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ABSTRACT

UNIVERSITY OF SOUTHAMPTON

DOCTOR OF PHILOSOPHY

CALIBRATION OF PENETROMETERS AND INTERPRETATION OF

PRESSUREMETERS IN SAND

by Morteza Zohrabi

Extensive Cone Penetration Tests have been performed in large 
scale calibration chambers over the past 20 years under two distinct 
[constant stress (BCl) and mean zero lateral strain(BC3)] lateral 
boundary conditions. The investigation has shown that such tests on 
dense sand are affected by the size of the chamber. In an attempt to 
achieve a more natural boundary behaviour, the boundaries of a large 
scale calibration chamber (on loan from NGI) were modified to 
correspond to the the stiffness indicated by full length expanding 
cylinder tests for both NC and OC soils. The outer boundary in these 
tests was controlled to simulate soil expanding to infinity by forcing 
it to follow the same stress-strain behaviour as given at an earlier 
stage of the test by the expansion of the inner cavity. This gave an 
opportunity to analyse the distribution of stress with radius as well 
as with time. The soil was assumed to yield plastically in response to 
the extreme principal stresses - initially in a vertical plane and 
then, with more expansion, in the horizontal plane. The results show 
that although plastic dilation was appreciable at higher shear strains 
it was largely (and sometimes more than) nullified in the chamber as a 
whole by elastic compression accompanying the higher stresses.

A series of CRT's in dense Hokksund sand were performed in the 
modified chamber. The results showed that for a 2 bar NC test BCl 
underestimated cone resistance by 12 % but that a BC3 test matched the 
measured values under an infinite boundary test. The cone resistance of 
OC samples under either BCl or BC3 needed to be increased by 7 %. 
Similar correction factors were also deduced for the sleeve friction. 
The CPT results also indicated a relationship which (at least in 
theory) predicted the possibility of obtaining the necessary 
information regarding the stress state of the soil from a single CPT.

The results of the expansion tests were then used to predict the 
normal stresses at the penetrometer and thus the sleeve friction. The 
results matched the corresponding CPT results surprisingly well.

In an attempt to model the soil behaviour during penetration, a 
solution was developed for a spheroidal cavity expansion in a 
transversely isotropic elastic medium. This was then used in 
conjunction with the expansion test results to obtain an elastic/ 
plastic solution for the sleeve friction and for the distribution of 
lateral stress as a function of radius and depth for semi-infinite 
penetration. The resulting predictions at the outer soil boundary are 
compared with the values deduced from the strain gauge measurements. 
Realising that the former includes the effects of theoretical stresses 
from beyond the chamber top and bottom boundaries, the comparison is 
reasonably good.
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CHAPTER 1

niTBOOUCTION

in-situ measurement techniques such as the cone penetration test 

(CPT) are indirect methods of subsurface soil exploration where 

information is 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, CRT'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 vAiich 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, q^, and sleeve friction, 

f ) 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 q^. 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 vAiich 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 coit()rehensive calibration chamber (CC) 
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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 
2 

hole through which a full scale penetrometer (10cm 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 CRT 

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., BCl 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 
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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 THEORETICAL AND 

EXPERLmafDMjVKXWCMPENETRATiaN

^'^ Iritroduction

The cone penetration test (CPT) has been in common use since the 

193O'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 196O'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, 

q^,, and sleeve friction, f^. 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.

—8—



The standard cone penetrometer in the CPT testing is 35.7 mm in 

diameter (10 cm ) 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 cm^ 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.g. 

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).
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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, q , ) is known, a failure mechanism is 

assumed, and from this an estimate of the soil 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.
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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 q 

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 Equilibrium 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.
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All the solutions for q^ are in the following general form:

(2)

where o^^^ is failure effective vertical stress at the level of the 

foundation base, and N^ and N^ are bearing capacity factors with x^ and 

Yq being shape factors. The bearing capacity factors are given in the 

form

and Tc

So,

= (N - l)'COt+

- l/N) / (1 - 1/N) 
y y

(3)

(4)

only Nq

is normally used

and 

for

Y are independent quantities. A single factor 

circular or square bearing areas such that

Nc

q

*
'^q

*
"Y,q q

(5)

Fig. 2.2 shows the values of bearing capacity factor N * 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 (&/*').

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, N^, from plate loading tests. The experiments 

indicated that the failure mechanism did not extend back to the shaft 
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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 = ccot*^, which must be 

estimated in practice from the q^ 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

— N " (P''+ a) — a (6)

where P' is effective overburden pressure, and

2
ML = tan (V4+*'/2) exp [(n-2$)tan +H (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 Pig. 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:

% = Y'B'N '( (8)

q q 
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where y is the unit weight of sand; B the base width of cone; \ the 

bearing capacity factor; and \ the shape factor.

This theory has the advantage of incorporating the lateral stress, 

only through the coefficient of earth pressure, K.

\q is a function of the soil friction, *', base roughness (&/*'), 

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 o 

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 



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:

qg=g "Nq* (9)

where

q = [ (l+2*K^)/3] = initial octahedral normal 

effective stress

= vertical effective stress 

N* = bearing capacity factor

This also takes into account the stiffness and compressibility of the 

soil by using a reduced rigidity index, l^, defined by
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E
^rr ^v'^r =

2(l+v)(c+q'tan+) (1+A'Ir)
(10)

where (^ = Volume change factor incorporating the average 

volumetric

E

G

Strain in the plastic zone

= Young's modulus = 2G(l+v)

= shear modulus

V = Poisson's ratio 

I^ = rigidity index.

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% (Eg^) 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 

q^ when cohesionless materials with curved strength envelopes are 

considered (Baldi et al., 1981): 

% exp .%-+s (11)

where P^ = ultimate pressure of the expanding cavity in an elasto- 

plastic infinite medium,

X = empirical shape factor = 1+tan*^ (Vesic, 1974), and

*g = secant angle of friction related to the average effective 

stress at failure in the plastic zone.

The corresponding equation for the spherical expanding cavity is 

(Vesic, 1977)
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c
1 + sin*

(12)

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

Given strength envelope, Young's modulus, and volumetric strain 

relationships, P 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 q^ 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 

q^ values is better for CC tests performed under BCl (e' = constant 

and a', = constant). For tests under BC3 (a' = constant and Ae., 

change in lateral strain = 0), measured q 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 q values fall on 

or slightly below the lower limits of the computed q 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 A 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 xmable 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. When 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, CRT, 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 Sanpies

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 n&thod 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 

vAaich 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 large. 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 (p/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).

—22—



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 
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(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 conpited 

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 Pigs. 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 Pigs. 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 siirplified smoothened form in 

Fig. 2.21c. 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 Pig. 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 (p/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 CRT'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 CRT 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 q^ 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. Cdne 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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% - % % 1 exp (Cg'D/lOO) (13)

where C^, Cj^, and C2 are experimental coefficients, and q^ and ct'^ are 

in kg/cm^.

Bellotti et al. (1985) found that in OC samples alone, or in 

combination with the NC ones, q 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 C2 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, K , is 

greater or less than one, or whether o\ is changing as in a BC3 test. 

These factors, in his opinion, would naturally influence the degree of 

dependency of q 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:

^oc / 1 " 1)

Also

K^/ = (OCR)^"^^

(14)

(15)

Lunne and Christopherson (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 D^ 

and q^ through a'^ 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 q^ through v'^ 

[Schmertmann (1976) and Baldi et al. (1983 and 1985)].

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'^ 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 K stress. The change in these stresses depends on 

relative density and effective confining stresses. In dense soil, the 

0'2^ 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 (Pig. 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, 

Y, the state parameter. It is claimed that Y 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 q , a knowledge of the in-situ stresses and the value of X 

which is the slope of the steady- state line in e-log p' space, is 

necessary. Laboratory tests are, therefore, required to determine X 

(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., X 

= 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 q^ and Y in the form

-------  = k ' EXP (-mY) (16)

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 

the increase in c'^ for a given level of a'^, or K^^ > K^^^. Work by 

Mesri and Castro (1987) shows that this last factor is linked with 

mechanical overconsolidation only [in clay K^ 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 o\ and remain 

insensitive to the effect of the accumulated plastic strain as is the 

case with deformation moduli.

2.4.4. Deformation 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 K 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 = ocq^ where the factor a is generally recommended in the 

range of 1.5—4.0 (Mitchell and Gardner, 1975), the smaller a values 

being used when q exceeds a certain limit. Considerable confusion 

appears to exist as to whether or not this relationship should remain 

-35-



constant with depth. Vesic (1970) proposed this factor to be a function 

of the relative density in the form a = 2(1 +D^^). Dahlberg (1974) 

found a to increase with q^ 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 

(Qg-yh), applicable to all stress levels and OCR. This conflicts with 

Baldi et al.'s (1986) suggestion that M/q^ is a function of o', OCR, 

and D^. Based on field and laboratory results, a linear relationship 

was found between M and q^ 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 o 

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). Por a given cohesionless soil this modulus is mostly a function 
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of the following variables (Yu and Richart, 1984):

G . f (D^y a'g, c',^) (17)

where:

(T'g - effective stress acting in the direction of seismic 

wave propagation, and

a'^ = effective stress acting in the direction of soil 

particle motion.

It is noted that G/q^ depends strongly on D^ but only moderately 

on the stress. Parkin (1988) believes that the product (D^/100)•(G/q ) 

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:

(18)

1
= T 1 + 2 K

3 V Oj
with a" , being the isotropic pressure o'

V

and P^, 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) [Fig. 2.31].



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, N , in the form g = P .N 
q o q 

(Koumoto, 1988) in which P^ 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 Pig. 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)];

(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 K , 

e^, 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 (K^) 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 (*' ) 

of many sands can be estimated from the empirical expression 
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*'s - *'cv + 31^ (19)

^^^^^ *'cv ^^ ^^ friction angle at constant volume and i is a 

relative dilatancy index given by:

^ - '^r (0 " ^ P'f) - 1 (20)

D^ being the relative density, P^^ the mean effective stress at failure 

(in Kpa) and 0 a constant depending on the compressibility and 

mineralogy of the sand. Bolton (1986) suggested a general value of 

0 " 10 for most silica sands.

Pig. 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 <p' 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 derive 

g was proposed by Jamiolkowski et al. (1988). Fig. 2.35 shows a 

comparison between measured <()'g from triaxial results and the predicted 

values from CPT-q^ 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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Prandtl (1921)
Reissner (1924)
Caquot (1934)
Buismon (1935)
Terzaghi (1943)

(b)

De Beer (1945)

Meyerhof(l95l)
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Berezanisev 8
Yoroshenko (1962)
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(d)

Bishop, Hill a
Molt (1945)

Skemton, Yossin
8 Gibson (1953)

Fig. 2.1 Different assumed failure patterns under deep forundations 

(Vesic, 1963)
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FIG. 2.2 Bearing capacity factor for circular deep foundations 

(Vesic, 1963 and Mitchell and Keaveny, 1986)
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Fig. 2.3 Failure pattern and Bearing Capacity Number proposed by

Janbu and Senneset (1974)
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plane shear zone

radiol shear zone 
(logarithmic spiral)

vertical 
tangency point

FIG. 2.4 Failure mechanism proposed by Durganuglu and Mitchell (1975)
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Fig. 2.5 Geometry for cone indentation problem proposed by

Nowatski and Karafaith (1972)
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CK=: 120^

0;= ^0^
a= apex angle

Fig. 2.6 Slipline fields for cones penetrating ideal soil 

proposed hy NOwatski and Karafaith (1972)
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triaxial \ 

compression

and 

shear

Fig. 2.7 Predominant failure modes around an advancing probe

proposed by Baligh (1984)

-47-



Fig. 2.8 Shear pattern under a circular foundation placed 

at greater depth in very dense sand (Vesic, 1963)
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Fig. 2.9 Shear pattern under shallow strip footing model 

(Durgunoglu and Mitchell, 1973)
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5/f' = 0.3

Fig. 2.10 Conparison of observed and predicted failure surfaces — 

Wedge Penetration, Using D & M Theory (Durgunoglu and 

Mitchell, 1975)
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(a)

(b)

Fig. 2.11 Observed shear patterns of shallow cylindrical probes in 

medium dense sand, D^ = 60%, (a) blunt end; (b) 30° apex 

angle (Durgunoglu and Mitchell, 1973)
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Fig. 2.12 Zones of density changes around cone penetrometer

(Chong, 1983)

Fig. 2.13 Density of sand at surface of penetrometer vs. depth

(Chong, 1983)
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Fig. 2.14 Volumetric strain vs. relative radial distance from

penetrometer axis (Chong, 1983)

Core resittonce q ( MFo |

Fig. 2.15 Measured and confuted cone resistance vs. initial

density of sand (Chong, 1983)
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Displacement of Probe from (80 to 1i0)mm 

(a) Lateral (X) Displacements in tenths of 1mm.

(b) Vertical (Y) Displacements in tenths of 1mm.

