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Abstract

This study introduces a fast 1D nuclear magnetic resonance (NMR) imaging method based on multi-slice imaging with a
stepper motor to study sedimentation dynamics of clayey soils. Traditional NMR is limited by long acquisition times due to
water’s T relaxation time. Our approach combines multi-slice imaging with a stepper motor and frequency-based selection,
reducing measurement time while maintaining sub-millimeter resolution, at the same time overcoming the limitations by the
slow relaxation of water. This nondestructive method provides detailed insights into the sedimentation and consolidation of
suspensions, including pore size distribution and density profiles within a single measurement. The technique is demonstrated
with kaolinite clay suspensions, highlighting the technique’s ability to capture the dynamics of gravity-driven systems rapidly
and accurately, even for fast-sedimenting soils such as kaolinite in the first hours of sedimentation. This advancement is
valuable for geotechnical and environmental applications where understanding sedimentation is crucial.
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1 Introduction

Yearly, over 200 million cubic meters of fine-grained soil
is dredged Europe-wide. This soil, consisting mostly of
nano- and micron-sized clay particles, is usually seen
as a waste source with low economic value. Research
on this fine-grained clay sludge is currently ongoing to
check whether this material can be used as a cost-effec-
tive construction material for the application on dikes and
embankments, among others. To make these clay sludges
suitable for this purpose, their mechanical properties must
be adapted such that they comply with safety regulations.

An important step in this process is the understanding
of the sedimentation and consolidation properties of clay
sludges over time. The sedimentation and consolidation of
thick clay suspensions (sludges) is a complex multi-stage
process with varying time scales in the initial hindered set-
tling and later consolidation phases, ranging from minutes
to days. This process of clay sludge transforming into a
three phases system, consisting of a concentrated sedi-
ment bed, a suspension and a nearly particle-free water
layer is given schematically in Fig. 1. Here an initially
homogenous suspension of fine-grained clay particles in
water settles under the influence of gravity. Over time, the
height of the suspension layer decreases, forming a con-
solidated sediment bed below the suspension layer while a
clear water layer above the suspension layer grows. At the
so-called gelling point (or gel time), the suspension layer
disappears entirely, and a nearly particle-free water layer
and consolidated particle bed remain.

From recording the interfaces between the different
phases and the density evolution of the sludge over time as

function of height, the hydraulic conductivity and effective
stress of the clay sludge can be derived to verify numeri-
cal models and thereby get a better understanding of the
relation between sludge composition and its settling/con-
solidation properties (Been and Sills 1981; Merckelbach
and Kranenburg 2004). This composition is a function of
different parameters, such as particle size distributions,
clay type and concentration, presence of organic matter,
pH, temperature, and salinity of the suspension which also
directly affect the sedimentation and consolidation proper-
ties (Chassagne 2021; Imai 1981; Naghipour et al. 2014;
Xuekui and Qingqing 2021). A high temporal and spatial
resolution is essential in order to be able to accurately dif-
ferentiate the various stages within the sedimentation and
consolidation process.

As clay suspensions are a non-transparent media, inspec-
tion by nondestructive camera systems or optical-based den-
simeters only give limited information of the time-dependent
sedimentation and consolidation profiles (Sutherland et al.
2015). Pore pressure transducers (PPTs) can be added to
supply additional information about pore size distributions
and pressures, however the spatial resolution of these PPT’s
is limited. Computed tomography (CT) has been used as a
nondestructive method to investigate clay sedimentation in
which 2D/3D images giving direct access to density profiles
(Fouinat et al. 2017; Reilly et al. 2017).

In this study, nuclear magnetic resonance (NMR) is
used as it has the option not to only give direct access to
the moisture content and thereby to the sludge density but
could also provide direct information on the pore size dis-
tribution in the particle bed and even on diffusivity, some-
thing that cannot be assessed by CT scans (Elsayed et al.
2023; Fleury et al. 2011; Komoroski 1993; Valckenborg
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Fig.1 A schematic representation of the sedimentation and consoli-
dation process of clay suspensions. Indicated are the settling regimes
as can be identified, i.e., a settled bed of particles, a suspension, and
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a clear water layer. On the right the expected T, time of measured
nuclear magnetic resonance signal with the associated T, regimes is
indicated
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et al. 2001a, b). While NMR offers advantages over other
methods, the measurement speed of NMR imaging is lim-
ited by the relaxation time. To overcome this limitation, a
multi-slice NMR imaging protocol is adapted that makes
use of a stepper motor to effectively decrease the meas-
urement time. Moreover, by combining the stepper motor
method with frequency-based selection we decreased the
acquisition time even further.

