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Current status of the Marchetti dilatometer test

Alan J.Lutenegger
Clarkson University, USA

ABSTRACT: The use of the Marchetti Dilatometer Test is rapidly expanding worldwide such
that the test is becoming one of the premier in situ tests available to the geotechnical

profession.
current usage is presented.

The current state-of-the-practice of the test is described and a summary of
A review of the procedures for determining conventidnal

design parameters of soils and an assessment of the guality of predicted field performance

is presented and discussed.

1 INTRODUCTION

The Marchetti Dilatometer Test (DMT) has
rapidly grown in the past decade to one of
the more popular in situ tests available.
to researchers and . practicing engineers.
This rapid growth seems to reflect a need
in the geotechnical profession for simple,
rapid, and cost-effective tools to charac-
terize sites for geotechnical projects. The
DMT seems to possess most of the preferred
qualitites of in situ tests, i.e., it is
simple to operate, rugged, non-electronic,
can be used with a wide variety of practical
insertion equipment and appears to give
very reproducible results.

In situ tests fulfill a very real need of
many practicing engineers; namely, they
provide rapid estimates of soil parameters
for predicting field performance of real
structures. This is true of both long-
standing tests, such as the Standard Pene-
tration Test and Vane Shear Test, and
relatively newer tests, such as the Dila-
tometer Test. However, even tests with a
long history. of use by the profession are
not without problems, e.g., the high ]
variability of the SPT and the need for a
shear strength correction obtained from
the field vane.

Like all soil tests, the DMT may have
limitations and may not apply to all
geotechnical materials and problems. The
purpose of this paper is to provide a
review of the current status of the DMT

providing such a review, it is appropriate

to briefly look at where the test has been,
what changes have occurred and finally what
new developments have recently taken place.

At the preparation of this paper, it is
evident that the worldwide use of the DMT
has expanded significantly in the past 10
years. This is made obvious by the wide
range of materials wherein the test has
seen use. .Using predominantly information
available in the open literature, Table 1
summarizes reported usage by the profession
not including theoriginal work presented by
Marchetti (1980). Quite obviously, practic-
ing engineers, who are by nature keen to
expand any technique to new areas, probably
have encompassed an even wider range of
materials.

Even so, Table 1 clearly demonstrates
that the DMT has been used in a brcad range
of materials: cohesive and cohesionless;
saturated and partially saturated; normally
consolidated and overconsolidated; "gquick"
and very stiff; natural and artificial.
There appear to be only minor limitations
in regard to use of the DMT in natural
geologic materials, namely, bouldery glacial
sediments or gravelly deposits, both of
which resist penetration and may damage the
blade and/or diaphragm. Offshore use of the
DMT has been reported by Marchetti (1980),
Burgess (1983), Sonnenfeld et al. (1985)
and Lacasse and Lunne (1988). A specially
designed DMT for offshore use is currently
under development at NGI.

with respect to both predicting conventional
geotechnical parameters and predicting field
performance of geotechnical works. In
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Table 1. DMT tested materials.

Material Reference:

‘Lacasse and Lunhe
(1983)

Fabius (1985}
Bechai et al.
Hayes (1986)
Lutenegger and Timian
(1986)

Lutenegger (1987)
Minkov et al. (1984)

Sensitive marine
clay

(1986)

Soft non-gensitive

clays Ming-Fang (1986)
Saye and Lutenegger
(1988a)

Lacustrine clay Chan and Morgenstern
(1986)

Glacial tills and/ Davidson and Boghrat

or very stiff over- (1983)

consolidated clays Schmertmann and Crapps
(1983)
Powell and Uglow
(1986)

Sand Schmertmann (1982)
Baldi et al. (1986)
Clough and Goeke

" (1986)

Lacasse and Lunne
(1986)

Schmertmann et al.
(1986)

Campanella and
Robertson (1983)
Konrad et alwn (1985)

Deltaic silt

Loess ILutenegger and Donchev
(1983)
Hammandshiev and
Lutenegger (1985)
Lutenegger . (1986)

Peat Hayes (1983)
Kaderabek et al.
(1986)

Compacted ¥ill Borden et al. (1985)

Industrial slime GPE . (1984)

Soft/medium rock Sonnenfeld et al.
(1985)

2 CONDUCTING THE TEST

The DMT consists of a flat-plate pene-
trometer which is instrumented with a
flexible, circular diaphragm mounted on
one face of the blade and a console to
provide operational control. The diménsions
and geometry of the blade are shown in Fig.
1. A detailed recommended procedure for
conducting the test has been presented by
ASTM Subcommittee D18.02 (Schmertmann,
1986a)and will only briefly be summarized
here.
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Figure l.. Marchetti Pilatometer

‘Immediately after the blade is forced into
the ground to a desired test depth, prefer-
ably by quasi-static penetration, the
flexible diaphragm is expanded by compressed
gas. As gas pressure is slowly increased
and the membrane moves outward against the
soil, an electric signal identifies the
pressure required for the diaphragm to lift
off the plane of the blade. As diaphragm
expansion continues, a second electric
signal denotes when a central diaphragm
expansion of about 1 mm is reached. The
two pressures are denoted as the A- and B-
Reading, respectively. These pressures are
corrected for diaphragm inertial resistance
via a simple calibration procedure such
that:

P, = A + A correction (1)
p, = B - B correction (2)

The pressures po and p; are used along
with an estimate of the vertical effective
stress, Ogyo, and in situ pore pressure, Ug.
at the elevation of the test, to provide
three indices denoted as:

P)"Py
Material Index; I_ = (3)
D pP.-u
o
P -uo
Horizontal Stress Index; Rb =5 (4)
vo

Dilatometer Modulus; ED = 34,7 (pl-pb) (5)



The use of these indices for predicting a
variety of soil parameters was proposed by
Marchetti (1980) who presented a gseries of
empirical correlations based on more con-
ventional laboratory and field test data.
The interrelationships between these index
values and soil parameters proposed by
Marchetti (1980) and others are summarized
in Table 2.

A third pressure reading designated as C
may also be obtained by controlled gas
deflation after obtaining the B-Reading and
denotes the pressure at which the diaphragm
recontacts the plane of the blade. The
pressure p, is obtained from the C-Reading
as:

p, = C - A correction (6)

This pressure reading has only recently
been introduced and its use has not been
fully investigated. An additional DMT
index has been proposed (Lutenegger and
Kabir, 1988) which has the form:
pP.~u
-_2 O (7)

U
D -
PO uO

The use of Up will be discussed further in
a later section.

3 ESTIMATING SOIL PARAMETERS

One of the main uses of the DMT is to
provide estimates of a number of con-
ventional soil parameters, e.g., undrained
strength, Ko, compressibility, etc. Since
the test may be conducted at intervals of
about 20 cm, for many projects a large
amount of data is obtained. This allows:
the use of statistical analyses for
probabilistic designs. Since tests may be
initiated at depths as shallow as 20 c¢m,
this may be particularly advantageous for
pavement subgrades, shallow foundations

and laterally loaded pile problems. As with
most in situ penetration tests, the values
obtained are estimates; the use of which is
often to give the range of actual values.
Quite often the use of penetration tests is
in the form of preliminary site investi-
gations and the tool is used for rapid
identification of problem layers where more
detailed in situ or laboratory tests may be
required. However, the DMT has often
provided accurate estimates of soil proper-
ties and therefore it is appropriate to
review these predictions.
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Table 2. Interrelationships between soil
parameters and DMT Indices.

