THE UNIVERSITY OF
BRITISH COLUMBIA

RESEARCH DILATOMETER
TESTING IN SANDS AND
IN CLAYEY DEPOSITS

by

Cliford Hing-Cheung Tsang

M. A. Sc Thesis
Supervisors : Dr. R.G. Campanella

Dr. P.K. Robertson

Department of Civil Engineering
The University of British Columbia
2324 Main Mall

Vancouver,B.C. CANADA V6T TW5
September, 1987

UBC

IN-SITU
TESTING

AN

\




RESEARCH DILATOMETER TESTING IN SANDS AND IN CLAYEY
DEPOSITS
by
CLIFFORD HING-CHEUNG TSANG

B.A.Sc., The University of Toronto, 1978

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE
in
THE FACULTY OF GRADUATE STUDIES

DEPARTMENT OF CIVIL ENGINEERING

We accept this thesis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

SEPTEMBER 1987

© CLIFFORD HING-CHEUNG TSANG, 1987



ii

Abstract

The development of Marchetti's flat dilatometer, method
of testing, changes of Marchetti's (1980,1981) original
correlations and Schmertmann's (1982,1983) proposed

correlations are briefly described.

Factors affecting results of the dilatometer test (DMT)
are discussed. In order to improve the understanding of the
Marchetti dilatometer test (DMT), an electronic research
dilatometer was developed at UBC. The research dilatometer
can measure; pore pressure at the center of the membrane,
membrane displacement, applied pressure, pushing force and

verticality.

Test results obtained from the research dilatometer in
sand and in clayey deposits at 4 sites in the Lower Mainland
of B.C. are presented. Soil parameters interpretated using
Marchetti's (1980,1981) and Schmertmann's (1982,1983)
correlations are discussed. Comparison 1is made to other
in-situ testing methods such as cone penetration test, vane

shear test and pressuremeter test.

Based on a better understanding of the DMT, future

potential methods of improving or checking the existing

/

correlations are proposed.
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Chapter 1

Introduction

1.1 Historical Review

In a paper submitted to the 1975 Raliegh ASCE Specality
Conference, §S.M. Marchetti introduced a new in-situ testing
device called the "flat dilatometer". The instrument was
designed to investigate the horizontal soil deformability of

laterally loaded driven piles.

In 1978, Marchetti revised his in-situ tool to a more
streamline shape with a sharper cutting edge in order to
minimize soil disturbance during penetration of the
instrument. After performing dilatometer tests (DMT) at over
40 well documented sites in Italy, Marchetti established a
set of empirical correlations for soil classification and

property estimation.

The instrument was first introduced into North America
with Marchetti's (1980) publication and Schertmann's (1981)
discussion in the Geotechnical Division Journal of the ASCE.
After this introduction, the wuse of the flat dilatometer

test (DMT) in North America has increased gradually.



1.2 Purpose and Scope

Recent research has changed many of Marchetti's
(1980,1981) original empirical correlations. However, due to
the simple design of the instrument and operation of the
test, the fundamental soil behaviour of the test is still

not well understood.

In order to better understand the test, the in-situ
testing research group at the University of British Columbia
(UBC) has developed an electronic research dilatometer
(McPherson 1985). The UBC research dilatometer is identical
in operation to Marchetti's dilatometer and can continuously
measure:

1. pore pressure during penetration and during the
dilatometer £est,

2. the total and effective soil stresses together with the
soil deformation during the dilatometer test,

3. the penetration force behind the instrument,and

4, the inclinaton of the probe.

The purpose of this thesis is to present test results
in sand and clayey deposits obtained with the research
dilatometer from 4 sites in the Lower Mainland of British
Columbia. The soil stress, pore water pressure and soil
deformation characteristics of the dilatometer test are
illustrated and discussed. Soil parameters obtained from

tests using both Marchetti's (1980,1981) original and recent
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improved correlations are presented and discussed. Reference
is made to data obtained from laboratory tests on recovered
samples and other 1in-situ tests such as cone penetration
test, vane shear test and pressuremeter test, whichever is

applicable.

Based on an improved understanding of the test, future
potential methods of improving or checking the existing

correlations are proposed.



Chapter 2

The Standard Flat Dilatometer

2.1 Development of the Instrument

The device was developed by S. Marchetti at L'Aquila

University in Italy.

When first introduced in 1975 (Marchetti, 1975), the
flat dilatometer consisted of a stainless steel plate, 80mm
wide and 20mm thick, with a pyramid shaped tip. On both
sides of the blade, a thin steel circular membrane of 60mm

diameter was mounted flush with the plate surface.

In order to minimize soil disturbance during
penetration but still to have a device rigid enough for
insertion, Marchetti revised his original design (Marchetti,
1980). The present dilatometer in commercial wuse has a
streamline shape blade, 95mm wide and 14mm thick with a
curved cutting edge. A single stainless steel membrane,
0.25mm thick and 60mm in diameter is mounted flush on one

side of the blade, as shown in figure 2.1.
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Figure 2.1 Marchetti's Flat Dilatometer



2.2 The Dilatometer Test and Procedures

The dilatometer 1is connected to a control unit at the
ground surface by a nylon tube prethreaded through the
penetration rods (figure 2.2). The dilatometer, is pushed
into the soil at a rate of approx. 2-4cm/sec. Generally, the
penetration rate 1is set at 2cm/sec which is the standard
adopted for the cone penetration test. At 20cm depth
intervals, penetration 1is stopped and the dilatometer test
(DMT) is performed without delay by starting to inflate the
membrane. The membrane is inflated by gas pressure (usually
compressed nitrogen) supplied through the control box and

the nylon tube.

