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Abstract: Determination of undrained shear
strength and constrained modulus from DMT for
stiff overconsolidated clays. The paper presents
the results of dilatometer and laboratory tests
performed on heavily preconsolidated boulder
clays and Pliocene clays prevailing in the War-
saw region. Several different correlations avail-
able for evaluating undrained shear strength and
constrained modulus from dilatometer tests are
discussed. Empirical coefficients for multi-fac-
tor correlation to obtain undrained shear strength
from dilatometer tests for boulder clays and Plio-
cene clays were determined. The relationship be-
tween factor Rj, and horizontal stress index (Kp)
for boulder clays was proposed for the evaluation
of constrained modulus from dilatometer tests.
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INTRODUCTION

The Flat Dilatometer (DMT) was de-
veloped in Italy by Silvano Marchetti in
1980 for establishing test methods and
original correlations for the evaluation
of selected geotechnical parameters. As
a load-displacement test, DMT provides
very good information on stress history,
stiffness and shear strength of soils. It is
standardized in Eurocode 7 (1997, 2007)
and ASTM (D6635-01 2001, 2007). De-
tailed information on the DMT equip-
ment, the test procedure and the applied

interpretation formulae are to be found
in the DMT 2001 Report by ISSMGE
TC16 (2001). A comprehensive update
of the above DMT Report, including in-
formation on its development in the last
15 years, has recently been published by
Marchetti (2015a, b). References con-
cerning DMT can be downloaded from
www.marchetti-dmt.it.

Original correlations for determining
geotechnical parameters developed by
Marchetti (1980) are in part site-specific
and of local character. In original cor-
relations, constrained modulus (M) de-
pends on the dilatometer modulus (£p)
with a variable coefficient (R;,) depend-
ing on material index (/p) and horizon-
tal stress index (Kp). For the evaluation
of undrained shear strength from DMT,
Marchetti (1980) developed a correla-
tion based on the relationship between
normalized undrained shear strength
() and overconsolidation ratio (OCR)
proposed by Ladd et al. (1977), and cor-
relation of OCR and K.

Comprehensive investigations were
made to assess and enlarge the applica-
tion of DMT in geotechnical engineering
(Lutenegger 1988, Powell and Uglow
1988, Lunne et al. 1989, 2006, Monaco
and Marchetti 2004, Schnaid 2009, Cao
et al. 2015, Robertson 2015, Silvestri
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and Tabib 2015, Mtynarek et al. 2016).
However, in most relationships used to
evaluate constrained modulus (Briaud
and Miran 1991) and undrained shear
strength, intermediate parameters /p, Kp
and Ep obtained from the DMT readings
were commonly used. Roque et al. (1988)
proposed an alternative approach for es-
timating undrained shear strength based
on the correlation using p; readings and
bearing capacity factor (V,). Different
approaches were proposed by Yu et al.
(1993) and Smith and Houlsby (1995),
in which undrained shear strength was
a function of the p, reading and the bear-
ing capacity factor (Np). Multi-factor
correlations were proposed by Rabari-
joely (2000) to evaluate undrained shear
strength (z;,), and by Ozer et al. (2006) to
evaluate constrained modulus ().

This paper presents the results of
dilatometer tests and laboratory tests of
heavily overconsolidated boulder clays
and Pliocene clays prevailing in the War-

saw region. The problem of evaluating
undrained shear strength and constrained
modulus from dilatometer tests for heav-
ily overconsolidated clays is discussed.
Empirical coefficients for multi-factor
correlations to obtain undrained shear
strength for boulder clays as well as
Pliocene clays are determined. The rela-
tionship between R, factor and horizontal
stress index for boulder clays is proposed
for the evaluation of constrained modulus
from dilatometer tests.

DESCRIPTION OF THE TEST SITE

The test site was the II subway line in
Warsaw, for which hydrogeological and
geotechnical documentation was elaborat-
ed by the “Geoteko—WULS—Geoprojekt”
Consortium. In 2003-2004, site investi-
gation was carried out for the II subway
line comprising 24 stations, 2 standstill
stations and 24 tunnels, and in 2009 for
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FIGURE 1. Tested soils from the II subway line in Warsaw on Casagrande’s plasticity chart
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the II subway line following changes of
the planned route, and comprising 20 sta-
tions, 2 standstill stations and 20 tunnels.
Most of the results of field and laboratory
tests shown in this paper are related to
the subway stations located in the central
part of the II subway line.