Soil Parameter DMT Index Reference
s (clays) I, Marchetti
4 o’ ' (1980)
¢' (sands) Ip. Kp, Schmertmann
thrust or (1982)
adjacent qc Marchetti
' (1985)
K (clays) I, Marchetti
° o’ ' (1980)
Marchetti
- (1986)
Ko (sands) Kb, thrust Schmertmann
(1982)
OCR (clays) I, Marchetti
p’ ' (1980)
OCR (sands) K, thrust GPE
(1983)
M I, . Marchetti
' %' % l5e0)
E, I, Robertson
* p* " et al. (1988)
E Campanella
25 ED and Robertson
(1983)
Baldi et al.
(1986)
Cyclic stress Kb Robertson and
ratio to cause Campanella
liquefaction (1986)
kh (subgrade po, Kb Schmertmann
reaction and Crapps
modulus) (1983)
Robertson
et al. (1988)
CBR ED Borden et al.
(1985)

3.1 Site Stratigraphy

The Material Index, ID’ given in Eq. [3]
was used by Marchetti (1980) as a simple
means of identifying soil type. Although
no specific values could be related to
grain-size distribution, the value of ID
appeared to be reproducible in similar
materials and had a range of only about 2
magnitudes roughly 0.1 to 10.0. Marchetti
proposed a simple classification scheme,
shown in Table 3, so that the engineer
would have some means of identifying soil
type. This is particularly appealing to
engineers since no sample is obtained.
Similar schemes are used in other pene-~
tration tests such as the CPT and CUPT.

I, is a measure of the relative change
from poto P with respect to the original



Table 3. Proposed Soil Classification
Based on I_.

D
Peat or CLAY SILT SAND
lSensiuvc clays 1 siley] Clayey] | Sandy | Siicy | :
ID values 0.10 0.35] 0.6 0.9 1.2 1.8 3.3
SAND b
1t
300 ;
} .
!
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]
.
£ 200- |
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w oo
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Figure 2. Degree of Dissipation of Excess
Pore Water Pressure 1 min. After Penetra-
tion as a Function of ID (Davidson and
Boghrat, 1983)

P,» corrected for static pore water pres-
sures. Using an instrumented DMT,
Campanella et al. (1985) showed that in
soft clays, the increase in pressure during
the expansion from p_ to P, was equally
matched by an increa8e in pore water
pressure; while in sands, the pressure
increase from p_ to p, occurs without
generating pore water pressures, and is a
real measure of soil response. Therefore,
one might logically conclude that I_ is a
measure of the response of the soi? to the
increased cavity expansion. As will be
shown later, in soft clays, p_ should
closely predict P, from a pressuremeter,
while in overconsclidated clays and sands,
P. is closer to p,. I  also reflects the
degree of drainagé which takes place in a
particular soil and therefore should be
related to permeability or the coefficient
of consolidation, Fig. 2.
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uncorrected field vane results.

Is I a material property or is it
dependent on other parameters, such as
degree of saturation, etc? The writer
conducted a series of tests at a site in
which partially saturated silts were
artificially wetted. After each successive
wetting, a DMT profile was conducted,
Results are shown in Fig. 3. With increasing
saturation there 1s a systematic
decrease in and E_ as the material
becomes softer, however, the Material Index
1., remains essentially constant, indi-
cating the same material type. Similar
results have been reported by Schmertmann
(1982) and Lacasse and Lunne (1986) in
compacted sands.

It is the writer's opinion that I_ may
be potentially useful as a measure of other
soil properties such as semsitivity in
cohesive soils. However, at the current time
it 18 used predominantly as an approximate
indication of soil type and as a qualifier
for application of empirical correlations.

3.2 Undrained Shear Strength |

Marchetti (1980) suggested estimating 8, 1
based on:

5y = £ )

This relationship is based on the sug-
gestion by Ladd et al. (1977) that:

(8]

su
(;T-)

svo 0C = OCR® (9]
=)

%0 NC

i.e., many clays exhibit normalized
undrained shear strength behavior. Thus,
the estimate of undrained strength pro-
vided by the DMT is via OCR through the
empirical relation to K ,which is in turn
linked directly to p_ as given by Eq. [4].
However, as reviewed herein it can be
shown that s alsocarrelates to theDMT.via
limit pressure or pore pressure behavior concepts.

Several investigations (e.g., Lacasse
and Lunne, 1983; Fabius, 1985; Greig etal.,
1986; Lutenegger and Timian, 1986; Ming-
Fang, 1986) have shown that the DMT predic-
tion of undrained shear strength in soft
saturated clays compares very well with
In stiff
overconsolidated clays, the current
correlation appears less accurate. Why does
the DMT provide accurate results of s in
soft clays and how accurate is it?

The quality of the correlation between

Su(pur) 2nd Su(reference) °f course depends
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Figure 4. Comparison Between DMI P, and
Penetration Pore Pressures from Piezoblade
in Normally Consolidated and Lightly
Overconsolidated Clays

on the quality of the reference measurement.
This discussion will assume that the

uncorrected 8 from the field vane repre-
sents the "moSt likely" value of undrained
shear strength. Problems associated with
misuse of the vane in materials which are
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to Changes in Saturation in a Silt

too stiff or do not remainundrained during
testing or problems of soil variability
will be neglected. Additionally, it should
be left up to the engineer's discretion
whether or not to apply a vane correction
depending on the design problem,

As noted, the current estimate of s
indirectly makes use of the p_ pressure
reading, which is normally obfained within
15 to 30 sec. after penetration. Several
studies (Davidson and Boghrat, 1983;
Campanella et al., 1985; Lutenegger and
Kabir, 1988) have shown that in soft
saturated clays (OCR<2) the DMT is essen-
tially an undrained test and p_1isdominated
by penetration pore water pressures.
Figure 4 shows a comparison between poand

exces measured with a DMT Piezoblade 15
s€C. a?ter penetration. It can be seen
that in these materials the p_reading
primarily reflects penetratiog pore water
pressures.

Cavity expansion theory (Vesic, 1972;
Ladanyi, 1963) and strain path analysis
(Baligh, 1985) for cylindrical penetro-
meters accurately predict undrained shear
strength from penetration pore water pres-
sures for normally consolidated and lightly
overconsolidated (non-dilating) clays.
Thereforend hgutd o becton prieine
8y in these materials provided that sub-
stantial pore water pressure dissipation
does not occur in the time required to
obtain p . Mayne (1987) has shown that
despite €he differences in geometry, the DMT
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P. is nearly identical to pore water
pressures obtained behind the base of a
plezocone., 1In the case of a cylindrical
piezocone Robertson and Campanella (1983)
suggest that, based on cavity expansion
theory the undrained shear strength for
normally consolidated clays can be esti-
mated as:
3 < 4u
u

<5 f10]

for a cylindrical cavity with Au =

(umeasured-uequilibrium) measured behind
the cone. Since the penetration of the

DMT represents some formof cavity expansion
and p_ in soft saturated clays 1is predomi-
nantly excess pore water presures, one might
expect a relationship similar to [10] to
exist for the DMT.

