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ABSTRACT

The results from the use of the dilatometer (Marchetti 1975, 1980) at 4 sites
in British Columbia are presented. Comparisons are drawn between the
dilatometer and other insitu test devices, including the piezo-friction cone,
self-boring and Menard pressuremeters and field vane. Soils tested included
saturated deltaic deposits, a sensitive plastic clay and a saturated,
hydraulically placed fill.

Overall the dilatometer proved to be an extremely effective device. It had a
Tow capital cost, required a minimum of support equipment and was simple to
use. The data was repeatable and easily reduced using a computer programme.
Computer output, both graphical and tabular, 1is easily amenable to
interpretation to an engineer in the field.

For the most part the results in this thesis support Marchetti's empirical
correlations with the following exceptions:

( i) determination of Ky in sands,
( i) determination of a deformation modulus in clay,
and
(iii)  in overconsolidated silts where it-is believed that abnormal pore

pressures caused the empirical correlations to breakdown.

The dilatometer is an insitu, total stress, penetration device which cannot
be analysed in a fundamental manner., Elastic theory is inapplicable because
of plastic straining during blade penetration and probably during membrane
expansion. To more critically evaluate the dilatometer, the author designed
an electronic research device with exactly the same external dimensions as
Marchetti's dilatometer. The aim of the electronic dilatometer is to greatly
improve understanding of the simple Marchetti dilatometer by allowing:

( i) a better understanding of the operational characteristics of
Marchetti's dilatometer,

( i1) direct measurement of stress on, and deformation of, the membrane,

(ii1) measurement of pore water pressure before and after halting
penetration and during membrane expansion,

and

( iv) measurement of the pushing force on the blade.
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NOMENCLATURE
A = Initial dilatometer reading (bars)
a = Diameter of Screwplate (m)
B = Dilatometer reading at lmm deflection (bars)
B = Bulk modulus (MPa)
CPT =  (Cone penetration test
DA = Dilatometer calibration factor (bars)
DB = Dilatometer calibration factor (bars)
DMT = Dilatometer test
E = Young's or deformation modulus (MPa)
Ed = Dilatometer modulus (MPa)
Es = "“Equivalent" Young's modulus from cone (MPa)
Esp = Deformation modulus from screwplate (MPa)
Ey = Undrained deformation modulus (MPa)
fc = Cone friction (bars)
FV = Field vane
G =  Shear modulus (MPa)
Iq = Material Index '
Kd =  Horizontal Stress Index
Ko = Lateral stress ratio
Kod = Lateral stress ratio from dilatometer
M =  Constrained modulus (MPa)
MP = Menard pressuremeter
Mp =  Deformation modulus from pressuremeter (MPa)
m/s = metres/second
NC =  Normally consolidated
N = Bearing capacity factor
0 =  Qver consolidated
OCR = Qverconsolidation ratio
p = Stress on screwplate (kPa)
PI = Plasticity Index (%)
Pc =  Preconsolidation pressure (kPa)
Pj = Corrected dilatometer reading at lmm deflection (bars)
Po = Initial corrected dilatometer reading (bars)
dc = Cone bearing (bars) o
v = Poisson's ratio
SBP =  Self-boring pressuremeter
Su = Undrained shear strength of clays (kPa)
Sv = Vertical total stress (kPa)
Sy! = Vertical effective stress (kPa)
Uo =  Hydrostatic water pressure (bars)
Z, = Depth to water table (m)
In = Zero offset in pressure gauge

NOTE : 1 bar 100 kPa



CHAPTER _ONE

INTRODUCTION

1.1. Purpose and Scope

The flat or Marchetti dilatometer, developed in 1975, is an dinsitu, total
stress, penetration device that uses empirical correlations to estimate soil
properties. The empirical correlations were developed using well documented

Italian sites (Marchetti 1980).

This thesis aims at presenting a comprehensive discussion on the flat
dilatometer, to evaluate the general usefulness and accuracy of the
instrument and to test the applicability of the 1Italian empirical
correlations to some common Canadian soil types. The validity of the limited
amount of theory behind the dilatometer is discussed and test procedures and
data reduction techniques outlined. The dilatometer can estimate many soil
properties. In this thesis discussion is limited to the following topics:
soil logging, sdi]' stress/strain and consolidation characteristics,

coefficient of lateral stress, undrained shear strength and friction angle.

A special attempt has been made to correlate soil deformation moduli
determined from the dilatometer and self-boring pressure meter (SBP). Such a
correlation could enable the use of the quick cheap dilatometer test (DMT) in

some cases rather than the slower more expensive SBP.

