of all stress histories

e 0.028 (D - 60) 2

9. = (210.94 o, — 24.517 a,) (R™ = 98) (3)

A similar correlation also exists between sleeve friction and relative

density [see section 7.3.6].

(The minus sign of the o, term suggests the effect of overconsolidation
rather than the negative effect of cv).
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This was demonstrated in another way in Chapter 3 where the degree
of dependency of cone resistance to both the vertical and horizontal
confining stress of the SU test results was not constant [Egn. (3.5)],
since NC samples showed a better relationship to vertical stress with
the OC samples related better to the horizontal stress. The
relationship appears to underestimate some of the OC test results of
the CP series with the opposite effect on the NC ones. This led the
author to believe that in NC sands it may only be necessary to consider
the vertical stress effect in the following form suggested by
Schmertmann (1976 and 1978) [although with only pseudo-dimensional
homogenity and not quite as accurate as Egn. (3)]

o.l
qc = C0 potg—] EXP (C2~Dr) (4)

where: €0, Cl1, C2 and C3
Po

O—I

il

experimental coefficients

reference stress (= 1 kg/cm?)
2

il

the confining stress in kg/cm

The OC samples, on the other hand, could be related to either the
horizontal or the mean stress (or in the form given in the above
equation with more weighting on the horizontal stress than the vertical

one).

To check this correlation for the CP series, the mid-height
chamber cone resistance values of different tests were superimposed on
the curves obtained from the above relationship in Figs. 7.50 to 7.52
through vertical, horizontal or mean stress. Some of the earlier
Southampton tests (SU series) with Bl and B3 boundary conditions have
also been shown in these figures. As far as the NC samples are
concerned, the d. - c’v plot of the Schmertmann curves tend to
over—-estimate the infinite boundary (IB) results. Lunne and
Christophersen (1983) and Lunne (1991) suggested a 25 % increase to the
Schmertmann curves to simulate the field conditions. This overestimates
the IB results to an even greater degree. It should, however, be noted
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that the above authors recommended these curves only for NC, unaged,
clean, fine to medium quartz sands with rather high lateral stress (KO
= 0.45 as compared with the Maximum K, of about 0.32 for most of the NC

CP series tests).

Cone resistance ~ effective mean stress plots, on the other hand,
seem to fit the data rather well, especially for medium dense samples.

Cone resistance was related to relative density through the square
root of a'v by Lancellotta (1983) for different normally consclidated
sands, including Hokksund sand [Fig. 7.53]. The results of the CP
series, also shown on this figure, fit the following empirical

equation:

qC
D_ = 107.5 log ~0.5 203.4 (R® = 0.95) (5)
v

(stresses in kg/cmz)

This figure also shows the cone resistance values corrected by
Baldi et al. (1986) and Lunne and Christophersen (1983) procedures.

Assuming the tests with the new infinite boundary conditions
represent real field conditions, the measured d, values can be used to
predict the relative densities and, hence, compare with those predicted
using interpretation procedures such as recommended by Lunne and
Christophersen (1983) and Baldi et al. (1986). This is illustrated in
Table 7.2 from which it can be seen that using, such interpretation
procedures, the relative density is underpredicted by 12-17% (absolute
values) for the very dense sand and by 5% or less for medium dense
sands. Using the charts given by Baldi et al. the D, is underpredicted
by 2 to 11% for very dense sand; for medium dense sand the predicted

values are very similar to the measured.
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Since the effect of boundary condition is most pronounced in the
dense samples, it is possible that in such samples cone resistance, and
for the same reason the sleeve friction, can be related to the
confining stress alone for a range of densities. On this basis, a
series of regression analyses were performed on the CP results between
d and the confining stresses on both NC and OC samples. The results,
however, showed that vertical stress alone is not capable of defining
the behaviour of the cone resistance in the NC samples. In fact, the
accuracy of the cone resistance and the lateral stress relationship of
the CP series in the following form, although based on limited tests
results, is much higher than the same with vertical stress

q = 3873 6,0%7 (& = 0.97) (6)

h
where both 4. and o are in kg/cmz.

In comparison with the SU results this indicates a rise over the
BCl results ranging from 10 to 20 percent for a lateral stress ranging
from 0.5 to 1.25 bar, respectively, with virtually no correction
necessary for the BC3 results. The OC results, however, indicate a rise
to the equivalent SU results ranging from 9 % for a lateral stress of
0.5 bar decaying down to zero for a lateral stress of 1.25 bar. For the
ideal testing conditions of 2.0 bar NC and 1.0 bar (OCR = 4) where the
lateral stress at the end of KO, on the average, is about 0.63 bar, the
necessary correction factor to the NC (BCl) and OC results of the SU
set are, respectively, 12 % and 7%. This suggests that the CP results
give q. values that are about 13 % and 17 % , respectively, smaller
than the field values suggested by Lunne and Christophersen. The
extremely dense samples (e.g. CPT Nos. 7 and 8 with D, 2 99 %),
however, seem to match the field values.

7.3.5. Constrained Modulus — Cone Resistance

The determination of soil deformation parameters from in-situ
tests is of great practical interest because of the sensitivity of

deformation modulus to even small disturbance, especially at low
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strains (Jardine et al., 1984). Therefore, it is important that the
constrained tangent modulus, M, is obtained from the penetration
results of tests with boundaries that closely resemble field conditions
{i.e., the CP series).

The constrained tangent modulus, determined from the consolidation
phase [i.e. from one dimensional loading and unloading in the
calibration chamber], as discussed in Chapter 3 appears to be a
function of both the applied stress and the over-consolidation ratio as
well as the relative density of the sample. A careful analysis of the
results of both the SU and the CP series showed that the relationship
between the constrained modulus and the relative density of the
normally consolidated samples is best described through the vertical
confining stress by using the following equation:

0.5

af 66 Dr
lnE—} = {4.06 + 0.88[—5—} + [2.1 - 0.1[—;—”' } (7)
o o 100

O

where D, is in percent and P is the reference pressure (=1.0 kg/cmz).
Since o'v can be estimated in the field as yh, the only unknown
remaining in this equation is relative density. From the relationship
proposed between cone resistance and relative density through vertical
confining stress for the NC sample, a value for D, can be estimated for
the measured in-situ d, value. It is also convenient to eliminate

, D)and M = f(a'v, Dr) to get the

vl Tr
in-situ M value for Hokksund sand as a function of only the cone

relative density in the q. = f(o’
" resistance and the vertical stress as follows:

M = 90.685 P_(g_/ po)(0'413)(0,‘,,/ PO)‘°-2°5) (8)

in which M, Ao o’ and PO are all in kg/cmz. The use of this equation

v
in the field requires a knowledge of the stress history of the sand. If
the sand is overconsolidated, an equivalent NC cone resistance should

be used instead.
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This equation has been plotted for a range of o'y values between M
and de in Fig. 7.54 over which the results of CP series have been
superimposed. Apart from one test, the 2.0 bar NC results fall on the
M= 3.5qC line. The 4.0 bar NC tests, on the other hand, fall above the
M= ch line.

The graph in Fig. 7.55 of computed constrained modulus, M, values
against experimental values shows the same sort of scatter as found in
the previous SU tests. Both series indicate a range of values for
computed M depending on whether the mean stress or the horizontal

stress was used in the individual calculations using Egn. 3.15.

7.3.6. Sleeve Friction

It will be shown in the next chapter that the measured sleeve
friction agrees remarkably well with the sleeve stress obtained through
the analysis of full length expanding cylinder tests under the same

confining stresses.

The sleeve friction data in the form of sleeve stress profiles are
shown in Figs. 7.18b to 7.27b. They show a general increase of fs
values with depth -~ not consistent with the expectation that they
should increase to asymptotic values as penetration becomes sufficient
to reach steady-state field stresses. (Naturally, the poor modelling of
sand to infinity at the base of the chamber affects the end of the
penetration curves). Estimated asymptotic values might be expected to

represent field conditions most closely.

The analysed results of expanding cylinder tests in Chapter 9 will
show that sleeve friction can be closely related to the far field
lateral stress {(i.e., initial Ko stress). On this basis, a regression
made on the results of only 3 tests (CP15 to CP17) indicate a good fit
for NC and OC samples in the form

1.006 2

fs = 0.821 o (R™ = 0.99) (%)

h
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The power of the lateral stress of almost 1.0 suggests a nearly linear
relationship between the sleeve friction and the lateral stress for the
medium dense samples. This relationship has been generalised for both
NC and OC samples for all densities in a form similar to that given for
the cone resistance as follows

0.032 (Dr - 60)

fs = (0.866-0, — 0.053-av) e (R2 = 0.99) (10)

°h
This relationship is dimensionally homogeneous and shows a remarkable
degree of correlation,This suggests an increase of about 26 % to the

measured fS values as given by a typical 2.0 bar NC test under BCl. The

OC samples also show increased fs values by at least 14 %.

The experimental fs values have been plotted against those
calculated by this relationship in Fig. 7.56 for the CP series. The
results for the non-standard tests as well as those with non-uniform
densities have also been included in this figure which shows that the
one minute halt has relaxed the local stresses slightly, resulting in
reduced sleeve friction values. The non-uniform density tests, as

expected, resulted in low fS values, as well.

The similarity of the form of relationships developed for de and
fs with Dr’ as shown in Egns. (6) and (10), led the author to believe
that from a single cone penetration test one should be able to obtain
the necessary information regarding the stress state of the soil. This
could be achieved by combining these equations so as to obtain a single
relationship between d and fs through L On this basis, the results
of the CP test series fit remarkably well to the following
relationship:

2

- fS°'695 (193.1 - 5.46 / K_) (R% = 0.98) (11)

9c

. 2
(qC and fs in kg/cm®)
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In principle one could thus obtain K, from the two measured
stresses and thus the field ratio of o to o, However, the Ko effect
is very small and could be masked by uncertainties in local soil

properties affecting the more dominant constants of the equation.

7.4. Conclusion

In comparing the experimental results with those obtained through
different empirical correlations, the following factors should be borne

in mind:

~ there are still some uncertainties involved in how
representative the new boundary conditions are for true field
conditions, but the author is fairly confident that they are
closer to field conditions than the BCl and BC3 conditions that

have been used before.
- the new tests are strictly valid only for Hokksund sand whereas

the Lunne and Christophersen curves were evaluated based on test

results from a range of sands.
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INFINITE BOUNDARY TESTS (Stresses in kg/cm2 referred to mid-height

Mo P %% | | Jom| Fo| M| G |a | Es || faet

(1) (2) (3) (4) (5) (6) | (7) (8) | (9) [(10) |(11) |(12) %13
CPl$ 90.7 {4.15 |1.394|2.313] 1 {0.336|1602 | 285 | 331 |2.05 |2.68 -
CP2$@ 83.2 {2.15 {0.7111.191} 1 |0.331}1060 | 127 | 220 |0.60 |0.84 -
CP3$ 85.1 {2.15 |0.737{1.208] 1 {0.343{1612 | 107 | 220 |1.14 |1.48 -
Cp4 |88.0 |2.15 [0.728(1.202] 1 |0.339|/1670 | 155 | 238 |0.59 |0.91 -
CP5$ 85.1 [2.15 |0.721{1.197] 1 |0.335{1710 | 257 | 265 |1.55 {1.80 -
CP6$ 98.6 {1.15 |0.62110.797| 4 |0.54 {2290 | 242 | 255 [1.41 |1.69 -
CP7 199.8 [11.145|0.603(0.784 4 0.527]2820 322 328 [1.74 |1.96 -
CcP8 199.0 {2.15 |0.660]1.157 1 0.307}1925 307 317 11.83 12.10 -
cP9 [91.0 {2.052{0.672|1.132| 1 {0.327| 720 | 229 | 245 |0.97 |1.07 |-2.6
CP10 |94.8 {2.10 [0.561]1.074] 1 ]0.267| 950 | 255 | 264 |1.26 |1.46 |-2.6
CP11 |88.0 [1.024]0.475]0.658| 4 |0.464{2620 | 202 | 203 |0.94 |0.97 |-4.2
CP12 |87.2 {0.518{0.365|0.416/ 8 |0.705{1970 | 185 | 194 |0.80 {1.00 |-5.5
CP13 |97.6 {0.276(0.277]0.277| 16 |1.003] 950 | 162 | 173 |0.67 |0.89 |-8.4
CPl4 |97.6 |3.993(1.339(2.224| 1 |0.335/2170 | 432 | 433 |2.85 |3.09 |~1.2
CP15 [64.0 [4.022|1.604|2.410] 1 10.399|1230 | 205 | 275 |1.26 |1.63 |-0.5
CPl6 [69.0 {1.030/0.63610.767 4 0.617(2180 | 138 | 152 |0.58 |0.76 |-0.9
CP17 |64.9 |0.268]|0.313{0.298] 16 |1.168| 750 52 87 10.24 10.37 |-1.5

