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Interpretation of the instrumented DMT (iDMT): a more accurate
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ABSTRACT: Based on the pioneering conceptual framework of the Marchetti DMT, a number of iDMTs
have been developed to produce a full pressure-displacement curve, giving the opportunities to improve inter-
pretation techniques such as the determination of the corrected first pressure reading po (contact pressure at
zero displacement). A novel py interpretation technique is thus presented in this paper to reduce the potential
errors caused by an invalid assumption of the linear pressure-displacement relation. The analytical procedure
involves the determination of the yield point and then the estimation of py from the post-yield curve. With the
algorithm programmed in Matlab, the procedure is applied to field data and calibration chamber data, showing
better estimated py values using this new technique.

1 INTRODUCTION
The corrected first reading po is of importance in
The flat dilatometer (DMT) invented by Marchetti ~ the DMT, since it is a necessary input for all three
more than 30 years ago has been widely used as a  “intermediate” DMT parameters Ip, Kp, and Ep
routine site characterization device. It provides geo-  which are then used to derive common soil parame-
technical engineers a simple, effective tool to get  ters. Therefore, any error in the determination of py
accurate, reliable soil properties such as operative  can lead to the misinterpretation of soil properties.
moduli and stress history (Marchetti et al. 2001, This paper aims to improve the determination of
Marchetti 2015). Following the global popularity of  pyp when a full pressure-displacement curve of the
the DMT use, various modified DMTs have been = iDMT is available. The py determination technique
developed  for  different  purposes, these in the standard DMT is firstly reviewed along with
modifications have been reviewed by Shen et al.  the analysis of its possible errors. Then, to reduce
(2015). Among these modified apparatuses, iDMTs  these errors, a new py interpretation technique is pre-
capable of producing a full pressure-displacement  sented and applied to various types of iDMT pres-
curve have been prototyped and investigated by a  sure-displacement curves.
number of researchers (Akbar & Clarke 2001,
Bellotti et al. 1997, Benoit & Stetson 2003,
Campanella & Robertson 1991, Colcott & Lehane 2 ESTIMATION OF pyoIN THE DMT
2012, Fretti et al. 1992, Stetson et al. 2003, Shen et
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displacement curve In the 1M1 can not only  back-extrapolated trom the pressure readings at 0.05
provide a better understanding of the standard DMT  mm and 1.10 mm, as shown in the following formu-
but also shows promising improvements in the la:
estimation of the soil properties. An ongoing iDMT
project using 3D (metgl) grinting technflog;/% for the  Po = 1.05(A=2Z, +A4)=0.05(B-Z,, —-AB) (1)
probe fabrication has been carried out at UGent and
Gesound.be with the following objectives: to
consider non-linear soil behaviour by a sufficient
large expansion of a loading piston; to perform an
effective stress analysis by an additional pore-
pressure sensor (Shen et al. 2016).

where AA, AB = corrections determined by mem-
brane calibration, Zy = gage zero offset.

According to this definition, py cannot be meas-
ured directly but is de facto a corrected pressure val-
ue at zero displacement. This method can provide
accurate and repeatable py as long as a linear relation
of pressure-displacement is appropriate. However, it
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will definitely be a biased estimation if a highly non-
linear pressure-displacement relation is presented in
a soil. This can only be checked by evaluating the
full pressure-displacement curve from iDMT data.

3 PRESSURE-DISPLACEMENT CURVE IN THE
iDMT

Using an iDMT incorporated with a pressure sensor
and a displacement sensor, a full pressure-
displacement curve can be obtained. However,
various shapes of the curves are produced in
different soils based on a review in the literature. In
Figure 1, there are 4 types of typical loading curves
illustrated and the common feature is that an initial
stiff response occurs at the start of the membrane
expansion. Specifically, in the first three sub-figures,
Figure 1 (a)-(c), an abrupt change in slope is seen in
most of the calibration chamber tests (Bellotti et al.
1997, Fretti et al. 1992) and in a few in-situ tests
(Akbar & Clarke 2001, Akbar et al. 2005; Benoit &
Stetson 2003, Campanella & Robertson 1991,
Stetson et al. 2003). Also, there is a fourth type of
curve which does not show an apparent abrupt
change in slope, as demonstrated in Figure 1 (d).
This type of curve has not yet been observed in any
calibration chamber test but only in in-situ tests
(Benoit & Stetson 2003, Campanella & Robertson
1991, Stetson et al. 2003). It is likely due to the lack
of excess pore-water pressure during the tests in
sands, while the presence of high pore-water
pressure in clays and the dissipation of pore-water
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pressure in silts may both present difficulties to see
the abrupt change in slope.

