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a method, a system, and a computer program product for determining soil properties

@ A method, system and computer program product for
determining soil properties comprising a probe push probe into soil
including at least a liquid injection port and a pressure
transducer. The probe is pushed into a soil and one or

more pumping tests are carried out, wherein during a carry gut one or more
pumping test infiltration liquid is pumped through the pumping tests by injecting
liquid injection port of the probe. By means of the fluid through the probe

pressure transducer a pressure response in the soil
resulting from the injection of liquid through the liquid

injection port is measured for each of the one or more mensure pressure yesponse
pumping tests. ity the soil by the probe

Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de
techniek en schriftelijke opinie. Het octrooischrift komt overeen met de oorspronkelijk ingediende
stukken.
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Title: a method, a system, and a computer program product for determining

soil properties

Field of the invention

The invention relates to a method and system for determining soil
properties by use of pumping tests. In particular, the present invention relates to a
pumping test that has enhanced results and requires less time and power.

In the context of the present invention, it should be understood that a
pumping test is a test that is carried out either by injecting or extracting water
from the soil. For ease of explanation, the present invention is described in terms of
liquid 1njection; however, a skilled person would easily understand that similar
principles apply to liquad extraction.

Background of the invention

An aquifer 1s a geological unit sufficiently permeable to yield quantities
of water to wells. Aquifers can be classified in categories such as confined aquifers,
unconfined aquifers, leaky aquifers. The most common aquifers are unconsolidated
sand and gravels, but permeable sedimentary rocks such as sandstone and
limestone, and heavily fractured or weathered volcanic and crystalline rocks can
also be classified as aquifers.

A classic pumping test is commonly employed to determine hydro-
geological parameters and/or characterize a system of aquifers, aquitards and flow
system boundaries. An aquifer can be evaluated and the characteristics of the
aquifer (e.g. hydraulic conductivity, permeability, storativity, etc.) can be
quantified by conducting a pumping test. The effect of constant pumping of a
liquid is analyzed by observation of the response or result on the aquifer in the
form of a drawdown in observation wells. Typically, a classic pumping test is
conducted by pumping water from one extraction well at a constant rate and for an
extended period of time of at least one day (usually multiple days), while
simultaneously measuring the water levels in nearby observation wells prior to,
during and after pumping. The data can then be used to obtain resulting drawdown
and recovery curves. The hydraulic pressure surrounding the well in the aquifer

that feeds the well declines as a result of water being pumped from the extraction
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well. This will show up as drawdown in observation wells. The drawdown will
increase with the duration of pumping and decrease with radial distance from the
extractionwell. As the discharge of the extraction well and drawdown in the
observation wells at known distances from the extraction well are measured, the
measurements can be substituted into an appropriate equation for calculating the
hydraulic characteristics of the aquifer. Analytical models and/or numerical models
of aquifer flow can be utilized to analyze the results of a pumping test.

Classic pumping tests can last for days or even weeks in duration,
depending on the purpose of the pumping test. Alternatively, a quick estimate of
the aquifer properties immediately around a well can be obtained by employing a
slug test, wherein the effects of an induced instantaneous change (increase or
decrease) in the same well are observed. Compared to a typical pumping test, a
slug test can be performed within the range of minutes instead of days. However,
the results from a slug test are less accurate when it comes to characterization of a
whole aquifer.

Furthermore, classic pumping tests can be quite sensitive to
measurement errors, which can make the measurements relatively demanding for
obtaining accurate results. It is important to accurately record the data. The water
levels, time of the measurements and pumping rates must be carefully recorded
and checked. In the classic pumping test the measurement comprises the entire
aquifer and cannot be limited to limited parts of the aquifer. So the resolution of
the measurement is limited.

Also, different types of aquifers can exhibit similar drawdown
behaviors, which demand experience and interpretational skills on the part of the
engineer or geologist for finding reliable values for the hydraulic characteristics of
the geological formations through which the groundwater is moving.

Furthermore, the relatively large volume of pumped water during a
pumping test needs to be discharged properly so as to ensure that there is no
damage due to erosion, flooding, sediment deposits in streams, etcetera.

Therefore, classic pumping tests commonly result in high costs and
require much resources. They are time consuming and also may fail to provide

insight in detailed layering of a geohydrological aquifer.



10

15

20

25

30

Summary of the invention

It is an object of the invention to provide for a method and a system that
obviates at least one of the above mentioned drawbacks, while maintaining the
advantages.

The method for determining soil properties comprises pushing a probe
system, including at least one liquid injection port and at least one pressure
transducer, into a soil; carrying out one or more pumping tests, wherein during a
pumping test an infiltration liquid is pumped through the liquid injection port into
the soil; and measuring by means of at least one pressure transducer of the probe,
for each of the pumping tests, a pressure response of the soil resulting from the
injection of liquid into the soil, e.g., through the liquid injection port. In this way,
also the pore water pressure resulting from the liquid injection can be determined.
The infiltration liquid can include ground water. Alternatively, or additionally, the
infiltration liquid can include foreign water or a non-water liquid. The permeability
and storativity of a soil can be determined by use of the measured values, e.g. by
fitting the measured values on a computational model. The one or more pumping
tests can be seen as a liquid injection test, in which liquid is injected rather than
extracted as in classic pumping tests. Instead of injecting liquid and observing a
pressure response by a probe, during such a classic pumping test the drop in
hydraulic head pressure or pore water pressure in the surrounding area is
registered by looking at water levels in surrounding monitoring wells.

Optionally, the probe system includes a probe having a substantially
elongated tubular shape comprising a tip facing in a longitudinal penetration
direction of the probe and arranged for penetrating the soil. The probe can include
at least one liquid injection port and at least one pressure transducer.

Optionally, the liquid injection port and the pressure transducer are
arranged at a distance from each other.

Optionally, the liquid injection port and the pressure transducer are
arranged at a distance from each other with respect to a longitudinal direction of
the probe. Optionally the probe includes a plurality of pressure transducers at

longitudinal distances along the probe.
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Optionally, the liquid injection port and at least one pressure
transducer are arranged at a distance from each other with respect to a lateral
direction of a probe of the probe system.

Optionally the pumping test can be combined with one or more pressure
transducers in the 3D space (X, Y, Z) around the injection point. The probe system
can include a first probe including at least one liquid injection port. The probe
system can include a second probe including at least one pressure transducer.
Additional pressure transducers could be placed using one or more additional
probes.

Optionally the one or more pressure transducers in the 3D space around
the injection point could be used to derive horizontal and/or vertical permeability
and storativity from the measured pressure response on the injected liquid Q.

Optionally the horizontal and/or vertical permeability and storativity
can be derived using numerical or analytical calculations with an inverse modelling
technique.

Optionally, the one or more pumping tests are carried out at a
substantially fixed depth of soil penetration of the probe system. The penetration
depth of the probe system can be defined as the penetration depth of the probe or
the penetration depth of the first probe. During a method for determining soil
properties according to the present invention, the probe(s) can be pushed into the
soil until a certain depth of penetration of the probe(s) is reached. The movement of
the probe(s) can be stopped at a depth where one or more pumping tests are to be
conducted. The depth of penetration of the probe(s) which can correspond to a
depth of the probe(s) relative to the soil surface, can be set manually or
automatically. For instance, a controller may comprise preset depth data or
settings, which may be adjustable or configurable. Also, an operator can configure
the depth data via an interface such as e.g. a monitor connected to a digital
computer. Optionally, a plurality of measurement penetration depths are possible
in a measurement campaign, wherein measurements are conducted at certain
depths or depth increments.

Optionally, the one or more pumping tests are carried out at a
substantially constant liquid injection flow rate Q. The liquid injection flow rate Q

through the liquid injection port can be controlled and/or adjustable. During a
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pumping test the liquid injection flow rate Q can be controlled in such a way so as
to obtain a substantially constant liquid injection flow rate Q.

Optionally, the one or more pumping tests comprise a plurality of
successive pumping tests carried out at a different liquid injection flow rates Q.
When the one or more pumping tests comprise a plurality of different pumping
tests, the liquid injection flow rate Q for the different pumping tests can also be
different. Optionally, the liquid injection flow rate Q for each of the pumping tests
1s kept at a substantially constant value, while the successive pumping tests are
carried out at a different liquid injection flow rate @Q compared to at least another
pumping test of the one or more pumping tests. Optionally, for example at a certain
depth of penetration where one or more pumping tests are carried out, all the
pumping tests of the one or more pumping tests have different liquid injection flow
rates Q with respect to each other. The one or more pumping tests may be
performed without delay time between the successive pumping tests. The pumping
tests may constitute a continuous series of pumping tests in which the liquid
injection flow rate is changed, e.g. stepwise. The continuous series of pumping tests
of stepwise increasing injection flow rate is herein also referred to as steptest.
Optionally, some pumping tests of the one or more pumping tests at a certain fixed
pumping test depth of penetration, have a same liquid injection flow rate Q, while
other pumping tests of the one or more pumping tests have different liquad
injection flow rates Q. Optionally, the time between successive pumping tests can
be set. Hence a series of individual pumping tests with periods of rest, 1.e. no liquid
injection, in between can be provided. Such a timing can influence the accuracy of
the measurements using the one or more pumping tests.

Optionally, one or more pumping tests are carried out starting from a
substantially hydrostatic pressure state. The one or more pumping tests can be
regarded as injection tests. Optionally, prior to conducting one or more pumping
tests, a hydrostatic state 1s obtained, e.g. by dissipation of the pressure. The
pressure increase at the pressure transducer of the probe can be measured as a
result of a stepwise adjustment of the injection flow rate Q at the point of
infiltration, 1.e. liquid injection at the injection port of the probe. Optionally, the
stepwise adjustment of the injection flow rate Q is a stepwise pressure increase. A

pressure response can be obtained by measuring the pressure at the pressure
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transducer of the probe. Optionally, the pressure transducer is located at a position
adjacent a tip and/or cone of the probe.

Optionally, the method further comprises carrying out at least one
dissipation test, wherein pumping of infiltration liquid through the liquid injection
port of the probe is stopped in order to obtain a substantially hydrostatic pressure
state. During a dissipation test the pumping can be stopped. In this way, excess
pressure can decay with time during a dissipation test and eventually reach
substantially equilibrium conditions corresponding to hydrostatic values.

Optionally, a dissipation test is carried out prior to starting the one or
more pumping tests. By conducting the one or more pumping tests after performing
a dissipation test, the one or more pumping tests can start from a substantially
hydrostatic pressure state.