The deformation modulus estimated from cone bearing using Schmertmann's

(1979) method was also compared with DMT data. This was because if a



correlation can be derived between the cone and dilatometer moduli then
Schmertmann's (1979) method of calculating settlement of footings in sand can

be applied to the dilatometer.

The DMT results presented in this thesis come from 4 sites in British
Columbia (B.C.), Canada. Soils tested include marine deltaic sands and
silts, hydraulically placed sands and silts and a sensitive marine clay.
Reference data was provided by the electric piezo-friction cone (CPT), SBP,
Menard pressuremeter (MP), screwplate and field vane. In some cases soil

samples were recovered for laboratory testing.

The experience gained from field work led to the development of an electronic
research dilatometer, identical in size and operation to Marchetti's

dilatometer. The research dilatometer will continuously measure

(1) stress on, and deformation of, the membrane during soil testing,
(i1) pore pressures during penetration and soil testing,
and

(i1i)  pushing force on the blade.

While the research dilatometer is more complex than Marchetti's device it is
hoped it will give a more fundamental understanding of the dilatometer test.

At the time of writing, the research dilatometer had not been field tested.



2.1.

2.1.1.

CHAPTER TWO

THE DILATOMETER

Description of Dilatometer and its Method of Use

Historical Review

The flat dilatometer was developed in Italy by Marchetti (1975) as an
insitu penetration test device to investigate values of soil modulus
for laterally loaded, driven piles. The dilatometer was based on two
design principles: the need for a thin instrument to minimise soil
disturbance during penetration and an instrument with a sound

theoretical background.

The original device was a stainless steel plate 20mm thick by 80mm
wide with a membrane, 60mm in diameter, mounted flush on each side of
the blade. Blade thickness was a compromise between thinness to
minimise soil disturbance and thickness to prevent blade buckling

under load during penetration. The blade had a pyramid shaped tip.

The dilatometer was introduced to North America by Marchetti's 1980
publication in the Geotechnical Division, Journal of the ASCE.
Compared with CPT, it's use in North America has been limited and
only a few firms are using it. Research on the instrument and its
performance 1is being carried out at the University of British

Columbia (U.B.C.), Canada and the University of Florida, USA.

¢



2.1.2.

Instrument Description and Method of Use

Marchetti (1980) revised his original design so that the current
dilatometer has a machined, stainless steel blade, 220mm long, 93mm
wide and 13.7mm thick, with a wedge shaped tip. A single stainless
steel membrane, 0.25mm thick and 60mm in diameter is mounted flush on
one side of the blade. Beneath the membrane is a deflection
measuring device which turns a buzzer off, when the membrane just
Tifts clear of a sensing disc (a deflection of about 0.1 mm), and
turns the buzzer on again when a further lmm deflection occurs at the

centre of the membrane (fig. 2.1. and fig. 2.2.).

The blade can be jacked into the ground by CPT or standard
penetration (SPT) equipment. The jacking rate is set at 2 cm/sec to
be consistent with CPT. Soil testing takes place at 20cm intervals
by halting penetration and immediately inflating the membrane. High
pressure gas, usually compressed air or nitrogen, is used, supplied
to the blade via a control unit at the surface and a nylon tube
threaded through the rods. Inflation rate is controlled by the
operator, using a valve mounted in the control unit, so that
inflation takes 15 to 30 seconds. As the membrane is inflated, the
pressure required to just 1ift the membrane off of the sensing disc
(reading A) and to cause a further lmm deflection at the centre of
the membrane (reading B) is recorded. Readings are taken from a
pressure gauge mounted in the control unit and entered on a standard
form. Once 1lmm membrane deflection is reached testing is complete so

pressure is vented and another 20cm advance is made.



figure 2.1 Flat Dilatometer.
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The use of the dilatometer is limited by the robustness of the
membrane and the blade. In effect this means that application is

limited to sands, silts and clays.

2.2, Data Reduction

The raw DMT data (readings A and B) must be corrected to determine pressures
Po and P; which are applied to the soil before and after membrane expansion
respectively., The corrections include allowances for membrane stiffness,
zero offset in the pressure gauge and the configuration of the measuring
system. The measuring system is arranged so that at reading A there is a
small displacement (about 0.1 mm). Hence to determine Po, the full reduction
formula uses an extrapolation to find pressure at zero deflection. A full
discussion on the corrections is given by Marchetti and Crapps (1981).
Simplied, to ignore the correction due to measuring system configuration, the

expressions for Py and P§ are:

Po A+DA-Zp, and (2 -1)

Pj

B -DB - Zp (2 -2)

Where Py = The corrected pressure on the membrane at Omm
deflection, and
DA = The vacuum required to make the membrane just seat

on the sensing disc in free air as after several
readings the membrane acquires a permanent outward

curvature, and



Im = Zero offset in the pressure gauge as the needle

generally does not read exactly zero, and

Pi = The corrected pressure required to cause 1mm

deflection at the centre of the membrane, and

DB

The air pressure required to cause 1mm deflection

- at the cetnre of the membrane in free air.