Notes : $ - one minute halt for every 5 cm of standard penetration

Also note that d and fs values (columns 9 to 12) are the measured values

se -

E -

a 5 minute halt for every 40 cm of standard penetration

M values are tangent moduli (or last step of loading or
unloading) for both NC & OC tests

adjusted by the corrections factors (column 13)

Table 7.1. Summary of the CP test results
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Test | yor | % o 1% K, d. qc* Dy % Dy % Dy % ¢'° ¢’
No. bars |bars oc NC ocC NC |meas.|Baldi|Lunne| Egn.{ Egn
et al|&Chr.| 3.9 | 3.1
CPl$ 1 14.15 1.394{0.336|0.336] 331 | 331 |90.7 [83.6 | 83 [43.1 [43.6
CP2$@ 1 ]2.15 {1.1910.331|0.331} 220 | 220 |83.2 |81.7 | 69 [42.2 |43.3
CP3$ 1 2.15 |1.208(0.343|0.343| 220 | 220 |85.1 |81.7 | 69 42.2 [43.5
CP4 1 ]2.15 |1.2020.339/0.339| 238 | 238 |88.0 |84.1 | 74 |[42.5 |43.4
CPS$ 1 12.15 |1.197]0.335/0.335| 265 | 265 |96.9 |87.4 | 78 [42.9 |43.6
CP6$ 4 |1.15 |0.797|0.540{0.336] 255 | 166 |98.6 [91.9 | 78 [44.2 |45.1
CP7 4 |1.145[0.784[0.527/0.31%| 322 | 215 |99.8 |102 85 |45.2 |45.2
CP8 1 {2.15 |1.157/0.307|0.307| 307 | 307 |99.0 [93.1 | 84 [43.5 |44.5
CP9 1 ]2.052{1.132]0.327{0.327| 229 | 229 |96.9 |87.4 | 78 |42.5 |43.4
CP10 1 ]2.10 {1.074]0.267|0.267| 255 | 255 |94.8 |88.0 | 77 [43.1 [44.3
CpPll 4 11.024]0.658|0.464]/0.31%| 202 | 148 |88.3 |89.3 | 75 |44.0 |44.7
CP12 8 10.518/0.416/0.705(0.31%| 185 | 99 |[87.2 |95.0 | 78 |45.4 |45.4
cP13 | 16 |0.276|0.277/1.003}0.31%| 162 | 65 [97.6 |98.2 | 80 |46.5 [46.9
CPl4 1 13.993]2.22410.335{0.335| 432 | 432 {97.6 [92.4 | 82 |42.4 {43.3
CP15 1 14.022]2.410{0.399/0.399| 205 | 205 |64.0 |65.0 | 55 [39.6 |40.9
CP16 4 11.030{0.767|0.617/0.399| 138 | 108 |69.0 |73.0 | 62 |42.1 |43.1
Cpl17 | 16 |0.268(0.298/1.168{0.399| 52 29 [64.9 |57.3 | 57 [42.0 |44.5
Notes : $ — one minute halt for every 5 cm of standard penetration

$@ — a 5 minute halt for every 40 cm of standard penetration
* — Ag proposed by Schmertmann (1978)

(e 30, ) =3+ 05 (852 -3

Table 7.2. Comparison of measured and computed Dr values together with
the computed friction angles
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CHAPTER 8

ELASTIC CPT MODEL

8.1.Introduction

In this chapter a theoretical analysis is given for the
penetration mechanism that occurs during CPT. Soil is assumed to have
anisotropic properties with transverse isotropy in the horizontal
plane. It is believed that the penetration of a probe into a granular

material involves three separate phenomena:

- a spheroidal cavity expansion at the point of the cone
continually added to as penetration proceeds;

~ a sleeve load that is also continually added to as penetration
proceeds.

- and a vertical point load.

One of the main components of this model is the development of a
spheroidal cavity expansion solution in a transversely-isotropic
material. The same approach is used as for the isotropic case. The
solutions for a cylindrical plane strain case and for semi-infinite
penetration are, then, obtained by integration.

The derived solution is particularised for the case of isotropic
soil properties. The components of the model that account for the three

separate mechanisms outlined above are discussed at the end.

In the next section, the method used for the development of the
stresses due to a spherical cavity expansion in an infinite isotropic
medium is discussed. An analogous method will then be used to develop a
solution for the anisotropic case.
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8.2. Spherical Cavity Expansion in an Isotropic Medium

The cavity expansion solution, so far, exists only for an
isotropic case. The task of this section is to show that the approach
used in this solution can be used to develop the solution for an

anisotropic elastic medium.

We assume that two equal and opposite forces, a small distance d
apart, are applied to an infinitely extended isotropic elastic medium.
The stresses produced by a force P applied at the origin O in the z
direction within an infinite medium are given by Poulos and Davis
(1974) [the Kelvin solution in cylindrical coordinates] as follows:

3 5

o, = B [(1 - 2v)z(r + z )~ E-n 3rzz(r2+ 22)~ 2 } (1)

3

og = B{1 - 2v)z[r2+ 22)_ 2 (2)
32 -3

o, =B [(1—2v)z[r+z] 2+3z3[r+22] 2} (3)

3 5
T, =" B [(1 - Zv)z(r + z )- §‘+ 3rz2(r + 3z ]— 5.} (4)
P
where B = —————— [P is taken positive in tension]
8n(l -~ v)

By using the same equations, the stresses produced by the force P
at 0y (8 distance away from O) in the opposite direction can also be
calculated. Considering the distance 8 as an infinitely small quantity,
any term f(r,z) in the above expressions should be replaced by
~[f + (3£/3z)8]. Superimposing the stresses produced by the two
opposite forces and using the symbol A for the product B§, one finds
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3 5
g, = A %é{(l - 2v)z(r2+ zz)m §‘+ 3z3(r2+ 22)“ 2.} (6)
3 _3
o = -0 —g—z[(l - z\>>z[r2+ 22]— 2 _ 3r2z[r2+ 22) 2 } (7)
3
o = A gé(l - 2v)z(r2+ 22)~ 2 (8)
_3
2

5
T, = A %é [(1 - 2v)z(r2+ zzJ + 3r22(r2+ 22]‘ 2 ] (9)

At a spherical radius R, the state of stress on an element

perpendicular to R is

. 2 2 .
op = 0, sin"w + o, cos“w + ZTrZ sinw cosw (10)
T, = (o_ -0 ) sinw cosw — T (sinzw - coszw) (11)
Rz r Z rz

where w is the angle from the vertical (z) axis.

The distribution of these stresses is symmetrical with respect to the

z—axis and with respect to the coordinate plane perpendicular to z.

Supposing that, in addition to the force doublet P$§ acting along
the z-axis, an identical system acts along the r-axis and another one
along the axis perpendicular to the rz-plane. In this way a stress
distribution symmetrical with respect to the origin will be produced.
Now if a sphere is considered with the centre at the origin, there will
be only a normal uniformly distributed stress acting on the surface of
this sphere. Considering the stress at points on the circle on the
rz-plane, Eqn.(10) gives the part of this stress due to the force
doublet along the z-axis [called the z-z doublet]. By interchanging
sinw and cosw, the normal stress round the same circle produced by the
r—r doublet can be obtained. The normal stress due to the doublet along

263~



the rz-plane is obtained by substituting w = n/2 in Egn. (10).
Combining the actions of the three perpendicular doublets the following
normal stress acting on the surface of the sphere can be found:

4(1 - 2v)A
g, = = —————g—— (12)
R3

This combination can be used to calculate the stresses in a
spherical container submitted to the action of internal or external

pressure.

A similar approach is now used to obtain the solution for an

anigsotropic medium.

8.3. Spheroidal Cavity in an Anisotropic Medium

8.3.1. Solution to a Point force Normal

to the Plane of Isotropy

The solution for a point force applied normal to the plane of
transverse isotropy at the interior of an infinite solid was obtained
by Pan and Chou (1976) using three potential functions to govern the
displacements. The displacement functions in x, y, and z directions,
respectively, are

2
- X Xz,
Ux = z \’iAi ~ R* - \)i(Ai+ Bi) —;—g (13)
i1 i
i=1
2
U A y Yzi
v = 2_ \)iAi 'R—;;: - \)i(Ai+ Bi) "‘};3‘ (14)
iTi i
i=1
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V3 = (Ce/Caq) 2

'\)lZ

I

~265-

’ C,.B C 2A 1 (A, + B.) vz C r2+ C z2
o -3 { _ [ 1151 * €44 i} 1By +By) vy { V! }}
2 L C13+Cyq B Ci3*Cy R,
i=1 (15)
where Ci .is the elastic stiffness constant given as
E(1 —~ p\)"z)
C..= Coo=
722 0 h v - v - 2009
E(v + p\)'z)
2= )
(1 + v} (1 - v~ 2pv'7)
Ev'
C,.=C =
1373 = T T 07
B (L - )
C,, = =M [Constrained Modulus]
33 7] 3
- v - 2pV
E
Coom Ciy = Cyq =
66~ ‘11~ C12 = T
c,, =G
44 N
_— )
C13 = 6311C33J
and
(€= Cya) (et Coot 2C, NE (& ot CL)(E = Com 20, )\
. - [ 13~ ©137(Cy3% Cy3* 2Cy, ]2+ [ 13* C13)(Cy37 Cy3m 2Cy, ]2
L=
4C33Cy4 4C33Cy4
(8, 3= Cra) (8ot Cpok 2C, Yo (&t Cio) (B am Coom 20, NV
o - [ 13~ C13)(Cy3* Gzt 2Cy, ]2 [ 13+ C13)(Cy3 Cy3- 2Cy ]2
- _
4C33Cy4 4C33C44
1



2y = V52
Z3 = V32
*
Ri = R, + z; (i =1, 2)
R? = I + z?
i i
2

and r2 = x2+ Yy

From the positiveness of the strain energy
€9 leysl) 0
A degenerate case occurs when C13 - C13 - 2C44 = 0 which leads to

Vg = Ve This can further be simplified to obtain the spherical
solution.