Optionally, a successive pumping test is carried out when the pressure
response during a previous pumping test has converged to a substantially constant
value. The substantially constant value can be reached after a certain amount of
time. In some examples the substantially constant value can be assumed to be
reached after a period of five minutes. During a pumping test wherein liquid 1is
injected in the soil through the liquid injection port of the probe, an equilibrium
condition can be reached in time. Optionally, the liquid injection flow rate Q during
a pumping test is kept constant while the probe is kept at a fixed depth, allowing to
obtain an equilibrium condition in time, wherein the pressure measured by the
pressure transducer has substantially converged to a certain value. Subsequently,
a successive pumping test can be carried out. Optionally, the successive pumping
test 1s carried out at the same probe penetration depth, while the liquid injection
flow rate Q 1s increased relative to the previous pumping test to a certain
substantially constant value. For instance, the one or more pumping tests can
comprise two pumping tests wherein the first pumping test has a constant liquad
injection flow rate Q of 1 liter/minute, and the second (successive) pumping test a
constant liquid injection flow rate Q of 2 liter/minute. The time for obtaining
convergence of the measured response by the pressure transducer of the probe
depends on varying parameters such as the liquid injection flow rate Q, depth of
the probe, hydrostatic pressure state, soil parameters, etcetera. Optionally, a

pumping test is maintained after convergence for a certain amount of time before
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going to the next successive pumping test. Alternatively, it is possible to move on to
the (next) successive pumping test before convergence is reached. Instead of using
measured values, it is possible to fit the measured values on a model.

Optionally, the liquid injection flow rate Q for a successive pumping test
is stepwise adjusted in a steptest. Optionally, the liquid injection flow rate Q for a
successive pumping test of the one or more pumping tests is stepwise increased,
wherein a successive pumping test has an increased liquid injection flow rate Q,
compared to the flow rate Q of a previous pumping test. Different configurations for
consecutive pumping tests are possible. For example, the one or more pumping
tests can comprise three consecutive pumping tests, configured to inject liquid
through the liquid injection port of the probe at different liquid injection flow rates
Q. A first pumping test can e.g. have a flow rate of 1 liter/minute, the second
pumping test a flow rate of 3 liter/minute and a third pumping test a flow rate of 4
liter/minute.

Optionally, the one or more pumping tests include a plurality of one or
more pumping tests, each one or more pumping tests of the plurality of one or more
pumping tests being carried out at a different depth of penetration of the probe. In
this way, the method can be used to obtain insight in detailed layering of a soil or a
hydrogeological aquifer. The method consists of a combination of HPT and MPT.
Different depth increments are possible. Optionally, various series of one or more
pumping tests are conducted for different depths of penetration at a location where
the probe is pushed into the soil. However, in a measurement campaign, such
measurements can be repeated for different penetration locations of the probe. The
data can be used to obtain a detailed overview of soil parameters for a measured
area, including different layers for the area. In an exemplary embodiment, the data
can be used to obtain a 3D or a quasi-3D graphical representation of the soil and/or
aquifer, indicating determined parameters such as permeability, storativity,
conductivity, etc. The depth increments for the depth of penetration of the probe
wherein a series of one or more pumping tests can be carried out, can depend on
the soil type or aquifer characteristics. Advantageously, the depth or plurality of
depths at which the probe 1s configured to conduct the measurements, is carefully
selected. This may be done automatically, manually or as a combination of both.

For instance, software may be provided which can select measurement parameters,
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such as depths of penetration, depending on available data. The available data can
come from previous measurement campaigns, known conditions, comparison with
other data, etcetera. Optionally, measurement parameters, such as depths of
penetration, can be manually set by an operator, potentially based on available
data and/or experience.

Optionally, the method is carried out during a cone penetration test in
which the probe is pushed into the soil at a controlled penetration rate, wherein
one or more pumping tests are carried out with the probe substantially stationary
with respect to the soil at a or several chosen depth(s). A cone penetration test
(CPT) 1s a geotechnical investigation method to determine soil and groundwater
characteristics. Optionally, a so-called Hydraulic Profiling Tool Cone Penetration
Test, 1.e. a HPT-CPT, 1s performed by conducting a Cone Penetration Test with a
Hydraulic Profiling Tool (HPT),. Permeability and storativity are important
parameters in geohydrological modelling. In the past, these parameters were
measured using pumping tests, grain-size correlation analyses, slugtests and/or
laboratorium measurements. If none of these data are available, one had to rely on
data from literature. The HPT gives a continues profile over depth. Soil parameters
are measured while forcibly penetrating the HPT probe into the soil. Typically,
during a HPT test, a constant cone penetration speed and a constant infiltration
liquid infiltration flow 1s employed. Thus, the probe is pushed into the ground at a
constant rate while infiltration liquid is injected into the soil through an injection
port. However, the HPT test gives only a relative value of permeability, not an
absolute value, and also does not give information on storativity. At certain depths
of penetration, the probe can be halted to perform the one or more pumping tests.
The HPT cone can be equipped with one or more porewater pressure sensors at a
distance from the HPT injection point. When multiple porewater pressure sensors
are present, they can be positioned at different longitudinal distances from the
injection point. During HPT measurement, the HPT cone movement is stopped at a
chosen depth and the injection flow rate is switched off. After dissipation of HPT-
generated porewater pressure the HPT system injects infiltration liquid through
the injection port in the soil at a chosen constant flow rate Q. This can be done with
three different flow rates to be able to do a quality assessment of the

measurements afterwards. It is also possible to repeat the same test a number of
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times, and/or to perform steptest with stepwise increasing or decreasing flow rates.
The flowrate can be determined on the basis of the local geohydrological conditions.
This results in a porewater overpressure at the pressure sensor(s). An inverse
modelling can done based on the measured porewater overpressure. The inverse
modelling can be done using optional equation 410.03 from Analytical Solutions of
Geohydrological Problems (G.A. Bruggeman, 1999) or the like, or using
publicly/commercially available geohydrogeological numerical modelling.

Optionally, one or more pumping tests during a HPT-CPT are
performed at a fixed predetermined/chosen depth of penetration of the probe,
preferably once a hydrostatic pressure state is obtained, for instance after a
dissipation test. A continuous permeability profile of the soil can be obtained by
combining HPT-CPTs with pumping tests, which may serve as a basis for a 3D soil
model. For environmental data collection, a CPT cone can be basically used as an
adapter to the screening sensors which provides subsurface stratigraphy through
tip resistance and sleeve friction logs or other geological or environmental
screening tools. By interpreting tip resistance and friction ratio, CPT data give
detailed information of the subsurface lithology.

Optionally, the HPT-CPT is resumed at a controlled penetration rate
after carrying out one or more pumping tests. In this way, at a certain depth of
penetration one or more pumping tests can be carried out. After the one or more
pumping tests, the cone penetration test can be resumed, wherein the probe is
pushed at a constant rate further into the soil while injecting water through the
probe. The transition between the cone penetration test and the one or more
pumping tests can be accommodated by dissipation tests. For instance, before
starting a first series of one or more pumping tests, at a certain depth of
penetration of the probe, a dissipation test may be conducted in order to obtain a
substantially hydrostatic pressure state. It is also possible that a series of one or
more pumping tests are ended by a dissipation state, for obtaining a substantially
hydrostatic pressure state before continuation with the cone penetration test or
another series of one or more pumping tests. Different series of one or more
pumping tests can be conducted for different depths of penetration of the probe into
the soil. In an exemplary embodiment, after one or more pumping tests, a HPT-

CPT is resumed at the same CPT probe speed and with the initial liquid injection
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rate. Optionally, the method further comprises processing measured data from one
or more pumping tests and fitting the measured data on a computational model in
order to determine the permeability and storativity at the measurement point and
depth. In this way, the subsurface can be investigated by acquisition of several
parameters with just one push. Permeability and storativity are important
parameters in geohydrological modelling. An absolute permeability is acquired
through the in-situ pumping tests. Although a HPT system can give a continuous
profile over depth, the system typically provides only a relative value of
permeability, not an absolute value. The continuous profile of the HPT system
typically fails to provide information on storativity of an aquifer. Optionally, the
acquisition of the parameters can be performed in real-time. Besides the
permeability and storativity, other physical parameters of the soil and/or aquifers
can also be relevant and be acquired during a measurement campaign, such as e.g.
porosity, hydraulic conductivity, interporosity flow coefficient, compressibility,
transmissivity, specific storage, storativity, storage coefficient, specific yield,
diffusivity, hydraulic resistance, leakage factor, etcetera. It will be appreciated that
hydraulic conductivity is related to permeability taking into account water
properties for flow through a medium. When water 1s used as the injection fluid the
hydraulic conductivity is measured with the HTP pumping test.

Optionally, permeability and storativity are obtained by an inverse
modelling of generated liquid pressures by the one or more pumping tests. Inverse
models can be employed to estimate hydrogeological parameters. Predictions,
coming for instance from a mathematical model or numerical model, are matched
to a set of observations, by adjusting parameters that are considered unknown or
uncertain. The parameters can for instance be inferred by minimizing the sum of
the squared differences between a system state calculated by a mathematical
model and an observed system state. Alternative approaches to the standard least
squares formulation are possible. The parameters that best reproduce the observed
data are believed to be the most likely ones.

Optionally, the method further comprises determining a permeability
on the basis of a ratio between the injection flow rate Q and liquid injection
induced pressure P during probing. Optionally, first a relative permeability profile

is obtained, from which an absolute permeability is derived. A relative permeability
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Q/P profile can be converted to an absolute permeability profile using linear
correlation with test data gathered using a method or a system according to the
present invention.

The invention further relates to a system for determining soil properties
comprising a probe system including at least a liquid injection port and a pressure
transducer. The probe system is arranged for penetration of a soil. The system
further comprises a data acquisition system arranged for sampling measurement
signals from the probe system, and a controller arranged to control the system to:
push the probe system into a soil; carry out one or more pumping tests, wherein
during a pumping test infiltration liquid is pumped through the liquid injection
port; and measured by means of one or more pressure transducer(s), for each of the
one or more pumping tests, a pressure response in the soil, resulting from the
injection of liquid through the liquid injection port.

Optionally, the controller is arranged to carry out a pumping test at a
chosen substantially fixed depth of soil penetration of the probe system. Optionally,
additionally, sensors are provided to give an indication of the depth of soil
penetration of the probe system. The sensors can be connected to the controller via
wire and/or wirelessly.

Optionally, the controller is arranged to carry out a pumping test at a
substantially constant liquid injection flow rate Q.

Optionally, the controller is arranged to carry out a plurality of
successive pumping tests at different liquid injection flow rates Q. Optionally, the
successive pumping tests are each carried out at a different liquid injection flow
rate Q. In another exemplary embodiment, each successive pumping test has a
higher liquid injection flow rate Q.

Optionally, the system is arranged to push the probe system into a soil
at a plurality of depths of penetration of the probe system.

Optionally, the probe system includes a probe having a substantially
elongated tubular shape comprising a tip facing in a longitudinal penetration
direction of the probe and arranged for penetrating the soil. Advantageously, the
tip can be conical so as to improve penetration into the soil. The probe can include

the at least one liquid injection port and at least one pressure transducer.
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Optionally, the liquid injection port and the pressure transducer are
arranged at a distance from each other.