Displacement of Probe from (80 to 110)mm

Fig. 2.16 Lateral and vertical conponents of resultant local 

displacements, BCl series (2W3do, 1983)
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Displ. of Probe from (60 to 80)inni

(a) Lateral (X) Displacements in tenths of 1mm

Displ. of Probe from (60 to 80)mm

(b) Vertical (Y) Displacements in tenths of 1mm

Fig. 2.17 Lateral and vertical conponents of resultant local 

displacements, BC3 series (Addo, 1983)
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Displacement of Probe from (40 to 80)mm

Fig. 2.18 Volumetric strains around the penetrometer, 

BCl Series, e^ = 0.73, loose sanpies (Addo, 1983)

Fig. 2.19 Volxjmetric strains around the penetrometer, 

BC3 Series, e^ = 0.53, dense sanples (Addo, 1983)
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Fig. 2.22 Displacement resultant vectors, D/B =3.5, dense sanple, 

e^ = 0.52 (Mahmood, 1985)
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oisplac^mcmt 
SCALE

Fig. 2.23 Displacement resultant vectors, D/B = 20.0, dense sanple, 

e^ = 0.52 (Mahmood, 1985)
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(a I LOOSE SAND

(b1 DENSE SANO

Fig. 2.24 Displacement resultant vectors, (a) loose sand;

(b) dense sand (Davidson et al., 1981)
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Test 11: Loose, NC
J =110kN/m^ 

V g

Test Z|:

Loose, high stress 
cr^=crh=i5OkN/m^

all-rigid all-flexible

Fig. 2.25 Lateral component contours of NC and OC dense and loose

samples of sand ['all-rigid' vs. 'all-flexible'j (Chen, 1986)
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Loose,*sides-flexible
0'=120kN/m^

C^=60kH/mr

Loose,'sides-rigid
Oy=150kM/m^ 

0^=60kH/m^

Fig. 2.26 Lateral component contours of NG and OG dense and loose 

samples of sand [mixed-boundary tests] (Ghen, 1986)
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Fig. 2.28 Correlation between D^ and q^ through a'^ 

(Lancellotta, 1983)

Fig. 2.29 Definition of State parameter for sands (Y) 

and clays (log OCR) (Been et al., 1987)
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Fig. 2.30 CPT interpretation for sands in terms of Y and X^^

(Been et al., 1988)
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CHAPTER 3

Analysis and Interpretation of Previous SoutJianpton 

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 
2 

that covered a wide range of initial stress levels (0.5 to 4.0 Kg/cm ) 

under two distinct lateral boundary conditions: one constant pressure 

(BCl) 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 
2 

loose state (D = 20%) to very dense (D > 95%). Both standard 10 cm 
r 2 

and half scale [5 cm ] 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, K^^, OCR and the 

vertical stiffness as constrained modulus, M. The penetration data only 

includes the cone resistance, q^, and sleeve friction, f^, 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 CRT 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, K , for first loading 

(Kq ) and rebound (K^ ) can be determined. Figs. 3.1a and 3.1b show 

the variation of K^^ versus effective vertical stress for selected loose 

and dense samples rebound at various stresses. refers to the end 

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

the other hand, refers to the end of the rebound stage.
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As far as K^^^ is concerned, the experimental data show the 

following:

- for a given range of relative densities, the K^ at the end of 

the consolidation stage seems to be independent of vertical stress past 
2 

an applied vertical stress of 0.5 kg/cm .

- K ^^ tends to decrease as D increases. The observed variation 
o r 

between them can be approximated by the following empirical

relationship (Bellotti et al., 1985)

w 
ro o min

(1)

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., K^^ as 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 K values at any common vertical pressure is the 

same for both loose and dense samples despite the difference in their 

K values prior to rebound.

As far as over-consolidated samples are concerned, the observed 

variation of K°^ with OCR can be approximated quite well by the 

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

compute an equivalent K^ from K^ :

O a
---  = (OCR) (2)

Based on a series of calibration chamber tests, Schmertmann (1975) 

recommended a value of 6 = 0.42 for Hokksund Sand. The experimental 

values of g, although quite scattered, increase as D^ increases.
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3.2.2. Gone Resistance - Relative density

In order to obtain the in-situ relative density from the measured 

cone resistance, it is convenient to express D^ = £(5^,? (^') ^^^ ^^ form 

originally suggested by Schmertmann (1976) as:

D = 1 / C2 In 
r

(3)

dIcO-a'^J

in which CO, Cl, and C2 are the experimental coefficients and a' 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 (a'^< 0.75 Kg/cm^) [Fig. 3.2] experimental q^ 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 q and c'^ 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 q^ to D^ through the mean 

stress, a', and OCR is better than the same through a'^ alone as shown 

in the following equation.
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(4)

where: CO, Cl, C2 and C3 = experimental coefficients

Po = reference stress (= 1 kg/cm^)

It is noted that q values were corrected for the chamber size 

effects through the procedure given by Luhne and Christophersen (1983). 

[They suggested that the NC values of q^ 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 Eqns. (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 q^ - D^ relationship. The SU results showed 

that both the OC cone resistance and more importantly sleeve friction 

are more sensitive to cr'^ than to the cr'^* The regression analysis of 

the test data fitted to the following empirical equation allows the 

separation of influences of a'^ and a'^ and supports this criterion.

C2

%
V

= CO Pa — EXP (C3'Di ) (5)

^o
r

where: CO, Cl, C2 and C3 = experimental coefficients (Table 1)

Po = 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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C2 » Cl confirming the accuracy of Eqns. (4) and (5) [as conpared to a 

unique q^ relationship with D^ through a'^, 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 q^ against effective lateral stress on a log-log basis. The 

results of the SU series seem to fit a straight line:

2
In q^ = 6.043 + 0.601 In(a^) (R = 0.96) (6)

valid for all OCR's and under both boundary conditions over a density 

range of 85-100% (q^ 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 R^ 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 q^ 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. Gone 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., X^^ = 0.056], the relationship between q^ and Y of 

Been et al. (1986) can be written in the following form for the SU 

results:

-S----5 = 25.77 EXP (- 11.286Y) (2.16)

"m

The 4)'' values from drained triaxial tests of Kildalen et al.

(1982) on the same sand were plotted by Been et al. against Y and are 

seen to fit the following exponential relationship:

+'" - 35.894 EXP (-0.932Y)
(R^ = 0.90) (7)

During field CPT, the only unknown remaining is the lateral 

stress, a',, which can be readily obtained by using lateral stress cone 

penetrometers or cone pressuremeters. Having obtained this, Eqns.

(2.16) and (7) can be combined to give the shear strength of the 

Hokksund sand for any measured q^ value in the field as

%
f - 27.448

'm
(8)

cr

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

+'= = 37.31 + 0.079D^ (D^ in %)
(R^ = 0.86) (9)

Alternatively, the q^ = ^((^'^' D^) relationship [Eqn. (3)] was 

combined with Eqn. (8) to give *' as a function of D^ and a'^ as 
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In f = 3.647 - 0.0388 In a'^ + 0.001550^ (10)

3.2.4. Sleeve Friction

Another parameter of interest in the calibration of penetrometers 

has been the sleeve friction, f^. 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 f^ 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:

f = 1.718 [BCl, NC] (R^ = 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 R^ 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):

fg - 2.354 0^;°"^^^ [BC3, NC] (R^ = 0.983) (12) 

and

f = 2.244 o^;^'^^16 [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 q^ - f^ 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 
2 

stresses, [and hence, lower cone resistances (q^<250 kg/cm ), Fig.

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

As far as f 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 f^ 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 (q^ > 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 (£g/%/ iri 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 q^ values, but rapidly 

increase for q^ > 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 q^^ against a'^. The results yield a 

log-log linear relationship between q^ and ct'^ for both NC and OC dense 

samples tested by the standard lOcm^ cone (Fig. 3.5). The same 

relationship exists for the small cone (Scm^), 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 f^ 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 (cr'^ < 0-2 kg/cm^ and cr'^ < 0.4 kg/cm^), 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 c'^, the curves for both NC and 

OC samples coincide; but a clear divergence is noticed in the f^ - c'^ 

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 cr\ 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 a'^ and OCR (Fig. 
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3.8). This, however, is not the case if ct'^ values are also plotted 

against each point. The resulting contours indicate that q is a 

function of ct'^ 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 a'^. The first 

figure shows a slight increase in q^ 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 

cr'^) are plotted either against OCR for a given stress level or against 

the coefficient of earth pressure at rest, K^ [determined during the 

initial loading of samples for different stress histories] (Pigs. 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 to be at least 4; hence, E'25 ^® ^^® common 

value selected for study (Bellotti et al., 1985), i.e., the secant 

modulus evaluated at a deviatoric stress level corresponding to one 

—80—



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'25 = CO P^ ' ( (T'/P^)^ exp ( D^'C2) (14)

Tidiere;

a' = selected consolidation stress component 

CO,C1,C2 = experimental coefficients
2

P = reference stress = 1 kg/cm .

^'25 ^^^^^'^ 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 (E'25 to q^) falls in a narrow 

rcinge, 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 D], increases).

b. Constrained Modulus, M

In considering the linear relationship between M and q^, in dense 

Hokksund sand, at the most favourable diameter ratio and boundary 

condition for modelling field conditions (small cone and BC^), Lunne 

and Kelven, 1981, and Parkin, 1977 suggest K(/q^ = 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/q_) fit in a narrow range, very little 

affected by relative density changes, giving M/q^ = 5 ± 1 for loose 

san{)les and M/a = 3.5 ± 0.5 for very dense samples (Fig. 3.13). For 

the same values of relative density and consolidation stress, the M/q^ 

ratio for OC sands is much greater than that for NC ones. This 

observation confirms that q^^ 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 q 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 N versus /q 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 (/f) 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/q^, and stress (ct'^ or cr'^), the constrained modulus can be related to 

the consolidation stress by means of the following empirical formula 

(Bellotti et al., 1985):

M = nra p^ • (v'/Pg)™^ ' exp (m2- D^) (15)

where:

mo , ml , and m2 = experimental coefficients 

a’ = selected consolidation stress component

p = 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 (ct'j^ < 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:

M (16)

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

%
% -^ (OCR) EXP (m2-D^) (17)

Based on this correlation, the following general comments can be made:

- For the same stress history, the ratio of /q^ decreases as D^ 

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

influences M and q^, respectively.
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- The ^/q^ ratio moderately decreases as the mean effective stress 

increases.

- For the same values of D and the /q^ 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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TEST 2 kg/cm Ko OCR
kg/cm 1c 2 kg/cm^

^s 2 
kg/cm'‘

^C 
cm BC

SUI Wi — —»
SU2 1.715 91.4 0.63 0.37 1 508 . 176 0.48 2.52 Bl
SU3 1.717 91.9 0.63 0.35 1 510 133 0.37 3.57 Bl
SUA 1.727 94.4 1.13 0.33 1 638 204 0.70 3.57 Bl
SUS 1.730 95.1 2.13 0.32 1 1020 275 1.16 3.57 Bl
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
SU9 1.740 97.6 2.13 0.33 1 1075 336 1.94 3.57 B3
SUIO 1.720 92.7 1.13 0.33 1 714 224 1.03 3.57 B3
sun 1.706 89.1 0.63 0.41 1 852 163 0.71 3.57 B3
SUI 2 1.692 85.6 1.13 0.60 1 - 284 1.29 3.57 Bl
SU13 1.717 91.9 1.13 0.95 1 323 1.81 3.57 Bl
SU14 1.690 85.1 1.13 0.95 1 - 266 1.29 3.57 Bl
SUIS — — - — _ —
SU22 1.733 95.9 1.13 0.37 1 887 265 0.73 2.52 Bl
SU23 1.706 89.1 2.13 0.37 1 1187 367 1.05 2.52 Bl
SU24 1.700 87.6 3.13 0.38 1 1275 408 1.35 2.52 Bl
SU25 1.713 90.9 4.13 0.37 1 1595 500 1.58 2.52 Bl
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
SU28 1.710 90.2 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 Bl
SU33 1.630 69.0 0.62 0.38 1 536 98 0.25 2.52 Bl
SU34 1.628 68.5 0.62 0.34 I 329 95 0.39 3.57 B3
SU3S 1.627 68.2 0.62 0.35 1 392 84 0.39 3.57 Bl
SU36 1.610 63.4 2.12 0.38 1 809 238 1.03 3.57 B3
SU3 7 1.620 66.2 2.12 0.36 1 850 228 0.90 3.57 Bl
SU38 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
SU4O 1.552 46.3 1.12 0.40 1 329 76 0.28 3.57 B3
SU41 1.564 50.0 4.12 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 Kq 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 Southaupton (Last et al., 1987)
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TEST t/2: "'v 2 
kg/cm

Ko OCR " 2 
kg/cm^ kg/cm^ ^s 2 

kg/cm'^ cm BC

SU16
SU17
SU18

1.719
1.680
1.718

92.4
82.5
91.9

1.13
1.13
0.63

0.49
0.60
0.47

2
4
2

2307
2000
1456

245
296
163

1.03
1.55
0.55

3.57
3.57
3.57

Bl 
Bl 
BlSU19 1.730 95.1 0.63 0.63 4 ■ 1530' 184 0.71 3.57 BlSU20 1.733 95.8 0.63 0.81 8 1342 204 0.87 3.57 BlSU21