From Py and Pj are derived the three dilatometer parameters: the dilatometer
modulus, (Eq eq. 2-3), the material index, (I4 eq. 2-4), and the horizontal

stress index, (K4 eq. 2-5),

Where Eq 34.6 (Pj - Pg), and (2 - 3)
Ig¢ = (Pj - Po)/(Po - U), and (2 - 4)

(Po - U)/sy! (2 - 5)

Kd

Where U hydrostatic water pressure, and

sy'= vertical effective stress.

The dilatometer modulus was derived using elastic theory (Marchetti 1975)
with 14 and K4 being arbitrary index parameters (Marchetto 1980). Using
these three parameters Marchetti expanded the use of the dilatometer in his
1980 paper, by presenting correlations to estimate nine different soil

properties (Table I). Marchetti's empirical correlations were established by



Soil Parameter I4q Kd Ed Comments
Soil Type * I4 determines broad
soil type then soil
Soil Density * * description and density
from Jog log relation
Soil Description * * between I4 and Eq.
Over- - I4 determines soil type
Consolidation * * then log log relation-
Ratio (OCR) ) ship between OCR and Kg4
Preconsolidation * * Uses OCR and vertical
Pressure (P.)- effective stress
Undrained Shear * * Su/sy' = f(logky)
Strength (S,) assumes S,/sy' = 0.22
for NC clays. Only
calculated if I14<0.9
or soils silty clay.
or finer,
Lateral Stress * Log Ko = f(Log Kq)
Ratio (Ko)
Constrained * * * I4 determines soil,
Modulus (M) type, then Rm=f(I4, Log
Kg) then M=f)Ry, E4)
* *

Friction Angle

=f(Id4, Ed, sy')

Used only if Ig4>2

or soil is sandy silt
or courser, Limited
to 25 and 45.

Table I Soil Parameters Determined from Dilatometer

Indices using Marchetti's (1980) Empirical Correlations.
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comparing DMT data with laboratory and field results from homogenous, well
documented, Italian soils and applying a regression analysis (Table I).
Soils tested included normally consolidated (NC) and over consolidated (0C)

sands, silts and clays.

2.3 Theoretical Considerations

The main purpose of the dilatometer was to have a thin device, thereby
reducing soil disturbance during penetration to a minimum and making
extrapolation of soil properties back to the insitu (pre-penetration) state
not only easier, but more accurate. While the concept is intuitively good,
penetration devices by their very nature impart significant strain to the
soil during penetration. Penetration of the dilatometer blade can be
modelled as the expansion of a flat cavity. However because of complex,
nonlinear stress/strain relationship of soils, the effect of penetration on
the original stress state is different for each soil. Therefore it is
extremely difficult to determine the stress state in the soil after blade

penetration and before membrane expansion.

Analysis of membrane expansion is also difficult even though soil is only
displaced 1.lmm by the membrane compared with 7mm during penetration. If
soil is assumed to be an elastic, isotropic, homogeneous halfspace, the
dilatometer membrane a rigid disc and no settlement occurs external to the
Toaded area during expansion, then elastic theory can be used to derive a

deformation or Young's Modulus as follows (Marchetti 1975, Graveson 1959):
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S = (Pi - Po).D.(1y2)/E 2k

Where S = deflection of the rigid disc, and
D = diameter 'of the rigid disc, and
V = Poisson's ratio, and
E = Young's Modulus

For the dilatometer § = 1.1mm, D=60mm which gives

E/(1-y2) = 34.6 (Pi-P,)
or Ed = E/(1 -v2) = 34.6(P; - Py)

as in equation 2-3.

The validity of the elastic analysis depends largely on the type of soil
being tested. When a wedge-shaped penetrometer is inserted into the ground,
a certain amount of energy is required to open the cavity. As the tip nears
a soil element straining increases and once the wedge is passed the element
there is some unloading. The dilatometer membrane lies behind the shoulder

of the blade so soil facing the membrane is over consolidated.