The constants Ay and B; can be found from the following equations:

(1) C13 - C13 - 2C44 # 0
o A e A - P(Cyg + Cyy )
1 2 B e (2 )
33C44(V™ v
and A, + B, =0
1 1
(ii) Cl3 C13 - ZC44 = ()
A1 = A2 = ()
P(Ci3 + Cpy )
B, = By = -
16ncllc44
Letting
2
w11/ Vi Cag
-
C13* Cyg

the stress field due to the point force is given as
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2 2
Y 2 €134 i
% =) H(Cu“ C3vik; ) (2854 By) + 2[%6* C o Gy BT B3

V.4,
1

i=1 1
2 %Zi’ 3\’1211’2
- 3(‘311“‘ Cl3\’iki](Ai + B;) 5 2Ceq(R; + By) i
i i
~ 2C. _v.A, - A (16)
667171 (g g g3}RF g% g2
11 1 1 1 1
2 2
'y 2 C13C40Y V24
o, =3 {|{ci- ¢ vik, ) (2, + B;)+2 [c PN L RS NP Y
Yy {[ 11 137171 1 i 66 Cl3+ C44 i i Ri
i=1
3 2
2 vizi 3v.zix
- 3(‘711“ ClB\’iki)(Ai + B;) 5 2Cqq(A; + By) i
i i
- 2C..v.A . S S O (17)
66711 g ¥ %R RS R
1 1 1 1 1 1
2 2
v 2 2C33C44Y5 ;24
o =) ﬁ: vk )(ZA. + B, )+ ——~ (A,+ B, ) |——
z /. {[ 13 3371 i i C13+ C44 i i R3
i=1 1
2 v 21
-3 (CB C33viki](Ai + B,) - } ...... (18)
i

8.3.2. Solution to a Point Force Parallel

to the Plane of Isotropy

Pan and Chou also obtained the displacement and stress functions
for a point force in the plane of transverse isotropy. The displacement
functions are
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. i By ¥ R RY  R3R%
i=1
...... (19)
2
. X Xy Xy
U_ = -y, (Al — B!)— ~ 2Vv.B! + D (20)
y 4)- ot 17g3 171 g Ra? R.R%>
=1 i it1 33
2 2
T Xz, C,,Al - C,,V;B! 2x
UZ - > -—'\)iki(A{ _ BJ!-) 31 _ 11Cl - g4 11 5 (21)
L R; 13 44 R,R¥

Ri’ R{ and z, are defined as before. The constants A{ and B{ and D can
be found from the following equations

P
D =
4nC33v3
(i) €13 = €3 = 2Cy, # 0
P(C - C vz)
, , 44 ~ ~33V1
Al = B! = -
175 B1C. C. (v v2 )2
33744'V17 V2!V
2
a o mr o Cyy ~ G5z
272 g c (v vi)2
33%44'V17 V'V
(ii) €3 - Cj3 =204, =0
P P
Al = Al = and B! =B’ = ——x
17 1 2 2
16nCll 16nc44vl

The stress field due to the point force is
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2
c,,(C,,— C.,V.) V. X
o. =3 {{l2c,, - 44 3E) ., gy - 20,2 (1 + k)BY |5
b 66 Cyat Cpy i i R)
i=1 13
2 3V, Xz, Vi XY
= Cypq¥y (1 + ki) (A= BY)——5— = 6C5 (AL~ Bf) 5
i i
2 2
[ 2vix 2vixy2 4vixy2]} LR X Xy 2%y
2C,. B! + + - 2C_.D -
66 2 3.2 2..3 66 2 3..2 2..3
R;RY™  RiRf R;RY 3Ry RyRY RgRY
...... (22)
2 2
C, (C,.~ C,,V)) V. X
o =Y dllec,, - Z44 2L TI3ET 0 mry ~o2c, v2(1 + k,)B! =
Y [ 66 C. 4+ C i i 4471 R I
. 13 44 i
i=]
2 3vixz§ vix3
— — Fo.. [4
= CyqgVi (1 + ki)(Ai B!) 5 6C66(Ai B!) 5
i i
6v.x 2v.x3 4v.x3 b's xy2 2xy2
‘zcesB’[" 12+312+213J+2C66D 2" 3.3 7.3
i
RR RS KR Ry RRST R
...... (23)
2 2
Y C33(Cyq+ Cyqvy) 2 ;X
o, =) - {Hcm— . (A7 - B!) + 2(C) 3= Cypvik.)B! 3
13 44 i
i=]1
2 3vixzi
— F.. r
+ (C13 C33viki)(Ai Bi) RS (24)
i

The solution for a point force lying in the y-direction can be
obtained by interchanging x and y in equations (19) to (24).

All of these equations can be reduced to the isotropic case by
noting that
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Cpy= C33= (A + 2u)
Cip= Cy3= A
Caq= Co6= #

where A\ and y are the Lame’ constants.

8.3.3. Doublets for a Transversely Isotropic Medium

It was shown in section 8.2. that the three force doublets could
be added in equal proportions in order to develop the isotropic
solution. For the transversely isotropic case, where expansion is
assumed to be in the form of either an oblate or prolate spheroid [in
which the major axes may lie along the r— or z-axes, respectively, and
depend on the relative material properties, e.g., as determined by the
over—consolidation ratio (OCR) and the consolidation stress level], x-x
and y-y doublets are added equally, due to radial symmetry, but the z-z
doublet needs to be proportioned as determined in the next section.

In this section the solution for the individual doublets is given
for all the displacement and stress functions. Also given are the
transverse ’‘doublet’ solutions in terms of r obtained by appropriate
addition of the xx and yy doublets.

The z-z Doublet

Assuming that the distance between the two equal and opposite
forces that form the doublet is § and redefining the the parameters Ai’

Bi' A'i and B'i to include the P§ term as

Ai = § Ai and Bi =§ - B

and also

A = e AT Rr - . R D = .
Ai ) Ai Bi 1) Bi and D ) D

Then, the individual doublet equations for both displacements and
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stresses can be set up as

2
Al Z. 1
u | = ) il 4 (25)
L L | Y |R7Rx  RR¥
. 1 1 1 1
=
(zz)
2
\(x.3, A4
UZ = Z [Aiviki ;3*} (26)
i=1 1
(zz)
o , , 1 3zf z 1
=Y - a2 [e..- ¢ v.k.)-——~ +2C + 27
or| =) 11(11 13%i%1) |3 7 5 66 | 3ne xrer (27)
N 1 1 11 1 1
i=1
(zz)
2 2
- 2‘ 2 1 3Zi Zi 1
o] =) = .v.<&3 -C v.k.)t;~-u-- + 20, |—5= + —>—
el /. 11 11 713717 |3 R‘l.:’ 66 3px  ReRw
1 1 1 1 11
i=1
(zz)
2’32i 1 4zi 2 ]}}
-r + + + (28)
R+  ®Pm+ RI*m#?  ROR#
11 11 1 1 11
2
2
T - 2 2 1 3Zi
o | =) - B [c13~ C33vikiJ&§—-—? (29)
. i i
i=1
(zz)
x~x Doublet
2
Vo3 [ 3 x° ZXZJ _{—1 v 2y
U | =)>2v.B'x + + Dx + +
X\ 2011 R pe? ROR#® ROR#S R.R%* RORAZ  RORAS
i=1 il iti i1 373 373 373
(xx)
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2
. Ll y ZyZ} ~ [—1 x 2P
= )2v,B!x - - + Dx + +
YI L 11| pe? RIs? pZRed R.R%% RORA%  RZR%S
i=1 it1 i1 171 373 373 373
(xx) (31)
2 ) 2 2
‘>.2 B’k [ * i :l (32)
= v.B!k. - -
z 1 3g R RORF  ROR#D
i=1 11 11 1 1
(xx)
2
o [ [i 3sz L;l x° 2x
= 2BIv, IC, Vi(l + k) |— ~ + 2C + +
X i1 3RS 66 R.r#?  ROR#? RZR$S
i=l 1 1 1 1 1 1 11
(xx)
2[: 1252 32 4 12x2 ] J
+ 2C..y - - +
6% R3r¢  rIR#3  ROR#Z  R%R#®  ROR#S
1 1 1 1 1 1 1 1 11
~ { 1 X2 2x2]
- 2C..D |- + +
66 2t 3 7Y 33
RyRY  R3RY¥"  R3RY
,( 1 1252 3x2 4 12x2J
4C, Dy - - + - (33)
7 ir mm e ey Rl
2
Y>‘" _ [ C 3x2] [ -1 2x2 4x2
= )2B!v.|C, V(1 + k,)|—= - —=| + 6C + +
Y 171744 R 66 (R.r#?  ROR#?  ROR$S
i=l 1 1 11 11 .
(xx)
=t 28 ] J __[R 1 2 2P J
- - - - 2¢..D - -
5..2 4 .3 3_.4 66 2 3..2 2_.3
RjR¥"  RyRf™  RyRY 3Ry RyR§T RGRY
le 122 3x2 4 12x2 ]
+ 4C, Dy - - + (34)
66 3.2 4.3 5. 3t 33T 3y
3Ry RyRYT ReRE™ RORE™  RGRY



Transverse ’'Doublets’

Since there exists a radial symmetry in a transversely isotropic
stress state, Egns. (30) to (35) are the same for y-y doublet (with x
and y interchanged) and the two doublets can be added together to give
radially symmetric expressions in terms of r [x being replaced by r and

y set to zero] in the r-z plane:

(a) Displacement Equations

2
Sr _ L;—4 r2 2r2 }
U | =) - 2Vv.B'r + + (36)
L PR re? RIRe? RéReS
i=1 . 11 11
(xy)
2
v _ [ 1 7 r? J
Ui = - 4v,B’k, + + (37)
2 L PR Re RIRr ROR#
i=1 11 11 11
(xy)
(b) Stress Equations
2
o [ [i 3er [Rzz r? z;:ZH
o _|= )2B!v,I1C, VvV (1l + k,)|— - - 2C
S At A VA 137 5 66|x k2 on?  mlrd
i=1 1 1 11 1
) (38)
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2
s [ , [z 3:2] L 4 1wt 14l
o.l= 2B!v. |C, Vi(L + k)= - ——| - 2C - -
© 1774 g3 ® 66 R r#? ROR*® RZR#S
i—‘=1 1 1 b 1l 1 1l 1
(xy)
34 6r? 6rd ]]
+ + + (39)
R?R".‘z RZ.IR*E‘ ].:{:.313"54
1 1 1 1 11
2
— , (2 3
oy | = ) 2B{V;(Cy3= C33viky) |3 - 5 (40)
i=1 o
(xy)

8.3.4. Solution for a Cavity Expansion in a Transversely—
Isotropic Medium (Non-degenerate Solution)

It 1is not known in advance what proportion of the zz doublet
should be added to the transverse (xy) doublet in order that the
combination has useful properties. However, we need to have a
combination which will define a spheroidal shape on the surface of
which the stress is normal and uniform so as to give the equivalent of
a Lame’ stress distribution. It is also intuitively apparent that
strains resulting from a pressure increase in the cavity should not
affect the shape of these spheroidal surfaces. The latter requirement
means that the displacement of this surface is proportional to its
distance from the centre. At the expense of some rigor (but with
greater simplicity of expression) this requirement can be satisfied by
comparing a point on the axis with one on a transverse diameter with
the assumption that it will apply elsewhere on the spheroidal surface.

Thus we require

(41)

z=0 =0, z=r/B
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and,

[cr +oc~o'rl } ={GZ ‘o, }
(xy) (z2z) (xy) (zz)

z=0 r=0, z=r/B

The simplified expressions for these two points are:

2

1 v
=-’2->2’.
. 11

2

1 ¢
= 2

= ) A

(zz)

and, similarly, for depth z

(zz)

The stress functions are simplified in the same way:

2
3_23' VI + k) + 2C
/ Cagi 66

a
NUJ =

i=1

e
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(¢
r

1 v
1 — 2 2
=3 ) "BV [(Cll Cls"iki)‘“ zcasl (48)

i=1

(zz)

and similarly

2
4 ' B!
2 i
O ;§ 21 [ 137 33v1k1)v } (49)
i=1
(xy)
2 [
2 . A
_ 2 i
| =3 3 {“13 33\’1]‘1)\;] (50)
i=1
(zz)

These functions now depend on material properties and it is
necessary to obtain the 5 elastic constants for the tranversely
isotropic material and hence the stiffness constants, Cij‘ These may be
taken as G [G23], G’ [G31]’ v [v23], V! [vl3], and p [= E/E,]. Gazetas
(1981) has shown that for many sands a good estimate of G’ may be
obtained using the relationship proposed by Carrier (1946) between G'
and the other four cross anisotropic parameters as

2
c,.C,, - C
G = C44= 11733 13 (51)
Cll + 2Cl3 o+ C33

The other four have been calculated in Appendix III based on special
laboratory results and relevant theoretical relationships.

Assigning the anisotropic elastic parameters for the three

expanding cylinder tests (2, 4, and 5 - see Tables 5.1 and 5.2) gave «
and B values as shown in Table 8.1. It is clear from this table that
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the greater vertical to horizontal stiffness ratio (C33/Cll) for the OC
test requires a much higher value of « than the NC tests. The shape of
the spheroid is not so clearly differentiated.