As the membrane is inflated, two readings are manually
taken from a pressure gauge mounted on the control unit: the
lift off pressure of the membrane (Reading A) and the
pressure to cause 1mm deflection at the center of the
membrane (Reading B). Beneath the membrane is a simple
electronic device which is connected to the control unit by
an electrical wire inside the nylon tube. During
penetration, the membrane is in contact with a sensing disc
and the device turns on a buzzer in the <c¢ontrol wunit. The
device turns the buzzer off when the membrane starts to 1lift
off the sensing disc, and turns the buzzer on again when the
center of the membrane reaches a deflection of imm (figure

2.3).



Figure 2,2 Dilatometer and Control-Unit
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The rate of inflation is controlled through a valve in
the control box and is usually adjusted in such a way that
the dilatometer test (the entire expansion) takes about 15
to 30 seconds. Once the 1mm deflection at the center of the
membrane is reached, the test is completed, and the pressure
inside the dilatometer is vented and penetration for another
test 1is continued. Full details of the standard flat
dilatometer and testing procedures are given in the Flat
Dilatometer Manual by Marchetti and Crapps (1981) and in a

recent publication by ASTM (Schmertmann, 1986).

2.3 Data Reduction

In order to determine the pressures, P, and P,, which
are applied to the soil at the start and at the end of the
expansion respectively, the two Readings A and B are
corrected for membrane stiffness. The expressions £for the
correction are:

Po = A + AA (2.1)

P, = B - AB (2.2)

where AA =the vacuum required to keep the membrane
just in contact with the sensing disc in
free air since the membrane acquires a
permanent outward curvature once used.

where AB =the pressure required to cause a 1mm
deflection at the center of the membrane

in free air.
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(AA ad AB are determined before and after each

sounding.)

From the two pressure measurements P, & P,, Marchetti
(1980) proposed three index parameters: the dilatometer

modulus (ED), the material index (I_.) and the horizontal

D
stress index (KD). The expressions for the index parameters

are:
Ey = 38.2(Py-P,) (2.3)
I, = (P1-Po)/(Po-u) (2.4)
Ky = (Po-u)/o; (2.5)

where u =equilbrium pore water pressure prior

to blade insertion

~

o/ =vertical effective soil stress

The dilatometer modulus is derived using the theory of
elasticity. Marchetti (1975 & 1980) assumed that the soil
adjacent to the blade 1is an elastic half space and is
uniformly loaded by the 60mm dilatometer membrane with a
displacement of exactly Imm. The membrane is considered as a
rigid disc so that there is no soil pressure redistribution.
Further, it was assumed that there is no settlement external
to the loaded area, i.e. area of the membrane, during the
expansion. The other two indices are normalized parameters
which Marchetti (1980) introduced to establish empirical
correlations for soil properties with the use of E_. The

D

parameters I and Ky require a knowledge of the in-situ

D



equilibrium water pressure. The in-situ water pressure is
usually assumed to be hydrostatic and thus, the only
information required is the depth to the ground water level
(GWL). The 1in-situ vertical effective stress is calculated
using the assumed hydrostatic water pressure and the soil
unit weight determined from the empirical correlations based
on ID & ED.

Because of the configuration of the measuring system of
the dilatometer (i.e. an actual deflection of 1.1mm),
expressions for the membrane stiffness correction and the
dilatometer modulus are slightly modified in the data
reduction program (Crapps & Schmertmann, 1981) supplied with

the instrument. Egqguations 2.1 and 2.3 are changed to:

P, (A+AA) - (5/105(B-AB) - (A+AA)) (2.6)

E 34.7(P,-Py) (2.7)

D
A full discussion on this configuration correction is given

in the Flat Dilatometer Manual by Marchetti & Crapps (1981).

2.4 Soil Properties Interpretation

With the experience and information gained after
performing dilatometer tests at over 40 sites in Italy,
Marchetti (1980) developed a set of empirical correlations
pr Kp & Ep
and various soil properties of soil type, soil unit weight,

between the three dilatometer index parameters, I

coefficient of earth pressure at rest (Ko ),

11
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overconsolidation ratio (OCR), drained constrained modulus
(MD) and undrained shear strength of coeshive soils (Su).
The correlations were based on test results at 10 selected
well documented sites. As the majority of the sites
consisted of clay deposits with only two sites of sand,
Marchetti did not have enough information to establish the
correlation of friction angles of sands (¢') in his (1980)
paper. The correlation to determine the friction angle of
sand was proposed in an un-published technical note
(Marchetti, 1981) supplemented with the Flat Dilatometer
Manual (Marchetti & Crapps, 1981) after obtaining test data

from four additional sand sites.

The 1981 Flat Dilatometer Manual presents the earliest
complete set of soil properties correlations from
dilatometer testing. Some of the original correlatons
presented in Marchetti's (1980) paper were slightly modified
in the Manual, and those modifications are:

1. The correlation of soil classification has included the

use of the dilatometer modulus, E to sub-divide the

D’
soil classification and give an estimate of the soil
density.

2. The correlation of OCR for cohesionless soil has been
slightly adjusted in order to differentiate between
sands with I, > 2 and silty materials with I, between
1.2 and 2.