Optionally, the liquid injection port and the pressure transducer are
arranged at a distance from each other with respect to a longitudinal direction of
the probe. Optionally the probe includes a plurality of pressure transducers at
longitudinal distances along the probe.

Optionally, the liquid injection port and the at least one pressure
transducer are arranged at a distance from each other with respect to a lateral
direction of a probe of the probe system.

Optionally the pumping test can be combined with one or more pressure
transducers in the 3D space (X, Y, Z) around the injection point. The probe system
can include a first probe including the at least one liquid injection port. The probe
system can include a second probe including at least one pressure transducer.
Additional pressure transducers could be placed using one or more additional
probes.

The penetration depth of the probe system can be defined as the
penetration depth of the probe or the penetration depth of the first probe.

Optionally, the liquid injection port and the porewater pressure
transducer are arranged at a distance from each other with respect to a
longitudinal penetration direction of the probe. Optionally, the pressure transducer
can be arranged near or at the tip of the probe.

Optionally, the system further comprises a post-processing system for
obtaining a continuous permeability profile of a soil by combining measurement
data from the series of one or more pumping tests with measurement data from a
hydraulic profiling tool cone penetration test. The obtained continuous
permeability profile of a soil may serve as a basis for a three-dimensional soil
model.

Optionally, the system is arranged on a movable unit. A movable unit
can for instance be a vehicle, truck, track-truck, stand-alone device, crawler, CPT-
crawler, standard CPT-truck, CPT-minicrawler, floating device, borehole device,
etcetera. Depending on the terrain, area and space conditions the right choice for a
movable unit can be chosen. The system can also be mountable on vehicles, boats,

pontoons, etcetera. Different combinations are possible.
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The invention further relates to a computer program product for
determining soil properties using a probe comprising at least a liquid injection port
and a porewater pressure transducer. The computer program product comprises
instructions for causing a processor to perform the steps of providing a first signal
for carrying out a series of one or more pumping tests wherein infiltration liquid 1is
pumped through the liquid injection port of the probe; providing a third signal for
measuring by means of the porewater pressure transducer, for each of the series of
one or more pumping tests, a pressure response in the soil resulting from the
injection of liquid through the liquid injection port; receiving for each of the one or
more pumping tests measured data; and determining from the measured data of
the series of one or more pumping tests information representative of soil
properties. Optionally, the computer program product may be configured to initiate
one or more pumping tests conducted at different substantially constant liquid
injection flow rates Q. Also, a plurality of series of one or more pumping tests are
possible. The computer program product may further be configured to give
instructions to obtain a substantially hydrostatic pressure state during a
measurement, for example by initiating a dissipation test. In this way, it 1s possible
to start the one or more pumping tests from a substantially hydrostatic pressure
state by performing a dissipation test prior to starting a one or more pumping
tests. A pressure transducer for measuring the generated liquid/water pressures
can be utilized to determine a pore water pressure, which values can be obtained
by the computer program product. Further, the computer program product can be
arranged to determine measurement depths of soil penetration of the probe where
one or more pumping tests need to be conducted, and provide instructions so as to
perform one or more pumping tests at the different depths of penetration.
Additionally or alternatively, the computer program product can be configured to
control a measurement campaign comprising a plurality of series of one or more
pumping tests according to the present invention, for instance carried out at
different depths of soil penetration by the probe and/or at different locations of soil
penetration at the surface of the soil. Further, in an exemplary embodiment, the
computer program product can be configured to evaluate the obtained information

representative of soil properties by performing an analysis of said information,



10

15

20

25

30

14

optionally followed by a presentation of an analysis to a user, e.g. either
automatically or on command by a user.

Further, the system according to the current invention may comprise a
non-transitory computer-readable medium, which has program instructions stored
thereon that are executable by at least one processor to provide the functionality
described by the method herein.

It will be appreciated that any of the aspects, features and options
described in view of the method apply equally to the described system and
computer program product. It will also be clear that any one or more of the above

aspects, features and options can be combined.

BRIEF DESCRIPTION OF THE DRAWING

The invention will further be elucidated on the basis of exemplary
embodiments which are represented in a drawing. The exemplary embodiments are
given by way of non-limitative illustration. It is noted that the figures are only
schematic representations of embodiments of the invention that are given by way
of non-limiting example.

In the drawing:

Fig. 1A shows a flow chart of an embodiment of a method according to a
preferred embodiment of the present invention;

Fig. 1B shows a flow chart of an embodiment of a method according to a
preferred embodiment of the present invention;

Fig. 2 shows a schematic side view of an embodiment of a system
according to a preferred embodiment of the present invention;

Fig. 3a shows a schematic side view of a probe according to a preferred
embodiment of the present invention;

Fig. 3b shows a schematic side view of a probe;

Fig. 3c shows a schematic side view of a probe;

Fig. 4 shows a graph, illustrating pore water pressure characteristics
during pumping tests;

Fig. 5 shows a graph, illustrating pore water pressure characteristics;

Fig. 6a shows a graph, illustrating pore water pressure characteristics;

Fig. 6b shows a graph, illustrating increase in measured pressure head;
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Fig. 7 shows a graph, illustrating measured pressure head and
corresponding injection flow rate; and
Fig. 8 shows a graph, illustrating pore water pressure and

corresponding injection flow rate.

DETAILED DESCRIPTION

Fig. 1A shows a flow chart of a method according to the invention. The
method can be used for determining soil properties by use of a probe comprising at
least a liquid injection port and a pressure transducer. The probe is pushed into a
soil for carrying out one or more pumping tests at predetermined depths. During a
pumping test an infiltration liquid is pumped though the liquid injection port of the
probe. In this example the infiltration liquid is water. The pressure response
resulting from the injection of water through the liquid injection port in the soil 1s
measured by means of the pressure transducer arranged on the probe. The
pressure response can be measured for each of the one or more pumping tests. The
soil testing system can be used for measuring soil parameters while the probe is
penetrated into the soil.

Fig. 1B shows a flow chart of a method according to the invention
wherein the pumping test is combined with a hydraulic profiling tool, HPT, and/or
cone penetrometer, CPT, test. The probe is pushed into a soil while an infiltration
liquid 1s pumped though the liquid injection port of the probe. During advancement
of the probe through the soil the pressure response of the soil/groundwater system
against liquid injection can be determined. Also during advancement, mechanical
resistance and/or friction experienced by the probe can be determined. The probe 1s
halted at a predetermined depth. One or more pumping tests are performed while
the probe is halted at the predetermined depth. During a pumping test an
infiltration liquid is pumped though the liquid injection port of the probe. The
pressure response resulting from the injection of liquid through the liquid injection
port in the soil is measured by means of the pressure transducer arranged on the
probe. The pressure response can be measured for each of the one or more pumping
tests.

Fig. 2 shows a schematic side view of an embodiment of a system 1,

which can be employed during soil penetration tests for subsurface
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characterization of a soil 2. The system 1 comprises a probe 9 comprising at least a
liquid injection port and a pressure transducer. The probe 9 is arranged for
penetration of the soil 2. The system further comprises a data acquisition system
arranged for sampling measurement signals from the probe, a controller arranged
to control the system to push the probe 9 into the soil 2 and carry out one or more
pumping tests, and measure by means of a pressure transducer, for each of the one
or more pumping tests, a pressure response in the soil, resulting from the injection
of liquad through the liquid injection port. The system 1 can comprise a truck 3.
The truck 3 according to this embodiment has wheels. However, tracks or a
combination of wheels and tracks can also be arranged. Other arrangements are
also possible, e.g. the system 1 may be movable by another transportation unit. The
truck 3 may further comprise a plurality of stabilizers to provide support and to
improve stability during the penetration tests. The system 1 can further comprise a
rod 7 which 1s coupled to the probe 9, and means for forcibly penetrating the probe
9 into the soil 2 by pushing the rod 7, wherein a depth of penetration L and a
penetration rate of the probe 9 can be controlled by the controller. The rod 7 is used
to push the probe 9 into the soil, and can include a plurality of sub-elements, such
as a plurality of rod sections connected to each other. Other solutions are possible
for pushing the probe 9 into the soil. The pushing force for penetration of the probe
into the soil 2 can be supplied by a hydraulic pushing arrangement, arranged in
the truck 3. The weight of the truck 3 can provide the reaction force for pushing
against the rod 7 which is connected to the probe 9 which is forcibly penetrated into
the soil 2. Other solutions for providing the reaction force are possible. Further, the
system comprises a pump arranged to provide liquid, such as water, to the probe,
so as to enable the injection of liquid into the soil through the liquid injection port
arranged on the probe.

The system 1 further comprises a digital computer which can be coupled
to the probe 9 and its sensors to receive measurement data from the sensors. The
data acquisition system can be arranged to receive electrical signals from the
sensors of the probe 9. Also, the digital computer can be coupled to the data
acquisition system so as to receive the acquired electrical signals or signals
representative for the acquired electrical signals. The digital computer can be

arranged for processing the electrical signals to provide an analysis of the
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measurement results so as to determine and/or calculate soil parameters and
characteristics.

Further, the system can comprise an interface, such as a monitor,
coupled to the digital computer for displaying a soil analysis which can include the
determined soil parameters, such as e.g. permeability and storativity. The analysis
may be performed for different depths of penetration L. The results from a
measurement campaign may be combined to provide a general overview of the soil
parameters over an area or volume.

The digital computer can be arranged in a measurement unit in the
truck 3 or at a remote unit. The measured data may be received by a digital
computer through a wired connection or wireless connection. In case of wireless
data communication, a wireless connection device may be arranged to transfer
signals through mobile data transfer protocols such as 3G, 4G, 5G, etc. However,
other wireless protocols such as WiFi (e.g., a wireless communication conforming to
the IEEE 802.11 standard or other transmission protocol) or LoRa may also be
employed to obtain a wireless communication. A combination of wireless protocols
is possible.

The system 1 may be implemented in or may take the form of a vehicle.
Alternatively, the system may be implemented in or take the form of other
vehicles, such as cars, recreational vehicles, trucks, agricultural vehicles,
construction vehicles and robotic vehicles. It also perceivable that a plurality of
systems 1 are included in a vehicle.