A preliminary check on this approach is
shown in Fig. 5, which presents data obtained
in normally consolidated clays by the writer.
It appears that this approach indeed has
some merit with the values generally ranging
from: -
Ps%

8
u

The range in values no doubt reflects
differences in rigidity index and other
factors relating to cavity expansion.
The accuracy of the prediction of s
appears to be strongly linked to propgr
s0il identification through the use of

3 < <9 [11]
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Figure 6. Accuracy in Estimate of DMT
s, (as proposed by Marchetti, 1980) as
a Function of L

the Material Index, I.. This is illus-
trated in Fig. 6 whicR compares the
measured error in s between DMT and
field vane and I_ fOr a number of clay
sites investigated by the writer. Asthe
material index increases, it appears that
the accuracy in predicting s_ is reduced.
This no doubt reflects the fact that with
increasing more pore water pressure
dissipates as the test in conducted. If
one takes 20Z to be the acceptable error,
Fig. 6 suggests that s_ estimates should
be restricted to values less than about
0.33. This value roughly coincides with
the limit shown by Davidson and Boghrat
(1983) for approximately 57 penetration
pore pressure dissipation after 1 min.
One encouraging point noted in Fig. 6 is
that the DMT consistently underpredicts
s .
u

The data shown in Fig. 6 suggest that
for various values of I, a simple cor-
rection may be applied Eo the current DMT
empirical correlation to bring the estimate
of 8, to within acceptable limits. However
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this correction should be used with caution
considering the degree of scatter indicated
in Fig. 6.

Results obtained in stiff overconsclidated
clays (e.g., Powell and Uglow, 1986) seem
to indicate that the current relationship
for estimating s from the DMT is not as
accurate, sometimes overpredicting and
sometimes underpredicting s . However,
the comparisons have not been with field
vane, but with other field tests (e.g., PMT,
Plate Load) or laboratory tests (e.g., UU
triaxial).

Powell and Uglow suggested that in highly
overconsolidated clays and tills the nor-
malized undrained strength could be
expressed as a function of . This is
essentially the same as comparing 5,
directly to P, as previously shown in
Fig. 5 since both are normalized with
respect to o' . Figure 7 shows pore
pressure measurements obtained from
Piezoblade and DMT p_ values in overcon-
solidated (2.5 < OCR < 10) soils. 1In
contrast to results obtained in more
normally consolidated clays and shown in
Fig. 4, data from overconsolidated clays
clearly show that p_ is predominantly
greater than u . Therefore, in

excess
overconaolidateﬁ ciays there is a compo-
nent of P, which is attributed to soil
resistance, which may be regarded as the
"overstress" created by penetration of the
blade. In light of these data, it is not
surprising that current empirical correl-
ations do not predict s_ as accurately as
in normally consolidated materials.
3.3 Stress History
The estimation of soil stress historyusing
the DMT was proposed by Marchetti (1980)
by correlating with OCR from oedometer
tests. Marchettl restricted the use of the
correlation to "materials free of cementa-
tion, attraction etc. in simple unloading"
and for I_ < 1.2. Unfortunately, many
natural soils do not fit this description
for one reason or another and therefore
attempts have been made to apply the
correlation outside the original scope.
This is only natural, since engineers deal
with a multitude of materials and
wish to extend the use of any tool to its
practical limits.

Recently, Mayne (1987) has reviewed the
existing literature and proposed a simple
relationship between the "effective" DMT
p. (p.—u ) and vertical preconsolidation
sfres8 oBtained from stress controlled
incremental oedometer tests, p'. These
data are shown in Fig. 8 and include an
additional 32 data points obtained by the
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writer in a variety of materials. The
simple relationship between p' and p
indicated in Fig. 8 is similaf to thit
presented by Marchetti (1980) since both
OCR and are normalized with respect to
the effective overburden stress.
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An alternative approach to determining
stress history has been proposed utilizing
the p, reading (Lutenegger and Kabir, 1988)
in wh%c
parameter U_.
since it maEes
of the penetration pore pressures via
as will be discussed.

In normally consolidated clays in which
p. = o! 1t should not be surprising that

c v

P,u accurately predicts p' since p_is
dominated by penetration pofe water
pressures. Thus if p 18 accurate in
predicting. s, and s /a"ro
constant, a test whicﬁ accurately predicts
one will automatically predict the other.
However, the data of Fig. 8 suggest that
P, provides reasonable values of pé over

a wide range of OCR.

One of the most often asked questions in
critique of the DMT is "how can a test
which presumably measures soil response
in the lateral direction predict vertical
soil properties"? The answer to this
question lies partially in the fact that
in softer more normally consolidated soils,
the p reading is dominated by pore water
pressures, as previously discussed. In
these materials, 1f s /p' is approximately
constant, then the p “vafue reflects both
8 and p', However,oit may also be that

u c

a large percentage of naturally occurring
sediments are not highly anisotropic with
respect to oedometric . yield stress and

This approach is attractive

Py

h the OCR is directly related to the

use of the approximate value

is approximately
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compressibility, both of which are con-
trolled in large part by soil fabric.

During the course of research work
connected with the DMT and other projects,
the writer has conducted a number of
oedometer tests on undisturbed Shelby tube
and piston samples with samples oriented
in the horizontal direction, such that the
preconsolidation stress normal to the
ground surface and therefore parallel to
the DMT may be determined. A comparison
between the ratio of horizontal to verti-
cal preconsolidation stress and vertical
OCR for all tests is shown in Fig. 9.

Also shown are available tests from the
literature.

These results indicate (quite unexpect-
edly to the writer) that there is no
significant trend in p' /péV with changing
OCR. This is probably due to the fact
that the majority of the samples represent
geologic materials which have not been
physically preloaded, and thus the apparent
preconsolidation pressure obtained from
oedometer tests is a result of some other
phenomenon, such as, freeze-thaw, shrink-
swell, fluctuations in water level, etc.
There is not sufficient evidence to indi-
cate that such materials should be aniso-
tropic with respect to yield stress in K0
loading. Some of the scatter indicated
in Fig. 9 may also derive from sample
disturbance and other problems assortated
with determining pé, e.g., graphical
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interpretation. -

In light of these data, the relationship
between p, and p' presented in Fig. 8 may
be reasonable, Irrespective of OCR. In
order to further investigate the response
of p_to horizontal yield stress, Fig. 10
presents a comparison between corrected
P, and pé for tests conducted by the
writer. ?hese data fall within the
correlation range suggested by Mayne (1987)
for vertical p' as previously shown in

: c
Fig. 8. :

3.4 Lateral Stress Ratio, Ko

Because of its geometry, the DMT largely
records the horizontal response to pene-
tration when placed vertically. Thus, a
measure of horizontal total stress is
obtained, which Marchetti used to define
a horizontal stress index s Eq. 4. In
recent years, engineers have become
increasingly aware of the influence that
horizontal ground stresses have on engi-
neering behavior. Schmertmann (1985)
recently summarized a number of engineering
problems wherein the lateral stress invokes
a significant influence, Table 4.