3. In the transition =zone of I from 0.9 to 1.2, the
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dilatometer cannot precisely indicate the soil type and
therefore, no strength parameters (¢' or Su) are

calculated.

A computer progam, DILLY, 1is provided with the
instrument. The program was written by Crapps & Schertmann
(1981) to reduce the raw test data to the dilatometer

indices and then interprete the soil properties.

The correlations developed by Marchetti (1980 & 1981)
were highly empirical. As more DMT data became available
from large scale calibration chamber tests and more well
documented field sites, it was apparent that Marchetti's
correlations were not valid for all sands. The correlations
tended to overestimate the values}of Ko and OCR in sand and
underestimate the friction of angle. However, users have
reported good correlations in soft clay deposits wusing DMT
results (Schertmann, 1981, and Lacasse & Lunne, 1982). This
is not surprising since Marchetti's correlations were mainly
based on data obtained from uncemented cohesive soils (ie.

clay deposits).

When developing the correlations of KD versus Ko,

Marchetti (1980) did not expect any unique relationship
between Ky & K, (Py & a'h) for all soils. The calibration
chamber test work in Italy has shown that KD depends on both

soil relative density and in-situ stress history for sands
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(Bellotti et al, 1979). However, a single curve fitted well
all the available data (mostly for clay) and thus, Marchetti
had accepted the correlation for both clay and sand. The
correlation of OCR and friction angle for "sands were also
based on a very 1limited amount of data. Furthermore,
Marchetti (1981) considered his proposed method of
estimating the friction angle of sand as only a possible
framework in which new data should be included as they

become available.

Schmertmann (1982) provided a more rational method to
calculate the friction angle of sand using the bearing
capacity theory developed by Durngunoglo and Mitchell.
(1975). Schmertmann's (1982) method is complex and
iterative, and requires the pushing forces to advance the
dilatometer as additional input data. To improve the
prediction of K, in sand, Schmertmann (1983) developed a new
correlation for K, Vs KD with ¢' as an additinal input
parameter, based on the chamber test data available up to
1983. For the improvement of the OCR prediction, Schmertmann
(1983), also based on the available chamber test data,
proposed a correlation by slighty modifying Mayne and

Kulhawy's approach (1982) which also requires the use of a

drained friction angle.

Schmertmann (GPE, Inc., DMT Digest Series) recommended

that the above three methods should replace Marchetti's
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original correlation for determining ¢', K, and OCR in
sands. Bullock (1983) developed a new data reduction
program, DILLY4, which incorporated all these changes.
Marchetti's (1981) correlation of ¢' was, however, retained
as an option for the users since Schmertmann method requires

the additional input data of the pushing force.

2.5 Advantages and Disadvantages of the Dilatometer Test

The main advantage of the dilatometer test is the
instrument's 1low initial cost and the simplicity of the
operation and maintenance since no sophisticated electronics
are required. The test does not require highly skilled
operators or technicans and has been found to be a highly
repeatable test that is almost operator independent (Lacasse

and Lunne, 1982).

Although the dilatometer test (DMT) 1is extremely
simple, it provides an impressive range of soil parameters

through empirical and semi-empirical correlations.

Finally, it appears that the test results can also be
used for evaluation of other geotechnical problemé such as;
liquefaction potential, coefficent of horizontal subgrade

reaction prediction and lateral pile movement prediction.
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The main disadvantage of the dilatometer test is that
the instrument can be easily damaged when penetrating
through very dense sands or gravels. The membrane, which is
thin to make it expandable, is fragile and susceptible to
damage. Gravels can easily tear the membrane. In dense
sands, there can be significant frictional force to make a
stretch or wrinkle on the membrane. However, stronger

membranes have been developed recently.

One final concern is the level of confidence in the
interpretated soil parameters obtained form the dilatometer
test. The test is still relatively new and the correlations
proposed by Marchetti (1980,1981) and Schmertmann
(1982,1983) were based on‘a limited amount of test results.
As the test is simple with only two measurements taken, it
is often difficult for users to justify the interpretated
soil parameters without a greater fundamental understanding

of the test.

2.6 Dilatometer Testing at the University of British

Columbia

At the University of British Columbia (uBC),
dilatometer testing has been performed using the in-situ
testing research vehicle (Campanella & Robertson, 1981). The
instrument has been pushed into the ground at a rate of

2cm/sec. Two readings A & B are read manually from the
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pressure gauge in the control unit at 20cm depth intervals.
The measurements are reduced and interpretated using the
computer programs DIL.RED or DILLY4. The program DIL.RED was
adapted from the program DILLY written by Crapps and

Schmertmann (1981) with plotting sub-routines added at UBC.

The program, DILLY4, 1is the program developed by
Bullock (1983) which incorporates the improved correlations
for sands as mentioned 1in section 2.4. To calculate the
friction angle of sand using Schmertmann's method (1982), a
load cell has been used at the pushing head to continually
measure the penetrating force. The measured thrust together
with the two pressure measurements A & B are then reduced

and analysed using the program, DILLY4.
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Chapter 3

The Research Flat Dilatometer

3.1 Factors Affecting Results from the Dilatometer Test

Marchetti's dilatometer is extremely simple to operate
and maintain. However, the simplicity of the equipment and
operation are offset by the difficulties in understanding
the test and interpretating the results. During the use of
the flat dilatometer, several significant aspects affecting

the data collection and interpretation have been observed.