SU30
SU31
SU45

1.701
1.730
1.730
1.476

87.9
91.4
95.1
21.9

2.13 
1.13
1.13 
0.61

0.40 
0.49
0.61
0.54

2
2
4
2

3191 
1974
3000 

927

347
306 ,
367

38

1.88
1.15
1.42
0.16

3.57
2.52
2.52
3.57

Bl 
Bl 
Bl 
B3SU46 1.481 23.6 0.61 0.63 4 1020 35 0.17 3.57 B3SU47 1.481 23.6 1.11 0.64 4 1417 66 0.28 3.57 B3SU48 1.469 19.5 0.61 0.56 2 1457 30 0.14 3.57 BlSU49

SU50
1.47] 20.9 1.11 0.56 2 1457 52 0.28 3.57 Bl

SU51 1.478 22.6 1.11 0.53 2 1430 60 0.28 3.57 B3SU52 1.470 19.8 0.61 0.69 8 981 68 0.33 3.57 BlSU53 1.470 19.8 0.61 0.62 4 1020 56 0.22 3.57 BlSU54 1.480 23.2 1.11 0.66 4 1457 67 0.36 3.57 B3SU55 1.472 20.5 2.11 0.57 2 2125 103 0.53 3.57 B3SU56 1.475 21.5 1.11 0.64 4 1417 63 0.35 3.57 BlSU57 1.481 23.6 2.11 0.56 2 2550 127 0.64 3.57 BlSU58 1.489 26.2 0.61 0.71 8 936 56 0.28 3.57 B3SU59 1.498 29.2 0.61 0.63 4 1085 52 0.18 3.57 B3SU72 1.623 67.1 0.62 0.78 8 900 78 0.29 3.57 BlSU73 1.643 72.6 0.62 0.88 8 1020 72 0.27 3.57 BlSU74 1.616 65.1 0.62 0.47 2 1275 78 0.26 3.57 BlSU75 1.619 66.0 0.62 0.59 4 1020 95 0.30 3.57 BlSU76 1.654 75.6| 0.62 0.58 4 1133 133 0.36 3.57 Bl 1

1) Aborted
3) 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)

-86-



uouuuuuuuuuuuuuuoyyuu  tamgapQoacQcacQeQcacaaaaDeQcQcQcQcQcacQco

3 3

1 a
0) "H

m 
m
0)
1

UG 
-u u

tnLntAiOl/3OlAU*>irii/>l/*llAiALr)*/^<V^U1l/^l/1lZ>t/  ̂

f-3nnnc^cirinnnnmnr*ir^c<c^r~<ctc«cM

ri
e

V)U ^«^2m 1 5:::S 1 1 } 1 1 1 1 1 { I 1 1 
r-t CM •-<

uS in<Ti--'izic^r~-#t^<T>«)o>JO<ro<rx-inoooO'd-oo

r<Lnmcrirn^DC<r-iu-ivr)o<><c^>nooi-in^--^oo^r) 
(s, ^ ^ ^ <^ ei —, r4 r-4 r-4 ts r«

r^ t/-) o t/1 w^ U3 <f d \O h— UD CN r4 \jO 00 <0 <N 04 \O <O 04

o

§§§§§§§§§§§§§§§§§§§ co 

p—4 f—4 p-4 p—4 p—4 p—4 p—4 p-4 r-4 p-4 «—4 p-4 p-4 p-4 p-4 p-4 p-4 p-4 p—4 p—4 y

p.iu)(nooN<f(n(n\f,oooooooooooo 
u^,r^^^)r^)'f0^oO^^O\0^n^^^uo(nMOOG\OmO 
.^^<f<f^<f<T»fm'fo-i<fno-)fnro<tror-)0-)'<f

CM

mcr400CM(n<roocM(MoocMr4(Moor;rfo 
r4r^r^r^r^r^p-4\r)p-4\jD\jo\r)'JD'jD\OUDU3\jO\jO\jOvO 
##*««*** #*» * « "* * *'

mr^m\jO\X)\OOmmc)OOOOOCOOCOO 

c\*,_4CMminm<tCMp-4\j3mfn<f<fC)(T'00C)O'-'O 
cooGoocno^cnfomncncnrimcncnoocMmcncn^f

(MC)(MCM(M(Mmcoin<ff—'O'<fiAO'J)Ln(T\(T\<Tcn 
0r\(T\(y><f<rO'r')(MCMri(Mp-4p-4CMr-4C)Cr\(r'O'—'f^

H

W 
H

:::;:::;::2222§§g§§SS5SSSS  
WWWWWWWWLUZZZZZZZZZZZZ

-87-



u <Q OQOQCQCQcQCOCQCQOQCQCQCQCQCQCQfQCQCO

un ,n LT) O
ricMo^cinmncnncnriOioiCMCMCMCMCM

CM

U) u

CM 
e *X) '-* r-4 tn O o 06 CM (M CM CM <Tt in 00

U U 
cr \O <n

o 00
CM m m

in O> r4 O 
<r ri m in 

CM CM

(M 
m

o ri o
<r (T* 

CM

o o
cn 
(M (M

CM

R
u

60

00 >ri v£) 
Cj r*6 ^D 
<r <r <r 
CM r< r-j

O
C
R

X> 60

UD\f;\O\OU3\jD\OdD\f)\O\O\D\O\O

(
I
t
a
l
i
a
n
 
&
 
N
o
r
w
e
g
i
a
n
 
r
e
s
u
l
t
s
)
 
(
L
a
s
t
 
e
t
 
a
l
.
,
 
1
9
8
7
)

m

0)

ri ^6. co o r-4 CM d] f**. o *-4
00 oO 00 00 o o o o f—4 f—4 f—4 p-4 f—4

o o o o o o o o o o o O
UJ 6U z z z z z z z z z z XL* xL*

m d)(M (M
o Oz z

-88~



CO Cl
C2 . 

xlO"^ C3 R^
TEST SERIES

f(a;^. Dr) 57.63 0.530 1.88 NA 0.94 SU

19.48 0.549 2.88 NA 0.96 SU+ITAL.+NOR.

f(o;^, OCR, D^) 53.44 0.590 1.91 0.111 0.95 SU

* after Baldi et al. (1986)

Table 3.5. Results of the regression analyses on Hokksund sand 

in relating cone resistance to relative density.

Sand Type CO Cl C2
C3 

xlO
No. of Tests

Hokksund 12.393 0.14 0.40 3.38 0.96 64

30 <D^< 98 (%

1 < OCR < 8 wit)

0.5 < a' < 8.0 (bars)

I q 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)

BC OCR CO Cl
C2 .

BCl 1 108.01 0.5764 0.8882 0.983

BC3 1 43.717 0.5592 2.0248 0.966

BC1+BC3 2-8 51.612 0.8176 1.9954 0.951

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

on the qc = fCc^'^, D^-) of Eqn. 3.3 for different boundary 

conditions
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Table 3.8. Restilts of Regression Analyses on Relating Constrained 

Tangent Modulus to Stress Level and Relative density

M stress 
history

or' mO ml m2 
xO.Ol

m3 R^

f(a'v Dr)

Bellotti et al

(1985)

NC 

oc 

oc

''v 208

2065

2055

0.425

0.561

0.569

1.36

0.38

0.30

NA

NA

NA

0.95

0.77

0.77

[(a', D^, OCR) 

Baldi et al.

(1986)

NC+OC 283.8 0.522 1.32 0.334 0.97
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,*. stress state
before loading

PRE-LOADING OF LOOSE SAND 
(composite of tests 45, A6, 48,8c 52)

Fig. 3.1a Principal stress ratio, K^, and vertical strain, e^, during 

loading and unloading — loose samples
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* stress state
before loading

PRE-LOADING OF DENSE SAND 
(composite of tests 18 19 & 20)

VE
R

TI
C

A
L STRA

IN

Fig. 3.1 b Princip<il stress ratio, K^,

loading and unloading - dense samp!pp

and vertical strain, e , during
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200

100

very dense (NC &OC)
(Dr -88-96 %)

medium dense (NC & OC)

(Dr - 60 - 68 %)

---  CC measurements

- - - modified Schmertmann’s 
(Bellotti et al., 1985)

Q--------------------- 1---------------------------------- I---------------------------------- J--------------------------------------1------------

0 0.5 1 1.5 2
2

Horizontal Stress, kg/cm
Fig. 3.2 Theoretical and experimental plots of cone resistance vs. 

horizontal stress for Hokksund sand

2.5

2

1 
f
s '

2 
kg/cm

0.5

0.2
BC1 & BC3 (Loose)

BC3 (Med. dense)

BC1 (Med. dense)

BC3 (Very dense)

BC1 (Very dense)

„... „....,....—,.—. —.—I——. ——.. — —— . - — J -. — - —. — i -. . L_—-—. -L — I — — L — .. I.. -.L. —.   — . _.  .............. -1

20 q^ , kg/cm ^00 300
Fig. 3.3a Sleeve friction - cone resistance relationship for Hokksund sand

using standard cone
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BC1, 5 cm cone
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FR 0.4

(f / q ) 
s c
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Fig. 3.3b Sleeve friction vs.
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BC3. 5 cm cone

200 2^00
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Fig. 3.4 Friction ratio vs. cone resistance for dense samples
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q
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500
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0.1 12

CTh. Kg/cm
Fig. 3.5 Cone resistance vs. horizontal stress for dense NC and OC sand 

under BC1 and BC3 

3

2.5

Kg/cm 

1.5 

1 
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0-------------r----------------- i------------------ 1------------------r----------------- 1-----------------7----------------- r----------------  
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Fig. 3.6 Sleeve friction vs. horizontal stress for very dense Hokksund sand 
using different cone sizes
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Fig. 3.7 Sleeve friction vs. mean stress for very dense Hokksund sand 
using different cone sizes
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2.4

Cone Resistance MPa

Fig. 3.9 Variation of cone resistance versus OCR (Last, 1985) 

[dotted lines are the a'j^ contours at each point]
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Fig. 3.10 Normalised sleeve friction vs. OCR for very dense Hokksund

10

sand
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Fig. 3.12 Normalised stiffness vs. relative density for Hokksund sand
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Fig. 3.13 Normalised constrained modulus vs. relative density for Hokksund sand

Fig.3.14 Constrained modulus and cone resistance relationship for very dense 
NC and OC Hokksund sand using different cone sizes
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Fig. 3.15 Constrained modulus vs. square root of sleeve friction for very dense 
Hokksund sand using different cone sizes

Fig.3.16Constrained modulus vs. horizontal stress for medium dense and 
very dense Hokksund sand
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CHAPTER 4

STANDARD BOUNDARY CGMDITIONS AND CHSMBER 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 BG3 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 q^ 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 

assuirption 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 cm cone and other non-standard ones (e.g., 5 cm ) 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 q^, as 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 q^, independent of lateral boundary effects, is 

thus identified and measured q^ 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 D^ 

increases.

The results of CC tests performed in Italy on Ticino sand with 

different size cones suggest that for dense sanples q^ 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 q^^-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 q^- 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 vdiich penetration takes place with the piston 'locked' in 

position, there is less effect on q^^, 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 q^ 

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 q values than 

in-situ and the constant stress boundary in lower q^ 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 q^ 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, a, to modify the measured cone resistance under BCl:

(1)

where:

a , b - empirical coefficients; they are assumed to be the 

following for the two sands (Bellotti et al., 1985):

Hokksund sand: 0.25 < a < 0.35 , b = 30%

Ticino sand: 0.10 < a < 0.20 , b « 40%

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 q^ measured in a chamber with D^d^ = 34.2 [presumably under BCl], 

shown in the following table:

Table 4.1. Tentative values of correction 

factor, r, for chainber size effect

Class of sand stress History r

Med-dense NC 
OC

1
1

Dense
NC 
OC

1.08
1.39

Very dense NC
OC

1.18
1.67

As can be seen from this table, for dense OC and very dense OC 

sanpies, 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 Eqns. 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 q^ 

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 BGl and the rigid wall 

tests may be estimated from cylindrical cavity expansion calculations. 

For the plane strain deformation case it is obtained as

^(iciy = 1 y • 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:

q^(rigid-wall) 1-2vH« IpJ ^r ^^ (3)

where
D-G

in vdiich,

q = actual cone resistance

q^ (BCl), q^ (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 
s

V = poison's ratio of soil

4.3. Ihe Effects of the Boundary Conditions on the

General Shape of Cone Resistance Profile

The series of CRT'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 (Pig. 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 q^ 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 q^ 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, xp. The data from the analytical model show a 

family of curves of cavity pressure against penetration under different 

dilation angles as compared to the q^ profile (Figs. 4.5 to 4.8). In 

Fig. 4.5, comparison between the xp = - 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 q^ 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 q^-profile 

conparison, however, shows a substantial difference between theory and 

experiment. Extrapolating the trends of the theoretical curves, it 

would appear that a theoretical value of xi> of at least +40° would have 

to be applied to achieve comparable data.

In Fig. 4.6, the q^-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 

xdiole penetration, with no tendency for a plateau section to be 

reached.