This technique is suitable for use in small-scale 1D NMR
systems, compromising of electromagnets that generate low
static fields (0.78 T), which have low gradients (0.1 T/m)
and small coils (on the order tens of millimeters), distin-
guishing the technique from other more complicated stepper-
based NMR methods used for sample alignment as opposed
multi-slice imaging (Kresse et al. 2019). This technique
improves the spatial and temporal resolution of acquired
volume fraction and pore size distribution within samples.
Here, a distinction is made between general, large (medical)
magnetic resonance imaging (MRI) systems and small-scale
NMR systems used in this research. While the smaller (1D)
NMR machines can only measure samples with small cross
sections (on the order of centimeters), they are able to meas-
ure these samples for hours, days or weeks on end giving
comprehensive information on sedimentation characteristics
and as a result are also more cost-effective.

Firstly, the NMR technique will be discussed and the
multi-slice method using the stepper motor is proposed,
after which an application of the NMR technique will be
discussed on the sedimentation of a kaolinite clay suspen-
sion, showing that this NMR technique is suitable for ana-
lyzing gravity-driven systems, without being affected by the
movement of the stepper motor.

2 Volume fraction and pore size profiles
via NMR

2.1 Basic NMR principles

NMR is a nondestructive technique used to probe the inter-
nal structure of objects, such as suspensions, by utilizing
the magnetic properties of atomic nuclei. The method is
based on the principle that certain nuclei, such as hydrogen
in water molecules, possess a magnetic moment. When an
external magnetic field is applied to align these magnetic
moments they can be manipulated by external radio fre-
quency (RF) field, generating a signal from which informa-
tion can be retrieved. For a basic introduction on NMR, the
reader is referred to “The Basics Of NMR’ by Hornak (1996).

Most nuclei have a magnetic dipole moment because of
their spin-angular momentum. The NMR Larmor frequency
of a specific nucleus is given by:

f=vB, 1))

where f is the frequency, y is the gyromagnetic ratio
(42.58 MHz/T for 'H) and B, is the applied magnetic field.
The gyromagnetic ratio is dependent on the type of nucleus.
NMR can therefore be made sensitive to only a particular
type of nucleus, e.g., to hydrogen and thereby to water. The
orientation of a magnetic dipole moment of nuclei in a sam-
ple can be manipulated by making use of pulsed RF fields at
the Larmor frequency. The signal one retrieves in a pulsed
NMR spin-echo or Carr—Purcell-Meiboom-Gill (CPMG)
experiment is given by (Carr and Purcell 1954; Meiboom
and Gill 1958):

_IR _IE
S=ka<1—e T1>e T, 2)

Here S is the retrieved signal, k is a proportionality con-
stant which is 1 for hydrogen, p, is the density of the proton
spins in the sample, T, is the spin-lattice relaxation time and
T, is the spin—spin relaxation time. The repetition time TR
is a parameter that specifies the repetition time of the total
pulse sequence, thus how frequently we are able to repeat an
NMR measurement. The echo time TE is the time between
the excitation RF pulse and the peak of the first spin-echo
formed in the CPMG sequence, or more generally, between
successive echoes in the CPMG echo train. Both TR and TE
are graphically represented in the CPMG sequence in Fig. 2.

As seen from Eq. (2), the signal from the excited nuclei
decays according to two distinct relaxation mechanisms.
The spin—lattice relaxation 7 is caused due to interactions
between spins and their environment, whereas the spin—spin
relaxation T), is due to interaction by the spins themselves.

In general, to neglect the 7, contribution (we are only
interested in effects caused by the T, relaxation) to the sig-
nal the repetition time is chosen as TR >47,; Consequently,
the repetition time of an NMR experiment is dominated by
T,, and hence, the longest 7, will dominate the total meas-
urement time of a profile. Therefore, in our sedimentation
experiment the repetition time is dominated by diffuse part
where the T relaxation of water is in the order of 3 s. Hence
a single-slice spin-echo experiment takes in the order of 12 s
and acquiring a total moisture profile of n-points will take
ntimes 12 s.