3.1.1 Inclination

It is almost impossible to push any instrument into the
ground without developing some non-verticality
(inclination), especially for deep soundings. This problem
is particularly important if the instrument measures lateral
stresses, such as the dilatometer. The two readings obtained
from the dilatometer test can be significantly influenced by
vertical stresses due to non-verticality. The influence can
affect the interpretation of soil parameters. Experience
gained with cone penetration tests at UBC would suggest that
good verticality can usually be maintained in wuniform soft
deposits for penetration depth up to about 15m. However in
less uniform dense deposits, the maximum depth to maintain

good verticality is uncertain.
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3.1.2 Pore Pressure

The correlated soil parameters from dilatometer test
data are based on the three dilatometer index parameters,

and Ep. The parameters I_ and Ky require a knowledge

Ip: Kp D
of the in-situ equilibrium water pressure before penetration
(upg). The data analyses assumes the in-situ equilibrium
water pressure to be hydrostatic although this may not
always be the case. The assumption of hydrostatic water
pressure can therefore influence the index parameters
especially in soft deposits where P, and P, can be small

relative to the assumed u,, and subsequently affect the

interpretated soil parameters.

The existing test procedures assumes that the membrane
inflation is performed immediately after penetration is
stopped at each 20cm intervals. The rate of pressure applied
is set so that the test (expansion) is completed within 15
to 30 seconds. However, it 1is not always possible to
maintain a constant time of testing. This 1is because the
rate of expansion is generally constant but P, and P, may
vary considerably. Thus, the time needed to reach P, and P,
will vary. Also, the time between stopping the penetration

and starting the expansion is not always constant.

Results from piezometer cone penetration testing have
indicated that penetration into saturated soft cohesive

and/or silty deposits can generate very large pore
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pressures. Dissipation of these large excess pore pressures
takes places immediately after the penetration is stopped.
As the dilatometer records total stress measurements (A and
B), these high pore pressures around the "dilatometer will

have a significant influence on the test results.

McPherson (1985) has shown that if the time between
stopping penetration and starting the expansion test in a
saturated soft cohesive deposits is varied, the dilatometer
index parameters will also vary. McPherson (1985) showed
that as the excess pore pressure decreased, the measured
values of P, and P, also decreased, and this caused an
increase in the index parameters ID and ED' but a decrease
in Ky. The decrease in Kp is due to the decrease in P, as a
direct result of the decreasing pore pressure around the
dilatometer membrane. The increase in I_ and E_ is due to

D D
the fact that the drop in P, is greater than the drop in P,.

Campanella and Robertson (1983) anticipated that in
many low permeability cohesive deposits, variations in the
existing testing procedure will have little influence in the
DMT results. However, when the test 1is performed in
relatively high permeability deposits such as silt or silty
fine sands where significant high pore pressures can still
be generated during penetrating, the existing testing
procedure may cause inconsistent results due to rapid pore

pressure dissipation.
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3.1.3 Modulus of Elasticity

The expression for the dilatometer modulus, ED, derived
by Marchetti (1975 & 1980) was based on the theory of
elasticity. The soil adjacent to the dilatometer membrane is
assumed to be an elastic material, but the validity of this
assumption is uncertain. This uncertainity is less important
provided that the parameter, Ej, is only used as a parameter
for empirical correlaton purposes. Though Marchetti (1975)

derived the expression of E_ and considered the dilatometer

D
as a fundamental in-situ testing tool with sound theoretical
background, he has never suggested to derive the elastic
deformation modulus of a soil (E) based on the value of Ej.
Some users of the dilatometer have suggested that the soil
may behave in an elastic manner during the dilatometer test
and thus believe that the ED value could give a reasonable
estimate of the soil modulus of Elasticity (E) which

engineers often require for design.

The membrane of the dilatometer 1is located in the
center of one side of the flat plate at a short distance
behind the tip. Observations and cavity expansion theories
have indicated there is some total stress relief behind the
tip of most penetration devices, since the total stresses
required to open the cavity at the tip are larger than the
stresses requifed to maintain the cavity. In the case of a
penetration cone, the theory of spherical cavity expansion

relates approximately to the tip and theory of cylinderical



22

cavity expansion to the shaft (Gillespie, 1981). It seems
that a similar analogy exists for the penetration of the
dilatometer, and therefore the soil element in contact with
the membrane may have undergone some stress relief (ie.

unloading) before membrane expansion.

Experience with pressuremeter testing shows that
elastic soil modulus can be obtained by performing an
unload-reload cycle during a pressuremeter expansion test.
According to the theory of plasticity, if the elastic limit
of the soil during the unloading phase is not exceeded, the
soil behaves elastically during the unloading-reloading
phase until the reloading stress reaches the yield surface
that occured at the previous maximum stress level before

unloading.