During membrane expansion, further Toading occurs and the soil will remain
elastic unless the stress path reaches the yield surface at which point
plastic yielding occurs. Therefore, in very rigid sands, which undergo
relatively little yielding during membrane expansion, elastic theory may abe
applicable and the measured Ed may approximate a small strain level "elastic"
Ed. In clays however, which undergo plastic strains during membrane
expansion, E4 may be of little use other than as an empirical correlation

parameter,
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There are a number of other problems associated with the assumptions used to
derive an elastic deformation modulus. Soil is generally not isotropic nor
homogeneous, Poisson's ratio is not always known and the dilatometer membrane
deflects as a dome -and not as a rigid disc. Furthermore settlement may occur
external to the loaded area. The reaction load to the membrane is provided
by bearing on the side of the blade opposite the membrane and by the bending
stiffness of the rods from which the blade is cantilevered. The blade area
providing the reaction bearing is only seven times the area of the membrane
and the relatively slender rods mayvprovide Tittle support so it is possible
that soil supporting the bTadeimay yield slightly during expansion. 1In this

event the soil being tested would be deformed by less than the assumed 1.1lmm.

It is believed that because of these deficiencies, simplified elastic theory
as used by Marchetti is not applicable to derivation of an elastic modulus
from the dilatometer. However this is not necessarily serious provided that
the dilatometer is only used as an empirical tool. It is only necessary that
the dilatometer giVes consistent results so that the application of empirical
correlations also yields consistent and reliable results. In fact while
Marchetti (1975) originally aimed’ét an insitu tool with a sound theoretical
background, he has never used the dilatometer as a fundamental tool but only
with empirical correlations. For example, in Table I E4 is never used to
derive an elastic deformation modulus but is always used as a parameter in

empirical correlations.

Marchetti did not develop I4 and Kq as theoretical parameters. As shown on

Table I I4 and Kg are only used as correlation parameters.



2.4

2.4.1
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Dilatometer Index Parameters and Derived So0il Properties

Material Classification

Material classification by the dilatometer is principally by the so
called material index (I4, eq 2-4). The empirical correlation was
developed by relating Ig to grain size distributions from well
documented Italian sites. Id generally ranges from 0.1 to 8 or
higher. In the case I4 is less than 0.1 then the soil is very weak
and disturbance during penetration is so great that Marchetti (1980)
considers it is no£ possible to extrapolate back to the original soil

properties,

The use of I4 is shown in figure 2.3. For example, if Ig = 3 then
the soil is a silty sand. Material classification is expanded by
the use the dilatometer modulus to further quantify the soil
description and provide an estimate of soil density. Marchetti
(1980) found that a log log regression of Eq and I4 gave the best
results although no correlation coefficent is given. In figure 2.3
given that I4 = 3 indicates a silty sand then if Eq = 100 MPa, the
material is a very rigid silty sand with an approximate unit weight

of 21.1 kN/m3.

Marchetti (1980) belijeves that I4 provides a reasonably good means of
identifying soil type and even in deposits of varying OCR I4 appears
to remain constant with depth. However a single parameter, such as
I4, which measures the net mechanical properties of a soil, cannot
give a detailed analysis of grain size distribution. Therefore in

some cases I4 may be in error. For example, a 100% silt may have a
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similar Iq to a clay with sand (Marchetti 1980). Another example of
an erroneous answer from the correlation I4 comes from Bellotti et al
(1980). 1In a series of chamber tests using dry NC sand they noted
that I4 prédicated a finer or more cohesive material than actually

existed. No explanation could be found for this error.

The material index is most used dilatometer index parameter. As
shown in Table I it is used as an element in 8 out of the 9 enpirical

correlations to estimate soil properties from the dilatometer.
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Horizontal Stress Index

Based on results from Terre 0glio in Italy, together with a number of
other sites, Marchetti (1978, 1979, 1980) believes that Kqg (eq 2-5)
is uniform-with depth in a NC deposit with no cementation or other
forms of attraction. For a NC clay Marchetti and Crapps (1981)
suggest that Kq typically 1likes between 1.8 and 2.3. If Kq is
greater than 2.3 then the deposit is defined as "abnormal" or having
horizontal stresses in excess of "normal levels". For example,
excess horizontal stres§¢s could be due to loading in other than one
dimension, tectonic activity, or cementation (Marchetti 1976b). 1In
the event a deposit is abnormal then the correlations using Kq give

incorrect values (Marchetti 1979b).

For sand Marchetti and Crapps (1981) state that Kg lies around 1.5.
However this value for sand is not borne out by Bellotti et al (1980)
who studied the dilatometer in chamber tests with dry NC sand under
boundary conditionsrof constant horizontal and vertical stresses and
constant vertfca] stress/no horizontal strain. They found Kq values
of 4 to 5 or 2 to 3 times higher than Marchetti's value for NC
underwater deposited sands. Bellotti et al concluded that the

possible reasons for the difference "remain to be investigated".