The value of was directly related to
Ko by Marchetti (1980) primarily using the
empirical relation to OCR presented by
Brooker and Ireland (1965). The initial
correlation appeared to be independent of
soil type (excluding sands) and stress
history and therefore has been used by a
number of investigators.
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Table 4. Qualitative Effects of Changing
K on Engineering Behavior (Schmertmann,
1985). (arrows show direction of usual
less conservative behavior)

In Situ
High X

Engineering Behavior
Low K

Bearing Capacity
Slope Stability

safety decreases
-

safety decreases

Fracture of Dams ‘safety decreases

g
Pressure on Walls - increases
Pile Friction decreases
Settlement/Deformation ﬂ- increases

Liquefaction safety decreases

Ground Treatment " more difficult
Improvement e

One of the difficulties in establishing
a direct relationship between KD and Ko is
that a reference value of K is difficult
to obtain. Unlike other sofl parameters
such as undrained strength or compressi-
bility, which may be reasonably determined
by acceptable methods, there is no specific
technique which is agreed upon by the
profession as the preferred method for
determining Ko' Several recent investi-
gations have made use of other field or
laboratory tests to compare the K_value
obtained using the DMT: e.g., pusﬁ-in
spade cells (Chan and Morgenstern, 1986);
K -Stepped Blade (Lutenegger and Timian,
1886); prebored pressuremeter (Powell and
Uglow, 1986); hydraulic fracturing and
laboratory correlations (Lacasse and Lunne,
1983); and self-boring pressuremeter
(Clough and Goeke, 1986).

These and other studies indicate that
K_values derived from the DMT correla-
tlon are nearly all within a factor of
about 1.5 for a wide range of materials.
Many geotechnical engineers are now
comfortable with horizontal stress measure-
ments obtained with the self-boring
pressuremeter as a reference test. The
writer suspects that within the next few
years, a number of gtudies will be avail-
able to combine SBPMT and DMT data to help
refine the KD prediction of Ko'»

Based on calibration chamber tests in
sands, Baldi et al. (1986) have suggested
that K be determined using both DMT K
values and adjacent CPT penetration data.
The proposed equation for predicting K
has the form: °

- - L
Ko 0.376+0.095KD 0.00172 qc/ovo [12)



Of course the drawback is in having to
assess the CPT value 9.

One area in which thé DMT appears
particularly useful is in the assessment
of changes in horizontal stress which have
occurred as a result of induced loading,
excavation, landslides, or other changes.
In this case, the DMT offers the ability
to rapidly and inexpensively obtain data
to compare the relative changes in hori-
zontal stress, e.g., as a result of pre-
loading under known stress history (Saye
and Lutenegger, 1988a).

3.5 Deformation Characteristics

3.5.1 Constrained Modulus

Expansion of the DMT diaphragm from p_ to
P, produces a known displacement whicf was
used by Marchetti to define the Dilatometer
Modulus, E., as given in Eq. [5].
(1975) haJ)previously suggested that the
DMT expansion could be used to define a
lateral subgrade reaction modulus value,
however engineers are more often in need
of a deformation parameter for

settlement estimates. Marchetti thus
proposed a correlation between E., , and
M, the local oedometric constrained modu-
lus at the effective in situ overburden
stress, o'o . More specifically, the
correlation is for the local reload
modulus, Therefore, in normally consoli-
dated soll,the DMT should not be expected
to provide information about the reload
modulus and in overconsolidated soil

the DMT will provide no direct measure-
ment of the virgin compression
modulus. .

Schmertmann (1981) had shown that the
values of M estimizted by the DMT were
generally within a factor of about 2 when
compared with laboratory oedometer tests.
Other studies have generally indicated
about the same accuracy in both clays and
sands (e.g., Lacasse and Lunne, 1982;
Lutenegger and Timian, 1986; Ming Fang,
1986; Lacasse and Lunne, 1986; Borden et
al., 1986). Baldi et al. (1986) note )
that, in the case of calibration chamber
tests on overconsolidated sands, the
Marchetti correlation results in a pro-
nounced underestimate of M.

There is a distinct advantage in esti-
mating M, which is particularly appealing
to practitioners, since the Janbu (1963,
1967) technique for estimating settlement
may be used. The relative accuracy of
the estimate of M was clearly demonstrated
by Schmertmann (1986a) who compared DMT

settlement estimates with measured
settlements over a wide range in magnitude.
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The real excitement in the data 1s that
if one is interested in a rapid estimate
of settlement for preliminary design the
DMT appears particularly accurate! The
writer has replotted settlement values
obtained by Schmertmann (1986b) and
included six additional case histories
which have been independently investi-
gated using this procedure, Fig. 1ll.

It is obvious to the writer that con-
strained modulus values for comparison
with the DMT should be obtained from back
calculated settlement records on projects
wherein an exact determination of footing
or other loading stress may be made. It
should also be kept in mind that the
accuracy of predictions with regpect to
field performance is also dependent upon
the variability associated with the use of
the mathematical model involved. This
applies to any test.

3.5.2 Elastic Modulus

In many design situations, the engineer
may need an estimate of elastic modulus,
E, e.g., for use in drilled shaft design
or immediate settlement estimates. Depend-
ing on the design problem, a different
value of E may be required, i.e., Ei’ E
etc.

Davidson and Boghrat (1983) suggested
that in highly overconsolidated clays, the
value of E,, obtained from unconsolidated
undrained triaxial compression tests could

25’



Table 5. Suggested Correction Factor F

For Use in Eq. [13].

Soil Type Modulus F  Ref.

Cohesive soils Ei 10 Robertson et al.
(1988)

Sand Ei 2 Robertson et al.
(1988)

Sand EZS 1 Campanella
et al. (1985)

NC Sand E25 0.85 Baldi et al.
(1986)

OC Sand E25 3.5 Baldi et al.
(1986)

be related directly to the DMT using a

factor of about 1.4, Recently, Robertson

et al. (1988) have suggestedfactors of 10
and 2 for clays and sands, respectively,
for use in laterally loaded pile design.
All of these results suggest a simple
correction factor of the form:

E=F ED [13]
Table 5 presents suggested factors of F
for different materials.

Baldi et al. (1986) presented results of
calibration chamber tests on pluviated
sands over a wide range of relative
densities and compared E. to E,. obtained
from CK D triaxial compression tests for
both the normally consolidated and over-
consolidated condition. Their results
follow the form of Eq. [13] and are
included in Table 5. For normally con-
solidated sands, a value of F=1 was also
suggested by Campanella, et al. (1985) to
estimate E, ..

Borden et al. (1985) suggested a rela-
tionship between the initial tangent
modulus from unconfined compression tests
on partially saturated compacted A-6 soil
and ED which had the form:

1.298
Ei 0.142 ED*_

[14]
The writer reanalyzed these data to fit
into the form of Eq. [13] and found that
the value of F ranged from about 0.4 to
l.1.

The writer was curious about the varia-
tion in factor P for estimating the
initial tangent modulus. If relates
to soll stiffness, then it should be
suspected that the value of F is related
to ID. Figure 12 presents a comparison
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Ei/E]2 in Cohesive Soils as
E
compression)D

N from UU triaxial

of E /ED as a function of I,- E values
were obtained from UU triaxial compression
tests at confining atresses equal to total
horizontal stress estimated from the DMT.
The trend of decreasing F with increasing
I 1is in agreement with Table 5 and again
indicates the importance of ID.

3.6 Drained Friction Angle in
Cohesionless Soils

The penetration of the DMT blade in sands
and other freely draining soils represents
a drained bearing capacity failure approx-
imating a plane-strain condition. Since
the failure condition is controlled by the
frictional strength component and in situ
state of stress in granular materials, it

"is reasonable to expect that the results

from the DMT may be used to determine ¢'.