The general O g and o, solutions for the spheroidal expansion
can, in any case, be written as the sum of the three doublets [with «
proportion of the zz doublet] as follows:

o | =)42B!v, [C, Vi(l + k.)|—= - —=—]| + 2C + +

A I YR w 6|z, r¢ RR¥ RoR3
i= 1 1 11 11 11

(xyz)

- oV (t -c v.k.) ek 20 | —— (52)
171 11 137171 ? R? 66 ?R* ?R#
1 1 11 1l 1
2
< | [ 5 Ei 3r2} [R 4 w2 14r?
o.l= ) {2B!v, Vil + k) |—5 — - 2C - -

o L | i YRR 6 g.r¥?> ROR#® RoR:
. 1 1 1 1l 1 1 1
i=1

(xyz)

34 6r 6 ]]
+ + +
ROR*%  RORFS  RORS
1 1 . 11
_ , [Rl 3z§} [ 2, 1
~ oA,V (c -cC \).k.)-—~—~———+2C —_—r g ——
PAIUIL I3 B3 g5 66|r3rs RZRx
1 1 11 11
ZEzi 1 4Zi 2 H}
-r + + + (53)
Sk¢ RORr RR#®  ROR#
11 11 1 1 11
2
- _ 1 32

og| =) = (Ci3= C33Vik; ) (2BLvi+ ohyvy) = - 5 (54)
) i i
i=1

(xyz)
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8.3.5. Degenerate Solution

The non~degenerate solution breaks down when

C13—- C

2

13

C44 (or G') = (55)

and a new solution must be found. This is necessary, in particular, if
the isotropic equations are to be derived from the more general
anisotropic ones. In the new solution V1= Vo, R1 = Rz, and kl = k2‘ In
this solution, Egns. (16), (22), and (23) are used again to form the
doublets for radial stresses in the three planes. The z-z doublet will
still need to be proportioned in the manner discussed for the
non-degenerate case. The results are summarised in the next equation
for a spheroidal cavity expansion for the radial stress as a function

of radius r and depth z:

2 2
~2v Ch (CoamC v2) 3r
1 a1 %3M ) o o 2 [, 3
| T3 [(4(:66“ - . e }(Al = Bi) - 20, v (1 + kl)BlH Rz]
1 13* Ca4 1
(xyz)
_ zi 5¢° 4 r? 2r?
*0C V(1 + k(B - Bi);S"{z - ‘“R"Z’] 8C66\’151L ol Bz 323*3]
1 1 1R’f 18% 18]
1 2C. .C 352
~ 2 13%44 1
o gl e e 5[
1 13% Cag 1
2 325 52?
- 3(¢y,~ vk |2 - — (56)
Rl Ry

The vertical stress distribution can also be obtained using Egns.
(18) and (24) as a function of radius r and depth z as follows:
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2
Cy3+ Cyy 1
(xyz)
5 32% 52?
= 39, (Cy3= Cyvikg) |5 - —7
R R
1 1
2 2
Caa{Cqin+ C, V) 3z
33(C11* Cqg™)) - 2 =1, A
- 2\’1{[‘:13 P J(Al = BJ) + 2(Cy3~ C33viky) 1][ Rz}
13* Ca4 1
325 2 o 52%
t (C13 C33\’1k1](Ai - B4 -— (57)
Ry R

8.4. Extension of Spheroidal cavity Equations
to Give Semi-—infinite Cylindrical Cavity

It is possible to integrate Egns. (52) to (54) or Egns. (56) and
(57) from depth z up to +» in order to obtain the stress distributions
as a function of depth and radius for a semi-infinite penetration
problem. The integration element should correspond to a short cylinder

whose height gives the same volume as the expanding spheroid. Thus

V = weee = nazh for a cylinder with same transverse radius, a to
38 give h = 4a/38

Therefore, for a stress point at z = 0 (with the penetrometer
'eylinder’ stretching from +z to +«)
-

for(r,z)-dz/h (58)

+2Z

il
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8.4.1. Non-degenerate case

Eqns. (58) and (59) are integrated using Egqns. (52) and (54),
respectively, to give

2
38 « [ _ 2 Zi 1
7 B /] {“Ai\’i{(cll’“ Cls“iki);‘:-_'s‘ + 2Ce6 —
i=1 1 11
(xyz) 4o
_ 2 z z
+ 2Bivi(§44vi(l + ki);§'+ 2C66 *§~—}} (60a)
r R
1 1 +2Z
2
3ﬁ A\ _ 2 Zl 1
= Z; 21 {aAlvl[Gcll— C,3Vik )R3 + 2Ce ;T;?
i=1 t
+ 2B!'v. {C, ,vi(1l + k.)—= - 2C (60Db)
171174471 i RB 66 v.R.R¥
i ititi
2
36 <" 2 _ - 2 Z
o, | = Z; 2: (C13~ C33viki)(ZBivi+ oA, V) ~3 (61)
i=1 .
(xyz)

The lower limit of integration implies that o, and g, are at z
below the penetrometer level. Hence, the stresses at the penetrometer
level are obtained by setting z = 0. In this solution the radial stress
on a cylinder co-axial with the penetrometer is skew-symmetric about
the mean stress value on the cylinder at the same level as the
penetrometer tip. That is, below the level of the tip the stress
reduces asymptotically to zero whilst above the level of the tip it
increases to an asymptotic value twice that of the mean. The vertical
stress, on the other hand, is zero at the level of the tip and behaves
exactly similarly to a point load distribution [see section 8.3.1 and

8.6 later] within an elastic medium undergoing tension above the tip
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along the shaft whilst compressing the soil beneath the tip. The
effect, of course, decays to zero at both +* and -e«.

If two semi-infinite cylinders (one from z = 0 to z = +», the
other from z = 0 to z = ~») are added together, the sum of the two o,
distributions will give the solution for a complete infinite cylinder -
at twice the mean value of each. The expression for o, is that for
plane-strain expansion (as for the elastic part of the expanding

cylinder tests of Chapter 5):

2
38 « 8C. B!
o, = - — 62 x (62)
da &~ r
i=1
Replacing for E; in this equation and simplifying gives
2
38P8 [1 - v — 2pvf ]
o_ = (63)
r 4nar2 1 - pv’z

where P§ is that for the horizontal doublets of the anisotropic medium.

This has been obtained directly in Appendix VI for an anisotropic
material. In that solution, a known radial stress, Pi' is applied at a
cylindrical radius, a, in an infinite material. The results show that,
despite the anisotropy, the radial stress is not related to any
anisotropic parameter but is inversely proportional to the square of

the radius, r, as is the case for an isotropic material.

To make Eqn. (63) compatible to Eqn. (64), P§ can be replaced by:

3 2

dna 1 - pv’
P8 = 5 P, (65)
3B \01 - v - 2pv
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Since the cylindrical solution was obtained by integration of the
single spheroidal solution, the P8 value just obtained for the former
must apply to the latter as well.

8.4.2. Degenerate case

Egqn. (56) is integrated using Egn. (58) [from -« to +«] to give
the cylindrical solution of o, for the degenerate case leading to:

38P8 C66
2

2
dnar v1C44

(66)

This stress has the same form as that given directly by Eqn. (64).
Hence, P§ should be replaced by

32
4na vlC44

Ps = — 1 p, (67)
36Cs6

in which Pi is the radial stress at radius a in the transverse plane.

8.5. The Degenerate Case leading to an Isotropic Solution

The stress distribution equations for the anisotropic case using
the degenerate solution to define G’ can be reduced to the isotropic
solutions by setting

Cll = C33 = X+ 2u, C44 = C66 = g4, and C13 = C12 = X\

Hence, the following simplifications are made in the different
constants used:
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Also

_ . =at(A+ p)Pi _ _
A= 0 and By= B,= B = = A’ - Bf
L2p(N + 2u)
and similarly
_ a3pi _ agPi _ a3P1
Al = and B’ = and D =
12(N + 2u) 12u 3u
with k1= k2= 1

The stress functions in Eqgns. (54) and (55) are simplified on the

axial and transverse diameters to give

16(B + B' )y - 4va3Pi
g = - = (68)
L r3 (1—\>)r3
16(B + B/ )y - 4\>a3Pi
9, =~ 3 = 3 (69)
Z (1-v)z

The displacement functions can also be set up in the same manner
as the stress functions for both spherical and cylindrical cavities.
These functions, after simplification and having been added in equal
proportions to each other, give the solutions for the displacements of

the spherical type cavity expansion at the two previously mentioned

points:
2 _ R (1-29(1+va
r 3(1 - Vv)Er
2 _ P (1-29(1+ v
UZ = *E-Af = 5 (71)
b 3(1 - V)Ez

This shows that for equal r and z the displacements and stresses are
equal as must be so for a spherical expansion in an isotropic material.
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8.6. Point Force Effect at the Penetrometer Level

The forces acting on any one spheroid along the vertical direction
are equal but in opposite directions. When any two such spheroids are
integrated vertically, the forces at the contact surfaces will cancel
each other but still leave two equal and opposite forces at the extreme
vertical ends. For a penetrometer approaching from infinity, there will
exist an unbalanced force at the penetrometer level, with the
assumption that the same at infinity will not affect the stresses.
Hence, the distribution of stress in the vicinity of the penetrometer
will include the effect of a point force at the penetration level. This
point force is due to expansion but is otherwise similar to the
additional point force required for penetration. Assuming that the
stresses are uniform along the surface of the bottom semi-spheroid
containing the unbalanced force, a vertical point force that is equal
to the normal force to the penetrometer at the tip can then be chosen.

The solution for a point force acting along the penetrometer axis
is that given by Pan and Chou as in Section 8.3.1. The radial and
vertical stresses in cylindrical coordinates are summarised as follows
which can be particularised for either of the degenerate or the

non-degenerate cases:

%— C,5C vz V.2
2 1374471 i“i
c_ = ) 63 - C, .V k. [[22. + B, ]+2 ﬂ: + —m*-——-](A.+ B.)}———
r / {[ 11 1371 1) i i 66 Cl3+ C44 i i R?
i=1 1
3
- 3(c11- cmvfk.l) (A, + Bi]%i— - 20 AV, i—*} (72)
R 1 R, R*
1 11
2 2
T 2 2C33C, Y5 ]\’izi
o, =1 1|(c15- © Vi |12 + B+ 20 (At By)
z /. {{ 13 337171 i i C13+ C44 i i R?
i=1 1
AY 23
) 27
-3 (C13 c33\>iki] (A, + B,] 151 }» (73)
R
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8.7. Sleeve Friction Effect on Penetration

Another mechanism that is involved in deep penetration is sleeve
friction. This can be treated as a line load approaching from infinity
and can be solved by integrating the stress equations (72) and (73)
from +z to +® (for a stress point at z = 0) with the point force P

replaced by p-dz as follows:

8.7.1. Non—degenerate case

2
oo om Yyl oo ) —-2c,—
Isleeve L 4nc.,.C (vz— vz)v 17137 R 66 R*
i=1 33744 72 1771 i i
...... (74)
2
c = Y>‘ p(cl3+ c44) (c -cC \)‘?k.) %—— (75)
Zsleeve Lo 4nC.,.C (Vz— vz)v 13 733 R
. 33744" "2 1771 i
i=]1
8.7.2. Degenerate case
(C,,+ C 2 2
o _PCst Clr 2 T C13C40V;
r “117 ©13%1K1) 12 - 3| 7 2%t o
sleeve 8nC11C44R1 Rl 13 44
...... (76)
2 2
C,+ C
. _PCst Gl 2 r 2C33C)4V]
Zeleeve  8nc. o g |13 C33V1R) |12 - 3| e s (77)
i 11C44R1 R1 13 44

Egqns. (75) and (77) indicate that the vertical and horizontal
normal stresses are not affected by the direction of z.

The degenerate solution for the sleeve friction can, in any case,
be particularised for an isotropic solution with the stiffness
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constants being replaced with their equivalent isotropic terms as

follows:
2
p r
g = = |1~ 2V = (78)
L' 8n(l - vR | R?
2
o, = ——————— 4 ~ 2v - 5 (79)
8n(l - v)R { R

where p is the vertical force per unit height (positive in tension) and
R is the spherical distance from point of the tip. These equations
could also be obtained by integrating Eqns. (1) and (3) [Kelvin

solution] directly.