The inflation of a flat dilatometer membrane after
penetration may represent a reloading of the soil element in
contact with the membrane. It is therefore expected that the
soil would deform as an elastic medium during the test.
However, Campanella and Robertson (1983) anticipated that
the expansion of 1mm at the center of the membrane may
exceed the stress level at the previous unloading, and
hence, the assumption of elasticity may not hold true for
the entire membrane inflation, resulting in a modulus softer

than the elastic modulus.
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3.2 Development of the UBC Research Dilatometer

In order to obtain a more fundamental understanding .of
the so0il behaviour (ie. the so0il deformation and pore
pressure characteristics) during penetration and membrane
expansion of the flat dilatometer test; and to study how the
factors described in the preceeding section affect the DMT
results, McPherson (1985) designed a research dilatometer at
the University of British Columbia (UBC). The UBC research
dilatometer includes the following features:

1. a pore pressure transducer in the center of the membrane
to measure the pore pressure during penetration of the
dilatometer and expansion of the membrane,

2. a pressure transducer inside the blade to measure the
applied gas pressure,

3. a strain gauge deflector arm attached to the center of
the membrane to continuously measure deflection of the
membrane during inflation,

4. a slope sensor to measure the verticality of the blade
during penetration, and

5. a load cell behind the blade to continuously measure the

pushing force during penetration.

A load cell behind the blade was included because a
direct measure of pushing force would allow a direct
calculation of ¢' using the Durngunoglo & Mitchell bearing
capacity theory (1975) as proposed by Schmertmann (1982).

While it is difficult to measure pushing force directly
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behind Marchetti's standard dilatometer, Schmertmann
suggested measuring the pushing force above ground surface
and to assume the friction along the penetration rods behind
the friction reducer to be negligible. For this study, the
pushing force was also‘measured at the ground surface using

an additional load cell.

The purpose of developing the research dilatometer was
not to replace the use of Marchetti's standard dilatometer
but to provide additional information and to provide a
better understanding of flat dilatometer testing. 1In
addition to all the electronic measuring devices,
Marchetti's measuring system was retained in the UBC
research dilatometer so that direct comparison could be made

between the research data and the standard dilatometer data.

The dimensions and shape of the UBC research
dilatometer are Jidentical to Marchetti's ,except that the
flat plate of the research model has a longer shoulder and
stem so that all the added electronic features could be
incorporated (figure 3.1). Figures 3.2, 3.3 and 3.4
illustrated the design of the research dilatometer. Details

of the design are given by McPherson (1985).

When the research dilatometer was first designed, it
was intended that the pore pressure transducer mounted flush

on the steel membrane measure only the pore pressure outside
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the membrane during penetration and expansion, and the
pressure transducer inside the blade measure the applied gas
pressure during the expansion. The effective pressure on the
membrane could then be calculated by substracting the pore
pressure from the applied gas measurement. However, when the
instrument was made, it was impossible to seal the pore
pressure transducer from the applied gas inside the blade.
The "pore pressure" transducer, therefore, measures the
differential pressure between the inside of the blade and
the external pore pressure. Hence, the "pore pressure"”
transducer measures pore pressures outside the membrane
during penetraiion (inside of membrane vented to atmospheric
pressure) and effective pressures on the membrane during
expansion (air pressures minus pore pressures). Pore
pressures on the membrane during expansion are therefore
calculated by substracting the effective pressure

measurements from the applied gas pressure measurements.

3.3 Test Procedures and Data Acquistion

The research dilatometer was pushed into the ground
using the UBC in-situ testing research truck similar to the
standard dilatometer. The power supply and electronic
systems developed for applied cone research at UBC was used
for the dilatometer research testing. A complete description
of the power supply and electronic system is given by

Campanella and Robertson (1981).
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The testing procedure for wusing the UBC research
dilatometer was identical to that used for Marchetti's
standard DMT. The two main DMT measurements, A and B, were
recorded manually from the gauge on the control box. 1In
addition, two chart recorders were used to record the data
from the electronic devices. The blade inclination, pore
water pressure, and the pushing forces measured behind the
blade and at the ground surface during penetration were
recorded on a strip chart recorder. The strip chart was
controlled by a switch on the pushing head and a depth
encoder so that the chart advance only when the push-rods
were being pushed. The strip chart recorder, however, could
also be easily switched to time control instead of depth
control by simply pressing a time-control button on the
recorder. Therefore, when it was 1intended to stpdy the
effect of pore pressure dissipations during a stop in
penetration, the strip chart was continuously advance to

record pore pressures against time.

The other chart recorder used was a X-Y-Y recorder. The
X-Y-Y recorder was used to record the measured air pressure
and effective pressure (ie. air pressure minus pore
pressure) versus deflection at the center of the membrane
during the entire dilatometer expansion and deflation

phases.
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3.4 Data Reduction

The recorded data; applied air pressure Vs membrane
deflection and effective pressure Vs membrane deflection,
during the expansion test were corrected for membrane
stiffness in order to determine the corrected expansion
curves; total stresses Vs membrane deflection and effective
stresses Vs membrane deflection. The deformation curve of
the membrane (ie. membrane stiffness) in free air was also
recorded using the ZX-Y-Y recorder when the «correction

values, AA and AB were measured.

The corrected expansion curves obtained using the UBC
research dilatometer provide a more complete picture of the
dilatometer test. In addition to obtaining the total
stresses, Py, & P, at the start and at the end of the
expansion, the total stress at the closure of the membrane
(PC) was also obtained from the following expression:

P, = C+ 4A (3.1)
where C is the applied total pressure measured at
the closure of the membrane.

The corresponding effective soil stresses P,', P,' and Pc'

were obtained using the following expressions:

Po' = A' + AA (3.2)
P1' = B' - AB (3.3)
Pc' = C' + AA (3.4)

where A', B', C' are the effective pressure

measurements (applied pressure inside minus pore
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pressure outside the membrane) when the membrane
is at lift off, 'mm deflection and at closure,
respectively.
Pore pressures during the test were  calculated by
substracting the effective stresses from the total stresses.

