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1 INTRODUCTION 
 
The design of geotechnical structures requires 
knowledge of the stiffness characteristics of soils, 
often expressed in terms of shear moduli. However, 
due to stiffness non-linearity direct application of 
small-strain shear modulus to evaluate deformations 
in most practical problems is not possible, which 
gave rise to the development of modulus (E0 or G0) 
degradation curves. Available studies reveal that the 
decay in sands is much less than in silts and clays 
decay curves, which are very similar and in all cases 
the decay is maximum in the NC or lightly OC re-
gion. This has been applied with success to sedimen-
tary soils, but in residual soils the experience and 
available information in the international community 
is still scarce. 

The SDMT testing is widely used in evaluating 
these deformational properties, due to its ability to 
provide the small-strain shear modulus G0 and a 
working strain modulus at a medium strain level, 
GDMT (derived from the constrained modulus MDMT 
by elasticity theory). Monaco et al. (2009) argued 
that since MDMT is a working strain modulus, 
GDMT/G0 could be regarded as the shear modulus de-

cay factor at working strains. The possibility of hav-
ing two independent measurements of stiffness in 
only one test, opens a way to attempt deriving in-situ 
decay curves of soil stiffness with strain, as suggest-
ed by Monaco et al. (2009). To do so, it is important 
to locate, even if roughly, the shear strain DMT cor-
responding to GDMT. 

2 SITE CHARACTERIZATION  

2.1 Geological background 

The climate in the studied area (Guarda, northeast of 
Portugal) is moist moderate, which favours the 
weathering of the granitic rock mass that dominates 
the region, turning the granite masses into a permea-
ble sandy frame. The fluctuations of water level that 
go from a submerged stage in the wet season fol-
lowed by drying up to depths of 5 to 6 meters during 
the summer, create the conditions to favour the con-
stant weathering of the rocky substrate. As weather-
ing progresses, the primary interparticle bonds be-
tween the grains are broken and a series of 
intergranular voids are created. Afterwards, weather-
ing makes the feldspars and micas unstable, allowing 
leaching to occur, with the creation of a network of 
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intragranular voids. In addition, the more stable 
minerals, mostly quartz grains, are bonded by highly 
weathered (and therefore unstable) grains of feld-
spars and micas to form a solid skeleton that is 
sometimes quite open. 
 

2.2 Testing program 

The testing program consisted of 6 SDMT tests, 6 
SCPTu tests and 18 PMT tests distributed by 6 bore-

holes, as well as 3 triaxial tests with internal instru-
mentation performed in undisturbed and reconstitut-
ed samples, as represented in Figure 1. In this 
framework, emphasis is given to SDMT and triaxial 
tests carried out on selected samples as discussed 
hereafter. 

 

 

Figure 1. Spatial localization of the tests 

 

2.3 SDMT tests 

The seismic dilatometer (SDMT) is the combination 
of the mechanical flat dilatometer (DMT), intro-
duced by Marchetti (1980), with a seismic module 
for measuring the shear wave velocity, Vs. From Vs 
the small strain shear modulus G0 may be deter-
mined using the theory of elasticity. A new SDMT 
system has been recently developed in Italy (Mar-
chetti 2008), where the seismic module (Fig. 2) is a 
cylindrical element placed above the DMT blade, 
provided with two receivers spaced 0.5 m apart. The 
signal is amplified and digitalized at depth. The true-
interval test configuration with two receivers avoids 
possible inaccuracy in the determination of the “zero 
time” at the hammer impact, sometimes observed in 
the pseudo-interval one-receiver configuration. 
Moreover, the couple of seismograms recorded by 
the two receivers at a given test depth corresponds to 
the same hammer blow and not to different blows in 
sequence, which are not necessarily identical. Hence 
the repeatability of Vs measurements is considerably 
improved. Vs is obtained (Figure 2b) as the ratio be-
tween the delay of the arrival of the impulse from 
the first to the second receiver (Δt) and the differ-
ence in distance between the source and the two re-
ceivers (S2−S1). VS measurements are obtained eve-
ry 0.5 m of depth, while the mechanical DMT 
readings are taken every 0.20 m.  

The SDMT test results obtained on site are sum-
marized in Figure 3. From the soil identification 
point of view material index ID is fully consistent 
with grain size of these granitic residual soils, re-
vealing once more the adequacy of the parameter to 
correctly identify these soils (Cruz, 2010). On its 
turn, horizontal stress index KD ranges between 10 

and 40, clearly pointing out to a significant cementa-
tion structure present in the soil, which seems to be 
confirmed by the particularly high values of the con-
strained modulus MDMT with a mean value of 
200MPa in the upper part of profile and 325MPa af-
ter 4m depth, clearly corresponding to a different 
weathering level. Finally, the shear modulus G0 pro-
file shows a linear increasing with the depth. 