A procedure for obtaining the effective
axi-symmetric friction angle in sands was
presented by Schmertmann (1982) using the
wedge penetration theory of Durgunoglu and
Mitchell (1975) and is attractive since it
incorporates the horizontal effective
stress which is estimated during the DMT.
This technique requires measurement of the
pushing thrust to advance the DMT, such
that an estimate of the tip resistance may
be obtained. This measurement may be made
using an appropriate load cell which ideally
should be located immediately behind the
blade.



L}

An alternative approach was recently pro-
posed by Marchetti (1985), but this procedure
requires parallel electric CPT data. The
technique essentially makes use of the
stress ratio estimated from the DMT and
the tip resistance requires more effort
and is subject to discrepancy associated
with reproducing adjacent test results.

Comparisons between calculated values of
¢' and reference values are relatively
scarce in the literature. Using the
Schmertmann (1982) technique, Clough and
Goeke (1986) obtained values within an
accuracy of about 157 for gravelly sand
compared with laboratory triaxial
compression tests.

4 PREDICTING FIELD PERFORMANCE

The -real value of any soil test is in its
ability to accurately predict field perfor-
mance. In addition to obvious uses as a
site profiling tool and in obtaining pre-
dictions of conventional soil properties,
several more direct applications of the
DMT to specific engineering problems have
been reported. Table 6 presents a current
summary. The list is no doubt larger
since the application of the DMT is rapidly
expanding and new uses are continually
being investigated. '

Most of the current applications of the
DMT to real engineering design problems
make use of conventional soil parameters
predicted by the DMT. Therefore the
accuracy of the predictions generally
indicate the ability of the DMT to accu-~
rately predict properties.

In the case of quality control wherein
the DMT has been used to investigate
changes in parameters, the DMT may find a
new use in investigating the effect that
changing in situ lateral stress has on
other in situ tests, e.g., SPT, CPT, VST,
etc.

The success of the DMT to accurately
predict performance has generally been
linked to a design approach based on an
accepted engineering practice. Thus, at
the current time, conventional design
procedures using DMT derived conventional _
801l engineering properties are generally
being used. This 1e in contrast to a
hybrid design approach which is often
used with other in situ tests; for
example, the pressuremeter approach to
foundation design based on E_ or P,.

The writer considers this a distinCt
advantage of the DMT and an attribute
which should make the test more appealing
to practicing engineers.

Table 6. Current Reported Application
of DMT for Design.
Application Reference
Settlement Prediction  Schmertmann(1986b)
Hayes (1986)
Saye and
Lutenegger(1988b)

Schmertmann and
Crapps (1983)
Robertson et al.

(1988)

Laterally Loaded
Driven Pile Design

Marchetti et al.
(1986)

Skin Friction of
Axial Loaded Piles

Load on Buried Pipe Schmertmann

Liquefaction Potential
of Sands

Marchetti (1982)
Robertson and
Campanella(1986)

Schmertmann (1982)

Schmertmann et al.
(1986)

Lutenegger (1986)

Lacasse and Lunne
(1986)

Compaction Control/
Verification

Ultimate Uplift of
Anchor Foundations

Lutenegger et al.
(1988)

Bechai et al.
(1986)

Transmission Tower
Foundation Design

Schmertmann and
Crapps (1983)

End Bearing, Side
Friction and Settle-
ment of Drilled Shafts

Earth Pressures on
Existing Retaining
Walls in Distress

Schmertmann (pers.
comm. 1987)

5 RECENT DEVELOPMENTS
5.1 Penetration Pore Pressure

Davidson and Boghrat (1983) had clearly
shown that in some cases large penetration
pore water pressures could be generated
when a flat plate with identical geometry
to the DMT was forced into saturated soils.
Campanella et al. (1985) demonstrated that
the corrected DMT closure pressure, p.,,
obtained by deflation after obtaining”the
P, pressure could be used to estimate .such
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Figure 13. Use of U_ for Site
Stratigraphy

pore water pressures. In sands, where the
test measures predominantly drained
behavior, the p, reading reflects
the initial in situ water pressure u_ . In
saturated clays, in which little dra¥nage
occurs, the pressure P,y reflects both
initial and ‘excess pore water pressure
generated during penetration. The generated
pore water pressures may be as high as
seven times the initial pore water pressure
in soft clays (Lutenegger and Kabir, 1987).
The parameter U , defined by Eq. [7] has
shown to be usequ in determining site
stratigraphy, as shown in Fig. 13. Varia-
tions in U reflect drainage conditions
and, for a given soil, the tendency for
generating positive pore pressures, which
one can expect to vary with the stress
history of the soil. " Therefore, one should
logically expect a relationship between U
and OCR. Availlable data from oedometer
tests for a number of sites are shown in
Fig. 14. Additionally, if both U, and L
are an indication of soil type, one shou?d
expect a strong relation between these two
parameters. Combined data from several
sites are shown in Fig. 15 and verify this.
It 1s clear to the writer that the p
pressure and U_ provide additional 1nsight
into the drainage conditions and pore
pressure surrounding the DMT. At this time,
the full implications of p, are not known,
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however, the writer recommends that the
deflation C-Reading should be obtained as
a routine part of every DMT.

5.2 ~ Pore Pressure Dissipation

The dissipation record of excess pore water
pressures following penetration of a cylin-

drical probe, i.e., plezocone, into
saturated soils may be used to estimate
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the horizontal coefficient of consolida-
tion, ¢, {Torstenssen, 1975; Baligh and
Levadeaux, 1986, Gupta and Davidson, 1986).
Similarly, the rate of pore water pressure
dissipation from the face of a flat--plate
may also provide an estimate of c,. As
previously discussed, it appears %hat the
DMT closure pressure p, closely approxi-
mates initial plus excess generated pore
water pressures; therefore one might
suspect that a timed sequence of P,
measurements may provide the necessary
information to estimate the time-rate of
pore water pressure dissipation.

Marchetti et al. (1986) have shown that
a time-dependent decay in the P, pressure
may be used to estimate the reconsolidated
horizontal effective stress after penetra-
tion, which would be useful for effective
stress analysis for vertical driven pile
design., However, this decay is a measure
of the rate of total horizontal stress
dissipation, which would be expected to be
similar to that obtained by others using

~ total stress spade cells (e.g., Massarsch,
1975; Tedd and Charles, 1981).

Baligh et al. (1985) have shown that for
a cylindrical probe, the dissipation rates
of excess por er pressure and horizon-
tal total stress acting at the face of the

D e
probe are mot the d therefore one
{would not be able to estimate c_from a
total stress dissipation record. A com-
parison between the change in p_and the
pore pressure dissipation from he face of
a DMT blade instrumented to megsure pore
pressures give similar results, as shown
in Fig. 16. It is important to note that
the DMT ' dissipation test was conducted
without performing an expansion test;
i.e.; after the first and all subsequent
p.:-was.obtained, the pressure was released
80 that no further expansion of the
diaphragm would occur.

If a full DMT expansion cycle is
obtained, and then timed measurements of
the p, closing pregsure are recorded, the
_pressiure dissipation curve more closely
matches the Pleézoblade dissipation diss-
pation curve, Fig. 17. In this case it
is of interest to note that the reexpan-
g}ggmgo values are nearly identical to
the p., closure pressures. This may indi-—
cate that the p, expansion to 1 mm has
created a cavity between the blade and
the soil.