In general, the tested subsoil with the
exception of surface anthropogenic fill
consists of moraine deposits underlain
by preglacial deposits or Pliocene clays.
Analysis of field and laboratory test re-
sults has indicated that the tested soils can
be classified as stiff brown boulder clays
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of the Warta Glaciation and grey boulder
clays of the Odra Glaciation in the up-
per Quaternary layers, and stiff Pliocene
clays in the lower Tertiary layer. Glacial
moraine deposits of the Warta and Odra
glaciations can be classified as low plas-
ticity clays, and the Pliocene clays as
high plasticity clays (Fig. 1). Grain-size
distribution of the tested soils is shown
in Figure 2. According to Standard EN
ISO 14688-1:2002, the boulder clays can
be classified as sandy clays (saCL), silty
sandy clays (sasiCL) and clayey sands
(cISa). Pliocene clays can be classified
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FIGURE 2. Typical grain-size distribution of the tested soils
TABLE. Index properties of the tested soils from the II subway line in Warsaw
. Boulder clay Boulder clay . Pliocene
Properties (brown) (grey) Pliocene clay silty clay
Water content, w,, (%) 10-14 10-14 18-25 14-20
Unit density, p (t'm ™) 2.1-2.2 2.1-2.2 1.9-2.0 2.0-2.10
Plasticity index, /p (%) 10-18 10-18 19-64 23-48
Liquidity index, /7 (-) 0.0-0.20 0.0-0.20 —0.10-0.15 —0.10-0.10
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as clays (CL) and silty clays (siCL). The
index properties of the tested soils are
shown in the Table.

RESULTS OF DMT

Profiles of p, and p; pressures and index
parameters Ip, Kp and Ep from DMT
carried out at the C11 Swigtokrzyska
station for brown and grey sandy clays,
and for Pliocene clay are shown in Fig-
ure 3. In the case of the index param-
eters Ip, Kp and Ep, the measured val-

EVALUATION OF UNDRAINED
SHEAR STRENGTH

Many studies have been performed to
evaluate and improve some of the origi-
nal correlations proposed by Marchetti
(1980), however, new correlations are
likewise mostly limited to mineral soils
(Briaud and Mirian 1991).

The following correlation between
normalized undrained shear strength and
lateral stress index was proposed by Mar-
chetti (1980) for cohesive soils (/p < 1.2):
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FIGURE 3. Profiles of p, and p; pressures and index parameters /p, K and Ep from DMT: 1 — measured

values, 2 — average values + one standard deviation

indicate that the tested soils are highly
overconsolidated clays.

The analysis carried out by Smith and
Houlsby (1995) indicates that undrained
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FIGURE 4. Tested soils shown on Marchetti and Crapps chart

shear strength can be estimated from the
following formula:

Po ~ 0o

T, =
fu ND

)
where:

p, — corrected first pressure reading;

Np — dilatometer factor for clays, vary-
ing from about 4 to 7.

In order to evaluate undrained shear
strength in cohesive soils and its vari-
ability with depth, comprehensive in-
vestigations were undertaken by the De-
partment of Geotechnical Engineering of
the Warsaw University of Life Sciences
— SGGW (WULS-SGGW). Undrained
shear strength was determined in the
laboratory in triaxial tests on undisturbed

samples. In laboratory tests for samples
taken from the tested area, a criterion for
acceptable volumetric strain for the re-
consolidation to in situ effective stress
was used to determine the quality of the
tested soil specimens.

Analysis of DMT results indicates
that, particularly for boulder clays, the
relationship between normalized un-
drained shear strength and horizontal
stress index (Kp) differs from that pro-
posed by Marchetti in 1980 (Fig. 5).

The following modified correlation
between normalised undrained shear
strength and horizontal stress index for
boulder clay is proposed (Fig. 5):
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In Figure 6, undrained shear strength
is correlated with different factors (dif-
ference between p, and u,; difference
between p; and u,; effective vertical
stress) similarly as in Rabarijoely (2000)
and Ozer et al. (2006). Multiple regres-
sion analysis indicates quite good corre-
lation, however a considerably lower R?
value was obtained for the relationship
between undrained shear strength and ef-
fective vertical stress.