2.2 Relaxation and pores size

Consider a cylindrical sample filled with a water-based clay
suspension, which has an excited slice of volume V at height
z, as given schematically in Fig. 3. Since the NMR signal
is directly related to the proton density as given by Eq. (2),
one can determine the volume fraction of water and clay in
a slice from the NMR signal. In a two-component kaolinite

@ Springer
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CPMG signal decay
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Excitation pulse
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» time
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Echo Time TE Echo Time TE

Echo Time TE

A

Repetition time TR (of entire sequence, until next excitation pulse)

Fig.2 Schematic representation of an NMR CPMG sequence with
four echoes. First, an excitation pulse is applied. After a rephasing
pulse (applied at time TE/2), an echo is observed. The time between

Excited slice of total
volume V at pos z

Fig.3 Schematic representation of a sample with an excited slice at
position z of total volume V, with a mix of kaolinite clay and water.
Clay volumes do not contribute to signal, i.e., only signal is obtained
from the free water

clay-water suspension, there are contributions to the hydro-
gen-based NMR signal from both the H nuclei enclosed
within the OH- groups of suspended kaolinite particles,
and the H nuclei from the water molecules. However, the 7,
relaxation of these clay-based OH- groups is so short (order
10~*s) that with properly chosen spin-echo time TE no-signal
contribution is obtained. Hence, the signal obtained is purely
from the free water in the sample. Therefore, the volume
fraction of clay in a sample is:

V0@
=

S,—0(2)
Sref H,0,=0 .
&)
Here ¢, (2) is the water volume fraction at height z and
Sremm,0,=0 & reference signal of a volume slice containing
only water molecules Vo =V).

d)kao(z) =1- ¢Water(z) =1-

In addition to measuring the total water signal, 7, relaxa-
tion is also assessed at every point via the CPMG NMR

@ Springer

the excitation pulse and the first echo is given by the echo time. The
repetition time TR is specified as the time between two entire CPMG
sequences, i.e., the time between two successive NMR measurement

sequence. This relaxation behavior can be influenced by
relaxation centers, such as clay particles, which is schemati-
cally given in Fig. 4. In the case of free water, see Fig. 4a,
there are no relaxation centers, resulting in long bulk relaxa-
tion time of water itself, i.e., for free water T, =T7,=3 s.
For a system containing clay particles, we must distinguish
between two scenarios: a suspension containing free-floating
particles (Fig. 4b) or water within a porous structure com-
posed of clay particles, i.e., water within a pore structure
(Fig. 4c). In water containing clay particles, the relaxation
is related to the concentration of clay particles within the
water, whereas for water within a porous clay structure the
relaxation is determined by the size of the pores. Within
both systems, the water signal decays more quickly than for
pure water.

Generally, T, relaxation mechanisms in the sediment bed
(or other porous media) can be divided in three categories:
bulk relaxation, determined by the properties of the bulk
fluid; surface relaxation, determined by the interaction
between the fluid and clay/solid interface; and diffusion
relaxation, related to the dephasing of nuclear spins due to
movement through changing magnetic fields (Brownstein
and Tarr 1979; Elsayed et al. 2023; Valckenborg et al. 2001a,
b). These T, contributions of the relaxation mechanisms are
given by (Paul Callaghan 1994):

L_ 1, 1,11
TZ,V TZ,D TZ’ 14

+ pzi + iD(yGTE)z

v, 12
“

where T, , T, g and T, p, are the bulk, surface, and diffusion
relaxation respectively. p, is the transverse surface relax-
ivity due to the susceptibility mismatch of the water and
the clay surface. Finally, there is also a contribution due to
the diffusion in water in the magnetic gradient of the NMR
system. The surface relaxivity can be determined by NMR
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Fig.4 A schematic representa-
tion of various T, relaxation
regimes in clay-water sus-
pensions. D is the diffusion Vv
coefficient of water, V, the pore D

volume of a pore and S the
surface of the pore. Relaxa-
tion speed of H-NMR signal is
dependent on fluid regime: bulk
water with no relaxation centers
results in slow signal decay

(a); fluids with higher particle
concentrations which can act as
relaxation center result in faster
signal decay (b); fluids confined
in pores result in fastest signal
decay due to relaxation at the
pore walls (c)

a) Bulk fluid volume

Relaxation determined
through bulk
properties

CPMG and micro-CT methods or directly from NMR D-7,
experiments (Benavides et al. 2017, 2020; Luo et al. 2015;
Slijkerman and Hofman 1998), hence giving direct access
to the pore size.