Intuitively it can be imagined that there are a number of problems in
measuring horizontal stress in a cohesionless deposit. For example,
in a loose deposit, the volume change associated with blade
penetration will have Tittle effect on stresses so K4 will measure
insitu stresses reasonably well, In a dense sand however,

penetration will cause dilation which will increase the lateral
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stress on the blade and hence the measured Kd-

The environment in which the sand was laid down could also influence
Kd by varying the stresses in, and the structure of, the sand. For
example, in a high energy system, such as a fast flowing river, the
sand may be packed in in the horizontal direction, locking in
horizontal stresses. The result is that a sand, 1laid down in
different environments to the same relative density, but with
different stress histories may have different responses to

penetration and hence give different Kq4's.

In sands and silts therefore, variations in stress history, density,
soil type and soil structure may affect the pressure exerted by soil
on the blade in an indeterminate manner. This may in turn affect
calculation of Kg also 1in an indeterminate manner, making
quantitative assessment of Kq difficult and reduce its reliability as

a consistent correlation parameter.

The response of a soil to load is a function of the stress path and
so it 1is important to know the initial stress conditions in the
soil. To completely define the soil stress state it is necessary to
know vertical and horizontal stresses. Vertical stresses can be
calculated by statics and so are relatively straight forward.
Horizontal stresses can be determined using the coefficent of lateral
stress (Kg) which is the ratio of vertical to horizontal stresses.
Marchetti (1980) has developed an empirical correlation to determine

Ko from Kq (eq 2-6).
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Where Ko=(Kg/1.5) 0-47 0.6  (2-6)

Marchetti (1980) did not give the correlation coefficent for the

relationship.

Dilatometer Modulus

The ‘dilatometer can nominally be used to determine two soil moduli,
E, and the constrained modulus, M, although as discussed in section

2.3, E is never derived from Eq.

The constrained modulus, M, 1is the inverse of the coefficent of
volume change my. It 1is used to estimate the one-dimensional
deformation due to consolidation settlement. As shown in Table I, M
is derived using all three dilatometer index parameters together with
an intermediate parameter Ry. The use of I4 and log Kq to determine
Rm recognises the influence soil type and stress level have on M and
the use of E4 recognises the different stress/strain characteristics
of different soils. Marchetti (1980) gave no correlation coefficent

for the empirical correlation to determine M.

Schmertmann (1980) checked Marchetti's correlations for soils in
Florida. He found that the dilatometer M was conservative compared

with oedometer results by a factor of two.

Marchetti (1980) notes that the correlation to determine M is only
valid up to the preconsolidation pressure beyond which the

dilatometer M under predicts settlements.
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Undrained Shear Strength

Undrained shear strength (S,) can be determined from the dilatometer
by empirically correlating Kq and vertical effective stress

(Marchetti 1980). Marchetti's equation is:

Sy = 0.22sy' (0.5 Kq) 125 (2-7)

Where Sy vertica]_effective stress.

The empirical correlation is only used when the soil is a clay or
clayey silt (0.1<Ig4<0.9). Marchetti's correlation, discussed in his
1980 paper, includes the assumption that NC clay has a Sy/sy' ratio
of 0.22. Because of this assumption, Marchetti suggests that the
dilatometer derived S, is Tlower than the equivalent field vane

results and hence in principle can be used directly in design.

Marchetti (1980) states that the correlation is not applicable to
sensitive clays. Loss of soil structure during blade penetration is
so great that it is not valid to extrapolate back to original soil

properties.

Friction Angle

The friction angle of a cohesionless material can be determined from
dilatometer results wusing a series of empirical correlations
developed by'Marchetti and Crapps (1981). The correlation, which
uses Ig, E4 and sy', has a Tlower bound of 25 degrees and an upper

bound of 45 degrees. It is only used if the material is a sandy
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silt or sand (Ig<1.2). In the region 0.9zI4<l.2, the dilatometer
cannot differentiate soil type accurately and no strength parameters
(Sy or friction angle) are calculated. Marchetti and Crapps (1981)
note that the friction angle correlation is based on a limited data

base and cannot be considered reliable.

To provide a more sound correlation for friction angle Schmertmann
(1982) has used Durgunoglu and Mitchell's bearing capacity theory. A
complex iterative method is used to solve Durgunoglu and Mitchell's
equation using pushing force on the dilatometer and the dilatometer

Ko.