Fig. 3a and 3b show embodiments of the probe 9 comprising a liquid
injection port 11 and a pressure transducer 13. Fig. 3a shows a schematic side view
of the probe 9 having a substantially elongated tubular shape comprising a tip 17
facing in a longitudinal penetration direction 19 of the probe 9 and arranged for
penetrating the soil 2. In this embodiment, the tip 17 of the tubular probe 9 has a
conical shape, however, other shapes are possible. The liquid injection port 11 and
the pressure transducer 13 of the probe 9 are arranged at a distance D from each
other with respect to a longitudinal penetration direction of the probe 9. Fig. 3b
shows a schematic side view of the probe 9 coupled with rod 7 for being pushed into
the soil 2. At a certain depth of penetration L into the soil 2, the one or more

pumping tests can be conducted, during which the infiltration liquid 1s pumped
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through the liquid injection port 11 of the probe 9 in the liquid infiltration flow
direction 15 out of the probe 9. By means of the pressure transducer 13, for the one
or more pumping tests, a pressure response in the soil 2 resulting from the
injection of a liquid through the liquid injection port 11 can be measured. The one
or more pumping tests can be carried out at a predefined/chosen substantially fixed
depth of soil penetration L of the probe 9. Liquid, such as water, can be injected
into the soil 2 through the water injection port 11 at a certain water injection flow
rate Q which can be adjusted and controlled. The one or more pumping tests can be
carried out at a substantially constant water injection flow rate @, while in case of
a plurality of pumping tests, successive pumping tests at a certain depth of
penetration L can be carried out at different water injection flow rates Q.

A hydraulic profiling tool, HPT, probe 9 can be used to carry out a cone
penetration test, CPT in a hydraulic profiling tool cone penetration test, HPT-CPT.
Herein the HPT probe 9 is pushed into the ground or soil 2 at a constant rate while
water 1s injected at a constant flow rate into the soil through a water injection port
11 arranged on the HPT probe 9. A HPT-CPT measurement can be used to
evaluate hydraulic properties of a site sub-surface. The system 1 can comprise a
HPT probe 9 comprising a tip or cone equipped with one or more water pressure
sensors at a distance D from a HPT probe 9 water injection port 11, 1.e. injection
point. During a HPT measurement the HPT probe is advanced through the soil
while injecting water via the injection port 11 at a constant flow rate. During
advancement a pressure response of the soil/groundwater system against water
injection is determined. During a CPT measurement the probe is advanced through
the soil. During advancement mechanical tip resistance, and optionally sleeve
resistance, may be measured. A HPT-CPT measurement combines the HPT and
the CPT measurement. During a HPT measurement, the HPT probe movement can
be stopped at a certain depth of penetration L. After dissipation of water pressures
generated as a result of the HPT measurement, the system 1 can carry out one or
more pumping tests wherein water is injected in the soil 2 through the injection
port 11, For instance, four pumping tests can be carried out, wherein four different
water injection flow rates Q are used for the different pumping tests. The different
water injection flow rates can be used to perform a quality assessment of the

measurements afterwards by analyzing the pressure response measured by the
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pressure transducer 13 of the HPT probe 9. The water injection flow rate through
the water injection port 11 of the HPT probe 9 can induce water overpressures,
which may depend on the local geohydrological conditions, and which can be
sensed/measured by the pressure transducer 13. After finishing a field
measurement inverse modelling can be performed on the measured water
overpressure. The inverse modelling can be performed using analytical solutions or
using geohydrogeological numerical modelling. The HPT-CPT measurement may
be continued after performing one or more pumping tests at a certain depth. The
probe 9 may e.g. be pushed further into the soil 2. The HPT probe 9 may pushed
into the soil 2 at the same constant rate while water is injected at the constant flow
rate as before the pumping tests. It will be appreciated that the HPT-CPT
measurement may be resumed after pore water pressure of the preceding pumping
tests has dissipated. It is possible that after the HPT-CPT measurement is
resumed after water injection has been restored to the level of the initial HPT-CPT
measurement, and water pressure has come to an equilibrium.

Fig. 3¢ shows an embodiment of a probe system 99 comprising a first
probe 9" and a second probe 9”."The first and second probes 9, 9” are laterally
spaced from each other. The first probe 9 comprises the liquid injection port 11.
The second probe 9”comprises the pressure transducer 13. In this example, the
probe system 99 comprises further pressure transducers 13°, 13”. The liquid
injection port 11 and the pressure transducer 13 of the probe system 99 are
arranged at a distance D from each other with respect to a lateral direction of the
probe 9. The one or more pressure transducers in the 3D space around the
injection point can be used to derive horizontal and/or vertical permeability and
storativity from the measured pressure response on the injected liquid Q. For
example, the pressure transducer 13 can be used to determine the horizontal
permeability and storativity. The pressure transducer 13” can be used to determine
the vertical permeability and storativity. Optionally the horizontal and/or vertical
permeability and storativity can be derived using numerical or analytical
calculations with an inverse modelling technique.

Fig. 4 shows a graph, illustrating pore water pressure characteristics
during pumping tests. The probe 9 including a liquid injection port 11 and a

pressure transducer 13 is pushed into a soil 2 at a certain depth of penetration L,
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where, in this example, three consecutive pumping tests are carried out without
waiting time between the three pumping tests. This 1s also referred to as steptest.
Similar pumping tests can be carried out at different penetration locations and/or
depths of penetration L. During a pumping test infiltration liquid, such as water, 1s
pumped through the liquid injection port 11 of the probe 9 into the soil 2. By means
of the pressure transducer 13 a pressure response in the soil 2 resulting from the
injection of water through the liquid injection port 11 is measured for three
different injection flow rate pumping test. In Fig. 4, the pore water pressure 1s
plotted in function of time for the successive pumping tests. In this example, prior
to starting the pumping tests, water injection through the liquid injection port 11 is
stopped. At time t1, indicated by line 21, the first pumping test with injection rate
Q1 of the three pumping tests is initiated. At this point of time, water is injected
and pumped through the injection port 11 of the probe 9 at a first liquid injection
flow rate Q1. The liquid injection flow rate Q i1s kept constant and the pore water
pressure has substantially converged to a steady state value at time t2. At this
time, t2, the first pumping test is finalized and the second pumping test is started,
indicated by line 23. During the second pumping test, water is injected and
pumped through the injection port 11 of the probe 9 at a second liquid injection
flow rate Q2, different from the first injection flow rate of the first pumping test
Q1. In this example, the second liquid injection flow rate Q2 is higher than the first
liquid injection flow rate Q1, which causes the pore water pressure to substantially
converge to a second value higher than the first converged value of the pore water
pressure in the first pumping test. When the pore water pressure in the second
pumping test has substantially converged, a third pumping test is initiated at time
t3, indicated by line 25, wherein again the liquid injection flow rate is increased
with respect to the previous pumping test, 1.e. the second pumping test. The pore
water pressure during the third pumping test converges again to a certain value.
The third pumping test is finalized at time t4, indicated by line 27. Although, a
steptest including three pumping tests are illustrated in this example, it 1s also
possible to carry out a steptest including another number of pumping tests, for
example one pumping test. Other quantities such as two, four, five, ten, twelve,
twenty, etc. pumping tests can be carried out. It is also possible that a single

pumping test is performed at the penetration location. It is also possible that a
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plurality of pumping tests is carried out with waiting times in between the
pumping tests at the penetration location. During the waiting time liquid injection
may be halted or the liquid injection rate set at a reference level. The three
pumping tests in this example can also be considered as a series of one or more
pumping tests, wherein such series of pumping tests can be carried out at different
penetration locations and/or depths of penetration L. The series of pumping tests
can be different with respect to each other, e.g. may comprise a different number of
pumping tests, different liquid injection flow rates Q, etcetera.

Fig. 5 shows a graph, illustrating pore water pressure characteristics
during pumping tests. The probe 9 including a liquid injection port 11 and a
pressure transducer 13 is pushed into a soil 2 at a certain depth of penetration L,
where, in this example, three pumping tests are carried out. During a pumping test
infiltration liquid, such as water, is pumped through the liquid injection port 11 of
the probe 9 into the soil 2. By means of the pressure transducer 13 a pressure
response 1n the soil 2 resulting from the injection of water through the liquid
injection port 11 is measured for each of the three pumping tests. In this example,
the pore water pressure 1s plotted in function of time for successive pumping tests
and dissipation tests. Prior to starting the three pumping tests, a dissipation test is
carried out, wherein pumping of infiltration liquid (water) through the liquid
injection port 11 of the probe 9 with QO 1s stopped after the stopping the HPT at a
certain depth in order to obtain a substantially hydrostatic pressure state. At time
t10, indicated by line 29 a dissipation test is initiated. After a time a substantially
hydrostatic pressure state is obtained, after which, at time t11, indicated by line
31, the first pumping test of the three pumping tests can be initiated. At this point
of time, water 1s injected and pumped through the liquid injection port 11 of the
probe 9 at a first liquid injection flow rate Q1, for example at 1 liter/minute. The
liquid injection flow rate Q1 1s kept constant and as a result the pore water
pressure has substantially converged to a certain steady state value at time t12. At
this time, t12, indicated by line 33, the first pumping test is finished and the
second pumping test is started. During the second pumping test, water is injected
and pumped through the injection port 11 of the probe 9 at a second liquid injection
flow rate Q2, different from the first injection flow rate Q1 during the first

pumping test, for example 2 liter/minute. The second injection liquid injection flow
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rate Q2 is higher than the first liquid injection flow rate Q1, which causes the pore
water pressure to substantially converge to a second steady state value wherein
the converged value is higher than the converged value of the pore water pressure
as a result of the first pumping test. After convergence of the pore water pressure
in the second pumping test, a third pumping test is initiated at time t13, indicated
by line 35, wherein again the liquid injection flow rate is increased with respect to
the previous pumping test, 1.e. the second pumping test, for example from 2
liter/minute to 3 liter/minute. The pore water pressure during the third pumping
test converges again to a certain value. The third pumping test is finalized at time
t14, indicated by line 37. In this example, the third pumping test is followed by
another dissipation test, at time 14, wherein pumping of infiltration liquid through
the liquid injection port 11 of the probe 9 is stopped in order to obtain a
substantially hydrostatic pressure state. This dissipation test is finalized at time
t15. In this example, the individual pumping tests take approximately 5 minutes.
However, other durations are possible and can be dependent on the hydrogeological
properties of the soil. Although three pumping tests are illustrated in this example,
another number of pumping tests can be carried out. Also, multiple series of one or
more pumping tests can be carried out by the system 1. The series of one or more
pumping tests can be different with respect to each other, e.g. may comprise a
different number of pumping tests, different liquid injection flow rates Q, etcetera.
After finishing the pumping tests, the probe may be advanced to a next penetration
depth. During advancement a HPT or HPT-CPT measurement may be carried out.

Fig. 6a illustrates a graph, illustrating pore water pressure
characteristics. The measured pore water pressure (no correction) is plotted in
function of a logarithmic time scale. In this example, the pore water pressure
during three pumping tests 41, 43, 45 is shown in function of time. Prior to the first
pumping test 41, a dissipation test is carried out to obtain a substantially
hydrostatic state. During the successive pumping tests, the water injection flow
rate Q i1s increased step wise, resulting in a step wise increase at the pore water
pressure. After the third pumping test 45, a dissipation test is carried out,
resulting in a drop in the measured pore water pressure.