This initial stiff response shown in the data of
iDMT is an unload-reload effect: soil elements are
unloaded in a wedge cavity expansion by the blade
tip during the probe installation; then these soil ele-
ments are reloaded as the membrane expands during
the test. The soil unloading has been quantitatively
evaluated in the three-dimensional numerical solu-
tions presented by Finno (1993) and Kouretzis et al.
(2015) in saturated cohesive soils. A decline in strain
levels of soil elements from the blade shoulder to the
membrane during the blade penetration is observed.
So it is reasonable to assume the occurrence of a re-
loading phase for the membrane expansion during
the test.

A schematic pressure-displacement curve along
with an initial stiff soil response on the loading
curve is illustrated in Figure 2. There are several im-
portant points to consider during the loading phase:
O, the lift-off point where the membrane starts to
move; Y, the onset of yield; A, the pressure reading
at the displacement of 0.05 mm; B, the pressure
reading at the displacement of 1.10 mm.

As pressure readings at point A and B are ob-
tained in the standard DMT, py is derived via Equa-
tion 1 based on the assumption of a linear relation-
ship, as illustrated by the dashed line in Figure 2. In
other words, the post-yield curve is assumed to be
linear from A to B in the standard DMT interpreta-
tion technique. So in case of a non-linear post yield
curve or/and a large initial stiff response beyond the
displacement of 0.05 mm, the estimation of py can
be erratic using this standard method.
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Figure 1. Schematic diagrams of typical pressure-displacement curves
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Figure 2. Schematic diagram of a full pressure-displacement curve

po has been determined in different ways when a
full pressure-displacement curve is available. Bellot-
ti et al. (1997) and Fretti et al. (1992) use the pres-
sure p, at the onset of yield while Campanella &
Robertson (1991) and Colcott & Lehane (2012) use
the pressure pii-of When the membrane starts to
move. These methods chose specific points on the
loading curve but can still bring errors.

4 A NEW INTERPRETATION TECHNIQUE

A new interpretation technique for py is thus pro-
posed to reduce the aforementioned errors. The
technique finds the corrected pressure at zero dis-
placement from the full pressure-displacement
curve.

To deal with the four types of loading curves
shown in Figure 1, the newly proposed solution in-
volves two steps: (1) The determination of the yield
point Y to distinguish the reloading phase O-Y from
the post-yield phase Y-A-B, as shown in Figure 2;
(2) The estimation of py based on the post-yield
phase of the loading curve.

4.1 Determination of the point of yield

In Figure 1(a, b, c), the point of yield is clearly iden-
tified by the circles. These results are found in cali-
bration chamber tests with clean and uniform sand
being tested as well as in a few in-situ tests. Then,
this point of abrupt change in slope is readily deter-
mined as the onset point of yield Y. In most cases of
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in-situ testing results, a clear yield point Y cannot be
found since a smoothed curve is observed, as shown
in Figure 1(d).

In the one-dimensional consolidation test, the
preconsolidation pressure cannot be measured di-
rectly, but can be estimated with a satisfactory de-
gree of accuracy by means of the empirical graphical
methods such as the widely used method proposed
by Casagrande (1936). Likewise, in the DMT tests,
an unloading phase during the blade penetration pre-
cedes an initial reloading phase during the mem-
brane/piston expansion. Considering the similarity
of the reloading process, a resemblant graphical
method may also be of use in the determination of
the yield point in the iDMT pressure-displacement
curve, despite the fact that sufficient experience is
still needed for the validation.

In addition, implementation of a manual graphical
method is time consuming and inconvenient. There-
fore, an algorithm has been developed and pro-
grammed in Matlab to automate the procedure. The
specific steps are as follows: (One may refer to Fig-
ure 4 of an example, for better understanding of this
technique)

1. Arrangement of the iDMT data on a semi-log
plot of the displacement with a linear scale
for the x-axis and the pressure with a loga-
rithmic scale for the y-axis. Note that this
presentation is typical in iDMT curves for a
clear demonstration of the stress-strain rela-
tion.