2.5 Advantages and Disadvantages of the Dilatometer

The major advantage of the dilatometer 1lies in its simplicity as only a
minimum of equipment is needed. The instrument can be installed with either
CPT or SPT equipment, Marchetti (1980) cites an example where he used a
Tight hand driven rig on difficult ground conditions. A minimum of support
equipment is required as no sophisticated electronics and power supplies are
used. The dilatometer blade is constructed simply and ruggedly, reducing
required maintenance to a minimum. Finally the results are very repeatable

(Marchetti 1981).

The main disadvantage of the dilatometer lies in the membrane which has to be
thin to make it expandable. This makes it very fragile and susceptible to
damage. In dense sands there can be significant drag on the membrane which

stretches and forms a wrinkle at the top. FEventually the wrinkle blows out.
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Stones can easily tear the membrane. To overcome problems with gravel at
shallow depths a slightly oversized dilatometer-shaped steel mandrel can be

used to start the hole and push stones out of the way.

Another difficulty with the dilatometer is deflection of the blade. Soil
under a deflected blade can become compacted. If the membrane 1is on the
lower side of the blade, Po, Eq and Kd are high because the properties of a
compacted soil are being measured. If the membrane is on the upper side of
the blade, the soils may arch across the membrane reducing Pg, Ed and K{.
Furthermore with a deflected blade, insitu stresses on the blade are not
purely horizontal, but include some some component of the vertical stress.
In an extreme case for example, if Ko=0.5 and the blade 1is horizontal,

stresses measured would be double those expected for a vertical blade.

One final problem with the interpretation of DMT data lies in the method of
data reduction using Marchetti's empirical correlations. The sometimes
complex correlations are difficult to update as additional data from U.B.C.
and other sources becomes available. Furthermore, the correlation
coefficents for the regression analysis used to determine the empirical
correlations are unknown so the level of confidence in the results is also

unknown,

2.6 Dilatometer Test Techniques at the University of British Columbia

At U.B.C. the research truck (Campanella and Robertson 1981) was used to push
the dilatometer 1into the ground. Maximum pushing pressure was 8 tonnes

without anchors, which was adequate in most cases. Generally it was found



22

that if maximum pushing capacity was reached, the dilatometer was no longer

vertical so there was no reason to go any deeper.

To improve resolution of A and B at low values and to provide a hardcopy of
the results an air pressure transducer was incorporated into the air supply
of the dilatometer. During membrane expansion, the signal from the
transducer was fed onto a chart recorder. Values of A and B could be scaled
from the chart recorder and compared with values noted from the pressure
gauge during testing. Corrections if necessary could then be madse to A and

B before data reduction.

The raw data collected from the dilatometer was reduced using the fortran
programme DIL.RED. This programme was adapted by the author from the
programme DILLY written by Crapps and Schmertmann (1981) (see discussion in
Appendix II). The user inputs water pressure and vertical effective stress
at the first test depth and using these the programme reduces A and B to P,

and Pi and then calculates I4, E4 and Kd.

Subroutines to numerically solve Marchetti's correlations are then called

based on values of Eq, I4 and K{.

To solve for Py and P; at the next test depth the programme uses the
correlation for unit weight to determine the increment in vertical total
stress, and assumes a hydrostatic water pressure distribution to find the
increment in water pressure. With this data A and B at the next depth can be
reddced to Po and Pj. The process is then repeated for the rest of the

profile.
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The computer output is in both graphical and tabular form. Typical

graphical output is shown in figures 3.2a and 3.2b and typical tabular output

presented in appendices containing site information.
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CHAPTER THREE

MCDONALD'S FARM SEA ISLAND B.C.

3.1 Methodology and Scope

The McDonald's Farm Site on Sea Island, Richmond is the research site for
U.B.C.'s Insitu Testing Research Group. The site is level and stratigraphy
is reasonably uniform so it is possible to compare results from different
instruments with comparative ease. Instruments used at McDonald's Farm

included U.B.C's 5 channel piezo-friction cone, the dilatometer and SBP.

Three dilatometer soundings were completed:

(a) using standard test procedure as outlined in section 2.2,

(b) to study the effects of dynamic pore pressures on DMT results by
varying the time between halting penetration and expanding the
membrane,

(c) to measure pushing force on the blade so Schmertmann's (1982) method

could be used to calculate friction angle.

Two SBP holes were made. The first was a selfbored hole with tests at 3.0m,
3.81m, 4.56m, 5.33m and 6.24 and the second was a pushed hole with tests at

2.7m, 3.0m, and 3.81m.

In addition to these insitu tests, samples were recovered at 11.5m and 18.2m

for laboratory testing.
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Results

The DMT results from the first test hole at McDonald's Farm are presented in

figures 3.2a and 3.2b. The logs for the additional dilatometer holes are

presented in Appendix III together with the tabular dilatometer output and

the raw SBP data.