8.8. Conclusion

The three separate mechanisms contributing to the stress
distribution around a semi-infinite penetrating cylinder have been
presented for a transversely isotropic medium. The combination of the
three mechanisms will be considered at the end of Chapter 9 for the

three testing conditions shown in Table 8.1.
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B¢

Test| o’ C C C o C C v v
No. v OCR 11 13 33 44 66 13 1 2 o B
bar bars

CPT214.00] 1 |2374] 647[3500(1100 |1666 {2883 (1.003/0.821]1.077/1.106
CPT411.00{ 4 [1207] 33212500 665| 833117371.94201{.7529{1.062{1.720
CPT5{2.00] 1 [1309| 340|2000{ 627|100011618}1.001}.8079|1.099 {1.095

Table 8.1. Values of the elastic stiffness constants and other
parameters used in the development of the spheroidal cavity

expansions solution
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CHAPTER 9

ELASTO/PLASTIC CPT MODEL

9.1. Introduction

It was very clear from the expanding cylinder test series that the
expansion required for the penetration of the penetrometer and its
drill shaft puts the soil into the plastic range of deformation up to
the order of the diameter of the chamber itself. The elastic analysis
of the last chapter could only, therefore, be relevant to the
distortion the soil would have to undergo beyond about 60 cm radius.
Indeed, since the net volume change in the plastic region is
approximately zero, one could infer from the elastic analysis the
likely stresses that soil-to-infinity should exert at the chamber
boundary for the volume change required. With such elastic stresses as
input for the boundary stresses of a plastically expanding cylinder
analysis (the chamber soil being regarded as a stack of independent
(2-D) discs each acting in plane strain), a revised stress distribution
(as a function of radius) could be obtained. At the radius of the
penetrometer the new radial stress would be multiplied by an assumed
coefficient of friction against the steel casing of the penetrometer’s
shaft to give a new predicted sleeve stress with which to compare with
that measured in the CPT itself. In fact, the results of the expanding
cylinder tests can be used directly and the actual stress—strain
behaviour as measured in these tests is used - modified by elastic
theory only to the extent of predicting the variation with depth
relative to the level of the penetrometer tip.

The following sections discuss in more detail, firstly, the
prediction of sleeve friction from expanding cylinder test data (and
its related theory), and, secondly, the effect of the accumulated
sleeve friction in the overall stress distribution and its combination
with the remnant requirement for a point load additional to that
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already implied by the semi-infinite cylindrical expansion.

9.2. Prediction of Sleeve Friction from
the Expanding Cylinder Test Data

The anisotropic model in the last chapter indicated that the
distribution of elastic radial stresses along the lateral boundary of
the calibration chamber [Egn. 8.60b] was skew-symmetric about a mean
value at the penetrometer level. It is clear, therefore, that the total
volume change on the boundary for equal distances above and below the
penetrometer tip due to the semi-infinite expanding cylinder will
correspond to this mean value - or to the full value for the half
distance. Hence, the total measured volume change for 75 cm of
penetration (half the depth of the chamber) must correspond (in the
elastic analysis) to the full expansion of 75 cm of 2-D cylinder.

Now the expanding cylinder tests give stress/strain data from the
outer boundary to the 8 cm radius of the expanding cylinder. Further,
they all indicate a constant dilation angle, y, from relatively small
strains to about twice those required for the CPT's at this radius. It
would seem reasonable, then, to use those dilation values (about 6° for
the 2 bar NC and 1 bar OC tests and 5° for the 4 bar NC test) for the
soil behaviour from 8 cm radius in towards the penetrometer itself. A
further assumption, that this dilation should stop at approximately 2.5
cm radius, is based on the realisation that the displaced soil must
occupy a region of approximated 10 cm2 immediately beyond the 10 cm2 of
the penetrometer itself and is likely to have been crushed sufficiently
to have suffered no net dilation in the intense shearing process about
the tip.

The displacements within the 8 cm range are related as [Egqn. A.II.

E
u =u L (1)
r rlr=8cm r

30]
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where the NW is the net dilation of the soil as obtained from the slope
of the relevant volumetric strain versus the shear strain plots of Fig.
5.20. This equation can be re-arranged to convert the displacements

into their corresponding volume changes as follows:

- 1 - 1/NW
V’ol.r = Vol. | R (2)
r=8cm 8

For a 10 cm3 volume change at the 2.5 cm radius it is possible to
obtain the dilated volume at the 8 cm radius from Egn. (2) which can
then be used to determine the state of stress at this radius from
Col.#3 of Tables 5.1 to 5.3.

The stresses at different radii within the inner plastic zone
(r < 8 cm) are related in a manner similar to the displacements and
take the form [Egqn. A.II.25]:

1~ 1/N¢
o =g - |- (3)
r r l r=8cm C}

The friction angle used in this equation is that for the plastic
strains, as quoted in Col.#7 of Tables 5.1 to 5.3. In this way, the
radial stress at the 2.5 cm radius is obtained.

Wwhen the stress distribution of the severely disturbed soil inside
2.5 cm radius is considered, it is realized that the radial stress is
no longer (even approximately) a principal stress and that the
circumferential stress, though a principal stress, is now intermediate
(since the most recent shear in the soil - as it rounded the tip of the
penetrometer — must have been in a vertical, radial, plane). There is
no need to assume a continuity in circumferential stress across the 2.5
cm 'boundary’ between the two separate mechanisms of soil distortions
and - for lack of any evidence to the contrary - it might (and will) be
assumed that inside this radius the radial and circumferential stresses
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are equal. This immediately implies that the radial stress is constant
with radius from the penetrometer surface up to the 2.5 cm radius.

The friction angle between the sand and the penetrometer, 3§, is
normally given as a fraction of the internal friction angle, ¢’. Last
(1982) suggested that a value of §/¢ = 0.5 is suitable for a steel cone
in sand. However, the tests by Andrawes (1970) showed that the
kinematic angle of friction between steel and sand is even lower and
suggests that 8/¢ = 0.33 gives a suitable value of the kinematic angle
of friction. For a ¢'cv = 36°, the kinematic angle of friction would
then be 12°.

It is now possible to predict the normal stress on the
penetrometer and thus the sleeve friction for full 2-D expansion to a
fully penetrated penetrometer: with 10 cm2 expansion at the
penetrometer and continued to 2.5 cm radius, the dilation of the soil
beyond this to 8 cm radius gives a volume expansion (slightly different
for the 4 bar test from the other two) of about 12 cmz. This is
compared with the relevant expansion tests to give a radial stress for
each test at 8 cm radius. Egn. (3) then gives the stress at 2.5 cm and
thus the normal stress at the penetrometer surface. A 12° friction
angle then gives the surface friction stress to be used for the
semi-infinite line load and the corresponding elastic stress

distribution for side friction.

In order to obtain values for sleeve friction to compare with
those measured in the CPT’s, it is necessary to allow for the variation
in expansion with height as predicted by the elastic analysis at the 60
cm radius boundary. Here, at the mean height of the measuring sleeve
above the tip level (7 cm), it is found that the expansion is 47.5 %
above the mean level. Using these reduced values in Tables 5.1 to 5.3
of the expanding cylinder tests allows a revised stress at 8 cm radius
to be obtained for each test and thus revised normal and shear stresses

at the penetrometer measuring sleeve.
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The results of the predictions together with the actual sleeve
friction measurements are shown in Table 9.1. This Table shows two
different radial stress and sleeve friction values that correspond to
the full (cylindrical) and penetrometer sleeve level values. It shows
that the measured and the calculated sleeve frictions can be made
identical if & is set at 12° for both the 2.0 bar NC and the 1.0 bar
(OCR = 4) tests and at 10° for the 4.0 bar NC test.

The sleeve friction for the 2.0 bar NC test appears to be about 10
% greater than that for the 1.0 bar (OCR = 4) test. It is interesting
to note that the same ratio also exists between their starting K
lateral pressures indicating the close link between the sleeve friction
and the in-situ lateral stress, as shown in Chapters 3 and 7. This will
be further investigated at the end of the next section by studying the
sleeve friction profiles of selected tests as related to the lateral
stress opposite to the penetrometer as well as to the lateral stress at
an angle below the penetrometer tip.

9.3. Components of the Elastic CPT Model

It was pointed out in Chapter 8 that penetration into a dense sand
involves three separate mechanisms: an expansion, a point force, and a
sleeve force. The combination of the first two, vertically, should
ideally add up to the measured cone resistance force for a particular
test. These components, as discussed below, will be combined in order
to obtain the radial stress distribution at the outer soil boundary as
a function of depth for a penetration depth of 75 cm.

The elastic analysis could only define the state of soil
distortion beyond about 60 cm radius. The elastic lateral pressure
distribution with depth due to expansion beyond this radius could be
obtained from the integrated spheroidal expansion [Egn. (8.60b)]. This
distribution was shown to be skew-symmetric about the mean stress at
the penetrometer level. The total lateral pressure measured at the
lateral boundary at the 75 cm penetration is matched against the
cylindrical value of the pressure from the above distribution and the
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ratio is used to adjust the entire pressure profile due to expansion.

The sleeve friction is taken from the cylindrical fS values as
given in Table 9.1. The stresses due to the resulting line load are
assumed to distribute elastically within the chamber to provide
corrections to the radial stress (and displacement) at the 60 cm
boundary as obtained from Egn. (8.74).

As also pointed out in Chapter 8, the semi-infinite cylindrical
expansion has a vertical point force component which is assumed to act
on a 20 cm2 cross—-sectional area. From the equilibrium conditions at
the penetrometer tip between this force and the cone force, the net
vertical point force is obtained. It is also assumed that the stresses
within the chamber change elastically according to Eqn. (8.72) to
provide a further correction to the boundary stresses and strains at
the 60 cm boundary.

The assumption of elastic stress distribution due to a point force
within the chamber is rather a gross one. A proper lateral stress
distribution due to a point force in a frictional material would
require an elasto/plastic analysis of the soil in 3-D and would need to
be carried out in conjunction with that for the expanding cylinder
analysis as both of them are non-linear and their individual behaviours
could not be superimposed. As input to a 3-D analysis the volume change
measurements made at the base of the sample during penetration could
have been used. However, it was quite clear that the actual volume
change measurements in the base pockets lacked the degree of
sensitivity required for any corroboration of such an analysis and the
latter was not attempted.

The sum of the component distributions at the outer boundary add
up to a single lateral stress distribution that should, ideally, look
like the measured stress distribution deduced from the strain gauges.
The shape of the final distribution is largely governed by the shape of
the expansion component due to its controlling role in the penetration

process. The two sets of curves are shown in Figs. 9.1 to 9.3 for the
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three tests considered. Figs. 9.1a to 9.1c show the
components of the theoretical curves for the 4.0 bar NC
test for both an infinite medium and one limited by the

chamber boundaries.

It is clear that, although the theoretical
predictions have much the same shape and peak values, they
are displaced vertically in relation to the observed
values. In particular, the predicted peak occurs behind
the penetrometer tip whilst the observed peak is always
ahead of the tip. It is possible that the radial stress at
the shaft decreases with distance from the tip to a lower
value than that predicted for the theoretical expansion,
though confirmation would require further stress sensors
along the shaft (or, indeed, a measurement of the total
load on the penetrometer and shaft). It has been noted in
the earlier chapters that the sand density at the shaft is
less than might have been expected and might, indeed,
indicate a lower stress than that measured immediately
behind the tip. The stress-strain curves from which the
theoretical distributions have been deduced were obtained
from the monotonic expanding cylinder tests and would
require modification if the distortion mechanism around
the penetrometer allowed a relaxation of radial stress
behind the tip. This would result in an increase in the
predicted value of the boundary radial deflection and the
accompanying stress at the level of the penetrometer tip
and a reduced value above this level to keep the total
volume of expansion consistent with the displaced volume
at the penetrometer. This would shift the predicted peak

closer to that observed.