For fluids in porous media, the bulk relaxation can usu-
ally be ignored in the case the pores are small like for clays.
Furthermore, if one utilizes short echo time TE or assumes
to be in the fast-diffusion regime, the diffusion-based relaxa-
tion component is negligable. Assuming that the pores are
3pherical with radius a gives a volume-to-surface ratio of

373 (using other geometries will give other ratio’s), Eq. (4)

can be reduced to:

1 S P23

72 ~ szp =74 (5)
This shows that T, time can be directly related to the
pore size of clay, as shown in Fig. 3c and Fig. 1 in the parti-
cle bed. Therefore, by measuring signal decay via a CPMG
sequence, both water/clay volume fractions as pore size dis-
tributions can be determined via Eq. (4) and (6). It should
be noted that within these sedimenting systems, pore size
distributions may only be calculated within the particle bed,
not for the suspension phase or intermediate phase between
suspension in bed in which pores are ill-defined.

3 Multi-slice NMR method, stepper motor
and frequency

Although the clay/water volume fraction and pore size distri-
bution can be measured simultaneously and nondestructively
via Egs. (4) and (6), challenges remain related to the acquisi-
tion time of a profile via NMR. As mentioned in Sect. 2.1,
the T, time of hydrogen in water limits the spatio-temporal
resolution that can be achieved, specifically affecting the
long-delay/repetition time (TR) of a single-slice NMR

b) Fluid with clay
particle concentration

QV
o -®

Tapuk > T2 > T pore

¢) Fluid in clay pores

wnn

Low T2

Relaxation determined
through pore size

Relaxation determined
through particle
concentration

measurement. This limitation is schematically represented in
Fig. 4a. Only one NMR experiment can be performed every
4T, in a single-slice NMR algorithm, making single-slice
NMR techniques rather slow. In cases of sedimentation, the
process is fully determined by the slowest relaxation, i.e., by
water (T} = 3 s) meaning an NMR experiment can only be
repeated every 47, (~12 s), rendering the NMR measure-
ment too slow to observe the initial sedimentation process.
To speed up acquisition time of NMR experiments involving
water, commonly contrast agents such as CuSO, are added
to shorten the T time of water. As these chemical contrast
agents might affect the sedimentation process of clayey soils
however, no contrast fluids can be added to the suspensions.

To accelerate acquisition time and prevent artifacts, we
instead introduce a multi-slice method, based on a step-
per motor, illustrated in Fig. 5b. Instead of waiting for 47
between measurements, a second NMR experiment can
be initiated by moving to another non-excited position in
the sample. In principle, multiple slices can be excited
within one acquisition time of 47, i.e., roughly every T},
reducing the measurement time for a profile by a factor of
four in this example. To prevent interference from other
slices during a single measurement, the measured slices
must be properly spaced so that only one slice is present
in the sensing coil region of the NMR machine at any
given time. This spacing is achieved by using a stepper
motor connected to the sample, which moves the sample
through the NMR machine in an n-skip-m multi-slice fash-
ion, stopping at specific intervals to carry out measure-
ments. This multi-slice stepper method improves spatial
and temporal resolution. This multi-slice stepper method
improves spatial and temporal resolution in small-scale 1D
NMR systems, which consist of electromagnets generating
low static fields (0.78 T) and gradients (+ 0.1 T/m), and
feature small coils. Moreover by this multi-slice stepper
method we overcome the limitations by the long relaxation
of water (TR~ 105s).

@ Springer
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a) Single-slice NMR

Fig.5 Schematic representation of various NMR measurement pro-
tocols, where measurement periods are given by gray rectangles. By
incorporating a stepper motor multi-slice protocol, more measure-

The multi-slice method via physical stepper motor is sup-
plemented with frequency-based multi-slice encoding, fur-
ther speeding up acquisition time (Fig. 5¢). The frequency-
based selection method allows multiple points to be acquired
within one measurement by applying a magnetic gradient
during the measurement:

B.(z2) =B, + Gz (6)

where B_ is the homogenous field and G the slice selection
gradient. As the Larmor frequency of hydrogen is depend-
ent on the applied field via Eq. (1), one can derive the sig-
nal per point z by applying a Fourier transform and using
Eq. (7). The frequency-based selection step makes it pos-
sible to achieve sub-millimeter spatial resolutions without
sacrificing measurement time, while the stepper motor-based
method allows fast imaging of large samples that extend
beyond the homogenous field of the NMR system, circum-
venting the single-slice repetition time limit TR.