The pore pressures at different stages of the test are:

Ug = PO - Po' ( = A - A') (3.5)
u, =P, -P," (=B -B") (3.6)
u, = P_ - Pc' (=cCc-¢C") (3.7)

where u,, u; and u, are the pore pressures when
the membrane is at lift off, at 1mm deflection and

at closure, respectively.

Although the UBC research dilatometer provided
additional data, only the two basic readings, A and B, and
the penetration push force were used in the data reduction
and interpretation wusing the computer programs, DIL.RED or

DILLY4, as described in Section 2.6.

The calculation of friction angle of sand in DILLY4
uses Schmertmann's (1982) method which 1is based on the
penetration force measured at the ground surface, with the
assumption that friction forces along the penetration rods
behind the friction reducer are negligible. In order to use
the penetration force measured immediately behind the blade
obtained with the UBC research dilatometer to directly

calculate the friction angle of sand, the input data of the
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program DILLY4 was slightly modified to suit this purpose

(Appendix I).
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Chapter 4

Research Dilatometer Testing in Sands

4.1 Scope

The field programme using the research dilatometer in
sands was conducted at the McDonald's Farm research site on
Sea Island, Richmond. A detailed study consisting of various
in-situ testings and 1laboratory testings has been carried
out at the site as an on-going UBC research effort. The
tests used for comparison in this study were:

a) cone penetration test (CPT),

b) down-hole seismic CPT,

c) self-boring pressuremeter test (SBPMT),

d) full displacement presuremeter test (FDMPT) and

e) laboratory drained triaxial compression test.
As only one sand site was tested for this study, three

soundings, MRD-1, MRD-2 & MRD-3 were made using the research

dilatometer to check the repeability of the results.

4.2 Site Geology and Description

McDonald's Farm 1is an abandoned farm at the Northern
edge of Sea Island in the municipality of Richmond (figure

4.1). Sea Island is located between the North Arm and Middle
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Arm of the Fraser River Delta extending westwards into the
Strait of Georgia. The Island is contained by a system of
dykes to protect against flooding from the river. The site
is approximately level with the general ground elevation at
1.6m (Geodetic Datum), and is covered mainly with weeds. The
groundwater table underlying the site is about 1.5m below
the ground surface, and varies with the tidal fluctuation in

the adjacent Fraser River,

Sea Island and its adjacent islands in the Fraser River
Delta are less than about 8000 years old (Blunden, 1975).
Some 8000 to 10,000 years ago, after the ice sheets of the
Fraser Giaciation had retreated, the Fraser River began to
discharge into the Strait of Georgia. Sand, silt and clay
brought down by the river were accumulated along the shore
line to create new land surfaces as the present Fraser River

Delta.

A typical cone penetration test profile is presented in

figure 4.2 and shows that the general soil profile consists

of:
0 - 2m soft organic silty clay
2 - 13m medium to coarse sand; variable density
13 - 15m fine sand, some silt (transition zone)
> 15m soft normally consolidated clayey silt.

Blunden (1975) indicated that the clay silt deposit extends

to at least 150m depth in this part of Sea Island.
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The dilatometer test provides a similar soil profile of
the site, except that the clay silt deposit below 15m is
interpreted as clay. The DMT results of sounding MRD-1 are
presented in fiqures 4.3 & 4.4. The results of soundings
MRD-2 & MRD-3 are 1included in Appendix 1II. The three

soundings show a very high repeatability of the DMT results.

This chapter will discuss only the results obtained in
the sand deposits from 2 - 13m depth. Test results obtained
in the clayey silt deposit from 15 - 30m will be presented

in Chapter 5.

4.3 Soil Deformation Characteristics

With the use of the research dilatometer, deformation
curves (stresses Vs membrane deflection) for dilatometer
tests in the sand at the McDonald's Farm site were obtained.
Typical results from the ;esearch dilatometer tests in dense
and loose sands at McDonald's Farm are illustrated in
figures 4.5 & 4.6 respectively. For comparison, figures 4.7
& 4.8 (Hughes & Robertson, 1984) show typical results of
self~-boring and full displacement pressuremeter tests in the
sands at the same site. The DMT curves are very similar 1in
shape to the pressure expansion curves obtained from
self-boring and push-in (full displacement) pressuremeter

probes.
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For the research dilatometer testing in sand at
McDonald's Farm, there was almost no excess pore pressures
measured during both the penetration and expansion phases of
the test. The measured pore pressures were approximately
equal to the equilibrium pore pressures. The shapes of the
effective stress curve and the total stress curve are
identical and the values of the total stress curve are
larger by the amount approximately equal to the in-situ

water pressure, u, (figures 4.5 & 4.6).

The measured DMT lift off pressures, P,, are higher
than the expected 1in-situ total horizontal stresses, o
(wvhere o, = Ko-a;+u0 assuming Ko20.5). Unloaded-reload
cycles were performed during the expansion phase of some
tests. The slopes of the unload-reload cycles vere
considerably steeper than the slopes of the expansion phase
from P, to P,. After the expansion, the membrane was
deflated and returned to its closed position at a pressure
approximately equal to the in-situ pore pressure, up,. All
these deformation characteristics are observed in
pressuremeter testings in sand. The total and effective
pressure measurements at 1ift off, 1mm deflection and at
closure of the expansion curves are summarized and presented

in Appendix III.