4.4. Proposed Chandper Modifications

To overcome the boundary condition effects discussed in the 

proceeding 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 strains at this radius vdiich 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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There is a second difficulty, however. The required boundary 

stiffness achieved during a particular expansion test would be for that 

test soil and for its particular density and stress levels. Again, it 

would not be practicable to design a variable stiffness ( or, at least, 

not with the time and the money constraints imposed) so that one 

stiffness would need to be chosen. By running a series of expansion 

tests with very dense Hokksund sand (to have the most pronounced 

boundary effect) under a range of stress histories it would be possible 

to pick out one each of normally consolidated and a given ratio of 

overconsolidated initial stress conditions which would require the same 

boundary stiffness and allow both soil conditions to be 

investigated. The results of the expansion tests would then give the 

ideal operating stress levels for both NC and OC samples of Hokksund 

sand under which standard cone penetration testing (CPT) could be 

performed to simulate field testing. The cone tip resistance and its 

sleeve friction profiles could then be compared with those of the 

previous Southampton University tests (SU series) performed under both 

constant lateral stress and constant lateral volume boundary 

conditions.

It has always been of interest to obtain, both experimentally and 

theoretically, deformation patterns of some kind around the 

penetrometer and throughout the soil mass surrounding it. This is all 

the more important if one wishes to compare theoretical expansion 

predictions with those achieved during the corresponding experiments. 

As has already been discussed, embedded measuring devices tend to 

interfere both with the initial stress distribution and with the 

subsequent stress and deformation behaviour being measured. However, 

the nature of the stiffness boundary envisaged makes it relatively easy 

to measure local stress and deformation behaviour at the chamber 

boundary. The radial stiffness material would bear on the inner steel 

shell of the chamber which could thus be strain-gauged to measure local 

hoop strain in the steel (and thus - after allowing for the Poisson's 

ratio effect - the radial stress applied to the shell) and also the 

local axial strain (whose rate of change would be an indication of any



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.

-112-



(Chamber diameter / Cone diameter )

Fig. 4.1 Effect of chamber size and boundary conditions on the CPT 

for Hokksund sand (Parkin and Lunne, 1982 and SU results of 

Last et al., 1987)
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Fig. 4.2 Cone resistance profiles for 'all-rigid' dense tests 

(Chen, 1986)

-114-



Pe
ne

tra
tio

n (m
m

)

Fig. 4.3 Cone resistance profiles for 'all-flexible' dense tests 

(Chen, 1986)
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constant diameter by equalising 
pressure in cavity cell

Fig. 4.4 Deformation behaviour of dense sand during penetration with

constant lateral volume (BC3)
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Fig. 4.5 Cavity expansion Pressure vs. equivalent penetration depth 

for loose sanpies in 'all-flexible' tests (chen, 1986)
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60,
(Test 2) Theoretical curves

OV = 150 KN/m^ ^ = 40879 KN/m2

ah = 150 KN/m^ y = 0.35

Oq = 0.50 = ^7'5

Po= 150 KN/m^

Fig. 4.6 Cavity expansion Pressure vs. equivalent penetration depth 

for dense sanples in 'all-flexible' tests (chen, 1986)
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Fig. 4.7 Cavity expansion Pressure vs. equivalent penetration depth 

for loose sanpies in 'all-rigid' tests (chen, 1986)
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Ch = 70 KN/in2

9 0 = 0.50

v = o.:)5 

0 = 57.5 ° 

Po= 150 KN/m^
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0

Penetration or equivalent penetration (mm)

Fig. 4.8 Cavity expansion Pressure vs. equivalent penetration depth 

for dense sanples in 'all-rigid' tests (chen, 1986)
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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) vAich 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 ram 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 
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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, a'^ =4.0 and 2.0 bar

3. OC-Dense tests with o'^ = 1.0 bar (OCR=4) and 0.5 bar (OCR=8)

5.2. APPARATUS AISBD TESTING PROCEKIRE

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 conponents; end pistons, 

former, and the divided rubber sleeve.

The 1mm 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 0-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 5inm 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 v±iich would remain in position until pluviation 

was complete.

5.2.3. Sanple 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 lid 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 K^ 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 
o 

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.

-124-



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 K^ consolidation, these pockets were sealed except for 

connection to their respective pressure gauges, after a vertical 
2

pressure of 1.0 kg/cm 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, <f>', and 

dilation, xp,) 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 

'drilled 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'^ " 0^3) and s' = 1/2 (a'^ + *'g)] 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], °'i^/°'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 ip).

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, a' ^, is initially the major principal stress, but it 

is assumed that during a pressuremeter test in such a soil sample the 

radial stress, o’ , 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. Pig. 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 z0 plane. Hence, 

the decrease in u'^ and o-'g 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 r9 

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 a'^ = 1.0 

bar and OCR = 3 with a*^ = 1.5 bar performed in this series). The 

radial and circumferential stresses at the end of K consolidation are 
o 

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 a' ^ as the major and the o-'g as the minor principal 

stress touches the Mohr-Coulomb failure envelope. Failure then occurs 

on an inclined Gz 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 c'^ 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/cm (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/cm (NC) with the same boundary 

conditions as the second test. The last two samples were 

overconsolidated ones; one consolidated to the same vertical pressure 
2 

as the first three then relaxed to a vertical pressure of 1.0 Kg/cm , 

thus giving an OCR = 4, again under true infinite boundary conditions, 
2 

and the other one consolidated to a maximum past pressure of 4.5 Kg/cm 
2 

then relaxed to a 1.5 Kg/cm pressure with OCR = 3 but performed under 

constant lateral stress conditions. A conplete description of the 

expansion tests series is given in Appendix I. A suinmary 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 nibber-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., <f)' and ijv) 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 a^ - o^, the rate of change of radial stress with radius be 

inversely proportional to the radius (i.e., independently of the 

stress/strain relationship). 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 inner 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,Sq [Co1#9], for the inner 

annulus, calculate the mean radial strain, e^ [Col#10], for this 

—134—



annulus using the strain-compatibility relationship, developed as 

below:

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

by =e^ and ^S^ , where

u u + Su
e_ = — and e^ = ------- (1)
”r r r+5r r + Sr

with u being the displacement at r and the 5u as the change in the

displacement across Sr. Also,

Su
g SS .......
^^ Sr

(2)

Then
e. T + "Sr 

r + Sr
(3)

After simplification this equation can be written in a format similar

to the stress equilibrium equation as

Sr r
(4)

Or both strains in terms of the mean values as

1.

^r (5)

2. For a measured (or assumed) value of +' , use Rowe's (1971) 

stress-dilatancy relationship to find the strain obliquity in the r6 
plane, %^Q [Col#7] as follows:

(fLlI.34)

't^ere

^e^ ^^8

r
= SSq — + —

^'^Sr 2
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o' 1 + sinifi' 1 + sin^i'

*^re a' 1 - sini^' 1 - sin<i>'
u c

1 + sinii,

1 - sinij,

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 zG plane, ’^'P^g 

[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' + «V^^e

in which ^e"
re

and
ze

+ 
re

(6)
z8

*ze

(7)
re

(8)

where the ^^r^^ ^'^ ^^' (^) ^'^ ^^ chcinge 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 Eqns. A.VI.la to 
Ic) in which Sct'^ = (^<l*2g ‘ ^"'g^ ^’^ ^^e 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 z6 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.

Ihis 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 r8 plane. The analysis in the 

second plastic phase is similar to that in the first one except that in 

the latter case ^^/^.g 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

5a' - v'(5a' + 5a') (9) 
z r y 

which will then be added to the a'^ 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%. Ihe circumferential stress, on the other hand, reaches its 

initial, K , 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 K^ 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.

Based 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, K^, 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 NG 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 4, = 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 ll) 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, S, such that

2 N "S - (N., - 1)

sinip (A^II.36)

X
Such plots have been made for the analysed samples in Fig. 5.21 for the 

triaxially measured value of 4’''^,^ = 36°. The xp 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 

\p 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 rG plane, ^'Pj.gz 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'^ 

just reaches its initial, K^, value.
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Table 5.1. A summary of the expanding cylinder tests

Test

No. bars
OCR

Gi Gur Guf Remarks on Boundary

Conditionsbar

1 4.28 1 0.298 833 833 Constant Lateral Stress

2 4.20 1 0.317 833 1660 True infinite

3 4.15 1 0.301 833 833 2500 Infinite using Rubber only

4 1.00 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 0.617 693 - 633 Constant Lateral Stress

bar
OCR

G 

bars

E' 

bars
V

M 

bars

E 

bars

4.20 1 833 3228 0.21 0.261 3500 2100

1.00 4 417 2354 0.21 0.282 2500 1070

2.00 1 500 1860 0.21 0.202 2000 1200

Tables.2. The elasticconstantsderivedfromthe selectedtests
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AV AV "r "^8 — " ®r

lateral cavity Col#3 Col#4 Col#5 Col#6
N,
♦re

Col#7 Col#8

Col*9 Col#10
(cc)
Col#l

(cc) 
Col#2 kg/cii X 1(

0.0000 0.0000 1.3294 1.3294 1.3294 4.200 0.2597 0.8206 —-

0.19172 0.19172 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 1.4660 1.4478 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 1.1719 3.3244 0.3648 0.7600 17.926 19.672
5.2595 5.2595 1.6835 1.6345 1.1004 3.1450 0.4187 0.7750 26.258 26.975
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

mtic’ rTT.Tn nr ncrpTr' TriMCC

32.069 38.950 2.938 2.750 0.7261 2.385 0.9837 190.75 243.96
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 1.0962 — 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 977.44 1064.1
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 — 4240.0 3829.0

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, 

a' - 4.20 bars (NC)
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AV 

lateral

AV 

cavity Col#3 Col#4

'e

Col#5

"z

Col#6

=6

Col#9 Col#10
(cc) (cc)
Col#l Col#2 kg/ci CO1#7 Col#8 X 1(

0.00000 0.00000 0.5202 0.5202 0.5202 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 0.2739 1.0180 1.1605 1.1631
0.33404 0.40198 0.5397 0.5368 0.5052 1.9890 0.2840 1.0180 1.8769 3.6088
0.48262 0.62000 0.5482 0.5441 0.4976 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
1.00745 1.3500 0.5774 0.5690 0.4768 1.8910 0.3213 1.0180 6.6989 7.4122
1.45557 2.0050 0.6011 0.5893 0.4601 1.8378 0.3500 1.0190 9.9325 11.206
2.10301 3.0000 0.6342 0.6177 0.4372 1.7601 0.3970 1.0190 14.817 17.294
3.03844 4.6000 0.6803 0.6573 0.4060 1.6540 0.4662 1.1090 22.500 29.136
4.38900 6.9500 0.7447 0.7125 0.3615 1.5055 0.5950 1.0190 34.194 41.646
6.34200 11.200 0.8340 0.7894 0.3026 1.3027 0.7850 1.0190 54.266 77.083
9.16300 15.300 0.9480 0.8910 0.2696 1.1225 0.8582 1.0190 79.085 82.500
13.2400 22.400 1.0871 1.0176 0.2594 1.1076 1.0190 1.0190 111.61 117.52

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 — 239.22 247.93
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 722.81 679.43
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 2922.2 2465.7
876.20 809.80 4.760 4.431 0.8781 1.864 1.3106 4105.6 3407.4
1282.76 1134.0 5.524 5.142 1.0167 2.042 1.3136 —• 5755.0 4708.0
1881.5 1587.0 6.410 5.967 1.1831 2.250 1.3101 —• 8055.5 6564.0

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 5.4. The expanding cylinder analysis results for Test No. 5, 

ff'^ = 2.0 bars (NC)
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AV AV a' a' a' a' — Gr r 8 z 8 r
lateral cavity Col#3 Col#4 Col#5 Col#6 \e Col#9 Col#10
(cc) (cc)
Col#l Col#2 kg/a/ Col#7 Col#8 X 1 d”5

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 0.5210 1.0300 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 0.2873 0.5217 2.4177 2.3779
0.69729 0.69799 0.5628 0.5579 0.5043 1.0300 0.2873 0.5305 3.4931 3.4348
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
2.10301 2.2030 0.6240 0.6101 0.4586 1.0300 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 0.2671 1.0300 0.9169 1.0015 91.302 110.07

nTncmTz-* JU
19.129 27.905 1.155 1.080 0.2721 1.060 1.0308 — 137.49 164.58
27.638 41.590 1.334 1.245 0.2792 1.096 1.1578 205.73 236.08
39.931 61.250 1.545 1.440 0.3008 1.142 1.2431 — 304.46 330.02
58.412 89.245 1.790 1.668 0.3452 1.199 1.2548 — 445.53 457.78
85.670 128.79 2.075 1.933 0.3941 1.265 1.2738 645.48 630.89
126.16 184.50 2.406 2.241 0.4536 1.342 1.2829 —• 927.50 870.49
191.27 262.50 2.791 2.599 0.5199 1.431 1.2983 1323.4 1193.9
292.63 371.70 3.238 3.015 0.6011 1.535 1.3027 1877.5 1646.6
453.54 524.40 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 0.9394 1.962 1.3018 5246.0 4368.0

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 

inne r-annulus

Table 5.5. The expanding cylinder analysis results for Test No. 4, 

o'^ = 1.0 bars (OCR = 4)
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outer soil 
txxjndary

imer soil 
txxxxfery

ElfflHEinHBBBBB

60.54 50.37 41.90 34.86 29.01 24.13 20.07 16.70 13.89 11.56 9.616 8.000 e radius 
(on)

1.3294 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 (INmAL) 1.3571 1.3679 1.3823
L^ "----- ' 1.3571 1:^ K^

1.3324 1.3571 1.3679 1.4660
1.3338 1.3571 1.3679 1.5160
1.3358 1.3571 1.3679 1.5855
1.3386 1.3571 1.3679 1.6835
i:^ 1.3571 (™»inci«) W™

1.3571 1.3679 ^ -------------- IFIRST ELASUC PEASE ------------  > 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 < -----------  SECCND PLASOOK: PHASE---------  > 9.443
2.2531 2.5620 11.00
2.5620 ...
2.9380 ...