4 Experimental setup

The NMR setup as used in this study is schematically rep-
resented in Fig. 6. The setup consists of a electromagnet
(GMW Magnet 3473-70) that provides a magnetic field B,
of 0.78 T. Quantative NMR measurements are made possible
due to Faraday shielding of the high-frequency coils of the

@ Springer
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ments can be taken within a single repetition time TR = 47,. By addi-
tionally incorporating frequency-based selection, more datapoints can
be acquired per measurement

T To stepper motor
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(S ©
o O
\ g o o
o
B -7 - ooo o C)o
O @
® ta ° o © .:@ ®
H o %90 o i@
Hloo O | ¥e
@pl 00®° I
e — el e M- -
H oo o ::: ®
b o o |H®
®(® ° % |H-I®
I H 0° %o H®
[
° o Oo ° I
Gradient Coils e "
Opo o
o ©20%¢ Magnets
Sample ° OO o0 For B, field

Fig.6 A diagram of the NMR system for measuring the clay volume
fraction and pore size distributions during sedimentation. The main
field is applied by an electromagnet generating a field of 0.78 T.
Incorperated in the setup is a Faraday shield to prevent detuning of
coil due to changing dielectric properties of the volume within the
coil. The tube diameter is 23 mm and has a length of 200 mm and
can be moved through the NMR machine with the help of a stepper
motor with speed ramping algorithm with a maximum acceleration of
3.14 cr/s?
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NMR machine. Without the Faraday shielding, moving sam-
ples through the system would change the dielectric proper-
ties of the volume contained within the coil and therefore
the tuning properties of the LC circuitry of the coil, resulting
in a mismatch and signal decline (Conradi and Zens 2019).

In the experiments given in this study, a CPMG sequence
of 2048 pulses with TE = 300us at magnetic gradient
G = 0.11T/m is used. With the chosen pulse length of 30 us
a slice is excited with a thickness in the order of 3 mm. As
the sedimentation of clay sludges is a gravity-influenced
phenomenon, the stepper motor uses a speed ramping algo-
rithm with a maximum acceleration of 3.14cm/s? (0.32% of
gravity) to limit acceleration-induced disturbances by the
stepper-based multi-slice measurement method.

Figure 7 schematically represents the complete control
system of the NMR and stepper motor. A central computer
system running MATLAB 2021a manages both the stepper
motor and the NMR. At the core of the NMR is the SpinCore
TRX-I-50-75-300-AW RadioProcessor, an RF acquisition
and excitation system with digital detection and real-time
signal processing. The RF pulses are amplified by an RF
power amplifier to excite the hydrogen spins in the sample.
The returning spin-echo signals are pre-amplified and pre-
processed by the SpinCore RadioProcessor before being sent
to the PC for final data processing in MATLAB, such as
calculating the relaxation times.

In this setup, the magnetic gradient is not switched dur-
ing the CPMG pulse train; it is controlled by the MATLAB
script to remain constant and is only switched on and off
after an NMR experiment. This approach allows for much
shorter spin-echo times, enabling the determination of

relaxation times for smaller pore sizes. Since the gradient is
kept constant, only a small region is imaged (~3 mm) and
a profile over the sample is obtained by moving the sample
using the stepper motor. Additionally, a multi-step method
is introduced as discussed to limit the scan time for a profile
due to the relaxation limitations of water. The stepmotor
itself is controlled by an Arduino which runs the software for
smooth acceleration and deceleration of the sample.

A single custom MATLAB script controls NMR pulse
sequences, sends commands to the stepper motor to move
the sample through the NMR, processes signals retrieved
from the NMR and performs data analysis. To allow MAT-
LAB to interface with the stepper motor (an RS 440-458
stepper motor), an Arduino Due and Microstepper controller
is used. To control the NMR, MATLAB sends commands
to a SpinCore TRX-I-50-75-300-AW RadioProcessor. The
RadioProcessor serves as a complete NMR system con-
sole for generating excitation pulses, sent to the NMR coils
high-frequency power amplifiers, and acquiring data from
the NMR experiment. The acquired data are then sent to
MATLAB for further processing.