Fig. 6b shows a graph, illustrating the increase in measured pressure

head as a result of the pumping tests according to the example shown in Fig. 6a.
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For the first pumping test 41, the increase in measured pressure head 47 can be
fitted on a model calculated curve 53. Further, for the second and third pumping
test 43 and 45, the increase in measured pressure head 49 and 51 can be fitted on
model calculated curves 55 and 57, respectively. The model curves 53, 55, 57 can
for instance be used to determine steady state convergence values and for deriving
soil properties, such as permeability and storativity.

The increase in pore water pressure caused by injecting liquid into the
soil can be a measure for the permeability of the encountered soil layers. The ratio
between the injection flow rate and pressure Q/P can give the hydraulic index or
relative permeability.

The measured pore water pressure is the sum of the hydrostatic pore
water pressure, the pore water pressure buildup due to injection and air pressure.
The hydrostatic pressure can be determined by dissipation tests.

The parameters hydraulic conductivity K and storage coefficient Ss can
be determined for each pumping test by fitting a model on the measured pore
water pressure increase, e.g. by the use of a model with a transient groundwater
flow equation.

The relationship between Q/P and K can be described by K=[1/C]-Q/P,
wherein [1/C] is constant. This equation describes a positive linear relationship
between Q/P and K and approaches the origin if K approaches 0. The constant 1/C
can be determined by using the determined permeability values and corresponding
Q/P values from the one or more pumping tests. The relationship between
conductivity K and Q/P can be plotted in a graph. A trend line going through the
origin 1s then plotted for the data, wherein the slope of the trend line can indicate
the constant 1/C.

The determined K value gives a measure of the permeability and
storativity of the layer between the infiltration point, 1.e. liquid injection port, and
conus tip. The increase in pressure at a given injection flow rate depends on the
permeability of the soil and the distance of the point of measurement to the
injection point/port. The rate at which the pressure increase becomes constant after
a change in flow rate (i.e. the duration of the transient phase/lag time) gives an
indication of the storativity and hence the rate of reaction of the soil on variations

in pressure. Permeability is important for groundwater flow calculations, wherein
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groundwater flow rate plays a role. Storativity is important to carry out time-
dependent groundwater flow calculations. By use of the one or more pumping tests,
a relative permeability Q/P can be transformed to an absolute permeability.

Fig. 7 shows a graph, illustrating measured pressure head (first x-axis)
and liquid injection flow rate Q (second x-axis) as a function of time. Curve 59
indicates the pressure head and curve 61 indicates the liquid injection flow rate Q
through the liquid injection port 11 in the probe 9. In this example, the liquid
injection flow rate Q is initially zero prior to starting three pumping tests 41, 43
and 45. This can for instance be a result of a dissipation test, wherein pumping of
infiltration liquid through the liquid injection port 11 of the probe 9 1s stopped in
order to obtain a substantially hydrostatic pressure state. A substantially
hydrostatic pressure state prior to starting pumping tests can be advantageous.
Line 63 indicates the start at time t20 of the first pumping test 41, wherein
infiltration liquid is pumped through the liquid injection port 11 of the probe 9 and
injected into the soil 2 at a constant liquid injection flow rate Q, of approximately 1
liter/minute in this example. During the first pumping test 41, the pressure head
substantially converges to a steady state value. The measurement of the first
pumping test 41 1s ended at time t21, indicated by line 65. However, the liquid
injection flow rate @ during the first pumping test 41 is maintained until the
second pumping test 43 1s started at time t22, indicated by line 67. The liquid
injection flow rate Q through the liquid injection port 11 of the probe 9 is increased
to approximately 2 liter/minute in this example. As a result of the increase in
liquid injection flow rate @, the measured pressure head converges to a new steady
state value. The measurement of the second pumping test 43 is ended at time t23,
indicated by line 69. However, the liquid injection flow rate @ during the second
pumping test 43 1s maintained until the third pumping test 45 is started at time
t24 indicated by line 71. The liquid injection flow rate Q is again increased, to
approximately 3 liter/minute in this example. As a result of the increase in liquid
injection flow rate Q in the third pumping test 45, the measured pressure head
converges to a new higher steady state value. The measurement of the third
pumping test 45 1s ended at time t25, indicated by line 73. However, the liquid
injection flow rate Q during the third pumping test 45 is maintained in this

example until time t26, indicated by line 75, at which liquid injection through the
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liquid 1njection port 11 of the probe 9 1s stopped, causing a drop of the measured
pressure head. A dissipation test can be carried out, wherein pumping of
infiltration liquid through the liquid injection port 11 of the probe 9 1s stopped in
order to obtain a substantially hydrostatic pressure state.

Fig. 8 shows an exemplary graph illustrating measured pore water
pressure and flow rate during different pumping tests. The example show three
successive pumping tests 41, 43 and 45 carried out at different water injection flow
rates Q, namely 0.5 liter/minute, 1 liter/minute and 2 liter/minute, respectively.
Although a steptest including three pumping tests 41, 43 and 45 is i1llustrated,
another number of pumping tests is possible. Any combination of pumping tests,
e.g. 1n series, with or without intermediate periods of rest, at stepped flow rates or
otherwise, can be performed. For instance, in another exemplary embodiment, only
one pumping test can be carried out. It is also possible that one or more pumping
tests are carried out at different depths of penetration L of the probe 9 into the soil
2. Curve 60 indicates the measured pore water pressure at measurement point 13
and curve 61 indicates the liquid injection flow rate Q at the injection port 11. In
this example, the liquid injection flow rate QO used during the HPT measurement
1s stopped prior at line 81 to starting the series of pumping tests 41, 43, 45. The
resulting pore pressure decrease corresponds to a dissipation test, which will
eventually reach a substantially hydrostatic pressure state. Another dissipation
test 1s carried out after the last pumping test of three pumping tests has ended at
line 83 .

In an exemplary embodiment, a HPT probe 9 is arranged to evaluate
hydraulic properties of the site subsurface. While the HPT probe 9 is advanced
through the soil 2, liquid or water can be injected at a constant liquid injection flow
rate Q through a water/liquid injection port 11 on a side of the HPT probe 9. An in-
line pressure sensor can measure the response pressure of the soil/groundwater
system against water injection by the HPT probe 9 through the water injection port
11. The water flows into the soil layers at a certain rate and with a certain
pressure build up depending on the hydraulic properties of the soil 2. For instance,
a low response pressure can indicate a large grain size, and the ability to easily
transmit water. A high response pressure, however, can indicate a small grain size

and the inability to transmit water. Pressure and water injection flow rate can both
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be logged versus depth. At a certain depth of penetration L, the HPT probe 9
movement can be stopped, followed by one or more pumping tests, wherein water is
injected into the soil 2 at the depth of penetration L by the HPT probe 9 through
the water injection port 11 of the HPT probe 9. The resulting water pressure is
measured by the pressure transducer 13 of the HPT probe 9. The HPT probing can
then, if necessary, be continued and pushed further to a next depth of penetration
L where one or more pumping tests are going to be conducted.

In another exemplary embodiment, at a certain depth of penetration L,
the HPT probe 9 movement can be stopped as well as the HPT injection, followed
by a dissipation test so as to allow dissipation of HPT generated pressures in the
soil 2. After the dissipation test, one or more pumping tests can be conducted at a
substantially fixed depth of penetration, where water is injected into the soil 2 by
the HPT probe 9 through the water injection port 11 at a substantially constant
water injection flow rate Q. The water injection flow rate Q for the different
pumping tests can be different. The resulting water pressure is measured by the
pressure transducer 13 of the HPT probe 9. The one or more pumping tests can be
followed by a dissipation test for dissipation of the generated overpressures by the
one or more pumping tests. The HPT probing can then be continued to a next depth
of penetration L. where one or more pumping tests are going to be conducted.
Inverse modelling can be employed on generated waterpressures resulting in
permeability (K) and storativity (Ss). The HPT relative permeability (Q/P) profile
can be converted to an absolute profile using linear correlation with HPT data.

The probe 9 can comprise a plurality of additional sensors for
measuring the soil parameters. A plurality of sensors can be arranged to generate
electrical signals representative of the measured values. A multi-parameter probe
can be employed for providing a tool which allows acquisition of several parameters
with just one push. In an embodiment, the acquisition of one or more of the
parameters can be on-the-fly or real-time. Since the measurements can be
conducted simultaneously in one push, it is not necessary to carry out multiple
measurements. In this way, a cost-effective method for subsurface investigation
can be obtained. In prior art methods, typically a plurality of separate pushes were
necessary to acquire the same amount and volume of data, usually by use of

multiple separate probes.
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Other sensors can be included in the probe 9 to allow e.g. an improved
understanding of the spatial distribution of contaminants when investigating the
so1l 2 using the probe 9, which can deliver the basis for a reliable risk assessment
and remediation planning of subsurface contamination. In an exemplary
embodiment, a MIP-HPT-CPT (Membrane Interface Probe — Hydraulic Profiling
Tool — Cone Penetration Test) probe is employed, which can provide a simultaneous
detection and measurement of volatile organic compounds, soil classification,
hydraulic characteristics as well as electrical conductivity and dynamic porewater
pressure. In an exemplary embodiment, the probe 9 can therefore be also used to
identify potential contaminant migration pathways. Similarly, it can help to
identify zones for remedial material injection or provide qualitative guidance on
how difficult injection may be in different zones of the formation. Further,
hydraulic conductivities as well as mass flow rates can be obtained by a combined
processing of the acquired datasets. In an exemplary embodiment, strain gauge
load cells can be arranged on the probe for measuring forces resisting tip
penetration, lateral forces resisting penetration.

In another exemplary embodiment, the method for determining soil
parameters, comprising penetrating a hydraulic profiling tool (HPT) probe into a
soil; carrying out a plurality of pumping tests wherein infiltration liquid is pumped
into the soil from an injection port of the HPT probe at different, substantially
constant, liquid injection flow rates Q; measuring, for each of the plurality of
MPTs, starting from a substantially hydrostatic state, a pressure response in the
soil by a pressure transducer arranged at a portion of the HPT probe, the pressure
response resulting from the injection of liquid through the injection port of the HPT
probe.

Further, the present invention can be carried out by modifying existing
probes, such as HTP, CPT, and/or MIP probes, which are pushed into the
subsurface soil to obtain data. Additionally or alternatively, the probe 9 can be
detachably arranged and/or interchangeable.

In an exemplary embodiment, data acquired in the field is transferred
online (e.g. wireless) and is processed by a user using one or more software
packages. If for example the probe comprises a plurality of sensors, data coming

from the different sensors can be processed by different software packages or a
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same software package. Software packages can further be arranged to
communicate and work together. After processing, processed data can be displayed
(e.g. 2D, 3D, quasi-3D, etc. visualization) using a visualization software package.
Datasets can be visualized as 3D-blockdiagrams, 3D-stacked isomaps, cross-
sections, maps of maximum signals, etc. Other visualizations are possible,

The depth of penetration L can be seen as the penetrated distance of the
probe 9 through the soil surface 2a into the soil 2. In the shown embodiment of Fig.
2, the probe 9 has penetrated the soil 2 substantially perpendicular with respect to
the ground or soil surface. However, other types of penetrations are possible.