 

2.4 Triaxial tests 

A set of three triaxial tests (CID), with internal in-
strumentation, were performed in samples taken 
with a Shelby sampler 1m away from SDMT1 and 
SDMT6. In Figure 4 the secant stiffness-strain be-
haviour is presented, obtained from 3 samples col-
lected at different depths and consolidated at 50 kPa, 
where three discontinuities can be identified and 
may be considered as yield points. The first was es-
tablished in logEsec:loga space and relates to the 
point where the initial horizontal stretch ends, de-
fined as first yield. This yield corresponds to the end 
of the linear elastic behaviour, reached for very 
small strains (less than a=0.005%). The second dis-
continuity, located nearby 0.07% of axial strain, cor-
responds to the second yield, where it is observed an 
increase in the volumetric deformation in relation to 
the triaxial distortion. This yield was set according 
to Alvarado et al. (2012) and corresponds to the ini-
tial change in the relation between the volumetric 
deformation εv and the distortion εs. The behaviour 
between the first and the second yields should be 
elastic, but close to the second yield plastic strains 
and permanent deformations occur. These first two 
yields correspond to Y1 and Y2 defined by Jardine 
(1992). The last yield (a=1% to 2%), established in 
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logEsec:loga space, corresponds to a point in which 
the structure is dramatically destroyed close to the 
maximum shear resistance. At this point, soils reveal 
large plastic strains and correspond to the Gross 

Yield of Coop & Wilson (2003) or the Bond Yield 
of Malandraki & Toll (2001). 
 

 
a) 

 
b) 

 
c) 

 
Figure 2 - Seismic dilatometer test (Marchetti et al. 2008): DMT blade and seismic module (a); schematic test layout (b); seismic 
dilatometer equipment (c). 
 

0.6 1.8

Clay Silt Sand
0

1

2

3

4

5

6

7

8

9

10

0,1 1 10

z (
m

)  
   

 

ID

SDMT1 SDMT2
SDMT3 SDMT4
SDMT5 SDMT6

 
a) 

0

1

2

3

4

5

6

7

8

9

0 200 400 600

z (
m

)

Constrained Mod. 
M (MPa)

 
b) 

0

1

2

3

4

5

6

7

8

9

0 20 40 60 80 100 120

z (
m

)

Horiz. stress index
KD

 
c) 

0

1

2

3

4

5

6

7

8

9

0 200 400 600

z (
m

)

Shear Modulus
G0 (MPa)

 
d) 

 
Figure 3. SDMT test results 

 

 
a) 

 
b) 

 
c) 

 

Figure 4. Stiffness and yield points obtained by CID triaxial tests; a) BH 1, depth 1m, consolidation pressure 50 kPa; b) a) BH 6, 
depth 1m, consolidation pressure 50 kPa; a) BH 6, depth 3.4m, consolidation pressure 50 kPa. 
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3 IN SITU G- DECAY CURVES 

3.1 Seismic dilatometer 

The adopted approach relies on the ability of SDMT 
to provide routinely in sand at each depth both a 
small strain modulus (G0 from VS) and a “working 
strain” modulus (GDMT from MDMT) that could be 
tentatively used to fit in situ decay curves. The small 
shear strain modulus was evaluated by the SDMT 
(G0 = ρVs

2) by using the shear wave velocity VS ob-
tained at the same depth of triaxial retrieved samples 
and the total mass density  estimated by DMT unit 
weight results. On its turn, the working strain modu-
lus GDMT can be derived from the constrained modu-
lus MDMT, obtained from the flat dilatometer DMT 
(Marchetti et al. 2001) using the linear elastic formu-
la (Eq. 1), as supported by Monaco et al. (2006) and 
Marchetti et al. (2008): 
 

)21/()1(2  
 DMT

M

DMTG  (1) 

 
where ν = Poisson’s ratio (taken equal to 0.2 in 
sand).  

However, to use this GDMT it is necessary to know 
the correspondent elemental shear strain, here desig-
nated as DMT. Mayne (2001) indicates a range for 
DMT within 0.05–0.1%, while Ishihara (2001) sug-
gests that the range can be much higher, varying 
from 0.01% to 1%. Marchetti et al. (2006) re-
constructed soil stiffness decay curves for the 
Treporti case history from local vertical strains 
measured at the centre of the embankment under 
each load increment. The intersection of the DMT 
data points with the observed in-situ decay curves 
indicated that DMT was in the range 0.01–0.1% in 
sand and between 0.1% and 1% in silt. More recent-
ly, Amoroso et al. (2014) in a wider study concluded 
that DMT varied from 0.015 % to 0.30 % in sand, 
0.23 % to 1.75 % in silt/clay and higher than 2 % in 
soft clay. 