3.3.1

Site Profile and Material Classification

The dilatometer material index suggests that the surficial materials
at McDonald's Farm are mainly silty sands or sandy silts although one
layer of compressible clayey silts was logged. This compares to the

true classification of a mixture of clay and silt tidal deposits.

The marked decrease in cone friction ratio, and increase in cone
bearing at 3m, as the material changes to a consistent sand, is not
reflected by a variation in Iq. Rather there is a large increase in

Kd and Eq.

From 3 to.13m both cone and dilatometer log the material as sand.
The dilatometer classifies it as silty sand (1.8<Ig<3.3). Samples
recovered showed a clean, fine to coarse sand. Thus the dilatometer

predicted a finer material than was really present.

Iq suggests that there is a transition zone of sand to silt between
14.8 and 16m. However cone bearing suggests that the transition zone

lies between 13 and 15m, a trend parallelled by the E4 and Kq logs.
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At 15m, cone bearing decreases abruptly and the dynamic pore pressure
ratio increases as the material changes from sand to clayey silt.
The dilatometer indicates the change from sand to silt not by a
change in Iy but by abrupt decreases in the E4 and K4 profiles. The
clayey silt deposits are classified by dilatometer as clay (1<0.3)

varying from soft at 16m to medium consistency at 39.6m.

Overall the dilatometer at McDonald's Farm provides reasonable
material classification. However, I4 generally predicts a slightly
more cohesive soil than really exists. Compared with the cone, I4 is
relatively insensitive to small changes in grain size and density and
it is the K4 and E4 profiles which appear to provide a better

resolution of soil stratigraphy.

Lateral Stresses

Kg in the sandy material is considerably higher than the value of 1.5
suggested by Marchetti (1980) for a normally consolidated underwater
deposited sand. In the sand, Kq varies for 2 to 12 with an average
value of 5 to 6, é]though there are 5 pronounced spikes on the K4
plots with Kq4's of 9 to 12. Cone pore pressure data suggests that
these represent layers of higher density material which dilated
during penetration. Dilation increased the measured P, and hence
Kd. The layers with high Kq's are classified by I4 as very dense

silty sand.

In the silts, Kq was consistently 2.2 to 2.5 indicating a normally

consolidated deposit.
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Comparisons between Ko determined by the dilatometer and SBP are made

in figure 3.3.

The dilatometer I4 profile has a similar shape to the SBP profile,

but has lower values and much smaller variations.

The following comments can be made on K4 at McDonald's Farm.

Kg values in the sand at McDonald's Farm are unexpectedly high
compared with Marchetti's (1980) suggested value. At up to 4 to 5
times of suggested value of 1.5 for NC underwater deposited sands,
they are more consistent with Bellotti et al's (1980) chamber tests.
Possibly variations in insitu lateral stresses and density, due to
the depositional environment, are affecting results 1in an

indeterminate manner.

Overall the general shape of the Kq and cone bearing profiles are
similar although it 1is not possible to correlate the profiles
closely. This suggests that lateral stresses and density effects,
the primary factors controT]ing cone results, may also be the primary

factors controlling DMT results.

The SBP values for K, were high and always exceeded the dilatometer
Ko. However there are several problems in determining Ko from the
SBP. Factors such as soil disturbance and verticality of the device
can affect results. The SBP tests soil in 0.5m lengths whereas the
dilatometer is essentially a point test with standard test procedure
calling for 2 to 3 tests in 0.5m. If, for example, the DMP results

vary markedly between the 3 readings within the 0.5m SBP test length
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it is difficult to decide which DMT result to use for comparison,
Finally, and most importantly, the 2 arms measuring deflection of the
SBP membrane seldom lifted off at the same pressure, While the 2
1ift off pressures can be averaged, results from McDonald's varied by
50% or more. As a result little confidence is placed in the SBP

results from McDonald's Farm.

Soil Moduli

Comparisons of soil deformétion moduli at McDonald's Farm are made in
figures 3.4 and 3.5. The results from both pushing and self-boring
SBP tests are used to calculate E because the method of insertion
appears not to have affected results greatly. As discussed in
section 2.3, it is believed that the method used to derive E from Ed
is not valid hence Eg, rather than the dilatometer estimated E, is
compared with E from the SBP and Eg from CPT. Derivation of Eg, an
"equivalent" Young's modulus (Schmertmann 1977), is presented in

Appendix I.

As shown in figure 3.4 the SBP E had a higher value than the
dilatometer E4. An excellent relationship was found between E4 and E

(figure 3.5) with a correlation coefficent of 0.95.