At the present time, no theoretical
solution is available to calculate the
time-rate of consolidation using pore
water pressure dissipation rates from
flat plates. However, based on the theo~
retical time factors for a cylindrical

probe, Robertson -et al. (1988) have.proposed

a.technique to estimate c, from the DMT.
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5.3 Comparison with Other In Situ Tests-
PMT : ' -
Campanella et. al (1985) noted that the
DMT penetration might be sufficient to
produce a limit pressure in soft clays,
keeping in line with cavity expansion
theory. However, because of timé-rate
effects, location of the membrane in rela-
tion to the tip, etec., the p ' miay actually
be less than the 1imit pressure, P, . In a
prebored pressuremeter (PMT) test engineers



normally define the limit pressure at two
times the initial cavity volume for prac-
tical reasons, in contrast to thé infinite
volume ratio which occurs in the DMT which
expands from zero thickness to the thick-
ness of the blade. This would make P

less than Additionally, pore pressure
dissipation may occur during the PMT
expansion test which normally takes about
20 minutes compared with the approximately

“30 seconds required to obtain P, This
would also reduce P. vs. p . As noted by
Campanella et al. (&985) the DMT expansion

to obtain p. may reestablish PL'
Powell an& Uglow (1986) compared the
limit pressures obtained from pressuremeter

tests (Menard, self-boring and push-in
types) to the p, DMI pressures at three
stiff clay sites in the U.K, The bulk of
their data fell within the range of P =
P, top, = ;l&~?L'

Field tests conducted by the writer
using a prebored Menard PMT to obtain
limit pressures in soils ranging from very
soft clays to dense silts and sands indi-
cate a similar relationship to P, as shown
in Fig. 18. These data are generally
within the ranges indicated by Powell and
Uglow (1986). If one compares the DMT p

with P., the data indicate a trend slighgly

\ skewed " to p_ < P.. Thus, as an a
tion for a wide range of conditions it
! appears that one could ‘use_the average
_pressure ((p_+p;)/2) to estimate P, .

| This may be 1p§g;fiquff"§€"23nskder the
following. ~In very soft clays, the increase
from p to p, is small and consists mainly
of pore watef pressure, hence the low
values of I.. As stiffness of the material
increases, Phe difference between p, and p;
likewise increases which indicates a com-
ponent of soil stiffness, and thus I
increases. Therefore, there is a tendency
for p) to underpredict P| in soft soils
where limit pressures have already been
reached and for p, to overpredict Py, in
stiff soils. Hence, the average value for
a wide range of materials may be appro-
priate.

A comparison between p,; and the limit
pressure obtained from a full-displacement
(Pencel) pressuremeter, which cteates a
plane strain cylindrical cavity expansion
from zero to infinity,is shown in Fig. 19.
In softer materials (OCR < 2.5) the values
of p and P are nearly identical, while
in sfiffer Materials (OCR 2,5-10) P. is
significantly underpredicted by p .LWhile
some of the difference relates to obvious
probe geometric differences, rates of
testing, creep, drainage etc., these
results help explain why the p_  prediction
of undrained strength is accurate in
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softer materials, i.e., the penetration of
the blade creates a cavity expansion
failure. In stiffer materials no limit
pressure failure has taken place and
further membrane expansion is required.
The data are consistent with Figs. 4 and
7.

Elastic modulus values obtained from a
prebored DMT may be compared with E_ from
the DMT as shown in Fig. 20. These data
indicate considerable scatter which may be
in part related to variations in borehole
drilling techniques used for PMT testing
(e.g., augered vs. thin-walled tube
sampler). However, because of the dis-
placement created by the DMT, one should
~—suspect the E_  1s really a reload modulus
and therefore it might be more appropriate
to compare the PMT reload modulus with Ej.
Unfortunately, these results are not
available for the tests shown in Fig. 20,
However, ‘since the PMT reload modulus is
higher than the initial wmodulus, usually
by a factor of about 2 to 5, the Eendency
for -E, to overpredict EM in many of the
tests indicates the corfect trend.

6 SUMMARY AND CONCLUSIONS

The DMT is quickly earning a place in the
geotechnical profession as a cost-effective
tool for conducting routine site investi-
gations. The device hds developed to a
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point where there now appears to be sub-
stantial theoretical justification for
many of the empirical correlations pro-
posed by Marchetti. Certainly, the use
of the instrument will continue to expand
into new areas with more general use.
The standardization of the test by ASTM,
which is currently underway, comes at a
timely point and will help strengthen the
development and accuracy of correlations
by reducing test variability.

The writer would like to offer the
following concluding remarks about the
test and interpretation:
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(1) The DMT is a simple and efficient
test for estimating a number of soil
engineering properties, and
may also be used as an extremely
useful logging device since it allows
closely spaced vertical test points.
In specific applications the test
may be even more efficient if the
engineer chooses to test at a few
preselected depths.

(2) Use of the DMT in a wide range of
earth materials has been demonstrated
with nearly all materials providing
reasonable test results. ‘

(3) In soft, saturated, cohesive materials,
the penetration of the blade creates
a cavity exphnsion failure condition
leading to the gereration of large
excess positive pore water pressures.
Therefore, estimates of undrained
shear strength in these materials
using p_ are very accurate. In
stiffer overconsolidated materials
further expansion of the DMT diaphragm
is required to create a failure,
therefore estimates of undrained
strength, based on p_, are somewhat
lower than predictedoby other tests.

(4) Prediction of soil stress history
relies on the p measurement and
appears to be more accuratein normally
congolidated and lightly overconsoli-
dated materials for similar reasons
given 1in (3) above.




(5) Estimates of other soil parameters
e.g., deformation modulus, K_ and
drained friction angle of sagds, are
generally very good for most materials.
The use of DMT results for design is
well established and encompasses a
wide range of common geotechnical
problems. Predictions for both defor-
mation and limit equilibrium problems,
which rely not only on the quality of
input parameters but also on a mathe-
matical model for a given problem are
excellent.

The recent addition of a controlled
deflection C~-Reading following the
conventional A and B pressure readings
allows for determination of an addi-
tional index parameter , U.,. This
parameter which approximates total
pore pressure around the DMT blade
appears to have significant merit in
determining site stratigraphy and
stress history and may have other
uses, e.g., determining undrained
strength. Therefore, U,  may provide
an alternative assessment of soil
engineering properties to compare with
current procedures. Because of it's
apparent usefulness, the writer
recommends that it become a routine
measurement.

It appears that by using different
testing procedures, it is possible

to conduct both total stress and pore
pressure dissipation tests using the
DMT. The results of these tests are
useful for practical problems such as
estimating effective stress axial
pile capacity and designs involving
horizontal drainage.

(6)

€))

(8)

7 ACKNOWLEDGEMENTS

The work conducted by the writer with the
DMT during the past five years has pri-
marily been funded by the Geotechmnical
Research Lab, Clarkson University. A
number of coworkers have contributed to
the work in various stages. The writer
wishes to thank them for their efforts;
J. Dickson, M. Kabir, B. Saber, S. Saye,
B. Smith, K. Tierney, D. Timian. The
writer would also like to thank Dr. J.
Schmertmann for his helpful suggestions
on this manuscript and various discussions
concerning the DMT.

REFERENCES
Baldi, G., Bellotti, R., Ghionna, V.,

Jamiolkowski, M., Marchetti, S. and
" Pasqualini, E. 1986. Flat Dilatometer

183

Tests in Calibration Chambers. Use of
In Situ Tests in Geotechnical Engineer-
ing, ASCE: 431-446.