TME 5.6 Illustrative tatile itodrg suooe^ve sb^ in calculation of 

ncoBl stresses (kg/cm ) cn miiIms bcxncbries of IShbe 5.3
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Table 5.7. The stress and strain values at limiting obliquities for the 

analysed tests

initial 
a'

"r 'e N, 
'^re

^8 - =r

z
1 / 2kg/cm

OCR
kg/cm^ X 1(

)-=

4.2 1 6.045 5.627 1.1191 3.072 1.3062 1430.7 1468.7

2.0 1 2.625 2.444 0.4834 1.364 1.3100 1032.2 938.1

1.0 4 2.406 2.241 0.4536 1.342 1.2829 927.5 870.5
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DetoS of 'O' F8ng sed

51.5 cm

%6b«r membrone

42 cm

51.5 cm

sponge

AC DB

(A] Wafer supply to midde section

B) Ai" bleed of middle section

vvwv

Detail of merdirone seperotlon 
of cemtrd and end section

(C) Woter supply to end sections 

CD) Ab" Heed of end sections

Fig. 5.1 Schematic dIogram of the full length expanding cylinder
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outer radius < ---  radiusr inner radius

outer radius <---  radius r inner radius

Fig. 5.5. A symbolic representation of the changes in the principal 

stresses alongthe radiusfor: a- twophaseandb- threephaseanalysis
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Fig. 5.6b Enlargement of the unload-reload loop for the 4 Bar NC test

-153-



Ex
pa

ns
io

n P
re

ss
ur

e,
 Ba

rs

Fi
g.

 5.
7 S

tre
ss

 st
ra

in
 re

la
tio

ns
hi

p a
t th

e c
av

ity
 du

rin
g e

xp
an

si
on

 an
d u

nl
oa

di
ng

-154-



Expansion Pressure, bars

Lateral Pressure, bars

Fig. 5.8 Expansion pressure vs. lateral pressure (4.0 bars NC)

Lateral Pressure, bars

Fig. 5.9 Expansion pressure vs. lateral pressure (2.0 bars, NC)
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Expansion Pressure, bars

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Lateral Pressure, bars

Fig. 5.10 Expansion pressure vs. lateral pressure (1.0 bars, OCR • 4)

Volume Change, Grams

Fig. 5.11 Internal pressure vs. internal and external volume changes (4.0 bars, NC)
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Expansion Pressure, bars

Volume Change, grams

Fig. 5.12 Internal pressure vs. internal and external volume changes (2.0 bars, NC)

Expansion Pressure, bars

1 10 100 1000 10000
Volume Change, grams

Fig. 5.13 Cavity pressure vs. cavity and lateral volume changes (1.0 bar OCR-4)
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Principal Stresses, bars

Fig. 5.14 Principal stresses vs. cavity strain during expansion (4.0 bars, NC)

Fig. 5.15 Principal stresses vs. cavity strain during expansion (2.0 bars, NC)
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Fig. 5.16 Principal stresses vs. cavity strain during expansion (1.0 bar, OCR-4)
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Fig. 5.18 Overall dilation vs. average strain during expansion

Fig. 5.19 Strain obliquity vs. cavity pressure during expansion

-160-



1.6
Volumetric Strain, %

1.4

1.2

0.8

0.6

0.4

0.2

-0.2

1 BAR (OCR-4)

4 BAR (NO

2 BAR (NO

6 8 10
Shear Strain, %

12 14 16

1

0

0 2 4

Fig. 5.20 Volumetric strain vs. shear strain during expansion for different tests
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Fig. 5.21 Cavity pressure vs. cavity strain during expansion

-161-



CHAPTER 6

CALIBRATION CHAMBER DESIGN

6.1. INTEmJCTIW

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 lid seals with an O-ring. At the base, the walls are 

welded onto another metal ring xdiich seals against the base.

6.2.4. Meiribranes

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 

regulating 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.
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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 sanple 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 lid 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 lid must also be restrained. The chamber structure does not 

have sufficient rigidity in itself for this purpose and the lid 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 lid 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 conputer 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 rx±iber 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 

conpression 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 6mm circular 

hard rubber mat grouped to form four semi-circular annuli which were 

enclosed by continuous strips around the edges to form pockets (Plate 

6.1a). 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 

'stiffness' - 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 vdiich 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 strips 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 

mm 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 lid 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 r-ubber 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 bonding 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 sanpies) 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 K^ 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 Penetromster

2
The standard 10 cm 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 
2 

cm ) 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 lSOPT-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 v^ich 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 lid 

(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 connections 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 Sanple

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 sanple was made under 

Kq 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 

vdiich 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 lid 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 sanple is 

unloaded slowly and the water in the lateral cell emptied out. The 

loading frame is lowered back and the chamber lid 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 quartz, 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 and e„. ) 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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Table 6.1. Summary of CRB (Vic. Road) type chambers (Holden, 1991)

WHEN WHERE SIZE

1969
ORIGINAL CRB 
MELBOURNE

H = 0.91 m
D = 0.76 m

1971
UNIV. OF FLORIDA 

GAINESVILLE
H = 1.22 m
D = 1.22 m

1973
MONASH UNIVERSITY 

MELBOURNE
H = 1.82 m
D = 1.22 m

1976
N.G.I. OSLO 

U. SOUTHAMPTON 1980
H = 1.50 m
D = 1.22 m

1978
ENEL - CRIS

MILAN
H = 1.50 m
D " 1.22 m

1981
I SMES 

BERGAMO
H = 1.50 m
D - 1.22 m
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-183-



Lateral cell

cavity cell

Piston cylinder■

Lateral 

membrane

clamping ring -'•.Base membrane

Sand

Base plate

Base pocket outlet

O- ring seal

Lateral

Strain Gauges

Sliding O- ring 

seal between piston 

and piston cylinder Piston

Base rubber strips/ 

Base pocket

Water

Fig. 6.2 Details of the chamber at the base and at the lower 
end of the lateral wall
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Fig. 6.3 Details of the chamber at the top
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Fig. 6.4 Sand spreader in position
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(a)

(b)

Plate 6.1 (a) Base semi-annular pockets;and (b) details

of their connections under the piston
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Plate 6.2 Expanding cylinder test layout

pressure vessels and partially

showing the suspended

filled chamber
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CHAPTER 7

CONE PENETRATIOM 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 

regulator. Since the cavity cell is maintained at the same pressure as 

the lateral cell during the entire K^ 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 K 
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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 NG and the OG conditions resulted 

in the same horizontal stress of about 0.5 bar.

The tests discussed in this chapter were performed on both 

medium-dense (D^ = 60 to 70%) and dense to very dense (D^ = 85 to 100%) 

samples of dry Hol<ksund 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 CRT'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, 

vdiich 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 e^ versus vertical stress, and in Figs. 

7.19 to 7.28 for q^^ and f^ 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 NO sample. Hence, the q^ and f^ 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 q^ 

value (for a constant D^) 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 (q^ = 250 times f^). This reasoning is used to 

apply the same correction factor for sleeve friction, as well. The 

correction factor used for q^ and f^ 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 
2 

pressure of 4 kg/cm , 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 

tested at a vertical pressure of 2.0 kg/cm and for a dense OC sample 
2 

to be tested at a o' = 1.0 kg/cm , the designed stiffness for the NC 

samples of very dense sand at a = 4.0 kg/cm 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 q^ and f^ 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 D^. 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 [Eqn. 

(2.16)] to correlate shear strength of sand to the measured cone 

resistance [Eqn. (3.8)] and to the relative density through %~D],-a'^ 

relationship [Eqn. (3.10)], the <()' values for the CP series were 

obtained, as shown in Table 7.2. The 4>' values together with Eqn. (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 

Eqn. (3.10) are, on the average, 1.0° higher than those obtained 

directly by Eqn. (3.9), which may reflect the appropriateness of the 

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 N^ 

(=c3^c^'y) with the shear strength of sands (Fig. 7.47): q^ values were 

taken from CRT in the CC and corrected for chamber size and boundary 

effects as described by Lunne and Christophersen (1983); <j>' 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 N^ 

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, K^, 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

0.51 - 0.002(D^) (1)

This yields a K of 0.31 for a very dense normally consolidated sand 

(b^ - 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

K^- K^ + C"log2(OCR)
(2)

in which C = 0.177 - 0.0005D [D in %]

2
The Kq value at 4.0 kg/cm of 0.35 and the rate of change of 

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 Eqns. (1) and (2). [see Figs. 7.48 and 7.49]. The form of 

these two equations between K^ and D^ and between K^ 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 Eqn. (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

q^, = (210.94 o^ - 24.517 a^) e ^'^^^ (°r " ^^^ (B? = 98) (3)

A similar correlation also exists between sleeve friction and relative 

density [see section 7.3.6].

(The minus sign of the a term suggests the effect of overconsolidation 

rather than the negative effect of cr ).
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This was demonstrated in another way in Chapter 3 xdiere the degree 

of dependency of cone resistance to both the vertical and horizontal 

confining stress of the SU test results was not constant [Eqn. (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 Eqn. (3)]

Cl

= CO p^ EXP (C2'D ) (4)

where: CO, Cl, C2 and C3 = experimental coefficients

Pq 
a’

= reference stress (= 1 kg/cm^)
2

= 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 q^, - a'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 (K^^ 

= 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'^ by Lancellotta (1983) for different normally consolidated 

sands, including Hokksund sand [Fig. 7.53]. The results of the CP 

series, also shown on this figure, fit the following empirical 

equation;

D - 107.5 log —- 203.4 (R - 0.95) (5)

2 
(stresses in kg/cm )

This fiqure 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 q^ 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 t±ie 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 

q^ 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

a - 387.3 o.0'^5^ (R^ . 0.97) (6) 
n

2 
where both q^^ and are in kg/cm .

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. Por the 

ideal testing conditions of 2.0 bar NC and 1.0 bar (OCR = 4) where the 

lateral stress at the end of K^, 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^ >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 inportant 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:

In —

^o^
4.06 + 0.88 0.1

lOOj
(7)

where D^ is in percent and p^^ is the reference pressure (=1.0 kg/cm ).

Since o’^ 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 q^ value. It is also convenient to eliminate 

relative density in the q^ = f(g'^, D^) and M = f(a'^, D^) to get the 

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

resistance and the vertical stress as follows:

M = 90.685 P_(qy P )(0.413)^^,y p ^(0.205) 
O O o 

(8)

2 
in which M, q^, g^^ and P are all in kg/cm . The use of this equation 

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 a'^ values between M 

and q^ 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 = 3.5q^ line. The 4.0 bar NC tests, on the other hand, fall above the 

M = 5q^ 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 

confuted M depending on whether the mean stress or the horizontal 

stress was used in the individual calculations using Eqn. 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 f^ 

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 K^ 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

fg - 0.821 0^1'006 ^^2 _ ogg) (g)

—201—



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

fg - (0.866'0^ - 0.053'0^) e°'°^^ ^^r " ^°) (R^ - 0.99) (10)

This relationship is dimensionally homogeneous and shows a remarkable 

degree of correlation,This suggests an increase of about 26 % to the 

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

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

The experimental f^ 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 f^ values, as well.

The similarity of the form of relationships developed for q^ and 

fg with D^, as shown in Eqns. (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 q^ and f^ through K^. On this basis, the results 

of the CP test series fit remarkably well to the following 

relationship:

% " fg^'^^^ (193.1 - 5.46 / K^) (R^ - 0.98) (11)

2 
(q^^ and f^ 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 cr^ to g^. However, the K^ 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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2
INFINITE BOUNDARY TESTS (Stresses in kg/cm referred to mid-height

Test 
No.
(1) (2)

<

(3)

""h

(4) (5)

Norn. 
OCR 
(6) (7)

* 
M

(8)

%

(9) (10) (11)

, max

(12)

corr 
fact 
hs

CPl^
90.7 4.15 1.394 2.313 1 0.336 1602 285 331 2.05 2.68 —

CP2^
83.2 2.15 0.711 1.191 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 0.621 0.797 4 0.54 2290 242 255 1.41 1.69 —

CP7 99.8 1.145 0.603 0.784 4 0.527 2820 322 328 1.74 1.96 —

CPS 99.0 2.15 0.660 1.157 1 0.307 1925 307 317 1.83 2.10 —

CP9 91.0 2.052 0.672 1.132 1 0.327 720 229 245 0.97 1.07 -2.6

CPlO 94.8 2.10 0.561 1.074 1 0.267 950 255 264 1.26 1.46 -2.6

CPU 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

CPI 4 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 0.399 1230 205 275 1.26 1.63 -0.5

CP16 69.0 1.030 0.636 0.767 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 0.24 0.37 -1.5

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

$@ - 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

Also note that q^ and f^ values (columns 9 to 12) are the measured values 

adjusted by the corrections factors (column 13)

Table 7.1. Summary of the CP test results
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Test 
No.