Herein, the invention 1s described with reference to specific examples of
embodiments of the invention. It will, however, be evident that various
modifications and changes may be made therein, without departing from the
essence of the invention. For the purpose of clarity and a concise description
features are described herein as part of the same or separate examples or
embodiments, however, alternative embodiments having combinations of all or
some of the features described in these separate embodiments are also envisaged.

It will be appreciated that the method may include computer
implemented steps. Embodiments may comprise computer apparatus, wherein
processes are performed in a computer apparatus. The invention also extends to
computer programs, particularly computer programs on or in a carrier, adapted for
putting the invention into practice. The program may be in the form of source or
object code or in any other form suitable for use in the implementation of the
processes according to the invention. The carrier may be any entity or device
capable of carrying the program. For example, the carrier may comprise a storage
medium, such as a ROM, for example a CD ROM or a semiconductor ROM, or a
magnetic recording medium, for example a floppy disc, USB memory or hard disk.
Further, the carrier may be a transmissible carrier such as an electrical or optical
signal which may be conveyed via electrical or optical cable or by radio or other
means, e.g. via the internet or cloud.

Some embodiments may be implemented, for example, using a machine
or tangible computer-readable medium or article which may store an instruction or
a set of instructions that, if executed by a machine, may cause the machine to

perform a method and/or operations in accordance with the embodiments. Such a
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machine may include, for example, any suitable processing platform, computing
platform, computing device, processing device, computing system, processing
system, computer, processor, or the like, and may be implemented using any
suitable combination of hardware and/or software. The machine-readable medium
or article may include, for example, any suitable type of memory unit, memory
device, memory article, memory medium, storage device, storage article, storage
medium and/or storage unit, for example, memory, removable or non-removable
media, erasable or non-erasable media, writeable or re-writeable media, digital or
analog media, hard disk drive, floppy disk, Compact Disk Read Only Memory (CD-
ROM), Compact Disk Recordable (CD-R), Compact Disk Rewriteable (CD-RW),
optical disk, magnetic media, magneto-optical media, removable memory cards or
disks, various types of Digital Versatile Disk (DVD), a tape, a cassette, or the like.
The instructions may include any suitable type of code, such as source code,
compiled code, interpreted code, executable code, static code, dynamic code,
encrypted code, and the like, implemented using any suitable high-level, low-level,
object-oriented, visual, compiled and/or interpreted programming language.

In various embodiments, the digital computer and/or the controller of
the system 1 can communicate using wireless systems, wired systems, or a
combination of both. When implemented as a wired system, the system may
include components and interfaces suitable for communicating or wired
communications media, such as input/output (I/0) adapters, physical connectors to
connect the I/O adapter with a corresponding wired communications medium.
When implemented as a wireless system, the system may include components and
interfaces suitable for communicating over a wireless shared media, such as one or
more antennas, transmitters, receivers, transceivers, amplifiers, filters, control
logic, and so forth. An example of wireless shared media may include portions of a
wireless spectrum, such as the RF spectrum and so forth. A wireless
communication device may be included in order to transmit and receive signals
using various suitable wireless communications techniques. Such techniques may
involve communications across one or more wireless networks. Exemplary wireless
networks include, but are not limited to, cellular networks, wireless local area
networks (WLANSs, cfr. WiF1), wireless personal area networks (WPANSs), wireless

metropolitan area network (WMANSs), satellite networks, et cetera. In
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communicating across such networks, the transmitter may operate in accordance
with one or more applicable standards in any version.

Herein, the invention is described with reference to specific examples of
embodiments of the invention. It will, however, be evident that various
modifications, variations, alternatives and changes may be made therein, without
departing from the essence of the invention. For the purpose of clarity and a
concise description features are described herein as part of the same or separate
embodiments, however, alternative embodiments having combinations of all or
some of the features described in these separate embodiments are also envisaged
and understood to fall within the framework of the invention as outlined by the
claims. The specifications, figures and examples are, accordingly, to be regarded in
an illustrative sense rather than in a restrictive sense. The invention is intended to
embrace all alternatives, modifications and variations which fall within the spirit
and scope of the appended claims. Further, many of the elements that are
described are functional entities that may be implemented as discrete or
distributed components or in conjunction with other components, in any suitable
combination and location.

In the claims, any reference signs placed between parentheses shall not
be construed as limiting the claim. The word ‘comprising’ does not exclude the
presence of other features or steps than those listed in a claim. Furthermore, the
words ‘a’ and ‘an’ shall not be construed as limited to ‘only one’, but instead are
used to mean ‘at least one’, and do not exclude a plurality. The mere fact that
certain measures are recited in mutually different claims does not indicate that a

combination of these measures cannot be used to an advantage.
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Conclusies

1. Een werkwijze voor het bepalen van grondeigenschappen, omvattende:

a. het in een grond duwen van een probe-systeem, waarbij het probe-
systeem ten minste een vloeistofinjectiepoort en ten minste een druktransducer
omvat;

b. het witvoeren van een of meer pomptests, waarbij gedurende een
pomptest vloeistof door de vloeistof-injectiepoort in de grond wordt gepompt; en

c. het meten door middel van de ten minste ene druktransducer, voor elk
van de een of meer pomptests, van een drukrespons in de grond resulterend van de
injectie van vloeistof door de vloeistof-injectiepoort.

2, De werkwijze volgens conclusie 1, waarbij de een of meer pomptests worden
uitgevoerd op een in hoofdzaak vaste grondpenetratiediepte van het probe-systeem.
3. De werkwijze volgens conclusie 1 of 2, waarbij de een of meer pomptests
worden witgevoerd aan een in hoofdzaak constant vloeistof-injectie-debiet Q.

4, De werkwijze volgens een der voorgaande conclusies, waarbij de een of meer
pomptests een veelvoud van achtereenvolgende pomptests omvat uitgevoerd aan
een verschillend vloeistof-injectiedebiet Q.

5. De werkwijze volgens een der voorgaande conclusies, waarbij stap b wordt
uitgevoerd startend van een in hoofzaak hydrostatische druktoestand.

6. De werkwijze volgens een der voorgaande conclusies, verder omvattende het
uitvoeren van ten minste een dissipatietest, waarbij het pompen van
infiltratievloeistof door de vloeistof-injectiepoort wordt gestopt om een in hoofdzaak
hydrostatische druktoestand te verkrijgen.

7. De werkwijze volgens conclusie 6, waarbij een disspatietest wordt
uitgevoerd alvorens het starten van het van de een of meer pomptests.

8. De werkwijze volgens een der voorgaande conclusies, waarbij een volgende
pomptest wordt uitgevoerd wanneer de drukrespons gedurende een voorgaande
pomptest is geconvergeerd.

9. De werkwijze volgens een der voorgaande conclusies, waarbij het vloeistof-

injectiedebiet Q voor een volgende pomptest stapsgewijs wordt aangepast.
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10. De werkwijze volgens een der voorgaande conclusies, waarbij de vloeistof-
injectiepoort en de ten minste ene druktransducer op afstand van elkaar zijn
geplaatst.

11. De werkwijze volgens conclusie 10, waarbij de vloeistof-injectiepoort en de
ten minste ene druktransducer op afstand van elkaar zijn geplaats met betrekking
tot een longitudinale richting van een probe van het probe-systeem.

12, De werkwijze volgens conclusie 10 of 11, waarbij de vloeistof-injectiepoort en
de ten minste ene druktransducer op afstand van elkaar zijn geplaats met
betrekking tot een laterale richting van een probe van het probe-systeem,

13. De werkwijze volgens een der voorgaande conclusies, waarbij de een of meer
pomptests een veelvoud van een of meer pomptests omvat, waarbij elke van de een
of meer pomptests van het veelvoud van een of meer pomptests op een
verschillende penetratiediepte van het probe-systeem wordt uitgevoerd.

14, De werkwijze volgens een der voorgaande conclusies, waarbij de werkwijze
wordt witgevoerd tijdens een cone-penetratietest waarbij het probe-systeem in de
grond wordt gedrukt aan een geregelde penetratiesnelheid, waarbij de een of meer
pomptests wordt uitgevoerd met het probe-systeem in hoofdzaak stationair met
betrekking tot de grond.

15. De werkwijze volgens conclusie 14, waarbij de cone-penetratietest wordt
hervat aan een geregelde penetratie-snelheid na het uitvoeren van de een of meer
pomptests.

16. De werkwijze volgens een der voorgaande conclusies, verder omvattende het
verwerken van gemeten data van de een of meer pomptests door het fitten van de
gemeten data aan een rekenkundig model om ten minste een van de permeabiliteit
en storativiteit te bepalen.

17. De werkwijze volgens een der voorgaande conclusies, waarbij ten minste een
van permeabiliteit en storativiteit wordt verkregen door een invers modelleren op
door de een of meer pomptests gegenereerde vloeistofdrukken,

18. De werkwijze volgens een der voorgaande conclusies, verder omvattende het
bepalen van een permeabiliteit op basis van een verhouding tussen het debiet Q en
door vloeistofinjectie veroorzaakte druk P.