Baligh, M.M. 1985. The Strain Path
Method. Jour. of the Geotech. Div.,
ASCE, Vol. 111:1108-1136.

Baligh, M.M. and Levadous, J.N. 1986.
Consolidation After Undrained Piezocone
Penetration. II: Interpretation. Jour.
of the Geotech. Div., ASCE, Vol. 112:
727-745.

Baligh, M.M., Martin, R.T., Azzouz, A.S.
and Morrison, M.J. 1985. The Piezo-
Lateral Stress Cell. Proc., llth Int.
Conf. on Soil Mech. and Found. Engr.,
Vol. 2:841-844, '

Bechai, M., Law, K,T,, Cragg, C.B.H. and
Konrad, J.M. 1986. In Situ Testing of
Marine Clay for Towerline Foundatons.
Proc., 39th Can. Geotech, Conf.:115-
119,

Borden, R.H., Aziz, C.N., Lowder, W.M. and
Khosla, N.P. 1985. Evaluation of Pave--
ment Subgrade Support Characteristics by
Dilatometer Test., Trans. Res. Rec. No.
1022:120-127.

Burgess, N. 1983. Use of the Flat Dila~
tometer in the Beaufort Sea. Proc., lst
Int. Conf. on the Flat Dilatometer,
Edmonton, Mobile Augers and Research Ltd.

Campanella, R. and Robertson, P.K. 1983.

Flat Plate DMT: Research at UBC. Proc.,
l1st Int. Conf. on the Flat Dilatometer,
Edmonton, Mobile Augers and ResearchLtd.

Campanella, R., Robertson, P., Gillespie,
D. and Grieg, J. 1985. Recent Develop-
ments in In Situ Testing of Soils. Proc.,
11th Int. Conf. on Soil Mech and Found.
Engr., Vol. 2:849-854.

Chan, A.C.Y. and Morgenstern, N.R. 1986.
Measurement of Lateral Stresses in a
Lucustrine Clay Deposit. Proc., 39th
Can. Geotech. Conf.:285-290.

Clough, G.W. and Goeke, P.M. 1986. In
Situ Testing for Lock and Dam 26 Cellu-
lar Cofferdam. Use of In Situ Tests in
Geotechnical Engineering, ASCE:131-145.

Davidson, J.L. and Boghrat, A. 1983. Flat
Dilatometer Testing in Florida. Proc.,
Inter. Symp. on In Situ Testing of Soil
and Rock, Paris, Vol, 2:251-255.

Durgunoglu, H.T. and Mitchell, J.K. 1975.
Static Penetration Resistance of Soils:
I1 - Evaluation of Theory and Implica-
tions for Practice. 1In Situ Measurement
of Soil Properties, ASCE, Vol. 1:172-189.

Fabius, M. 1985, Experience with the Dila-
tometer in Routine Geotechnical Design.
Proc., 38th Can. Geotech, Conf.

GPE, Inc. 1983. Dilatometer Digest No. 1.

GPE, Inc. 1984. Dilatometer Digest No. 4.

Greig, J.W., Campanella, R.G. and Robert-
son, P.K. 1986. Comparison of Field Vane



Results with Other In Situ Test Results.
Soil Mech. Series No. 106, Dept. of C.E.,
Univ. of British Columbia.

Gupta, R.C. and Davidson, J.L. 1986,
Piezoprobe Determined Coefficient of
Consolidation. Soils and Foundations,

_ Vol. 26:12-22.

Hammandshiev, K.B. and Lutenegger, A.J.
1985. Study of OCR of Loess by Flat
Dilatometer. Proc., 12th Int. Conf. on
Soil Mech. and Found. Engr., Vol. 4:
2409-2414.,

Hayes, J.A. 1983.
the Flat Dilatometer. Proc., lst Int.
Conf. on the Flat Dilatometer, Edmonton,
Mobile Augers and Research, Ltd.

Hayes, J.A. 1986. Comparison of Dilato-
meter Test Results with Observed Settle-
ment of Structures and Earthwork. Proc.,
39th Can. Geotech. Conf.:311-316.

Janbu, N. 1963. Soil Compressibility as
Determined by Oedometer and Triaxial
Tests. Proc., 3rd Europ. Conf. on Soil
Mech. and Found. Engr.:19-25.

Janbu, N. 1967. Settlement Calculations
Based on the Tangent Modulus Concept.
Three guest lectures at Moscow State
Univ., Bulletin No. 2, Soil Mechanics,
Norwegian Institute of Tech.:1-57.

Juran, I. and Beech 1986. Effective Stress
Analysis of Soil Response in a Pressure-
meter Test. The Pressuremeter and Its
Marine Applications, STP 950 ASTM:150-
168.

Kaderabek, T.J., Barreiro, D. and Call,
M.A., 1986. In Situ Tests on a Florida
Peat. Use of In Situ Tests in Geotech-
nical Engineering, ASCE:649-667.

Khera, R.P. and Schultz, H. 1984. Past
Consolidation Stress Estimates in Cre-~
taceous Clay. Journ. Geotech. Engr.,
ASCE, Vol. 110:189-202,

Konrad, J.-M., Bozozuk, M., and Law, K.T.
1985. Study of In-situ Test Methods in
Deltaic Silt. Proc., llth Int. Conf.
on Soil Mech. and Found. Engr., Vol. 2:
879-886.

Lacasse, S. and Lunne, T. 1983, Dilatometer

Case Histories Involving

Tests in Two Soft Marine Clays. Norwegian

Geotechnical Institute Publ. No. 146:1-8.
Lacasse, S. and Lunne, T. 1986. Dilatometer
Tests in Sand. Use of In Situ Tests in
Geotechnical Engineering, ASCE:686-699.

Lacasse, S. and Lunne, T. 1988. Offshore
Dilatometer Test. (paper. submitted to
lst ISOPT).

Ladanyi, B. 1963. Expansion of a Cavity
in a Saturated Clay Medium. Jour. of
The Soil Mech. and Found. Div., ASCE,
Vol. 89:127-161.

Ladd, C.C., Foott, R., Ishihara, K.,
Schlosser, F. and Poulos, H.G. 1977.
Stress-Deformation and Strength Charac-

154

teristies. Proc., 9th Int. Conf. on
Soil Mech. and Found. Engr., Vol. 2:421-
494,

Lutenegger, A.J. 1986. Application of
Dynamic Compaction im Friable Loess.
Jour. of Geotech. Engr., ASCE, Vol. 112:
663-667.

Lutenegger, A.J. 1987. Flat Dilatometer
Tests in Leda Clay. Dept. of CEE Report
No. 87~2, Clarksen University, Potsdam,NY.

Lutenegger, A.J. and Donchev, P. 1983,
Flat Dilatometer Testing in Some Meta-
Stable Loess Soils. Proc., Inter. Symp.
on In Situ Testing of Soil and Rock,
Paris, Vol. 2:337-340.

Lutenegger, A.J. and Timian, D.A. 1986.
Flat-Plate Penetrometer Tests in Marine
Clays. Proc., 39th Can. Geotech. Conf.:
301-309.

Lutenegger, A.J. and Kabir, M.G. 1987.
Pore Pressure Generated by Two Penetro-
meters in Clay. Dept. of CEE Report No.
87-2, Clarkson University, Potsdam, NY.