OCR
bars bars

"ooc K
°NC

*

meas.

%

Baldi 
et al

Lunne
&Chr.

0

Eqn.
3.9

0

Eqn
3.1

CPl^
1 4.15 1.394 0.336 0.336 331 331 90.7 83.6 83 43.1 43.6

CP2^ 1 2.15 1.191 0.331 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 1.202 0.339 0.339 238 238 88.0 84.1 74 42.5 43.4
CP5^

1 2.15 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

CPIO 1 2.10 1.074 0.267 0.267 255 255 94.8 88.0 77 43.1 44.3

CPU 4 1.024 0.658 0.464 0.31^ 202 148 88.3 89.3 75 44.0 44.7

CP12 8 0.518 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

CP14 1 3.993 2.224 0.335 0.335 432 432 97.6 92.4 82 42.4 43.3

CP15 1 4.022 2.410 0.399 0.399 205 205 64.0 65.0 55 39.6 40.9

CP16 4 1.030 0.767 0.617 0.399 138 108 69.0 73.0 62 42.1 43.1

CP17 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 

* - As proposed by Schmertmann (1978)

P=oc / icj -1 + 0.75 (k^/ K^= - 1)

Table 7.2. Comparison of measured and ccmputed D^ values together with 

the computed friction angles
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Fig 7.2 Principal Stress Ratio and Vertical 
Strain during Loading
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Fig 7.3 Principal Stress Ratio and Vertical 
Strain during Loading
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Fig 7.4 Principal Stiess Ratio and Vertical 
Strain during Loading
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Ê

rti
ca

l S
tra

in
, E

y (
%

)
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Fig 7.8 Principal Stiess Ratio and Vertical 
Strain during Loading
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Fig 7.9 Principal Stress Ratio and Vertical
Strain during Loading
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Fig 7.10 Principal Stiess Ratio and Vertical 
Strain during Loading
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Fig 7.11 Principal Stress Ratio and Vertical 
Strain during Loading

-216-



Pr
in

ci
pa

l S
tre

ss
 R

at
io

,

0.0 1.0 2.0 3.0 4.0 5.0

Vertical Stress Gy , Kg/cnf

V
er

tic
al

 S
tra

in
, 6

^ 
(%

)

Fig 7.12 Principal Stress Ratio and Vertical 
Strain during Loading
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Fig 7.13 Principal Stress Ratio and Vertical
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Fig 7.14 Principal Stiess Ratio and Vertical 
Strain during Loading
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Fig 7.15 Principal Stress Ratio and Vertical 
Strain during Loading
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Fig 7.16 Principal Stiess Ratio and Vertical 
Strain during Loading

-221-



Pr
in

ci
pa

l S
tre

ss
 R

at
io

,

0.0 1.0 2.0 3.0 4.0 5.0

Vertical Stress Oy , Kg/crn

V
er

tic
al

 S
tra

in
, E

y 
(%

)

Fig 7.17 Principal Stress Ratio and Vertical 
Strain during Loading
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Fig 7.18 Principal Stress Ratio and Vertical 
Strain during Loading
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10 20 30 40 50 60
Base Radius (CM)

Fig. 7.29

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
CPTl, Cy-^.IS Kg/cm”, NC-Dense. Dr-90.7%

Slow Test

Initial Vertical Pressure
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I I I I I
20 30 40 50 60 
Base Radius (CM)

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
funotlon of the penetration depth.

Fig. 7.30 CPT2, 6" v "2.15 Kg/cm^, NC-Dense, Dr-83.2%
Stepped tet Test (Every 40 cm)

Initial Vertical Pressure

-235-



0.0

IBB

Fig. 7.31

20 30 ^0 50 60
Base Radius (CM)

Total P, ( Bar

1.0

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
CPT3, ff' -2.15 Kg/cm\ NC-Dense. Dr-SS.lX

Slow Test

Initial Vertical Pressure
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Total P, ( Bar )

Initial Vertical Pressure

Rg. 7.32 CPT4. C"‘ -2,15 Kg/cm^. NC-Dense, Dr-88.0%
Fast Test

20 30 ^0 50 60 
Base Radius (CM)

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
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Base Radius (CM) Pressure distribution on lateral and base
boundaries of the Calibration Chamber as a 
function of the penetration depth.

Hg. 7.33 CPT5. 6"' -2.13 Kg/cm\ NC-Very Dense. Dr-96.9Z 
Slow Test
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Bese Radius (CM)

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.3-t CPT6. 6"'^-1.15 Kg/cm’, OCR— '. Dr-98a: 

Slow Test

WtlBl Vertical PreBBure
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Total P^ ( Bar )
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Base Radius (CM)

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.35 CPT7. C'y-LlZ Kg/cm\ OCR-4. Dr-99.8Z

Initial Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.36 CPT8. ff'y-215 Kg/cm" . NC. Dr-99.0X

Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.37 CPT10. C^-1.95 Kg/cm^ NC, Dr-g^.SX

Initial Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.

Fig 7.38 CPTll, Cy-1.02 Kg/cin . OCR-4, 07-88,3%

Initial Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig. 7.41 CFTH, C^-3.88 Kg/cnf . NC, Dr-97.6%

Initial Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig. 7,^2 CPT15, cy^-S.Sa^ Kg/cm^ NC, Dr-6^.0%

Initial Vertical Pressure
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Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.43 CPT16, 6"^ -1.029 Kg/cir? . OCR-4. Dr-69.0X

Initial Vertical Pressure
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10 20 30 40 50 60
^— 'Initial Vertical Pressure

Pressure distribution on lateral and base 
boundaries of the Calibration Chamber as a 
function of the penetration depth.
Fig 7.^ CPT17, 6"'^-0.276 Kg/cm\ OCR-16. Dr-64.9X
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Relationship recommended 
by Lunne and Christophersen (1983)
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X Chapman (1979) tests 
A Baldi et al. (1982) tests 
O NC new boundary tests 
© OC new boundary tests

Note:
Diameter ratio accounted for

Fig. 7-47 Nq versus tani' from other CC studies and from new boundary 

tests
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Fig. 7.48 Kq and D^ relationship for NC Hokksund sand
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Fig. 7.49 Kq - OCR - D^ relationship for Hokksund sand
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MEAN EFFECTIVE STRESS, a^ Kg/CfTI^
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Fig. 1.51 q^ - D^ ff'^ plot for OC Hokkstind sand
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Fig. "7.53 Evaluation of relative density from cone resistance for NC sand
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Fig. 7.55 Measured vs. confuted constrained modulus for Hokksund sand
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CHAPTER 8

ELASTICCPTMODEL

8.1.I ntroduction

In this chapter a theoretical analysis is given for the 

penetration mechanism that occurs during GPT. 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. SgAierical 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 0 in the z 

direction within an infinite medium are given by Poulos and Davis 

(1974) [the Kelvin solution in cylindrical coordinates] as follows;

(T = B

_ 3 _ 5 .

(1 - 2v)zfr'^+ zj - 3r^z[r^+ z"^J

3

Cg = B(1 - 2v)zlr + z J

(1)

(2)

B1: rz

_ 3 _ 5 .
r 2 2 2/ 2 2^ 2(1 - 2v)zfr'^+ z"=J + 3rz^[r^+ z'^J (4)

P
^ere B = --------- [P is taken positive in tension] 

8n(l - v)

By using the same equations, the stresses produced by the force P 

at Oj^ (5 distance away from 0) in the opposite direction can also be 

calculated. Considering the distance 5 as an infinitely small quantity 

any term f(r,z) in the above expressions should be replaced by 

~[f + (9f/8z)5]. Superimposing the stresses produced by the two 

opposite forces and using the symbol A for the product BS, one finds
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°Z - '^ az (1 - 2\))zIr + z

3 
2 r^f z2f 2

A 3
''r - - ^ 3z (1 - 2^)z r+

3 
321'2 - 3r^z r^+

5 1

(7)

3 2
= — 6 "T (1 — 2\i) z r +8 dZ V

3
2) 2 

z (8)

":rz - '' Iz
3 5 ,

(1 - 2v)zfr+ z"=J '^ + 3rz^[r^+ z'^J (9)

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

perpendicular to R is

(y_ = sin w + cos w f 2% sinw cosw (10)

cosw - (sin w - cos m) (11)

where m 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 PS 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.(lO) gives the part of this stress due to the force 

doublet along the z-axis [called the z-z doublet]. By interchanging 

sinw and cos«, the normal stress round the same circle produced by the 

r-r doublet can be obtained. The normal stress due to the doublet along
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the rz-plane is obtained by substituting m = n/2 in Eqn. (10). 

Combining the actions of the three perpendicular doublets the following 

normal stress acting on the surface of the sphere can be found:

4(l-2v)A
a_ = — ---------- (12)

Ihis 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 

anisotropic medium.

8.3. Spheroidal Cavity in an Anisotropic Ifedium

8.3.1. Solution to a Point force Normal 

to the Plcine 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

(13)

(14)
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2 2
'^ll^i "^ ^44''i^il ^

2
(Ai + B.) V. rc,

2 2

^13 ^44 ^13 ^44

i»l (15)

vAiere C. .is
1]

the elastic stiffness constant given as

2
E(1 - pv' )

^11" ^22" 2 
(1 + v)(l - V - 2pv'^) 

2
E(v + pV)

C.g" 2~ 
(1 + v)(l - V - 2pv' )

Ev'
^1^99 9

(1 _ \, _ 2pV'^)

^33 -
E'(l - v)

1 — v — 2p'\)'
^ = M [Constrained Modulus]

E
^66" (^11 " ^12 -

1 + v

C44 = G'

^13 1^11^33

1
2

and

^1 "

^2 -

^^13 ^IS^^^IS^ ^13^ ^^44)

^^33^44

(^13 ^IS^^^IS^ ^13^ ^^44

^^33^44

1
""S - P66/^44) 2

z^ - v^z

1
2

1
2

^^13^ ^13)(^13- ^13- ^^44)12
2

^^33^44

'(^13^ ^IS^^^IS ^13

^^33^44

- 2C44)i
44
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^2 - ^^^

^3 - ^3:"

R^ = R^ + Zj^ (i = 1, 2)

and r^ » x^+ y

From the positiveness of the strain energy

^13) °

A degenerate case occurs vAien C^g - C^g - 2C^^ = 0 which leads to

"^1 " ^2' '^^^® ^®*^ further be simplified to obtain the spherical 

solution.

The constants A^ and B| can be found from the following equations:

(1) Cj,2 Cj,2 2C^^ # 0

*’*^13 ■^ *^44 * 

2 2
'''C33':44'"2- ''P

'*1 h • - "2 ^ -

and A. + B. = 0

(ii) ^13 "^13 - 2C^4 - 0

A^ = A2 = 0

^(^13 "^ ^44

Letting

^13^ ^44 

the stress field due to the point force is given as
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2

"x

i-1

.Cii-CiaYi 'z*r =il "^c,66

2 
^13^44^1 

^13^ ^44,
(A.+ B.)

^ril" ^13\'^iJ(\ "^ - ^^66 (^i

(17)

-3
' 2
^^13" ^33^1^1

r3

(18)(Aj^ + B.)
\^1T1

V. z.
(Aj^+ 1 1

®i^ —^'

1

4

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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2

"x

^y

"z

- B
1

i=l^

2

i=l^

2 r

i=l

R* and z.
1 1

be found from

'’i

— B

r 1
x2 n

1

xy

1

R.^
1

2\kBf
1 1 te#

2 
R.R*
1 1

D

(19)

- 2\Bi
xy

R.R*
1 1 .

D
xy

(20)

"'1
2

xz.

^i

2

^13^^44

2x

2 
R.R* 
1 1 .

are defined as before. The constants Af and

(21)

and D can

the following equations

p
D _ -------

^"^33^3

(i) =13 =13 - ^=44 "^ °

- ®i - -

2
F(C44 - =33'1' 

»':=33':44('l- '2)'l

2
^(^44 " ^33^^

2 " 28"C33C^4(\,f- ''2 >'’2

(ii) *^13 =13 - 2=44 - "

P 
Ai = Al = ---- - and

16nC^.

P
B' - B' = -------

16«C,,^,2

]he stress field due to the point force is
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2

i-1

- '=44'1

:C66=i

2

i-1

*^2

^^66

(1

2
^44(^11" ^13^i

^13* "-44

Sv.
kj^)(Ar- Bp

2v^x

2 
R.R*

6:66

2
"^1 - =i> - 2=44^ '^ + k. )B!

1 1

v.x

R?
1

2\)^xy^

R7R*

^44(^11

_i_____1
4
xz? 2 

^).xy
- 6C66(Af- Bp^ 

i

2 
4\,^xyn-

2 3
R7R*
1 1 ■

13\

'-IS* ^44

> - 2^66°
X

2 iRgRg

2 
xy

2 
RgR^

2xy^

(22)

Bf) - 2C^^^,f(l
\i.x

1
+ kj^)Bf —.

R?
1

2
- c,,\ (1 + kJ (Ar- BJ

^=66=1 4-
2\)^x 

R:R*
1 1

3

2

3\).
xz?