This is further studied in the next section by
relating both cone resistance and sleeve friction values,
measured at the tip level, to the stresses developed along

the lateral wall.
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9.4. Correlations between the Cone Stresses
and the lateral Stress Distributions

The analysis of sleeve friction data in Chapter 7 showed a
remarkable relationship between the measured sleeve frictions at the
chamber mid-height and the lateral outer soil stresses developed at the
same height. This was not, however, so well established in the case of
the cone resistance. The sleeve friction profiles of selected tests
have been related to the lateral stress developed opposite to the
penetrometer in Fig. 9.4. The ratio of fS to the lateral pressure
appears to be constant along the depth for these tests. The cone
resistance profiles for the same tests, on the other hand, seem to show
a constant ratio to the lateral stresses that develop 25 cm below the
penetrometer level, as shown in Fig. 9.5. This is further investigated
using the results of CP3 which had non-uniform density along the depth
(Fig. 9.6). This figure shows that the unconventional cone resistance
profile developed due to this non-uniformity matches the profile
obtained from the lateral pressure points some 25 cm below the
penetrometer level corresponding to a cone angle from the horizontal at
the penetrometer tip of about 22.5°. The lateral pressure distribution
deduced from the strain gauges also shows that the peak occurs about 25
cm ahead of the tip level.

g Yo Av at g (r=2.5 cm), bar %! calculated f *, bar

bar | OCR 8 - 8° >
plas|net r?ccfm cylind. |at sleeve cylind. |meas.sleeve

4.0 1 | 7.6} 5| 12.00| 19.10 16.85 10 3.37 2.90

2.0] 1 7.7] 6 12.44 9.86 8.66 12 2.10 1.84

1.0 4 7.6 6 12.44 9.44 8.28 12 2.01 1.75

* § values required to make calculated fS values at sleeve correspond
to those measured

Table 9.1 Comparison of the analytic results with the
experimental CPT ones for sleeve friction
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CHAPTER 10

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Over the past 20 years large scale calibration chambers with
flexible lateral walls have been used to obtain correlations between

results of CPTs and engineering parameters in sand.

From the results of a total of 84 relevant cone penetration tests
in Hokksund sand at Norway, Italy, and Southampton, which involved both
full scale and half scale penetrometers under BCl and BC3 boundary
conditions over a range of stress histories, it was shown that
calibration chamber tests on dense samples are affected by the size of
the chamber (Chapters 3 and 4). It was concluded that the chamber would
need to be at least 1.8 m in diameter (when using the standard
penetrometer) if any boundary and size effects were to be substantially
eliminated and thus allow the cone stresses obtained in the calibration
chamber to be applied directly in the field. The cone stresses measured
in actual calibration chamber tests were considered to under-estimate
field conditions in both BCl and BC3 cases.

Two sets of correction factors to the measured cone resistance
values for both NC and OC dense samples have been proposed for the two
boundary conditions:

- Lunne and Christophersen (1983) of NGI suggest an increase of

25 % and 7 % to the measured de of NC samples under BCl and BC3,
respectively, while the de of OC samples need to be increased by
24 % for both boundary conditions.

-~ Baldi et al. (1982) [Italian group] suggested an increase of 8 %

and 18 % for dense and very dense NC samples, respectively,
(presumably under BCl) and a corresponding increase for OC
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samples of at least 39 %.

To achieve a more natural boundary behaviour in calibration
chamber tests, the boundaries of a large calibration chamber (on loan
from NGI) were modified by using 6 mm2 rubber strips placed at 14 mm
(centre~to-centre) intervals and covered with a thick layer of solid
rubber. This produced a linear stiffness of 1 bar per millimetre of
radial compression and corresponded to the stiffness indicated by a
series of full length expanding cylinder tests for the outer soil
stress—strain behaviour of 2.0 bar NC and 1.0 bar (OCR = 4) tests in
dense sand. Additional tests under different stress conditions were

performed to study the scale effects.

For an assumed infinite boundary the stress-strain behaviour of
the homogeneous soil at any radius must follow the same curve, though
at any instant the distance along the curve will be greater for a
smaller radius. Thus to simulate an infinite boundary in the chamber it
was necessary to force the outer cylindrical boundary of the soil to
follow the same stress-strain behaviour as given at an earlier stage of
the test by the expansion of the inner cylindrical cavity. When water
was allowed to flow out of the lateral cell of the chamber, the
pressure would drop and this increase in strain and decrease in
pressure could be adjusted so that the combination did, indeed, fall on
the previously established stress-strain curve for each step in the

expansion process.

The same argument could, of course, be used to apply at any
radius. This gave the opportunity of analysing the distribution of
stress with radius as well as with time and could be commenced by
assuming an elastic distribution for the first increment and allowing
the strain value at the inner boundary to be propagated towards the
outer boundary as the former was subjected to progressively increasing
pressure. For the analysis the soil was assumed to be composed of 11
annuli all having geometric similarity (the same thickness-to-radius
ratio) so that when a stress/strain state at one boundary propagated to
the next, the same would happen at all other annuli boundaries.
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The initial elastic stiffness was obtained by unload-reload at
small strains as well as from the initial slope of the stress-strain
curve. The latter, however, departed very quickly from this tangent
value and would have been less than reliable by itself. This elastic
stiffness (in the horizontal plane) was approximately proportional to
the starting lateral stress.

It was decided to treat the soil as anisotropic: elastic constants
were obtained from the last stage of the consolidation process as well
as from a special test in which the soil in the chamber was subjected

to perturbations in the lateral cavity pressure.

In the analysis, the soil was assumed to yield plastically in the
plane of extreme principal stresses - initially vertical and eventually
the more conventional horizontal. Vertical plastic yielding was
accompanied by elastic unloading so that the net vertical strain
remained zero. The plastic behaviour of the soil was assumed to follow
Rowe’s dilatancy theory.

With the above assumptions it proved possible to analyse the
elastic/plastic behaviour of the soil as exhibited at the soil
boundaries during the expansion tests and thus to obtain stress/strain
(including dilatancy) values for the whole test as a function both of
space and time. This analysis was performed for three testing
conditions: two NC samples at 2 bar and 4 bar with an OC sample at 1
bar (OCR = 4). The following points can be summarised from the results
of the analysis:

- The transitional plastic phase (i.e., vertical stress as the
major principal stress) could stretch as far as the whole soil
radius within the chamber before the second plastic phase
(yielding in the horizontal plane) started in the first annulus.

~ The 4.0 bar NC test experienced considerable volumetric

compression, as compared to the 2.0 bar NC and 1.0 bar OC tests,
before dilation at the cavity began. In fact, the sand in the 4
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bar test at the end of expansion was still in a state of overall

compression.

- All three tests gave similar plastic dilation angles at the
limiting obliquities. The net dilation angle of the 2 bar NC and
1 bar OC tests was 1° higher than the 4 bar NC test showing the
effect of overall compression during the cylindrical expansion.
A theoretical approach to the elastic/plastic analysis of
cylindrical expansion in an infinite homogeneous medium is given
in Appendix II and includes the effects of dilation.

- The 2 bar NC and the 1 bar OC tests exhibited similar behaviours
in the second plastic phase (despite their different behaviour
in the transitional phase) and this is believed to be linked
with their similar starting horizontal stress and their similar

shear modulus values.

Theoretical Results

It was possible to use the spherical cavity expansion analogy in
an elastic isotropic medium to develop a solution in a transversely
isotropic medium. The expanded shape, which was a function of
consolidation stress and stress history, appeared to be in the form of
a spheroid: oblate spheroids for the NC tests and prolate spheroids for
the OC one.

It is assumed that penetration into dense sand involves three
separate mechanisms: a cylindrical expansion, a point force, and a line
sleeve force. The combination of these forces at the penetrometer tip
were determined and used to obtain a distribution of lateral pressure
at the outer soil boundary. The shape of the obtained curves
corresponded to the curves deduced from the strain gauge measurements.

The analysis of selected CPT results showed that sleeve friction
could be related closely to the lateral pressure that developed
opposite to the penetrometer. The cone resistance profiles, however,

seemed to show a better correlation to the lateral stresses that
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developed 25 cm below the penetrometer level. This further justifies
the lateral pressure distributions obtained both experimentally and
theoretically in which the peak occurs about 25 cm below the
penetrometer level.

The base pockets in the designed base boundary failed to give
accurate measurements of volume changes during penetration. A more
sensitive measuring method might have allowed the data to be used to
perform an elasto/plastic analysis of soil deformation in the
anisotropic, radial, plane similar to the one carried out for the

transverse plane.

The results of previous studies (Chapter 2) showed that during
penetration into dense sand a band of looser material develops around
the penetrometer shaft. In this study it has been assumed that a volume
of sand equal to the penetrometer volume is crushed and displaced
around the penetrometer to create a stress relief zone over which sand
is assumed to shear at constant volume and to stay at constant stress.
Hence, from the results of the expansion test, it was possible to
predict normal stresses at the penetrometer and the corresponding
sleeve frictions developed on the shaft. The results of the three tests
analysed indicate the predicted sleeve friction values to be very close
to the calculated ones.

Cone Penetration Tests

The analysis of the results gave a unique relationship between de
and fs of the CP set through Ko' This led the author to explore the
possibility that from a single CPT one would be able to obtain the
necessary information to establish the K, state of the soil in the
field. The K, effect, however, appeared to be very small and would, in
practice, be masked by uncertainties of local soil properties in the
field.
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On the assumption that the infinite boundary tests represent real
field conditions, the interpretation procedures of Lunne and
Christophersen (1983), as far as the penetration tests are concerned,
appear to underpredict relative density of the very dense sand by 12 -
17 % and by 5 % or less for medium dense sand. The Baldi et al. (1982
and 1986) method also underpredicts D, by 2 - 11 % for very dense sand:
for medium dense sand the predicted values are similar to those

measured.

A study of the original SU results and their comparison with the
later, infinite boundary tests showed that sleeve friction under BCl
should be increased by about 26 % for a 2.0 bar NC test whilst an OC
test under either boundary conditions requires an increase of at least
14 %.

Similar correction factors were developed for cone resistance
values of the SU results: for a typical 2.0 bar NC test, the q. of BCl
needs to be increased by 12% but that BC3 results do not appear to
require any correction factors. For higher lateral stresses (°h = 1,25
bar), the original OC results are similar to those for infinite
boundaries: results of 1.0 bar, OCR = 4, tests under either BCl or BC3
needed to be increased by 7 %. This suggests that CP results give d.
values that are 13 % and 17 % smaller for NC and OC, respectively, than
the field values suggested by Lunne and Christophersen. Of course, it
needs to be borne in mind that whereas their method was for a range of
sands, the CP series were for dense Hokksund sand only. The Baldi et
al. method, also, was based on Ticino sand which is rather similar to
but still different from Hokksund sand as is indicated by their

different behaviour in terms of state parameters.
In conclusion, the author believes that the following points might
be worthwhile considering for calibration chamber testing in future

research works:

- more attention given to the ease of de-airing the lateral cell.
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- possibility of providing choice of lateral stiffness perhaps by
using easily replaceable curtains of different

compressibilities.

- further study in the design and function of end discs in the
calibration chamber.

- extend the range of expanding cylinder tests with the aim of
studing the relationship between stress levels/stress history
and the elasto/plastic description of sand behaviour for a range

of sands.
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APPENDIX I

EXPANDING CYLINDER TESTS

Introduction

The tests described in this Appendix refer to Figs. 5.6 and 5.7. A
total number of six expanding cylinder tests were performed under
different boundary conditions and consolidation stress levels. The
suitability of these tests are judged with particular reference to
their linear stiffness values (pressure per mm of compression) as
compared to that produced by the rubber strips at a pre-designed

spacing.

Expansion Test Nos. 1 and 6

The first test was carried out on a dense sample normally
consolidated under K, conditions to a vertical pressure of o', = 4.0
kg/cmz. This produced a lateral pressure of o'y = 1.28 kg/cmz, thus
giving a kO = 0.32. Test No. 6 was consolidated to a maximum past
vertical pressure of 4.5 kg/'cm2 and then relaxed to a vertical of 1.5
kg/cmz, thus producing an OCR = 3. The pressure in the central cavity
during the consolidation phase was maintained equal to the K, value
measured at the sample outer boundary so that at the start of
cylindrical expansion the inner pressure was equal to the transversely
isotropic pressure throughout the sample. The expansion test itself was
performed under constant lateral stress at the outer boundary which was
achieved by lowering the lateral fluid pressure to maintain the
pressure constant in the sealed cavity of the double-walled chamber.
Clearly, if the pressure in this sealed cavity did not vary, then the
inner shell could not have deformed and the pressure jump across it
must have remained constant. Both total pressures had the same initial

value and they would continue to have this value during the expansion
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so that the sum of the lateral cell fluid pressure and the pressure due
to compression of the rubber strips on the inside of the inner shell
would also remain constant.

The volume of lateral cell water withdrawn during this process

gave the volume change of the outer boundary of the soil.
The results of both the first test and of test No. 6 showed that
the required boundary stiffness was greater than that of the rubber

strips.