The slope of the straight expansion phase at any stress

level from P, to P, is much less than the slope of the
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unload and reload cycles. This observation indicates that
the soil during the dilatometer expansion test is no longer
elastic after the penetration. As discussed in section 3.1,
the soil in contact with the membrane has experienced stress
relief due to the penetration process. It is therefore
expected that the soil would deform in an elastic manner, at
least to a certain extent, when the soil is reloaded during
the expansion. However, the data presented in figures 4.5
and 4.6 clearly shows that the elastic response of the soil
is exceeded after a very small expansion (less than 1
micronmeter). For the majority of the DMT expansion, the
soil is deformed plastically; except during the small

unload-reload cycles, where the soil responds elastically.

4.4 Modulus
The dilatometer modulus, ED is defined as:

En = 38.2 (Py - Po)= E/(1-pu?) (4.1)

When deriving the above expression, Marchetti (1975 &
1980) assumed that the soil 1is elastic; the membrane is
rigid so that the soil is uniformly loaded by the membrane
without any soil pressure redistribution; and no deformation
occurs external to the loaded area during the expansion.

Though Marchetti used E. only as a correlation parameter, it

D
seems to many users that the Eg expression can give a direct

estimate of a soil's deformation modulus, E, provided that
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Marchetti's assumptions are valid to a certain extent and a
reasonable value of the Poisson's ratio, u, can be assumed.
Equation 4.1 can be rewritten as:
= L .
E (1-u )ED (4.2)
For sands, Poisson ratio usually varies from 0.2 to 0.4. As

to 0.96 E..

a result, the calculated E ranges from 0.84 ED D

From the previous discussion in Section 4.3, it appears
the assumption that the soil 1is elastic during the DMT
expansion 1is not valid. However, Campanella & Robertson
(1983) observed that the dilatometer moduli Ep obtained from
tests in sands was close to the Young's moduli at
approximately 25% of the failure load, E,s. Jamiolkowski et
al (1985) also reported similar findings in normally
consolidated sands from recent calibration chamber test by

ENEL, Italy.

The moduli obtained from Ep appears to provide
reasonable moduli for design in sands for the following
reasons:

1. The stress level during the DMT expansion is
considerably higher than the in-situ stresses, therefore
the soil is somewhat stiffer, and

2. the strain level during the 1mm expansion from P, to P,
is large and the soil deforms plastically, therefore the
soil is somewhat softer.

These two factors, when combined, appear to produce



48

reasonable Young's moduli for most design purposes in sand.

The shear modulus, G, is defined as:
G = 0.5*E/(1+y) (4.3)
Substituting equation 4,2 into equation 4.3, the shear
modulus can be defined as:
G = 0.5*E*(1-u?)/(1+n) (4.4)
Figure 4.9 presents the calculated shear modulus profiles
for the sand at McDonald's Farm assuming u= 0.2 and u= 0.3

and using equation 4.4 (G ranges from 0.35Ej, to 0.4Ej).

The soil deformation curves (stresses Vs membrane
deflection) for the dilatometer tests are similar in both
characteristic and shape to the expansion curves obtained
from the pressuremeter tests. Hughes (1982) and Wroth(1982)
showed that the "elastic" shear modulus of a soil can be
measured from an unload-reload cycle of a pressuremeter
expansion curve. If the soil 1is perfectly elastic in
unloading, then the unloading - reloading cycle will have a
slope equal to 2G. The shear modulus of sand deposits
obtained in this manner appears to be insensitive to the
method installation of the pressuremeter probe. (Hughes and

Robertson, 1984).

It would appear that the shear modulus of sand at the
McDonald's Farm site can also be estimated from the

unloading - reloading cycles of the pressure expansion
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curves obtained from the research dilatometer.

Results of pressuremeter tests are analysed using the
theory of cylinderical cavity expansion. The expansion of a
pressuremeter probe simulates a plain strain cylindrical
cavity expansion. The kind of expansion caused by the
dilatometer membrane is difficult to exactly model. However,
the DMT expansion could be considered to be somewhat between
a flat cavity expansion and a spherical cavity expansion. It
is therefore assumed that the shear modulus of a soil can
also be estimated from the gradient of the DMT unload -

reload cycles obtained from the research dilatometer.

Without knowing the exact kind of expansion that the
dilatometer membrane simulates, it is impossible to
calculate the cavity strain level at the 1mm deflection in
the DMT. However, to simplify this problem, a cavity strain
of 14%, which is equal to 1mm deflection divided by half of
the blade thickness (7mm), is assumed. The unload-reload
shear moduli, Gur' of the sand at the McDonald's Farm site,
calculated from the slopes of the DMT unload-reload cycles
are also presented in figure 4.9. The shear modulus is
assumed to equal one-half the slope of the unload-reload

cycles.

As shown in figure 4.9, the -elastic shear moduli

calculated from the wunload - reload cycles are almost the



51

same as the shear moduli calculated from the dilatometer
modulus, ED.

The profile of dynamic shear moduli of sand (Gmax) at
McDonald's Farm has been determined using a seismic cone
(Rice, 1984). Figure 4.10 shows that the shear moduli, G,
determined from unload-reload cycles and from ED are about

. Similar results

one-fifth of the dynamic shear moduli, Gnax

were found for shear moduli obtained from self-bored and
full-displacement pressuremeter results, corrected for

stress level (Hughes and Robertson, 1984).