19. The method according to any one of the preceding claims, wherein the

infiltration liquid is ground water.
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20. Systeem voor het bepalen van grondeigenschappen, omvattende
een probe-systeem omvattende ten minste een vloeistof-injectiepoort en
ten minste een druktransducer, waarbij het probe-systeem is ingericht voor het
penetreren van een;
een data-acquisitiesysteem voor het samplen van meetsignalen van het
probe-systeem:;
een controller ingericht voor het regelen van het systeem voor het:
in de grond drukken van het probe-systeem;
uitvoeren van een of meer pomptests, waarbij gedurende eeb
pomptest infiltratievloeistof door de vloeistof-injectiepoort wordt
gepompt; en
meten door middel van de druktransducer, voor elk van de een
of meer pomptests, een drukrespons in de grond, resulterend van de
injectie van vloeistof door de vloeistof-injectiepoort.
21. Systeem volgens conclusie 20, waarbij de controller is ingericht voor het
uitvoeren van een pomptest op een in hoofdzaak vaste grondpenetratiediepte van
het probe-systeem.
22, Systeem volgens conclusie 20 of 21, waarbij de controller is ingericht voor
het uitvoeren van een pomptest aan een in hoofdzaak constant vloeistof-
injectiedebiet Q.
23. Systeem volgens een der conclusies 20-22, waarbij de controller is ingericht
voor het uitvoeren van een veelvoud van achtereenvolgende pomptest aan
verschillende vloeistof-injectiedebieten Q.
24, Systeem volgens een der conclusies 20-23, waarbij het systeem is ingericht
voor het in de grond drukken van het probe-systeem aan een veelvoud van
penetratiedieptes van het probe-systeem.
25. Systeem volgens een der conclusies 20-24, waarbij het probe-systeem een
probe omvat met een in hoofdzaak langwerpige buisvormige vorm met een top
gericht in een longitudinale penetratierichting van de probe en ingericht voor het
penetreren van de grond.
26. Systeem volgens een der conclusies 20-25, waarbij de vloeistof-injectiepoort

en de ten minste ene druktransducer op een afstand van elkaar zijn geplaatst.
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27. Systeem volgens conclusies 25 en 26, waarbij de vloeistof-injectiepoort en de
ten minste ene druktransducer op een afstand van elkaar zijn geplaatst ten
opzichte van een longitudinale penetratierichting van de probe.
28. Systeem volgens conclusies 25 en 26, of 27, waarbij de vloeistof-injectiepoort
en de ten minste ene druktransducer op een afstand van elkaar zijn geplaatst ten
opzichte van een laterale richting van de probe.
29, Systeem volgens een der conclusies 20-28, verder omvattende een post-
processing systeem voor het verkrijgen van een continu permeabiliteitsprofiel van
een grond door het combineren van meetdata van de een of meer pomptests met
meetdata van een hydraulic profiling tool cone penetratietest.
30. Systeem volgens een der conclusies 20-29, waarbij het systeem in ingericht
op een verplaatsbare eenheid.
31. Een computerprogramma-product voor het bepalen van grondeigenschappen
gebruitkmakend van een probe-systeem met ten minste een vloeistof-injectiepoort
en ten minste een druktransducer, welk computerprogramma-product instructies
omvat voor het een processor laten uitvoeren van de stappen:

het verschaffen van een eerste signaal voor het uitvoeren van een of meer
pomptests waarbij infiltratievloeistof door de vloeistof-injectiepoort van het probe-
systeem wordt gepompt;

het verschaffen van een tweede signaal voor het meten door middel van
de ten minste ene druktransducer, voor elk van de een of meer pomptests, van een
drukrespons in de grond resulterend van de injectie van vloeistof door de vloeistof-
injectiepoort;

het ontvangen van meetdata voor elk van de een of meer pomptests; en

het bepalen van informatie representatief voor de grondeigenschappen

uit de gemeten data van de een of meer pomptests.
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Title: a method, a system, and a computer program product for determining

soil properties

Abstract

A method, system and computer program product for determining soil properties
comprising a probe including at least a liquid injection port and a pressure
transducer. The probe is pushed into a soil and one or more pumping tests are
carried out, wherein during a pumping test infiltration liquid is pumped through
the liquid injection port of the probe. By means of the pressure transducer a
pressure response in the soil resulting from the injection of liquid through the
liquid injection port is measured for each of the one or more pumping tests.

[Fig. 1A]



SAMENWERKINGSVERDRAG (PCT)

RAPPORT BETREFFENDE NIEUWHEIDSONDERZOEK VAN INTERNATIONAAL TYPE

IDENTIFICATIE VAN DE NATIONALE AANVRAGE KENMERK VAN DE AANVRAGER OF VAN DE GEMAGHTIGDE

P111090NL00

Nederlands aanvraag ny ingianingegatum

2017006 20-06-2016

Ingeroepen vaorrangsdatum

Aanvrager (Naem}

Fugro N.V.
Deaturm van bad verzosi woor enn onderzosk van Door de nslaniis voor internationaal Onderssek aan
tntarrationaal type hiet verzoeikvost sen onterzesk van interoationaal ype
oegekand nf.
15-10-2016 BN&7570

L CLASSIFICATIE VAN HET ONDERWERP: (by toepassing var wirschiliende olassificaties, alie clyssificatiosyimbolen opgovert

Volgens de namatiovate slussiffoatie (1PO)

E02D1/02;E21B49/00;GOIN15/08

i ONDERZOCHTE GEBIEDEN VAN DE TECHNIEK

Ornderzochts minimumdocumentatie

Classificatiesysieem Classificatiesymbolen
PG EC2D;E21B;GOIN
Onderrachie gndars docurnoniatie dan de minimum docwmsatatie voor 2over dorgalifke donumaten s ondarzochte gebisden 2in
CRETRRTIEH
. JoEEN ONDERFOEK MOGELIUK VOOR BERPAALDE CONCLUSIES {oprasrkingern o ganalingsbilad).
Y. GEBREK AAN EENHEID VAN UITVINDING fopmsridagen op asviingstdad)

Form POT/ISA 201 A {11/2000)




ONDERZOEKSRAPPORT BETREFFENDE HET
RESULTAAT VAN HET ONDERZOEK NAAR DE STAND
VAN DE TECHNIEK VAN HET INTERNATIORALE TYPE

Burririer vass hetverzosll om sen oniderrosi nagr
e wtand van de teaioisk

NL 2017006

CLAAS F ATtE VAN HET ORDERWERP

T D1/02 E21B49/00
ADD.

GO1N15/08

‘{f‘ciyeng de imernaonads Ulazsificatie van scdrosisn {IFG) of zowsl volgens de nafinnals clsssifivalie als volgens. de PG,

B ONDERZDUIHTE GERBIEDEN VAN DE TECHNMIEN

EG2D EZIB  GOIN

sderzochie mimbsn dosurmeniatie lassificatie gevolgd door clsssificaiogymbalen)

gebipdRa 2l opgenamen

Onderzochte mndere dosumentatie dan de mimiswim dooumentatie, voor dengeiijke docsyrmerden, vaor Zovar ::ﬁergeb;ke dosunienten in de anderzoahia

Y

Tijders et onderzoskge

EPG-Internal,

WPI Dats

ge slektonisehe gegeversbestanden {paam van de gegavanshastanden en, wasr wivosrbaar, gebrikie tefwearden)

CoVAR BELANG GEAQHTE DOCUMENTEN

fing vy sives

Categons ™} ‘Gunieants govumsnten, svionbyise] et dacdul

bear badsing dinde pasdagen

Wan bekang egor
SRy Ay

X Www Fugro Com ET AlL:
PROBE",

XPO55356533,
Internet
Gevonden op ‘het Internet:
URL:www. fugro..com
[gevondeﬂ op 2017-03-20]
* bladzijde 1 - b?adz1gde 2 *

* kolom 4, vregel 66

"FUGRO HPT-CPY

3 maart 2016 (2816-03~04}, bladzijden 1-

X US 6 098 448 A {LOWRY NILLIAN E [us] ET
ALY & augustus 2000 (2000-08-08)
kolom &, regel 85;
conclusie 28; ¥figuren 1-4,8-11 *

1-8,
18-29,31

1-31

)

Verdars dosiraedisn worden vermaig inhet vervolg van vak G

Ladeiy van dedelids sotibotiammiie 2ijn vermald n eeh Bijlags

¥

“Spaciale cotagariadn van aingehaablba o

‘A niet lol de pategotie ¥ of Y behorende Hreratuur die de stand van de
tachiis basobriit
AN in de aoteairanvrege yvermeld

"B esrdancost

manvta b gep
wadin deze

e -op o e oy ingreningsdatum,
umrm 13 R

Jscth FEVET
L ooy anders tetanen vermelds ilera

"3 et pohriftetiis stand van de technisk

TEHsgen o comrrangsdatum en deimdsningedatint gepublivesrde fiveratuty

T s e ndieming sdstuns of ge voorrangesstus gepubh 3
Heratuur die nigthoawarend b vaer de oarosissnvrage,
s wordt vermehd ter \zm rseiziarmg van de theore of

hef princiy datten g teuy Higk aan de w&vmﬁmg

"X de vanchsie wordt ale st niaww. of nist mventist beschouwd:
ten oprishls van dere Barakuue

BTN

¥ e gonciusis wondt als niadinventisf besaho f howy iy
van de combinstie van dese literaluur met dnders gestvends
taradinr van Weralide ca&zt}ane waarbi de sombinatie voar
de valenan oo de hand liges nd-wordt geanht

PO van dezelfde aatrooifaiilis ol v ¥ tige otroaipulisatie

atumrwasron het onderzoek naar de sland van de techniek dar
isterationadl type Ward volteaid

21 waavrt 26017

Yerzenddatian van het mppert var hetonderzoel naards stand yan
de terhnigk van miemmr: antbyes

Naany en adves van deinstianths

European Patert Office, P8 5213 Patentlaan
P 225}13 HV Hijswip

Tel (+31:703 AFLI040;

Bax (FT1TF0) 340-301&

D bavoegde arvienaar

Baumgirtel, Tim

SR

CTARARG Tavesde ‘mﬂd\ {Janyan "v"\i\)u‘r

hladzijde 1 van 2




ONDERZOEKSRAPPORT BETREFFENDE HET
RESULTAAT VAN HET ONDERZOEK NAAR DE STAND
VAN DE TECHNIEK VAN HET INTERNATIORALE TYPE

Burririer vass hetverzosll om sen oniderrosi nagr
e wtand van de teaioisk

NL 2017006

2.{Veivolg), VAN BELANG GEACHTE DOGUMENTEN

o

A e

w

us donumanten; evaniuesl met wriduiding van spetiash van balsng 2ijnde pussoges Van belang voor

coneigix fir;

Dough  Kosehler ET AL: “Welcome to Dur
Webinar: "Using Hydraulic Profiling Tool
{HPT} Logs for Site Characterization®®,

4 maart 2013 {2013-83-04), bladzijden
1-81, XPO55356592,

internet

Gevonden op het Internet:
URL:htip://files, geoprobe, conypdfs/hpt_web
inar_modl 0.pdf _ '
{gevonden op 2017-03-20]

* bladzijde 26 - Dladzijde 32 *

1~-31

SFommaier POTARARI Teanalg teeade. Tlad) {Sanuaiy D074y

bladzijde 2 van 2




ONDERZOEKSRAPPORT BETREFFENDE HET

RESULTAAT VAN HET ONDERZOEK NAAR DE STAND B O tashaeg o e andarzaek s
VAN DE TECHNIEK VAN HET INTERNATIONALE TYPE NL 2017806
Pforinatie Dvet ledih vyan dezelids ootraaifiniie o
fre et eappant Datum var Dyvaresnkomend{e) Daburn van
genvemdontromigesehrift publicatie geschrft{sn} prebbinntie

US 6098348 A 08-08-2000  GEER

A A A R AR e, A e e R R A A ke w0 w0 R e kO N R A e T R TR

Fammaier FOTARRRT feancoiztriad odtracianitish (danuses 20045



WRITTEN OPINION

Fila N Filing date (daydrontfyiearn Priceity date: (dayinenitvesn Application Mg
SNB7SE70 20.05.2015 ML2OITDO08

imierrsa‘limaiﬁ Paient Classification (IPC)

V. B02D102 E21B48500 GOINTE08

Applicant
Fugra NV,

This: opirdonoantains ingications redaling (o e following tems:;

Box N Basis of the opinion
£ Box Mool Priority
L} RoxNo L Non-establishimant of a‘piniﬂn‘ with regard to novedty, inventive steg and induatrial applicakility
L Booke 1Y Uack ofurity of inventian
B Borna Reasoned statementwith regard to novelty inventive step or industrial
applicabilty; sifations and explanations suppoding such statement
3 ‘Box No. WV Certain desumenis oited
B} Boo g Vi Ceitain delects in the application
{1 Box.No. Vil Genain observations on the application

{ Fxariner

| Baumgartel, Tim

Form ML2ITR (Dekbid) (July 20083



Application numbee

WRITTEN OPINION NL2017008

Box No. i Basis of this opinion

1. This gpinion has bean established on the basis of the latest sebof claims filed before the start of the search.
2. With regard to any niclectide andior amino acid sequence disclosedt irihé application and necessary o the
claimed invention, His oginion has been astablished on the basis of:
a. tvpe of material:
1 asequence listing
L1 tablets) refateddo the sequence listing
b format of materiak
O onpaper
£ i electronic form
. timerof filingfurnishing:
£l contained in the application asfiled.
L3 filed together with the application: in electranic form.
1 fumished subsequently for the purposes of search.