Expansion Test Nos. 2, 4, and 5

Apart from the difference in their consolidation stress levels and
stress histories, expansion test Nos. 2, 4, and 5 were conducted under
true infinite lateral outer boundary conditions. [Test No. 2 was
consolidated to the same stress level as the first test. Test No. 4 was
also consolidated to the same stress level but relaxed to 1 bar value
to give an OCR = 4. Test No. 5, on the other hand, was normally
consolidated to a stress level of only 2 bar]. In order to incorporate
the chosen infinite field condition, first the lateral pressure was
allowed to increase as the expansion pressure increased, the cavity
pressure being made to follow the same rise. Then the lateral strain
corresponding to the pressure rise (as indicated at an earlier stage of
the central cavity expansion) was determined and partially allowed for
by releasing water from the lateral cell. This latter operation
resulted, of course in a drop in lateral pressure and the compatible
final strain and pressure achieved by successive approximation. Since
the expansion stages in the beginning were very small, only one
adjustment was sufficient to give a stable lateral weight change. The
larger pressure steps required more adjustments.

Unloading of expansion involved essentially the same procedure

except that the pressure changes were negative.

~326—~



It is evident from the results that the sample in test No. 2
required a stiffness that was greater than that of the rubber strips.
This test condition would converge to the rubber stiffness at higher
expansion pressures (a Pressure change, 8p ) 1.7 kg/bmz).

The results of 2.0 bar NC and 1.0 bar (OCR = 4) tests showed a
reasonable convergence with the stiffness produced by the rubber

strips.

Expansion Test No. 3

The consolidation stress for this test was identical to that for
the first two tests (c'v = 4.0 kg/cmz). This test was performed under
infinite boundary conditions approximated by the rubber stiffness only.
This was achieved by keeping the lateral fluid pressure constant and
applying the sum of the lateral pressure and the Ap due to the rubber
strips (corresponding to the AW of the lateral cell using the rubber
stiffness curve). In each step of the expansion the cavity pressure was
adjusted to equal the sum of the deduced rubber pressure and the fluid
pressure of the lateral cell so that the inner shell remained

unstressed.

The same boundary pressure control was imposed during the
unloading process. During the early stages of expansion, at very small
strains, the pressure - expansion curve appears to be a lower bound to
that of test No. 1 with the test No. 2 result lying in between. The
maximum width of the pressure band is only 0.05 kg/cm2 at a pressure
change of 1.0 kg/cm2 after expansion. This test shows a convergence
towards the rubber stiffness at a pressure change of 1.5 kg/cm2 after
the start of expansion.
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APPENDIX II

CYLINDRICAL CAVITY EXPANSION IN AN ELASTIC
MOHR-COULOMB PLASTIC MATERIAL

When a cylindrical cavity, of radius ’'a’, is surrounded by a thick
elastic, Mohr-Coulomb plastic, material of outer radius ’'b’, with
initial inner and outer stresses equal at PO, the radial and hoop
stresses (a'r and c'e, respectively) are initially equal. During the
elastic phase of expansion, the radial displacement, takes the form

u = A-r + B/T (1)
in which the ’'B’ term is that for an infinite boundary and the 'A’ is a
uniform tension correction to bring the outer boundary back down to the

initial stress value.

For plane-strain conditions (eZ = (), the stress increments are

b’ =~ [~y ] B - 2] (2)
b’ g =~ |ty )] B+ B 2] (3)

These elastic stress increments can be solved by considering the

following boundary conditions:
(1) for a constant lateral boundary stress at radius ’'b’, Aa'r (r=b) =0

(2) For a Mohr-Coulomb material, as the cavity starts to expand, c’r

increases and g decreases until the soil at the cavity wall yields at
a stress obliquity N¢' = c'r/u'e.

Then, from equation (1),
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A = B (1-2v)/b? (4)

o= 3 (1)
do'o = - 28 ( L+ 1) (6)

But since e = du/dr and €g = u/r , then from Egs. (1) and (4)

- 1 (1 - 2v)
& =~ B (= b2 ) (7

e, =B [=5 + il;:gglﬂj (8)

r? b

The gradient of the pressure-expansion curve during the purely
elastic phase is

dp 1 - (a/b)?
— = 2G (9)
de 1+ (a/b)?2 (1-2v)

As b » =, this expression reduces to 2G which is equivalent to the
expression relating Young’s modulus and cavity strains derived by

Gibson and Anderson (1961) for the pressuremeter test.

The stresses at the cavity wall (r=a) will be

_ 11

a'r-—Po+2GB(a2—~b2) (10)
1.1

0'g=P, - 2GB [§2+ -52) (11)
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The equations derived so far related to the elastic behaviour of
the material before yielding starts. By applying the second boundary
condition, yielding begins at the cavity wall under the stress
obliquity N¢’ = o'r/c'e (assuming Mohr—-Coulomb failure). Then at the
cavity wall

o’ 1+ sin¢” P_ + 2GB (1/a? - 1/b?)
_r - = -2 (12)
o’Jr=a 1 - sin¢’ P0 - 2GB (1/a%2 + 1/b?)
From this a value of B can be determined as
Po sing’

2G ( 1/a? + sin¢’/b?)

Therefore, when failure starts, the radial and circumferential
stresses and strains at the cavity wall are

Po (1 + sing’)

(at R=a) 1 + (a/b)?%-sin¢’
Po (1 — sin¢’)
(at R=a) 1 + (a/b)2-siné’
Po 1 - (a/b)2(1-2v)
e, T e » sing’ (16)
(at R=a) 2G 1 + (a/b)?2-siné’
Po 1+ (a/b)2(1-2v)
e - -~ sing’ (17)

®at R=a) 26 1 + (a/b)2-sing’

When the plasticity has reached as far as radius R, then Eqns.
(14) to (17) will still apply at the interface. Hence

Po (1 + sing’)
o’(R) = (18)

r 1 + (R/b)2-sing’

-330-



(19)

) Po sing’ (1 + (R/b)2(1-2v)
ee(R =

2G + (R/b)2+-siné’

Egqns. (18) and (19) show that o' n (= c’r(R)) and se(R) are both
functions of the outside diameter ’b’. However, when the infinite
lateral boundary condition is imposed (as in field tests), then b » =
and Py is replaced by the horizontal stress, o'y . The stress and strain

values at the interface become constant quantities given by
a"R = d"h (1 + sin¢’) (20)
se(R) = a'h - siné’/2G (21)

The stresses within the failed zone can be obtained from the
equilibrium equation as follows:
da; o - c’e

+ —k =0 (22)
dr r

Replacing a’e from the stress — obliquity relationship gives the
following relationship for the yielded zone:

def N, ,~-1 of
__r__¢ . £ (23)

dr N¢, r

Integrating this equation (on the assumption that ¢’ is constant) and
using the boundary condition at the elastic-plastic interface (r = R)

with radial stress o'_ would give

R
o’ N,—-1 R
1n [—-5— - n- (24)
ol N¢, r
Or
(N(b"' 1)/N¢'
6; = oé - {(25)
r
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By replacing a'R from Egn. (20) in Egn. (25) for an infinite case,
the cavity pressure, P, would be obtained as

(N¢' - 1)/N¢'
P = aﬂ(l + sin¢')F% (26)
r

Hughes et al. (1977) used infinite field conditions [Egns. (20)
and (21)] to show that a linear relationship between in-situ expansion

pressure and cavity strain can be calculated as follows:

If they assumed that the sand in the yielded zone was dilating at
a constant rate, then the cumulative volumetric strain, Zev, can be
related to the cumulative shear strain, Zey, through the dilation
angle, vy, given by

g, = ZsY siny (27)

(This will have assumed that elastic strains are negligible).

During plane-strain expansion, e, = 0; then g, = €.+ & and
Iy = g — £g in which e, = du/dr and €g = u/r {(u is the radial

displacement). Putting these quantities into Eq. (27) gave

du u
— (1 - siny) = -~ — (1 + siny) (28)
dr r
1+ siny
Defining a strain obliquity as N, = ———
v 1~ sing

(and still ignoring elastic straing), then Egn. (28) can be expressed
as

N+ —=-— (29)
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Integration of Egn. (29) and application of the boundary conditions in
the plastic zone a < r < R, gives

u, R
N In—=1n— (30)
v u a

This equation can be re-arranged to convert the displacements into
their equivalent circumferential strain values:

ec 1+N R
£

R th a

where &, = ua/a = cavity strain and ee(R) = u./R = circumferential

strain at the interface.

Re-writing Egn. (24) for r = a (at the cavity wall) and replacing
oy by P (the expansion pressure) and then combining with Eqn. (31) to

eliminate R/a gives

N, (N~ 1) N (N,,- 1)
logp=—+————Ine +1na -+ —1oge(m (32)
N, (N, + 1) Ny, (N, + 1)

Under in-situ conditions with the last two terms constant, Egn.
(32) shows that the cavity pressure is related linearly to the cavity
strain on a double logarithmic basis. Therefore, a plot of log P
against log €. has a slope, S, given by

Nﬁ(N 1) (1 + siny) sing’

¢
N¢,(Nw + 1) 1 + sing’

(33)

When a typical medium dense or dense sand is sheared, it does not
actually deform at constant angle of friction, but instead shows a more
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or less gentle peak (¢'p) with a subsequent drop towards a constant
volume or critical state value (¢'CV) [Fig. A2.la]. This stress strain

response is accompanied by volume changes in the sand [Fig. A2.1b}.

Siny and sin¢’ may be regarded as related by the following stress-—
dilatancy relationship of Rowe (1971)

1 + siné’ 1+ siny
———— = N, o —— (34)
1 - siné¢’ cv 1 ~ siny
where
1 + sin ¢év
Nyy = ————
— 1 L4
cv 1 - sin ¢cv

Combining Egs. (33) and (34) gives

(N¢, +1) 8
sing’ = v (35)

(N¢, - 1) s+ 2

cv

and
2N S - (N,, - 1)
¢’ L 34
sing = & 4 (36)
N 14
¢CV

Egs. (35) and (36) have been plotted in Fig. A2.2 (data from Mair
and Wood, 1987) which relates various parameters. Using this figure
requires a value to be chosen for LA Although values of ¢'cv should
ideally be determined from plane strain tests, results from drained
triaxial tests are usually more readily available. These are likely to
give lower values of ¢'cv' which result in lower values of ¢’ and
higher values of ¢ being derived (Mair and Wood, 1987). In the absence
of test data, approximate generally accepted values of ¢’CV may be
taken. The range 30 < ¢'cv < 35 covers most quartz sands. The above
authors believe that micaceous sands and feldspar sands will probably
produce higher values.
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The above figure shows that an uncertainty of 5° in ¢'cv
corresponds to an uncertainty of about 2.5° in ¢’. As ¢'cv is not a
function of initial density, disturbed samples can be obtained from the
field and tested in the laboratory using, say, the direct shear box
test to obtain Vo for the particular sand (Fahey and Randolph, 1984).
Direct shear-box tests on Hokksund sand gave a value of o = 36°.

Hence, the pressuremeter measurements of cavity pressure and
strain up to a point sufficient to establish a constant slope to the
logP~-logsC plot allow values of ¢’ and ¢ to be derived for a value of

oM - for the particular sand.

C

Actually, the Nw value could more strictly have been defined in
terms of plastic only components of strain and the appropriate plastic
cavity strains used in the log plot.
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APPENDIX III

Strain Gauge Installations

Any standard strain gauging of a surface requires specific
procedures and techniques which constitute a carefully developed and
thoroughly proven system. Such a task would include the following
procedures in the order of application:

- surface preparation for strain gauge bonding

- strain gauge installations

— strain gauge soldering

-~ strain gauge clamping

- final protective coating
These procedures are discussed in detail in the following sections.
These techniques were recommended by Micro-Measurement Division of the

Measurement Group, Inc., represented by Welwyn Strain Measurement, U.K.