Lutenegger, A.J. and Kabir, M. 1988. Use
of Dilatometer C-Reading (paper
submitted to lst ISOPT).

Lutenegger, A.J., Smith, B.L. and Kabir,
M.G. 1988, Use of In Situ Tests to
Predict Uplift Performance of Multihelix
Anchors. (paper submitted to ASCE Symp.
on Special Topics in Foundatioms).

Marchetti, S. 1975. A In Situ Test for
the Measurement of Horizomatl Soil
Deformability. In Situ Measurement of
Soil Properties, ASCE, Vol. 2:255-259.

Marchetti, S. 1980. In Situ Tests by
Flat Dilatometer. Jour. of the Geotech.
Engr. Div. ASCE, Vol. 106: 299-321.

Marchetti, S. 1982. Detection of Liquefi-
able Sand Layers by Means of Quasi-Static
Penetration Tests. Proc., 2nd ESOPT,
Vol. 2:689-695.

Marchetti, S. 1985. On the Field Deter-
mination of K, in Sand. Panel Presenta-
tion Session: In Situ Testing Techniques,
Proc., 1llth Int. Conf. on Soil Mech. and
Found Engr.

Marchetti, S., Totani, G., Campanella,
R.G., Robertson, P.K. and Taddei, B.
The DMT-ohe Method for Piles Driven in
Clay. Use of In Situ Tests in Geotech-
nical Engineering, ASCE:765-779.

Massarsch, K.R. 1975. New Method for
Measurement of Lateral Earth Pressures
in Cohesive Soils. Canadian Geotech.
Jour., Vol. 12:142-146.

Mayne, P.W. 1987, Determining Preconsoli-
dation Stress and Penetration Pore
Pressures from DMT Contact Pressures.
Geotech. Testing Journal. GTJODJ, Vol.
10:146-150.

Mesri, G. and Castro, A. 1987. C4/C¢ Con-
cept and K, During Secondary Compassion.

1986.



Jour. of Geotech. Engr. ASCE, Vol. 113:
230-247.

Ming-Fang, C. 1986. The Flat Dilatometer
Test and Its Application to Two Singapore
Clays. Proc., 4th Int. Geotech. Seminar
on Field Instrumentatino and In Situ
Measurements, Singapore:85-101.

Minkov, M., Karachorov, P., Donchev, P.
and Genov, R. 1984, Field Tests of Soft
Saturated Soils. Proc., 6th Conf. on
Soil Mech. and Found. Engr., Budapest:
205-212,

Powell, J.J.M. and Uglow, I.M. 1986.
Dilatometer Testing in Stiff Overcon-
solidated Clays. Proc., 39th Can.
Geotech. Conf.:317-326.

Robertson, P., and Campanella, R.G. 1983.
Interpretation of Cone Penetration Tests.
Part II: Clay. Can. Geotech. Jour.,

Vol. 20:734-745.

Robertson, P.K. and Campanella, R.G. 1986.
Estimating Liquefaction Potential of
Sands Using the Flat Plate Dilatometer.
Geotech. Test. Jour. GTODJ, Vol. 9:38-
40, .

Robertson, P.K., Campanella, R.G., Lunne,
T. and Tronda 1988. Excess Pore
Pressures and the DMT. (paper submitted
to_lst ISOPT).

Robertson, P.K., Davies, M.P. and
Campanella, R.G. 1988. Design of
Laterally Loaded Driven Piles Using the
Flat Plate Dilatometer. (paper sub-
mitted to Geotechnical Testing Journal,
ASTM) .

Saye, S.R. 1986. 1In Situ Testing at West-
side Reservoir, Omaha, Nebraska. Unpubl.
report presented to Omaha Section-ASCE
Annual Geotech. Conf.

Saye, S.R. and Lutenegger, A.J. j988a.
Performance of Two Grain Bins Founded
on Compressible Alluvium. (paper sub-
mitted to ASCE Symp. Special Topics in
Foundations).

Saye, S.R. and Lutenegger, A.J. 1988b.
Stress History Evaluation Beneath Sur-
charge Fills in Stiff Alluvium Using the
DMT (paper submitted to lst ISOPT),

Schmertmann, J.H. 1981. Discussion of
In Situ Tests by Flat Dilatometer.

Jour. of the Geotech. Engr. Div., ASCE,
Vol. 107:831-832.

Schmertmann, J.H. 1982. A Method for
Determining the Friction Angle in Sands
from the Marchetti Dilatometer Test.
Proc., 2nd ESOPT, Vol. 2:853-861.

Schmertmann, J.H. 1985. Measure and Use
the In Situ Lateral Stress. in The
Practice of Foundation Engineering,
Dept. of Civil Engr., Northwestern
Univ,.: 189-213.

Schmertmann, J.H. 1986a. Suggested
Method for Performing the Flat Dilato-

1686

meter Test. Geotechnical Testing Jour-
nal, GTJODJ, Vol. 9:93-101.

Schmertmann, J.H. 1986b. Dilatometer to
Compute Foundation Settlement. Use of
In Situ Tests in Geotechnical Engineer-
ing, ASCE:303-321.

Schmertmann, J.H. 1986c. Some 1985-6
Developments in Dilatometer Testing and
Analysis. Proc., Innovations in Geo-
technical Engineering, Harrisburg, PA.

Schmertmann, J.H. and Crapps, D.K. 1983.
Use of In Situ Penetration Tests to Aid
Pile Design and Installation. Proc.,
Geopile '83, Associated Pile and Fitting
Corp.:27-47.

Schmertmann, J.H., Baker, W., Gupta, R.
and Kessler, K. 1986. CPT/DMT QC of
Ground Modification at a Power Plant.
Use of In Situ Tests in Geotechnical
Engineering, ASCE:985-1001.

Simons, N.E. 1965. Consolidation Inves-
tigation on Undisturbed Fornebu Clay.
Norwegian Geotech. Inst. Publ. No. 62.

Sonnenfeld, S., Schmertmann, J. and
Williams, R. 1985. A Bridge Site
Investigation Using SPT's, MPMT's and
DMT's from Barges. Strength Testing
of Marine Sediments, STP 883, ASTM:
515-535.

Tavenas, F., Blanchette, G., Leroueil, S.,
‘Roy, M. and LaRochelle, P. 1975,
Difficulties in the In Situ Determina-
tion of K, in Soft Senstive Clays. In
Situ Measurement of Soil Properties,
ASCE, Vol. 1:450-476.

Tedd, P. and Charles, J.A. 1981. 1In Situ
Measurement of Horizontal Stress in
Overcomsolidated Clay Using Push-in
Space-Shaped Pressure Cells. Geotech-
nique, Vol. 31:554-558.

Torstensson, B.A. 1975. Pore Pressure
Sounding Instrument. Proc., ASCE Spec.
Conf. on In Situ Measurement of Soil
Properties, Vol. 2:48-54,

Vesic, A. 1972, Expansion of Cavities in
Infinite Soil Masses. Jour. of Soil
Mech. and Found. Div., ASCE, Vol. 98:
265-290,

Zeevart, L. 1953. Theories and Hypotheses
of General Character, Soil Properties,
Soil Classification, Engineering Geology.
Discussion, Proc. 3rd Int. Conf. on Soil
Mech. and Found. Engr., Vol. 3:113-114,