Curve fitting of the data points from the lift-
off point till the end of loading to a power
function:

2.



)

3. Estimation of the point of maximum curva-
ture on the fitted curve. Using the mathemat-
ical definition of the radius of curvature R, as
shown in the Equation 3, the R determination
for a power function is obtained in the Equa-
tion 4. As the curvature is the reciprocal of
the radius of curvature, the point of maxi-
mum curvature is given by the minimum
value of the radius.

R=(1+(avldx)*y"* (d* yldx*)

y=ax"+c

)

R=x""[(a’h*x*"? +1)"*[ab(b—1)] (4)

Determination of the bisector line from the
vertical line and tangent line at the point of
maximum curvature.

Linear fitting of the straight portion of the
post-yield curve.

The point where the lines in part 4 and part 5
intersect is used to obtain the displacement of
the yield point.

In the last step, the displacement of the intersec-
tion is used to deduce the yield point, which is dif-
ferent from the Casagrande’s method using the pres-
sure of the intersection as the preconsolidation
pressure. The rationale of this is that the DMT test
can be regarded as a displacement-controlled test as
the soil elements are loaded by an expansion of the
membrane until a displacement of 1.1 mm is at-
tained. So the pressure required to achieve this dis-
placement varies in different soils. A one-
dimensional consolidation test is a pressure-
controlled test as the specimen is subjected to in-
crements of pressure until the final pressure being
equal to or greater than four times the preconsolida-
tion pressure. Therefore, a large enough pressure in
the DMT test is not likely to be attained in some
soils but the final maximum displacement of 1.10
mm is normally higher than multiple times the dis-
placement of the intersection.

4,

5.

6.

4.2 Back-extrapolation of po

Once the yield point Y is identified, the start of the
post-yield loading curve is determined. Then, py at
zero displacement can be back-extrapolated from a
regression model fitting the post-yield loading curve.

Concerning the characteristics of the post-yield
loading curve, a limit pressure p; may be approached
with increasing displacement, which has been found
in some iDMT curves (Benoit & Stetson 2003, Col-
cott & Lehane 2012). However, this is not valid in
every iDMT curve since a fixed displacement level,
such as 1.1 mm in the standard DMT, may corre-
spond to different strain levels in different soils.
Therefore, a regression model which can take into
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account possible non-linear, asymptotic behaviours
is proposed:

Y=c'+aX-bd"* (5)

where a’ and ¢’ are the parameters for a linear
asymptote line representing a potential boundary
associated with the limit pressure p;, b’ indicates the
range of the non-linear part and d' is the rate of the
non-linearity. It is noted that the model is valid when
b'>0and 0 <d'<I.

5 EXAMPLES

An iDMT test was performed at a depth of 13.72 m
in soft varved clay by Benoit & Stetson (2003). Note
that the test is carried out after the full pore-pressure
dissipation so the curve is not influenced by the dis-
sipation of pore-pressure generated by probe instal-
lation. This issue is important since the performance
of an unload-reload loop may require a longer time
than in the standard DMT test. The partial drainage
condition, which is more difficult to interpret, rather
than the undrained condition may be met if the ex-
cess pore-pressure is not fully dissipated. The digi-
talized data points of the loading curve are shown in
Figure 3.

For the standard Marchetti method, the point at
the maximum displacement of 1.04 mm and the lin-
ear interpolated point at the displacement of 0.05
mm are used to obtain a py value of 194 kPa. How-
ever, as shown in the graphical illustration of this
method in Figure 3, the straight line linking the two
points is significantly biased from the real measure-
ments, with only an R-squared value of 0.45. This is
due to the large initial stiff response in the curve
which covers a range beyond the displacement of
0.05 mm.
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Figure 3. Test data of Benoit & Stetson (2003): application of
the new py interpretation technique in comparison with the
Marchetti method
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Figure 5. Test data of Campanella & Robertson (1991): appli-
cation of the new py interpretation technique in comparison
with the Marchetti method

Therefore, the use of the standard DMT method is
inappropriate in this case. To address this issue, the
newly proposed interpretation technique is applied
accordingly.