 

3.2 Tentative method for deriving in situ G- decay 
curves from SDMT  

The use of the SDMT to assess the in situ decay of 
stiffness at various test sites is explored using data 
obtained in granitic residual soils of Guarda and 
where both SDMT data and “reference” stiffness de-
cay curves, obtained by triaxial tests, were available. 
The procedure adopted correspond to the proposed 
by Amoroso et al. (2014): 

a) Using SDMT data obtained at the same depth of 
each available reference stiffness decay curve, a 
working strain modulus GDMT is derived from 
MDMT and normalized by its small strain value G0 
derived from VS. 

b) The GDMT/G0 horizontal ordinate line is super-
imposed to the same-depth experimental stiffness  

c) decay curve, in such a way that the data point 
ordinate matches the curve; 

d) The “intersection” of the GDMT/G0 (or EDMT/E0 
in terms of Young’s moduli) horizontal ordinate 
line with the stiffness decay curve provides a 
shear strain value referred to here as DMT. 
This methodology was applied in the present 

case, by using two SDMT and triaxial tests executed 
over samples retrieved at the same depth and sub-
jected to same confinement observed in the DMT 
depths of determination. The respective results are 
presented in Figure 5, from where it is possible to 
draw the following considerations:   

a) GDMT results are within the same locus of the 1st 
yield, suggesting that installation of the equip-
ment does not affect deeply the cementation 
structure, which was also noted by Cruz (2010); 

b) The maximum stiffness obtained at small strain 
in triaxial tests are in the same order of magnitude 
that the obtained via shear wave velocities, which 
demonstrates the high quality achieved in the 
sampling processes; 

c) Correspondent DMT falls within 0.0025 % and 
0.003 %, which are one order magnitude lower 
than those proposed by Amoroso et al. (2014) for 
sedimentary soils with similar grain size (0.015 % 
to 0.30 %), illustrating very well the influence of 
cementation structure on the mechanical behav-
iour of these soils.  

4 PROPOSED NUMERICAL G-  DECAY 
CURVES  

Several authors (Hardin & Drnevich 1972, Bellotti et 
al. 1989, Byrne et al. 1990, Fahey and Carter 1993, 
Fahey 1998) introduced a hyperbolic model to repre-
sent the non-linear stress-strain behaviour of soil in 
pressuremeter tests. In this respect, the SDMT ex-
perimental data determined in the two triaxial tests 
were used to assist the construction of a hyperbolic 
stress-strain equation (Eq. 1), that confirm the for-
mulation already found by Amoroso et al. (2014): 
 

DMTDMT
G

GG

G


















101

1

0

 (2) 

 

Thus, the ratio GDMT/G0 obtained from SDMT and 

the estimated shear strain DMT were used to plot the 

corresponding hyperbolic curve to both test. The re-

sults shown in Figure 6 plotted together with the 

curves obtained from SDMT using Eq. 2 and the 

coupled values of GDMT/G0-DMT, and they provide a 

reasonable fit to the “measured” stiffness decay 
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curves in medium to high strains, while at low strain 

levels the match with hyperbolic model is poor. 

Amoroso et al. (2014) reported identical behaviour 

in the Shenton Park sands (Australia).  

 

 
a) 

 
b) 

Figure 5 - Laboratory G/G0- curves and superimposed GDMT/G0 data points at granitic residual soils of Guarda of: a) SDMT1, 

depth=1 m and b) SDMT6, depth =3.4 m. 

 

 
a) 

 
b) 

  
Figure 6 - Laboratory G/G0- curves and superimposed GDMT/G0 data points at granitic residual soils of Guarda of: a) SDMT1, 

depth=1 m and b) SDMT6, depth =3.4 m. 

5 CONCLUSIONS 
 
The presented experimental work was based in a 
high quality characterization program constituted by 
DMT and triaxial testing performed in a granitic re-
sidual environment. Degradation curves (G/G0--) 
were plotted considering triaxial and DMT results, 
which were then compared with hyperbolic model 
resulting curves. The results show that GDMT results 
are within the same locus of the 1st yield, the maxi-
mum stiffness obtained at small strain in triaxial 
tests are in the same order of magnitude that the ob-
tained via shear wave velocities (reflecting the high 
quality achieved in the sampling processes) and that 
correspondent strains (DMT) falls within 0.0025% 
and 0.003%, substantially lower than those proposed 
by Amoroso et al. (2014) for sedimentary soils with 
similar grain size (0.015 % to 0.30 %), Hyperbolic 
model generally fits at medium to high strains, while 
at low strain levels the match is poor. 
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