1. Surface Preparation for Strain Gauge Bonding

The purpose of surface preparation was to develop a chemically
clean surface having a roughness appropriate to the gauge installation
requirements, a surface alkalinity corresponding to a pH of 7 or so,
and visible gauge layout lines for locating and orienting the strain
gauge. Fundamental to the surface preparation is an understanding of
cleanliness, and of contamination. It was important to guard against

recontamination of a once cleaned surface.
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1.1. Solvent Degreasing

Degreasing was necessary to remove oils, greases, and any soluble
chemical residues from the surface. The inner wall of the chamber was
first washed very thoroughly with soap and hot water to obtain an all
around clean surface. Because of very large surface area, the whole
surface could not have been degreased with a chemical degreaser, but,
instead, an area covering 4 to 6 inches on all sides of the gauge area
was cleaned. This minimised the chance of recontamination in subsequent
operations, and provided an area adequately large for applying
protective coatings in the final stage of gauge installations.

1.2. Surface Abrading

In preparation for gauge installation the surface was abraded to
remove any loosely bonded adherents (scale, rust, paint, galvanised
coating, oxides, etc.), and to develop a surface texture suitable for
bonding. Being a relatively coarse surface, it was necessary to start
with a disc grinder (sander). Through a series of abrasion with finer
grit flapper discs, the surface was further smoothed. The final finish
was obtained using silicone-carbide paper of 600 grit under wet
conditions. Wet abrasion was carried out using a special conditioning
material called M-Prep Conditioner A which was compatible with the
steel of the chamber wall. This conditioner is a mildly acidic solution
which generally accelerates the cleaning process.

1.3. Gauge — Location Layout Lines

For accurately locating and orienting a strain gauge, the test
surface was first marked with a pair of crossed referance lines at the
point where the strain measurement was to be made. The lines were made
perpendicular to one another, with one line oriented in the direction
of strain measurement. The reference or layout lines were made using a
4H drafting pencil. Such lines were, in fact, applied following the
abrading operation and before final cleaning. All residue from the

marking operation was removed by scrubbing with Conditioner A as
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described in the following section.

1.4. Surface Conditioning

After the layout lines were marked, Conditioner A was applied
repeatedly, and the surface scrubbed with cotton-tipped applicators
until a clean tip was no longer discoloured by the scrubbing. During
this process, the surface was kept constantly wet with the conditioner
until the cleaning was completed. When clean, the surface was dried by
wiping the cleaned area with a single slow stroke of a gauze sponge,

thus never allowing the cleaning solution to dry on the surface.

1.5. Neutralising

The final step in surface preparation was to bring the surface
condition back to an optimum alkalinity of 7.0 to 7.5 pH, which is
suitable for all strain gauge adhesive systems. This was done by
applying a neutralising agent called M-Prep Neutraliser 5 liberally to
the cleaned surface, and cleaning the surface with a clean
cotton-tipped applicator. Then the surface was dried with a gauge

sponge as before.

2. Strain Gauge Installations

The installation was done using an adhesive called Resin AELQ
adhesive which is a high performance 100% solid epoxy, formulated
specially for bonding strain gauges. This resin comes with a curing
agent both of which are mixed thoroughly prior to application.

The Gauge was first removed from the acetate envelope and then
placed on a chemically clean glass plate with the bonding side of the
gauge down. Then a solder terminal was positioned adjacent to the gauge
using a clear cellophane tape. Holding the tape in position at a
shallow angle, the gauge/tape assembly was wiped onto the surface. One
end of the tape was lifted at a shallow angle to the surface with the
bonding side exposed. Both surfaces were applied a thin coating of the
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adhegive after which the tape was wiped over the chamber surface. A
piece of silicone gum pad and a backup plate were then placed over the
gauge installation. This allowed the clamping force to be exerted

evenly over the gauge.

Since it was not possible to clamp a single installation locally,
the series of 11 gauges in each column were placed together and then
all clamped simultaneously using a specially made clamping frame (Fig.
III. 2). The clamping pressure was obtained using sprung bolts which
pressed a block of wood over the gum. The clamping frame was itself
clamped at both ends to the two extreme ends of the chamber. To achieve
proper curing and performance, the clamp was left on the gauges over
night. Once the clamps were removed, the gauges were ready for

soldering.

3. Strain Gauge Soldering

The most common method of making electrical connections in strain

gauge circuits is by means of soft solder in wire form.

Although soldering is considered a simple operation, it was
necessary to do it with appropriate tools and techniques to assure
accurate strain measurements. One such tool was a temperature or power
controlled soldering station that provided low voltage and adjustable
temperature to the soldering iron tip. The solder used was of the type
with a core of activated rosin flux which made soldering much more

convenient.

3.1. Tinning Solder Tabs and Bondable Terminals

All strain gauge solder tabs, terminals, and leadwires were
properly tinned before making soldered connections. This helped insure
active surface wetting and good heat transfer during the soldering
operation.

Before tinning the solder tabs on open-face strain gauges, the
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entire measuring grid and the upper portion of the solder tabs were
protected with drafting tape. This not only shielded the grid from
soldering flux and inadvertent solder splash, but also restricted the
flow of solder on the tabs.

The tinning procedure consisted of first cleaning and reapplying a
small amount of solder to the hot soldering iron tip. Then a drop of
flux was applied to the tab or terminal. Leadwire ends were stripped of
insulation before tinning. Then some solder was melted on the hot tip
to form a hemisphere of molten solder twice the diameter of the wire to
be tinned. Leadwires were then firmly anchored to the surface with
drafting tape routing to the terminal strip before soldering was made.
The tinned leadwire ends were bent slightly to form a loop, taping the
wires firmly over the connection area with drafting tape. Using fresh
solder each time after cleaning the tip insured a good soldering
operation with little traces of residual flux around the joints. All
the tapes were removed using a solvent once there was no trace of
residual flux around the joints after cleaning.
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APPENDIX IV

THE EFFECTS OF OUT-OF-ROUNDNESS OF
THE CHAMBER ON THE MEASURED STRESSES

During both the K, consolidation and the penetration phases of
different tests it was noticed that the four columns of strain gauges
seemed to exhibit unequal behaviour: two opposite columns seemed to
show greater circumferential strains than the other pair, which in some
cases appeared to show very little movement or even to experience
compressive strains during both loading and testing stages. This led
the author to believe that the inner-shell of the chamber could go
slightly out of shape and become elliptical. Hence, this deformation
and its effects on the soil stresses are studied here. The phenomenon
seemed to vary from one test to another and may have been due to slight
density variations in the sample as a result, perhaps of uneven

pluviation.

If we assume that deformation from a vertical cylindrical shape is
a result of a uniformly distributed lateral load, then we may follow
Smolira (1955) and obtain a maximum B.M. at both crown and haunches (in
terms of conventional loading on a pipe semi-circle) of wR%/d. The
corresponding deflections are also obtained as aR4/12EI.

The average differential strain between adjacent columns of strain
gauges on the inner chamber shell was 7.5 microstrain and this can be
regarded as distributed equally between the positive and negative B.M.
positions and would correspond to deflections of + 0.16 mm under a
differential load of approximately 50 pa, i.e., 1 % of the initial
lateral loading due to the self-weight of the sand or 0.1 % of the
lateral loading (about 50 kpa) at the end of KO consolidation. These
values are well within the ranges expected of experimental variations

~343~



and could as well have been caused by a reduction of out-of-roundness
of the initial shape of the cylinder as the K, loading was applied.
(The 'roundness’ of the chamber was not checked to this level of
accuracy) .

Although in these calculations the effect of the stiff ’ends’ of
the cylinder has been ignored as has the posibility of the strain gauge
columns not being at the position of maximum bending moment, it is
clear that the differential strain gauge values are consistent with
normal operations and, further, that their absolute values (as distinct
from relative values in the same column) are subject to errors of the

order of the readings themselves.
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APPENDIX V

Evaluation of the Elastic Parameters

The analysis of the expanding cylinder test results together with
the developed transversely isotropic model relies on the five elastic
constants. It will be reported in Chapter 8 that G’ can be written as a
function of the other four parameters. To obtain these four parameters,
it is necessary to use special laboratory tests together with the
theoretical relationships that are discussed here.

The stress-strain relationships for a transversely isotropic
elastic material can be written as

1 V%dé
de_ = — |8a’ - Vi0l| - la
r E op — VO0g 2 (la)
1 { } v’sa;
3, = — 180. — Voo’ | — (1b)
(] B o r B
1
Ssz = ;} Saé - v'(&aé + 802)] {1c)

By setting Eqn. (la) equal to zero for KO consolidation and rebound,
and noting that Sar would be equal to Sae, Koe (the slope of the
tangent to the unloading curve of an overconsolidated K, test at the

desired stress level) can be obtained as

K =] _ - 0 (2)

€ =0
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where p = E/E’ and v and v’ are the Poisson’s ratios in r6 and rz

planes, respectively. Then by definition

+ o0 g
Gl’.' 8[ r

SKO B e e e (3)
o, + SGZ o,
Sar
from which Koe = —— needs to be deduced.
8o

Z

Combining Egns. (1lc) and (2) will give

1 do
§g = — (8o — 2v'80_) =
z o P4 r .

Z

(1 - 2v'KOe) (4)

As a perturbation during K, consolidation, it is possible to hold
e, constant and change o and €. This will also cause a change in o,
[Test SU73]. Then by setting Egn. (lc) equal to zero, the value of v’/

can be obtained from

Saz = 2v'60r {5)
The constrained modulus, M, can be used to find the elasticity
modulus in the rz plane, E’, as a function of v'. Since M = 5az/asz
then Egqn. (4) becomes
5az Ef (1 — v)

SSZ 1 - v~ 2pv

From Egqn. (2},
PV = K o (1 - v) (7)
Combining Egns. (6) and (7) will give

E' =M (1 - Zv'Koe) (8)
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The plane-strain elasticity modulus, E, is related to the shear

modulus in the same plane ,G, by
E = 2G(1 + v) = pE’ (9)

The shear modulus G can be obtained from the unload-reload loop of the
first stage of the expanding cylinder tests. Solving for p in Egns. (2)
and (9) gives

E'Koe — 2Gv’

E'Koe + 2Gv7
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APPENDIX VI

Axial Cylindrical Cavity Expansion in a
Transversely-isotropic Elastic Medium

The stress-strain equations for a transversely-isotropic material
can be written as follows:

1 v’

€ =—log_ - vo,.| —— ¢ (1)
r E( r EJ gr 2

1 v
8=——(c~'\m]-——-a (2)
o g\ © r g 2

1
e, = ;[az - v(o_+ ae)] (3)

For the plane strain condition, e, = 0 and, from Egn. (3),

o, = v'(ar + oe) (4)

The radial stress, as a function of the two strains, is then:

O < Cller + Clzee (5)

where

E(1 ~ p\)"z)
C,, = (6)
1 14w = v - 2pv2)

E{v + pv'z)
C.. = (7)
12 (1 4 w1 = v - 2pv2)

and p = E/E’
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From the definitions of the radial and circumferential strains,

du u
€ = — and €, = —
Y oar ® r

the general solution for the displacement in plane~strain can be
written as

B
u(r) = Aer + — (8)
r

Then the strains will become:

B

Sr = A — 5 (9)
r
B

Se = B + =5 (10)
r

Replacing these for radial and circumferential strains in Egn. (5)
gives:

B
o =<A(C11+ ClZ) - ;i-(cll- ClZ) (11)

To solve for Constants A and B in this equation, it is necessary to
apply the following boundary conditions:

(i) at r = a, o, = Pi

and (ii) at r = b, o, = 0 [for BCl boundaries],
where a and b are the internal and external radii.

Then from Egn. (11)

aZPi
A =

2 2
(a” - b )(C11+ C12)

and

~349-



azbzP.
1

B =
2 2
(a” - b )C66
Substituting for A and B in Egn. (11) gives the radial stress as:
2 2

a Pl [ b ]
6 = |y (12)
r a2 _ bz r2

As b » e, the stress becomes

P; (13)

a
o = — D, (14)
b2

The radial displacement can also be obtained by substituting for A and
B in Egn. (8) to get

2 2

a Pi r b
u(r) = ) { + ] (15)
(a”= b)) UCyy+ Cpp)  Cgpe T

However, when b » », this equation simplifies to

2

a’p,
u(r) = - e (16)
and, for the displacement at b for the infinite boundary case:
aZPi

Egns. (12) and (13) are the Lame’ 2-D stress solutions for an
isotropic material and the infinite boundary displacement solution
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[Egn. (16)] is also that of the equivalent Lame’ using the transverse-

isotropic G value.
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