As a smoothed curve is seen in this data rather
than an abrupt change in slope, the aforementioned
algorithm based on the graphical method for the de-
termination of the yield point is applied in Matlab,
and the analytical procedure is illustrated in Figure
4. Given the location of the intersection point, the
yield point on the curve is positioned at a displace-
ment of 0.16 mm and a pressure of 309.4 kPa. Note
that this displacement value is much higher than the
predefined value of 0.05 mm in the standard DMT.
Then, with the yield point determined, the post-yield
data points (with the unload-reload loop omitted) are
selected to carry out the curve fitting based on the
regression model of Equation 5, estimating a po of
277 kPa in Figure 3.

Following the first example, there are more
measured curves analysed and discussed. The main
difference is the determination of the yield point.
The smoothed curve in Figure 5 requires the applica-
tion of the newly developed algorithm. The yield

point in Figure 6 and Figure 7 can be directly deter-
mined by the abrupt changes in slope.

In Figure 5, the results of an iDMT test performed
at a depth of 9 m in sand by Campanella & Robert-
son (1991) are shown. Compared to the foregoing
example also with a smoothed curve, a smaller dif-
ference is found between py of 181 kPa using the
standard DMT method and py of 192 kPa using the
new technique. It is due to a smaller non-linearity of
the curve and the fact that the initial stiff range is
lower than the displacement of 0.05 mm.

The iDMT developed by Akbar & Clarke (2001)
is featured by using a rigid piston instead of a flexi-
ble membrane as loading element. In Figure 6, the
testing result of this iDMT in a cohesive soil is
shown (Akbar et al. 2005). It is interesting to point
out that the post-yield curve is linear while the initial
stiff phase covers a large range of displacement till
around 0.3 mm. Thus the standard DMT method is
invalid because of the large initial stiff response. The
assessment based on the full pressure-displacement
curve is therefore necessary to obtain a reasonable
po. The po estimated by the standard Marchetti
method and the newly proposed method is 416 kPa
and 483 kPa, respectively.

In Figure 7, the results of an iDMT test carried
out at a depth of 70 cm in a calibration chamber on
Toyoura sand by Bellotti et al. (1997) are illustrated.
An initial stiff response occurs at the displacement
lower than 0.05 mm, however, the standard Mar-
chetti method is still invalid due to the non-linearity
of the post-yield curve. This is also illustrated by the
difference between the dashed line of the standard
DMT method and the measured post-yield data
points. The po estimated by the standard Marchetti
method and the new technique is 857 kPa and 694
kPa, respectively.
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Figure 6. Test data of Akbar et al. (2005): application of the
new py interpretation technique in comparison with the Mar-
chetti method
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Figure 7. Test data of Bellotti et al. (1997): application of the
new py interpretation technique in comparison with the Mar-
chetti method

6 CONCLUSION

A full pressure-displacement curve using an iDMT
can provide a number of opportunities to improve
the interpretation of soil properties. This paper spe-
cifically addresses the errors in the py interpretation
as non-linear measured curves may be found and so
the standard DMT method, with the assumption of a
linear pressure-displacement relation, is by no means
sufficiently accurate. Then a new interpretation
technique with the determination of the yield point
and the estimation of py from the post-yield curve is
presented to reduce these errors. The corresponding
algorithm is programmed in Matlab to automate the
analytical procedure.

The application of the new py interpretation tech-
nique on non-linear measured curves shows more
reasonable estimation, compared to the use of the
standard DMT method. Furthermore, it is the first
time in the DMT/iDMT interpretation to address the
soil unload-reload effects upon the estimation of py.

However, further research is still necessary and
currently underway on validating this new technique
by comparing with other in-situ data and theoretical
back analysis of py.

A useful guideline based on this research is that
po obtained by the standard DMT method can be up
to 30% lower or 23% higher than those using the
new po interpretation technique. This does not indi-
cate a compulsory correction to apply but gives rise
to awareness of possible inaccuracy in case of non-
linear pressure-displacement curves. To eliminate
these uncertainties, the performance of iDMT tests
for a full pressure-displacement curve along with the
use of this newly proposed po interpretation tech-
nique are suggested.
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