3. L1 In addition, in the case thal more than gne version or copy of a sequence listing andor table relating thereto
hag bean filed orfumishad, the required staternenis that the.nformation in the subseguent or additional
coplas isddentical to that in the gpplication as hled or doas not go beyond the application ag filad, as
approprigie. wera furnishad,

4. Additicnal comments:

Box No. V' Reasconed statement with regard 1o novelly, inventive step or industrial applicalyility;
citations and explanations supporting such siatement

1. Statement

Novelty Yes: Ulaims 8, 1517 ‘
No: Claims 1-8, 10-14, 18-31
inventive step Yes: ‘Claims:
Mo Claims 1-81
tndustrial applicability Yeg: Claims 1-31
Mo Clains
2. Gitations and axplanations

see separate shest

MLROTE {duly 2008



WRITTEN OPINION Application number
{SEPARATE SHEET) MLE20170086

1 BeltemV

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

1.1 Heference is made to the following documents:
21 Www Fugro Com ET AL "FUGRQO HRT-CPT PROBE",
4 maart 2018 (2018-03-04), bladzijden 1-2, XPUSE356533,
internet

Gevonden op het Internst:
URLwww fugro.com
jgevonden op 2017-03-20]

D2 US 6 098 448 A (LOWRY WILLIAM E [US] ET AL) 8 augustus 2000
(2000-08-08)

03 Dough Koehler ET AL "Welcome to Qur Webinar: "Using Hydraulic
Profiting Tool {(HPT) Logs for Site Characterization™,
.4 maart 2013 {(2013-03-04), bladzijden 1-81, XPDE5356592,
internet
Gevonden op het intemet:
URL: hitp:/files.geoprobe . com/pafs/hpt_wabinar_modi_O.pdf
{gevonden op 201 7-03-201

1.2 The present application does not mest the ¢riteria of patentability, because
the subject-matter of claims 1,20 and 31 {5 not new.

1.2.1 D1t discloses the subject matter of claims 1, 20 and 31 as follows:
Claim 1.

Een werkwijze voor het bepalen van grondeigenschappern, omvattende.
a. het in sen grond duwen van een probe-systeem dmplicit: the
described system is a "direct push system”), waarbij het probe-systeem
ten minste een vipeistofinjectiepoort en ten minste een druktransducer
omvat (see fig."HPT-CPT layout” on page 1);

b. het ultvosren van sen of meer pomplests, waarbif gedurende sen
pomptest vioeistorl door de viceistof-injectiepoort in de grond wordt
gepompt; en

o. -het melen door middel van de ten minste ene drukiransducer, voor ek
van de een of meer pomplests, van een drukrespons in de grond
resulferend van de injectie van viogistof door de Vioeistolinjectiepoort
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(as iftustrated in the fig. "Resulting logs of an HRT-CPT investigation” on
page 2 ~ it should be mentioned that this method can be inlerpreted to
as only one as well as several pump tesis).

Claim 20;

Sysieem voor het bepalen van grondeigenschappen, omvaltendesen
probe-systesm omvaltende ten minste een viveistof-injectiepoort en fen
minste een drukiransducer (see fig. "HPT-CRT layou!” on page 1});
waarhij het probeg-systeem Is ingericht voor het penelreren {implicit, the
described system is g "direct push system”); een dala-acquisitiesysicem
voor het samplen van meelsignalen van het probe-systesm (see

fig. "HPT-CPT layout” on page 1 "Logging system’”); een controller (see
fig. "HPT controller™ on page 2} ingericht voor het regelen van het
systeem voor het

-in de grond drukken van et probe-systeem;

- gitvoeren van een of meer pomptests, waarbif gedurende eeb
pomptest infiifratisviceistof door de viceistof-injectispoort wardt
gepompt; eh

meten door middel van de druktransducer, voor elk van de gen of
meer pomplests, een grukrespons in de grond, resulterend van de
injectie van vioeistof door de vioeistol-injectiepoort {as iflustrated in
the fig. "Resulting logs of an HPT-CFT investigation™ aon page 2}.

Claim 31: With the discloures above, D1 also implicitly discloses the subject
matter of claim 31:
Een computerprogramma-product {the penetration tesits are conducted
autornatically, thus a compuiter program is implict) voor het bepalen van
grondeigenschappen gebruikmakend van een probe-gsysieem (see
above) met fen minste een viosistol-infectiepoort en fen minste een
druktransducer {see above), welk computerprogramma-product
instructies omval voor het een processor lalen uitvoeren van de
sltappean:
het verschalfen van een eersie signaal voor het ullvoeren van een of
mesr pomplests waarbij infiltratisvioeistorl door de vioeistol-injectiepoart
van het probe-systeem word! gepompt (implicil, see above);
het verschatfen van een tweeds signaal voor het melen door midde! varn
de ten minste ene drukiransducer, voor elk van de esn of meer
pomptests, van een drukrespons in de grond resulterend van de injectie
van vipeistof door de vioeisiof-infectiepoort (implicil, see above);
het anitvangen van meetdata voor elk van de gen of mesr pomplests
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{the fogging system): en

het bepalen van informatie representatief voor de grondeigenschappen
uit de gemeten data van de een of meer pomptesis (see fig."HPT-CPT
layout"on page 1 "Logging system”).

1.2.2 D2 (fig.1-4 or 8-11) does also disclose the subject matter of the independeant
claims:

Claim 1.

a. het in een grond duwen van een probe-systeem {10 - col 4 L8E - col.
&1L1 or §1,63), vioeistofinjsctiepoort {13,53), drukiransducer (15,85)

b. het uitvoeren van een of meer pomplests, waarbij gedurende een
pomplest viveistofl door de vioeistof-injectispoort in de grond wordt
gepompl {(col 5,4.7-37}); en

¢, het melen door middel van de ten minste ene drukiransducer, voor elk
van de pen of mesr pamplests, van esn drukrespons in de grond
resulterend van de injectie van viceistof door deé vioeistof-injectispoort
{eol 8 L7-37)

Claim 20 (see fig. 1-4, or 8-11}):

Bysteem voor het bepalen van grondeigenschappen. omvattendeeen
probe-systeem {10 - col. 4,466 - col.5,L.1 or 51,83) omvattende ten
mingle een woeistofinjectiepoort {13,538} en ten minste een
drukiransducer (15,55); waarbij het probe-systeem ig ingericht voor het
penetreren; sen data-acquisitissysieem voor het samplen van
meetsignalen van het probe-systeem (57); een controlier (implhicit, 57)
ingericht voor het regelen van het systeem voor het

- in de grond drukken van het probe-syslteem;

- Uitvoeren van een of meer pomptasts, waarbij gedurende seb

pomptest infiftratievigeistof door de viceistof-injectispoort wordt

gepompt; en

meten door midde! van de druktransduger, voor elk van de een of

meer pomplests, een drukrespong in de grond, resulterend van de

infectie van vioeistof door de vioeistof-injectiepoort (CoL6,1.28-1.65).
Claim 31: With the discloures above, D1 also implicitly disclozes the subject
matter of claim 31:

Een computerprogramma-product (such test are run aytomatically, so a
computer program s impiict) voor het bepalen van grondgigenschappen
gebruikmakend van een probe-systeem (see above and 57}
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1.2.3 U should be mentioned, that claim 31 as claimed would not fulfill the
requirements of unity of the application.

1.3 Dependent claims 2-19 and 21-30 do not appear to contain any additional
features which, in combination with the features of any claim o which they
refer, meet the requirements of novelly and/or inventive step, the reasons
being as follows:

1.3.17 D1 discloses already the subject matter of the dependent method claims 3,
10-12 {as lustrated) and 13 {see figure on page 2:a pump testis done
continuously on each depth of the hole}.

The dependent method ¢laims 5-7 {see e.g. D3, glides 26~32, especially slide
28}, 14 {the sensor includes the CPT measurement), 15 tknown method for
the CPT test), 168-18 tknown establishment of the "permeabiliteit and
storativiteit™) and 19 do define only slight constructional chan-g_es which
comes within the scope of the customary practice followed by persons skilled
in the art, especially as the advantages thus achieved can readily be foreseen
- resp. known methods or alternatives applied in the art.

in regards o claims 2 and 4 it should be mentioned, that the person skilled in
the art would consider 1o perform the flow injection also at fixed depths in
case of need, resp. when a particular tayer of the ground formation should be
tested in more detail -~ and permeability is known giso {0 be measured at
different flow rates (which does make the sublect malterof claims 4 and 8
obvious).

1.3.2 D2 discloses already the subject matter of the dependent method claims
2.3.4-7 {implicit, see col.5,1.23-36 - or at least abvious), 8, 10,11,12,13,14 {L.a.
claim 283,18 and 19,

The dependent method claims 2,15,16 and 17 do define only seem to define
slight constructional changes which comes within the scope of the customary
practice followed by persons skilled in the art, especially as the advaniages
thus achieved can readily be foreseen - resp. known methods or alternatives
applied in the art.

1.3.3 D1 discloges already the subject matter of the dependent product claims 21
{the contralier is suitable for the intended purpose), 22 (see figure onh page 2),
23 {the systemas flow rate can be modified up to 5000 Vmin, theraefore the
controller is suitable for the intended purpose), 24, 25, 26-28 {as illustrated)
and 30 (see page 1).
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The dependent product claim 29 defines only slight constructional change
which comes within the scope of the customary practice followed by persons
skilted in the arl, especially as the advantages thus achieved can readily be
foreseen - resp. known methods or alternatives applied in the art.

et
3

D2 discloses already the subject matter of the dependent praduct claims
21-30 {see figures, controller implicit and suitable for the intended purposs,
see above}.
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