1 1

4
4\i.x 

1
2 

R7R*
1 1

2

i-1

+

The

obtained

All

- 6C66(A|- Bf)

3 
\I.X 
1

3m X

3
> ^66= 2 ^3^3

2 
xy

"3 2

2xy^'

RgR^^,

(23)

^13"

2
^33(^11^ ^44^i

^13^ ^^44
(A:

1
^(^13 C

2 \).X
^■i*^' ^®i ""^

33'i^i 1
1

P 3\kxz.'
(013- C33Yi)(Ar

solution for a point force lying in

(24)

the y-direction can be

by interchanging x and y in equations (19) to (24)

of these equations can be reduced to the isotropic case by

noting that
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^11" *"33" (^ * 2/v)

where X and // 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.

Hie z-z Doublet

Assuming that the distance between the two equal and opposite 

forces that form the doublet is S and redefining the the parameters A^, 

B^, A'^ and B'^ to include the PS term as

A. = S • A. and B. = 5 • B.

and also

Af = 5 ’ Af B| = 5 • Bf and D = 5 • D

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

2

^r

(zz)

^z

(zz)

'^r

— 2 
<A.v7r

1 1

i-1

z.
1

tR^R*

1 1

2 (25)

2

Ai
\)^k.
1 1

i-1

z.
1

R^
1

(26)

2
2

1 1
2

=13'’!^
r 1

i"l
^i

23zf'

1

+ ^^86 —=— +
1

2 
RTR*
1 1'

(27)

(zz)

2

^e
2

—A. \). < C
1 1 11 1

i-l
(zz)

r2 P^l

lR7R*
1 1

1

2

r 1

^1

4z.
1

4 2 
RTR*
1 1

3zh'
^^66

1

2 
R7R*
1 1

2

3 2 
R:R*
1 1

(28)

''z
2vt C

1 1 13
C33\^'1

i-1
(zz)

x-x Doublet

2
3

x2

r 1

^i

^x

i=l

2 [R.R* 3 2 
R:R*

+

(xx)

3z?'

(29)

2x^ 1

2 3 
R7R*
1 1

- Dx
r -1

1^2
+

2 2y^

3 24^
(30)

-271-



2

"y )2^kBfx 

i-1

' 1 y^ 2y^

RTR* R7R*^
11 11

+
-1

Dx ----y +

(xx)

x2 2

3 2 2 RfR*J

3x?)

R5
1

x2

3 2 "f

^^^.R*^ R^R*^

2x^1

R^R*^

(31)

(32)

2x^

R?R*^
1 1 '

12x^

R^R*^ 
1 1

3x^ 4 12x? '

R^R*^ RjR*^ R^R*^, 

' 1 x^ 2x^' 

I RLRA^ R^R*^

^^'^ tp^R*^ R^R*^ R^R*2 R^R*^ g34 (33)

2

i-l 
(xx)

' -1

(R.R*"^
1 1

2x^

RTR*"^ 
1 1

R7R*^
1 1

^^66
4x^

_x4

R^R*^

2x^ 2x^ _r 1 x^ 2x^

-L ± 1 JO Jo J J

9+ ^CggPy^
r 1

3 2

12x^

RgR*^

3x^ 4 12x'^ '

RqR*"' R^R4 J
(34)
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2

(35)

Transverse 'Doublets'

Since there exists a radial synmetry in a transversely isotropic 

stress state, Eqns. (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

"r

i=l
(xy)

r2

R?R*^ 
1 1

(36)

t^z 4v.Bfk.
Ill

r^ r2

i=l 
(xy)

3 
R:R*

1 1

? 9
1^1 -I

(37)

(b) Stress Equations

(xy)

- S - 2\kB;r

2

2

1

- -4

l^i^t

2r^ '

r -1

+

+
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3r^\ r 4 7r^

R^ , ^^JR.R*^ R^R*^
1 11 11

3/ 6/ e/ y

R^R*^ R^R*^ R^R*^..

14r^ 

R?R*^
1 1

(39)

(40)

8.3.4. Solution for a Cavity Expansion in a Transversely- 

Isotropic Medium (Non-degenerate Solution)

It is 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 

conparing 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 

U^(r) U^(r) 
   -^ Q^ •     
r r 

(xy) (zz) 
\ / 

z=0 

U^(r) Ug(r) 

z z
(xy) (zz) 

r-0, z-r/8

(41)
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and,

The sinplified expressions for these two points are:

(43)

(44)

and, similarly, for depth z

2

"z
1

7 (45)

i-1
(xy)

2
1

7 (46)

i-1

The stress functions are sinplified in the same way:

2
2

C44^^(l + k^) + 2Cgg (47)

i-1
(xy)
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9 \^13^1^1)^ ^^66 (48)

and similarly

(49)

(50)

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, C^j. These may be 

taken as G [G^g], G' [Gg^], ^> [\^g], \)' [^jg], and p [» E/g,]. 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 
G' = C...   ̂1L_ (51)

^11 ^^13 ^33

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 a 

and (3 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 (Cgg/Cj^j^) for the OC 

test requires a much higher value of a than the NC tests. The shape of 

the spheroid is not so clearly differentiated.

The general c^, a^ and a^ solutions for the spheroidal expansion 

can, in any case, be written as the sum of the three doublets [with a 

proportion of the zz doublet] as follows:

2
f2

'44^^1
3r^S 2 Zed'll— 4
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2
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8.3.5. Degenerate Solution

The non-degenerate solution breaks down when

C^^ (or on -
^13 ^13

(55)
2

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 v^ = ^2, Rj, = R2, and k^ = k2. In 

this solution, Eqns. (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

'^r

(xyz)

±1
F'l

4^66-
^13^ ^44

(4 - Bp - 2C^^^pi +

3r^

«i
2

2
z3 —

5r^

2 1

41 "-11

r^
1

— B£) —^ 2 — -- ;^

13^^

5 2 - s^eeVir: r:1'

^^13^44 Slz^'

1

1 -

2r^

2(«1:^ 3 2

^13^ ^44

2
- 3(C^2- ^igXjk^

32^ 5z^^-

(56)
K1

The vertical stress distribution can also be obtained using Eqns.

(18) and (24) as a function of radius r and depth z as follows:
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3z^\

1----y

(xyz)

' 2
F13" ^33^1 "^1

^^33^44^^

^13^ ^44

2
- ^^1(^13" ^33^1^1)

r3z
2
1
2
‘1

^ F- 2

Sz^^'

I R

-^''1 =13-^3:^----  (A£ - Bp + 2(Ci3- C33Vik^)B£ 2--^

(57)

8.4. Extension of Spheroidal cavity Equations 

to Give Semi-infinite Cylindrical Cavity

It is possible to integrate Eqns. (52) to (54) or Eqns. (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

4na 2
V = --- = na'^h for a cylinder with same transverse radius, a to 

^^------ give h = 4a/3p

Therefore, for a stress point at z = 0 (with the penetrometer 

'cylinder' stretching from +z to +“)

a^(r)

Og(r)

- a(r,z)'dz/h

a (r,z)"dz/h

z-0
"'fz

(58)

(59)
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8.4.1. Non-degenerate case

Eqns. (58) and (59) are integrated using Eqns. (52) and (54), 

respectively, to give

(xyz)

^^i^j ^44^1^^ "^ ^i^qS "^ ^^66 (60a)

(60b)

(61)

(xyz)

The lower limit of integration inplies that o^ and o^ 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 asyirptotically 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 -”.

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 c^ 

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
36 Y 8=66=1

/ 24a r^ 

i-l

(62)

Replacing for B! in this equation and simplifying gives

3gP& - V - 2pv''

4nar^I 1 - pv' J

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, P\, 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.

a
2

- -2 ^ia
r

(64)

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

PS =

2
4naf 1 - pV

2
3g 11 - V - 2pv'

P.
1

(65)
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Since the cylindrical solution was obtained by integration of the 

single spheroidal solution, the PS value just obtained for the former 

must apply to the latter as well.

8.4.2. Degenerate case

Eqn. (56) is integrated using Eqn. (58) [from -» to +<»] to give 

the cylindrical solution of c^ for the degenerate case leading to;

36P8 C55

4nar v^C^^
(66)

This stress has the same form as that given directly by Eqn. (64). 

Hence, PS should be replaced by

pg_ ----- (67)

in which P. 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

^11 " ^33 " + ^^' ^^4 - (=66 " ^' ^ ^13 " ^12 " ^

Hence, the following simplifications are made in the different 

constants used:

^ 3 
P5 = -na P. 1

3
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Also T 
~a (X + /y) P. 

A.= 0 and B. = B^= B =     A' — B' 
12^(X + 2//)

and similarly

aP. aTP. arp.
;^» _ ---------- and B' = ---- and D = ----

12(X + 2#) 12;/ 3//

with k.= k„= 1

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

axial and transverse diameters to give

16(B + B')^
3

4"\)a P^ 

(l-\))r^
(68)

16(B + B')^ - 4\,aP.

z^ (l-v)z^
(69)

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:

Ur

3
Pj^(l — 2'\))(1 + ■\))a

2
3(1 - v)Er

(70)

Uz

3P\(l - 2v)(l + v)a^

2
3(1 - v)Ez

(71)

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.

2

2
= —y A'
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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:

‘^r

i=l

2 
^13^44^1 

^13^ ^44
(Ai+

v.z.
1 1

/ 2 A
^l^ll" ^13^i^iJ[^i

3 
v.z.
1 1

(72)
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(A.i+

2
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1

66^^

1

1

- ^(=66^1^1
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1 ^13^ ^44 1

^i^i

1
i=l

3
/ 2 A-^1^13' ^33^^^i)[^i + ^i^ (73)
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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

1=1
(74)

2

sleeve .'^4nC33C^^(v2- Vi)v.
1=1

2
^33^i^i (75)

8.7.2. Degenerate case

^sleeve ^"^^11^44^1

2
^13^1^1

z 1 
sleeve

P(^13+ ^44) Tr 2 

^-CllC^Ah """^h RiJ

2C33^^4^i

^13^ ^44
(77)

""1
66 C^gf C^^^

..... (76)

Eqns. (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:

(78)

(79)

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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Test 
No. bar OCR

^11 ^13 ^33

ba I

^44

:s

^66 =13 ^1 ^2 a 0

CPT2 4.00 1 2374 647 3500 1100 1666 2883 1.003 0.821 1.077 1.106

CPT4 1.00 4 1207 332 2500 665 833 1737 .9420 .7529 1.062 1.720

CPT5 2.00 1 1309 340 2000 627 1000 1618 1.001 .8079 1.099 1.095

Table 8.1. Values of the elastic stiffness constants and other 

paraneters used in the developanent 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 inplied 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 [Eqn. 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, ip, 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
2 2 

occupy a region of approximated 10 cm iiranediately beyond the 10 cm 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 [Eqn. A.II. 

30]

u -u I ' — (1)
'r=8cm
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vAiere the N. 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:

r
1 -

Vol. = Vol. I
lr=8cm

(2)

A

For a 10 cm^ volume change at the 2.5 cm radius it is possible to 

obtain the dilated volume at the 8 cm radius from Eqn. (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 [Eqn. A.II.25]:

(3)

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.

When 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 circximferential 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, 5, 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 ^/^ =0.33 gives a suitable value of the kinematic angle 

of friction. For a <1’'^^^ = 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 
2 

fully penetrated penetrometer: with 10 cm 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 
2 

for the 4 bar test from the other two) of about 12 cm . This is 

compared with the relevant expansion tests to give a radial stress for 

each test at 8 cm radius. Eqn. (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 5 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. Conponents of the Elastic CRT 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 [Eqn. (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 f^ 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 Eqn. (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 
2

on a 20 cm 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 boxmdary.

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 boxmdary 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 f 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.