When examining the dilatometer expansion curves, there
existed a consistant relationship between the slope of the
unload-reload cycle and the slope of the straight expansion
phase (figure 4.11), It 1is expected that elastic shear
moduli of sand can be estimated using this relationship when
dilatometer tests are performed using Marchetti's standard
instrument. Moreover, with the shear moduli obtained from
this relationship, the shear moduli calculated from the E

D
values can be compared.

Figure 4.11 shows that the slope of the unload-reload
cycle 1is generally about 3.6 times larger than the slope of
the expansion from P, to P,. Similar results have been
observed when comparing the slope of unload-reload cycles

and expansion curves for pre-bored pressuremeter test in
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sand (Brauid, 1980).

4.5 Friction Angle

The profile of friction angle of the sand at McDonald's
Farm has been determined using results obtained from cone
penetration test, self-boring pressuremeter tests and
laboratory triaxial tests (Robertson, 1982). These tests

suggest an average ¢' value of about 40° (figure 4.12 ).

Figure 4.13 presents the three different friction angle
profiles obtained by the dilatometer test using the
following:

1. Marcheﬁti's (1981) empirical correlation,

2, Schmertmann's (1982) method with penetration force
measured at the ground surface, and

3. Schmertmann's (1982) method with penetration force

measured directly behind the Research Dilatometer.

The shape of the friction angle profiles determined by
the three methods are very similar. The average friction
angle obtained using Marchetti's (1981) correlation is about
32°, This wvalue 1is significantly lower than values
determined from the other tests. This agrees with other
observers that Marchetti's (1981) correlation usually gives

values of the friction angle which are too low.
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Schmertmann's (1982) method was based on Durngunoglo
and Mitchell's (1975) bearing capacity theory. The friction
angle values of sand can be directly calculated with the use
of the penetration force measured behind the blade. If
penetration force 1is measured at the ground surface, it is
necessary to first evaluate the thrust at the blade.
Schmertmann (1982) suggested that the friction force acting
along the penetration rods behind the friction reducer could
be neglected. When performing dilatometer tests wusing
Marchetti's standard instrument, it is generally only
possible to obtain the thrust at the ground surface. Figure
4.13 shows that the ¢' values computed using the pushing
force measured at the ground surface are only slightly
higher than the values calculated using the force measured
behind the blade; at some depths the values are almost
identical. This shows that the assumption made by
Schmertmann (1982) that friction along the penetration rods
behind the friction reducer could be neglected is very close
to reality at the McDonald's Farm site. However, this may
not always be valid, especially if the sand 1layer is

overlain by a thick clay deposit.

It is worth mentioning that the values of friction
angle determined wusing Schmertmann's (1982) method are

friction angle derived under condition of pain strain, ¢pé'

) are usually 1° - 4° higher than values derived under

L
ps
condition of axial symmetry, ¢a; (Lee, 1970). However as
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explained by Schmertmann (1982), friction angles determined
using wedge penetration theories are usually conservatively
on the low side. Figures 4.12 and 4.13 show that the values
of ¢pé determined wusing Schmertmann's (1982) DMT method,
have an average of 40°, and are in an excellent agreement

with the values of @' obtained from cone penetration test,

pressuremeter test and laboratory triaxial tests.

The pressure expansion curves in sand are extremely
similar for both the dilatometer test and the pressuremeter
test. In Section 4.4, it has already been illustrated that
the elastic shear modulus of sand can be estimated from an
unload-reload cycle during a dilatometer expansion test
similar to that from a pressuremeter test. In this section,
it is attempted to determine the ¢' values of sand at the
McDonald's Farm site from the expansion curves obtained from
the Research Dilatometer using a method similar to that
proposed by Hughes et al (1977) for self-boring
pressuremeter tests. The friction angle at constant volume,

¢

be 36° (Robertson, 1982). With the use of this $ev value,

cv? for the sand deposits at McDonald's Farm was assumed to
the friction angles evaluated from the expansion curves of
the dilatometer test are obtained and presented in figure
4.14. The method by Hughes et al (1977) uses the slope (s)
of a log expansion pressure versus log cavity strain plot. A
similar assumption has been made for the dilatometer

expansion curves.
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The friction angles determined from the expansion
curves of the dilatometer tests were much higher than the
corresponding values directly calculated using Schmertmann's
(1982) approach. The average ¢' value predicted using Hughes
et al's approach was about 55°. Hughes and Robertson (1984)
obtained similar unacceptably high ¢' values when using the
same method for analyses of full-displacement pressuremeter
results. This once more gives the indication that a
dilatometer test in sand is in many ways similar to a

full-displacement pressuremeter test.

D’ KD and ED obtained

from dilatometer soundings, the shape of the Ej profiles is

When examining the profiles of I

very compariable to the cone bearing profiles. The friction
angle of sands can be estimated from the bearing profiles of
cone penetration tests. Figure 4,15 (Robertson & Campanella,
1983) shows that the values of ¢' are closely related to the
cone bearings. A similar relationship may thus be expected
to exist between the friction angle and the dilatometer

moduli., Figure 4.16 aims to investigate this possibility.

The correlation of friction angle developed by
Marchetti (1981) made use of the dilatometer moduli.
According to the preceeding discussion, Marchetti's
correlation should give a reasonably good estimation of ¢'
values in sands. However, the correlation has been found to

be unsuccessful perhaps because it was derived based on