An alternative way to compare the dilatometer and SBP is on a strain
basis. If the dilatometer E4 is taken as E, it is possible to back
calculate G and then a dilatometer equivalent strain on the SBP
pressure/circumferential strain plot. The procedure 1is outlined

below and the results summarised in Table II.
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let Eg = E
therefore E4 = 2(1+Y)G = 2.54
or G = 0.4E4

The slope of the SBP pressure circumferential strain
plot = 2G.

Therefore slope = 2 x 0.4 Eq = 0.8E4
Inspection of the SBP plots in Appendices shows that
Slope = 0.1 (P;=-Pg)/Strain
where (Pj-Pg) in kPa, and strain in percent
Therefore 0.8 Ed = 0.1 (Pj-Py)/strain

or equivalent dilatometer strain = 0.125 (Pj-Pg)/Eq (3-1)

The value in Table II can be compared with an average SBP test. Typically
the unload/reload portion of the pressure/circumferential strain plot has a
(Pj-Po) of about 50 kPa and a strain less than 0.3%. By constrast, (Pj-Pg)
for the dilatometer requires about 100kPa in clay and up to 3000 kPa in sand
to cause 1mm deflection. Additioﬁa11y, lmm dilatometer deflection in the
sand at McDonald's Farm is equivalent to an average 3.60% (standard deviation

0.09%) SBP circumferential strain.



Depth Eq Po Pi |( Pj=Pg)| Strain
(m) | (pa) | (kp3) | (kPa) N e
2.7 9 100 354 250 3.47
3.0 12 165 h24 360 3.75
3.8 43 383 1614 1230 3.57
4.6 22 241 884 640 3.64
5.3 30 346 1209 860 3.58
6.2 42 615 1814 1200 3.57

Table Il Calculation of Equivalent Pressuremeter Strains from

Dilatometer at McDonald's Farm, Sea Island, B.C.

The variation of Eg with depth is shown in figure 3.4. The cone Eg
profile was derived by taking 22 points from the continuous cone qc
log. The relationship E4 and Eg 1is shown in figure 3.5. A
correlation coefficent of 0.94 was found. This implies that a strong
relationship exists between Eg and Ed. Given the strong relationship
between Eg and E4, and E4 and E from the SBP, a good relation also

exists between Eg. and E from the SBP.

The constrained moduli (M) results are presented in figure 3.6a and
3.6b. The dilatometer and SBP profiles show similar trends with the
dilatometer M within +/-40% of the SBP value. The equation relating

M from the dilatometer and SBP is given in figure 3.6b. The
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correlation coefficent is 0.94. A value of Poisson's ratio of 0.25
was taken to convert the SBP G to M, 0.25 being an average Poisson's

ratio for sand.

Undrained Shear Strength

The undrained shear strength (S;) results from the dilatometer are
presented in figure 3.2a. The Sy/sy' ratios from the dilatometer and

cone are summarised in Table III.

The Sy/sy' ratio from %he dilatometer was found by dividing Sy by the
vertical effective stress at that depth. A large number of depths
were considered to yield an average Sy/sy' ratio of 0.26 with over
90% lying between 0.24 and 0.28. The higher ratios were found at
greater depths. The dilatometer therefore classifies the soil as
slightly over consolidated because the correlation for S, assumes an

NC Sy/sy' ratio of 0.22.

The Sy/sy' ratio from the cone was determined by extrapolating the qc
profile back to ground. level. Because this passes through the
origin, the cone agrees with geological history by suggesting the

deposit is normally consolidated.
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DMT Cone

Su/sy' | 0.26 | 0.22

Table III Sy/sy' Ratios from Dilatometer and Cone

Friction Angle

Three different di]atometer friction angle profiles have been
produced and are presented in figure 3.7a. They were derived by
using:

( i) Schmertmann's (1982) method with the dilatometer Ko-

( i1) Schmertmann's (1982) method with the assumption Ko=0.4, and

(iii) Marchetti's empirical correlation (Section 2.5.5).

The three methods all gave similar shaped friction angles versus
depth profi1es.> Marchetti's correlation was the most sensitive with
friction angle ranging from 29 to 39 degrees. By contrast,
Schmertmann's (1982) method- using Durgunoglu and Mitchell's bearing
capacity theory gave friction angle values of 30 to 36 degrees.
Schmertmann's method was found to be relatively insensitive to Targe
variations in Ko. For example, there was only a one to two degree

increase in friction angle with an increase in Ko of 0.4 to 2.

Two cone friction angle profiles have been produced and are presented

in figure 3.7b. They were derived by using Schmertmann's (1978)