Experience from organic soils indi-
cates that for the evaluation of undrained
shear strength from dilatometer tests, the
following formula proposed by Rabari-
joely (2000) can be used:

Tﬁz = 0(00-,3] '(po — U, )0‘2 : (pl — U, )0[3 (4)

where:

o’, — effective vertical stress;

u, — in situ pore water pressure;

ay, 0.1, 0, 03 — empirical coefficients.
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Analysis of test results indicates that
the obtained values of empirical coeffi-
cients for formula (4) for boulder clays
and Pliocene clays from the Warsaw re-
gion are og = 0.18, a; = 0.14, a, = 0.20,
and a3 = 0.15.

In order to evaluate undrained shear
strength from dilatometer tests, for-
mula (4) with obtained values of empir-
ical coefficients was used. A compari-
son between undrained shear strength
obtained from triaxial tests and dilato-
meter tests for boulder clays and Pliocene
clays from the Warsaw region is shown
in Figure 7. In general, there is a good
agreement between the evaluated un-
drained shear strength based on the
multifactor relation and values obtained
from triaxial tests.
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FIGURE 7. Profiles of undrained shear strength (z,)
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EVALUATION OF CONSTRAINED
MODULUS

In order to evaluate constrained modulus
from dilatometer tests, the empirical cor-
relations proposed by Marchetti (1980)
are as follows:

M =Ry -E, ®)
Ip 0.6
Ry =0.14+2.36-log K, (6)

0.6<1Ip<3.0

Ry, =O.14+0.36-([D_0'6j+
2.4

(7
+ {2.5 - (O. 14+0.36- [D2_40'6H logK

where:

Ry, — factor related to horizontal stress in-
dex — Kp (-);

Ep — dilatometer modulus (MPa);

Ip — material index (-).

Analysis of DMT results and oedo-
meter tests shows that for boulder clays
the relationship between factor R, and
index K differs from that proposed by
Marchetti in 1980 (Fig. 8). Comparison
of the constrained modulus obtained
from oedometer tests during reload-
ing indicates that for interpretation of
dilatometer tests in boulder clays, the
following relation can be used for deter-
mination of the factor R

R, =0.14+1.6-log K, (8)
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CONCLUSIONS

The paper presents the problem of ac-
curacy in evaluating undrained shear
strength and constrained modulus of
heavily overconsolidated cohesive soils
from dilatometer tests. A comparison
between undrained shear strength from
dilatometer tests evaluated from formu-
lae presented in literature and undrained
shear strength obtained from triaxial
tests indicates significant differences.
Empirical coefficients for boulder clays
and Pliocene clays were determined for
multi-factor correlation proposed by
Rabarijoely (2000) used to obtain un-
drained shear strength from dilatometer
tests. Analysis of DMT results and oedo-
meter tests shows that for boulder clays
the relationship between factor Rj; and
index Kp differs from that proposed by
Marchetti (1980). The relationship be-
tween factor R, and index K for boulder
clays was proposed for evaluation of M
from dilatometer tests.
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Streszczenie: Wyznaczenie wytrzymatosci na sci-
nanie bez odptywu i modutu scisliwosci z badan
DMT silnie prekonsolidowanych itow. W artykule
przedstawiono wyniki badan dylatometrycznych
i badan laboratoryjnych silnie prekonsolidowa-
nych morenowych gruntow spoistych zlodo-
wacenia Warty i Odry oraz itéw pliocenskich
wystepujacych na trasie II linii metra w Warsza-
wie. Przedstawiono poréownanie warto$ci wytrzy-
matosci na $cinanie bez odptywu (z;,) badanych
gruntéw spoistych uzyskanych z badan dylato-
metrycznych, wykorzystujac prezentowane w li-
teraturze zalezno$ci empirycznych z warto$ciami
wyznaczonymi z badan trojosiowych. Analiza
wynikow badan pozwolita na okreslenie warto$ci
wspotezynnikow empirycznych do wieloczynni-
kowej zalezno$ci zaproponowanej przez Raba-
rijoely’ego w 2000 roku, shuzacej wyznaczeniu
wytrzymatosci na $cinanie bez odplywu na pod-
stawie badan dylatometrycznych. Poréwnanie
wynikow badan dylatometrycznych z wynikami
badan edometrycznych wskazuje na istotne roz-
nice migdzy uzyskanymi wynikami a zalezno$cia
podang przez Marchettiego w 1980 roku. Dla mo-
renowych gruntdow spoistych zlodowacenia War-
ty 1 Odry podano zalezno$¢ empiryczng migdzy
wskaznikiem R, a wskaznikiem napr¢zenia bocz-
nego (Kp) wykorzystywana w wyznaczeniu z ba-
dan dylatometrycznych modutu $cisliwosci (M).
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