'v
OCR

Av at CT (r=2.5 cm), bar *
6°

calculated f *, bar

bar
plas net

r=8 cm 
(cc)

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

* 5 values required to make calculated f^ values at sleeve correspond 

to those measured

Table 9.1 Ccmparison of the analytic results with the 

experimental CPT ones for sleeve friction
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Fig. 9.1a Normal stress distribution at chamber boundary due 
to semi-cylindrical (integrated spheroidal) expansion

Lateral pressure, bar

(a) Penetrometer from infinity
(b) Penetrometer from top of chamber in infinite soil mass

Fig. 9.1b Normal (anisotropic elastic) stress distributions at chamber boundary 
due to vertical point and sleeve load components ( b «cj

Lateral stress, bar

(a) Point load at tip in infinite soil mass; (b) Penetrometer from infinity
(c) Penetrometer from chamber top in infinite soil mass
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Total lateral pressure, bar

Fig. 9.1c Predicted vs. experimental lateral stress distribution at 
chamber boundary

(a) Experimental, (b) Predicted - totally elastic, (c) Predicted - line and 
point load components from penetrometer measurements

Fig. 9.2. Predicted vs. experimental lateral stress distribution for 2 bar NC test 
at chamber boundary

Total lateral pressure, bar

(a) Experimental, (b) Predicted - totally elastic, (c) Predicted - line and 

point load components from penetrometer measurements
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Fig. 9.3 Predicted vs. experimental lateral stress distribution for 
1 bar (OCR - 4) test at chamber boundary 

Total lateral pressure, bar 

Depth, cm q q 2 o.4 0.6 0.8 1
0 

20 

40 

60 

80 

100 

120 

140
(a) Experimental, (b) Predicted - totally elastic, (c) predicted - line and 
point load components from penetrometer measurements

Sleeve Friction/Lateral Stress

Fig. 9.4. f /P (at the Penetrometer Level) vs. Depth 
s L
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Cone Resistance/Lateral Stress
Depth, cm
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Fig. 9.5. q /P (25 cm Below Penetrometer Level) vs. Depth 
c L

P (25 cm below Penetration level)x1300, kg/cm 
L o

Cone Resistance, kg/cm
Depth, cm Q iqO 200 300 400 500

Fig. 9.6.q and P Profiles vs. Depth for a Non-uniform Dense Sand 
c L
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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 Christopherson (1983) of NGI suggest an increase of 

25 % and 7 % to the measured q^ of NC samples under BCl and BC3, 

respectively, while the q^ 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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sanpies 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 mm 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 cx: 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 CRT 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 q^ 

and f of the CP set through K^. 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. Ilie 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 BGl 

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 (a^ = 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 q^ 

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

EXEANDINGCYLINDERTESTS

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/cm^. This produced a lateral pressure of cr'j^ = 1.28 kg/cm^, thus 

giving a k » 0.32. Test No. 6 was consolidated to a maximum past 
vertical pressure of 4.5 kg/cm^ and then relaxed to a vertical of 1.5 

kg/cm^y 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 conpression 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.

Ihe results of both the first test and of test No. 6 showed that 

the required boundary stiffness was greater than that of the rulAier 

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.
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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, Ap ) 1.7 kg/cm ).

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 
2 

the first two tests (ct'^ =4.0 kg/cm ). 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 
2 

maximum width of the pressure band is only 0.05 kg/cm at a pressure 
2 

change of 1.0 kg/cm after expansion. This test shows a convergence 
2 

towards the rubber stiffness at a pressure change of 1.5 kg/cm after 

the start of expansion.
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APPENDIX II

CYLINDRICAL CAVITY EXPANSION IN AN ELASTIC

MOHR-OOOLOMBPLASTICMATERIAL

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 P^, the radial and hoop 

stresses (ct'^, and cf'q, respectively) are initially equal. During the 

elastic phase of expansion, the radial displacement, takes the form

u = At + B/r (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 (e^ = 0), the stress increments are

(1«) (l-2v)J [a - 12)

Ti+V) k + p(l-2^)] (3)

Itese elastic stress increments can be solved by considering the 

following boundary conditions:

(1) for a constant lateral boundary stress at radius 'b', i^a'^ (r=b)

(2) For a Mohr-Coulomb material, as the cavity starts to expand, ct*’^ 

increases and o'^ decreases until the soil at the cavity wall yields at 

a stress obliquity N.' = °'i/°'q*

Then, from equation (1),
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A - B (l-2^;)/b^ (4)

Ac'^ -2GB [ bzj

Aa'g - - 208 P2+ yzj

(5)

(6)

But since e = du/dr and e^ = u/r , then from Eqs. (1) and (4)

Ihe gradient of the pressure-expansion curve during the purely 

elastic phase is

dp 1 - (a/b)2
— — 2g --------------------- -------
de 1 + (a/b)^ (l-2v)

(9)

As b 4 «, 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

+2 G B [az-pj (10)

"'e - Fo - 2 G B ( p+ gj (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^' = ‘^'r'^°^'6 (assuming Mohr-Coulomb failure). Then at the 

cavity wall

fon 1 + sin*' + 2GB (1/az - l/b') 
------  g --------------------  (12) 

,aUr=a 1 - sin*' P - 2GB (l/a^ + l/b^)

From this a value of B can be determined as

B =
Pq sin*'

2G ( l/a^ + sin*'/b^)
(13)

therefore, when failure starts, the radial and circumferential 

stresses and strains at the cavity wall are

P(1 + sin*')
---- - -------------  (14)

(at R-a) 1 + (a/b)2-sin*'

(1 - sin*')

*^8 °
(at R-a)

- —-------------- (15)
1 + (a/b)^"sin*'

P 1 - (a/b)2(l-2v)
G =

(at R=a)
' sin*' (16)

2G 1 + (a/b)^'sin*'

P 1 + (a/b)2(l-2v)

(at B-a)
' sin*' (17)

2G 1 + (a/b)2«sin*'

When the plasticity has reached as far as radius R, then Eqns.

(14) to (17) will still apply at the interface. Hence

P (1 + sin*')
a'(R) - — -------------  (18)

1 + (lW))^'Sin*'
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GQ(R)
Pq Sint' p. + (R/b)^(l~2v)

2G U. + (E(/b)z.sin+';
(19)

Eqns. (18) and (19) show that a'^ (= (y'^(R)) and GQ(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 P is replaced by the horizontal stress, o'^. ihe stress and strain 

values at the interface become constant quantities given by

= ‘^\ (1 + sin4)') (20)

eQ(R) - a'^ ' sin+'/2G (21)

The stresses within the failed zone can be obtained from the 

equilibrium equation as follows:

da'

dr
(22)

r

Replacing a'g from the stress - obliquity relationship gives the 

following relationship for the yielded zone:

d.; N -1 ,-
.........  555 ' III.... . ...I......  ....HIMI.IU e 111 III I...

dr N,, r
(23)

Integrating this equation (on the assumption that <j)' is constant) and 

using the boundary condition at the elastic-plastic interface (r = R)

with radial stress a'^ would give

In

Or

R 
In — 

r
(24)

(N^'- 1)/N^'

(25)
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By replacing a' from Eqn. (20) in Eqn. (25) for an infinite case 

the cavity pressure, P, would be obtained as

P " o/(l + sin*̂)  —

* dr r

(N/ - 1)/N*'

(26)

Hughes et al. (1977) used infinite field conditions [Eqns. (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, Ze^, can be 

related to the cumulative shear strain, Ze^, through the dilation 

angle, ip, given by

Ze = Ze sinip 
V Y

(27)

(This will have assumed that elastic strains are negligible).

During plane-strain expansion, e^ = 0; then 6^=0^. + e^ and 

Zy == e^ - Sq in which e^ = du/dr and e^ = u/r (u is the radial 

displacement). Putting these quantities into Eq. (27) gave

du u
— (1 — sin*)  = — — (1 
dr r

+ sin*) (28)

1 +
Defining a strain obliquity

sin*
asN = --------

* 1- sin*

(and still ignoring elastic

as

du u
e —. 

strains), then Eqn. (28) can be expressed

(29)
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Integration of Eqn. (29) and application of the boundary conditions in 

the plastic zone a < r < R, gives

N In — = In — (30)

This equation can be re-arranged to convert the displacements into 

their equivalent circumferential strain values:

In —= -----  ̂ In - (31)

^ere e^ = u^/a = cavity strain and eQ(R) = u^/R = circumferential 

strain at the interface.

Re-writing Eqn. (24) for r - a (at the cavity wall) and replacing 

a by P (the expansion pressure) and then combining with Eqn. (31) to 

eliminate R/a gives

N (N.,- 1) N, (N.,- 1) 
log P = -z 1 In G + In ol aL__z i^g eg.(R) (32) 

«^.(% + ll «*.(% +1) 

under in-situ conditions with the last two terms constant, Eqn. 

(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 e^ has a slope, S, given by

N (N.,- 1) (1 + simp) sin«j>'
S _ _ ----------------- (33)

N./N, + 1) 1 + sin*'

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 (4>'^y) [Fig. A2.1a]. This stress strain 

response is accompanied by volume changes in the sand [Fig. A2.1b].

Sinij# and sinf* may be regarded as related by the following stress­

dilatancy relationship of Rowe (1971)

1 + sinf' 1 + sinip
--------- = N., • --------- (34)
1 - sin^' ^cv 1 - sinip

where

1 + sin +'
N_ -----------  ̂

^cv 1 - sin +' 
cv

Combining Eqs. (33) and (34) gives

(N^, + 1) S

sin*' = -----  — --------  (35)
(N., - 1) S + 2

and

2 N., "S - (N - 1)

Sin* = ----  S{ --------  cv ----  (36)

Eqs. (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 <i>'^^. Although values of <j)'^^ 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 *'^^, which result in lower values of <j>' and 

higher values of * being derived (Mair and Wood, 1987). In the absence 

of test data, approximate generally accepted values of <f>'^ may be 

taken. The range 30 < ‘l’'^,^ < 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 <f>'^ 

corresponds to an uncertainty of about 2.5° in <#>'. As <t>'(.^ 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 'f''^,^ for the particular sand (Fahey and Randolph, 1984). 

Direct shear-box tests on Hokksund sand gave a value of <{>'^ = 36°.

Hence, the pressuremeter measurements of cavity pressure and 

strain up to a point sufficient to establish a constant slope to the 

logP-logs^ plot allow values of <j>f and xp to be derived for a value of 

^'^^ for the particular sand.

Actually, the N^ 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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(a) Peak angle of friction, <f>'p, 

and constant volume angle of

friction, 4>'^

(b) Associated volumetric strains 

and angle of dilation, i|/

Fig. A.2.1. Typical shear stress — shear strain and dilatancy response of 

dense or medium-dense sand
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Angle of shearing resistance, 0' (degrees)

Fiq. A.2.2. Curves for pressuremeter tests in sand, relating various 

parameters (after Mair and Wood, 1987)
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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.

-338-



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 AElO 

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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adhesive 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 \diich 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 0UT-<)F-RCO)O®:SS OF

THE CHAMBER CM 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 6R^/4. The 

corresponding deflections are also obtained as 6cr'^/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 nm 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 K^^ consolidation. These 

values are well within the ranges expected of experimental variations 
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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

(la)

(lb)

1 r
+ &a;z V 8 (Ic)

E'

By setting Eqn. (la) equal to zero for K consolidation and rebound, 

and noting that Sc^, would be equal to ScTq, K^^ (the slope of the 

tangent to the unloading curve of an overconsolidated K^ test at the 

desired stress level) can be obtained as

(2) 
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where p = E/E' and v and v' are the Poisson's ratios in r© and rz 

planes, respectively. Then by definition

&K - —----- ^--51 (3)

fr(%n which K - --- needs to be deduced, 
oe c

Combining Eqns. (Ic) and (2) will give

1 5a
5e — — (5a — 2v'5a ) = ---- (1 — 2v'K ) (4)

As a perturbation during K^ consolidation, it is possible to hold 

e constant and change a^ and e^. This will also cause a change in p^ 

[Test SU73]. Then by setting Eqn. (Ic) equal to zero, the value of v' 

can be obtained from

Sff^ = 2v'Sff^ (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 - &o^_/5Gg 

then Eqn. (4) becomes

5a E'(l - ^)) 
g( —--- g

5e 1 - V - 2p'v'

From Eqn. (2),

P^»' (1- ^) (7)

Combining Eqns. (6) and (7) will give

E' = M (1 - 2v'K^) (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 Eqns. (2) 

and (9) gives

E'K - 2Qv' 
oeV = ----------------------- (10)

E'K + 2Gv' 
oe
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Appamix 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)

(2)

(3)

For the plane strain condition, e^ = 0 and, from Eqn. (3), 

'^z " ^^(«r + 'e) (4)

The radial stress, as a function of the two strains, is then: 

^r " ^ll^r + (^12^6 (5)

where
E(1 - pv'^)

(14-\;)(l-"\) — 2p^)^ )

E(v + pv'^)

^^ (1 + v)(l - V - 2p^^) ^^^

and p = E^''
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From the definitions of the radial and circumferential strains 

du u
g a ——

"^ dr
and ^e

r

the general solution for the displacement in plane—strain can be 

written as

B
u(r) = A*r + — ^Q^

r

Then the strains will become:

B

--y (9)
r

B
^e"^+ 1 (10)

r

Replacing these for radial and circumferential strains in Eqn. (5) 

gives:
B

'r - ^((:ii+ C12) - ;2 (^12) (11)

To solve for Constants A and B in this equation, it is necessary to 

apply the following boundary conditions:

(i) at r = a, 0^ = P.

and (ii) at r = b, v^ = 0 [for BCl boundaries],

vAiere a and b are the internal and external radii.

Then from Eqn. (11)

ap.
^-^----r--------

" - " )":u+ =12>

and
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Substituting for A and B in Eqn. (11) gives the radial stress as:

g g ___—&—_ 2 _ __ (12)

r ,

becomes

(13)

the infinite boundary case):

(14)

As b -> *, the stress

"r - ;? Pi 

and the o at b (for

"r ■ Pi 
D

The radial displacement can also be obtained by substituting for A and 

B in Eqn. (8) to get

2
r

b^

u(r) = (15)
(a — b ) UC^^^ ^12^ ^66"

2 2

However, ^en b -» », this equation simplifies to

a?P^

(16)

and, for the displacement at b for the infinite boundary case:

a^.

^(b) - - ^ (17)

Eqns. (12) and (13) are the Lame' 2-D stress solutions for an 

isotropic material and the infinite boundary displacement solution
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[Eqn. (16)] is also that of the equivalent Lame' using the transverse- 

isotropic G value.
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