5 Results

As a typical example, the sedimentation process of a stand-
ard kaolinite suspension is studied using the proposed NMR
multi-slice method. A 100 g/l homogenous kaolinite suspen-
sion in deionized water is prepared by mixing dry clay pow-
der with deionized water (see Appendix 1 for sample prop-
erties). Roughly 80 ml of the suspension is deposited in a

Microstepper
/ Controller Stepper motor I
Arduino \
Oradient Gradient Coils
Controller
Fele
PC system with Multi-slice acquisition control S§
MATLAB Excitation control 2
¥ o
commands | { signal | High-frequency RF Coils
’ pre-amplifier
SpinCore
RadioProcessor

High-frequency
amplifier

Fig.7 A schematic diagram of the NMR setup and control of the
stepper motor. The high-frequency coils and gradient coils are con-
trolled by a SpinCore RadioProcessor, a digital data acquisition and
excitation system, which also processes raw data received by the

NMR system. The specific pulse sequences and pulse parameters are
supplied to the SpinCore via MATLAB, running on a PC system con-
nected to the SpinCore. The PC also controls and Arduino, responsi-
ble for operating the stepper motor and the gradient controller

@ Springer
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200-mm-high, 23-mm-wide cylindrical glass tube and mixed
thoroughly before use. A surface relaxivity of p, = 1.8 us/m
is assumed for the kaolinite sample (Elsayed et al. 2023).
To show the effect of the required acquisition time of
the NMR method, the single-slice NMR method (Fig. 5a)
is compared to the multi-slice stepper with frequency
selection method (Fig. 5c). The result for the first 12 h
of sedimentation is shown in Fig. 8. Measurements are
spaced roughly every two hours. As the clay sample is
shaken before the measurement, the clay concentration
should be homogenous at the start. While the single-slice
method shows artifacts (Fig. 8a), especially in the pure
water regime (noisy data) and during the first parts of the
sedimentation process (skewed profiles), the multi-slice
method accurately determines the sedimentation process.
This can be mainly attributed to the decrease in acquisi-
tion time, going from 100 min at 0.8 mm resolution using

Fig.8 Comparison of water
volume profile derived from 1.05
the single-slice NMR algorithm
and the combined multi-slice
NMR algorithm with a 100 g/l
clay suspension in deionized
water during the first 12 h of
sedimentation (profiles as black
lines). Due to increased acquisi-
tion speed, additional profiles
are acquired during the first two
hours of sedimentation using
the multi-slice algorithm (light
gray lines)

=
e o
o & —-

Water Volume Fraction [-]

0.8
0

1.05

=3
o o
=3 b —_

Water Volume Fraction [-]

oS
%
v3

0.8
0

the single-slice method to 12 min at 0.6 mm resolution
using the multi-slice method. Due to the almost tenfold
increase in measurement speed, more profiles can be
acquired. These additional profiles (included in Fig. 8b as
gray lines) provide more information on the initial process
giving direct access to the sedimentation dynamics.

In Fig. 9, a typical measurement of the kaolinite sedi-
mentation process within the first 36 h is given, where
a profile measurement is started every 15 min using the
combined multi-slice NMR method. One NMR measure-
ment is carried out per slice (no averaging methods are
used). To reduce effects related to noise, data are fitted to
a 2D cubic spline using MATLAB, interpolating on a fixed
time/space grid, reducing the noise. Information on both
volume fractions and pore size distributions in the particle
bed is given over time and space.
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a) Water Volume Fraction []

Fig. 9 a Sedimentation profiles of kaolinite clay in deionized water over time in volume fraction of water ¢.
derived pore size distribution profiles over time of kaolinite via Eq. (6)

Using this NMR method, both the initial hindered settling
and the consolidation phases can be quantitively measured,
as can be seen in Fig. 9a, where we have given the volume
fraction as function of time and space. A clear distinction
can be seen between the interfaces of the different phases:
the suspension phase (predominant during the first half
hour), the soft sediment layer at the bottom of the sample
(growing over time) and the clear water phase at the top
(increasing over time).

As at every position in time, the 7, relaxation is measured
besides the water volume fraction, the pore size distribution
can be derived using Eq. (6) as function of the height in the
particle bed (see Fig. 9b). As kaolinite clay has one domi-
nant pore size, a mono-exponential decay model was used to
fit the relaxation data (Valckenborg et al. 2001a, b). As the
sediment layer builds up over time, we observe a pore size
change a function of the height in the particle bed, i.e., there
are smaller pores formed at the bottom as the consolidated
clay layer compacts under the influence of gravity. Hence
using NMR, we can see the pore size changing as in time
the system is compacting.

6 Conclusions

Using NMR can get a direct insight into the dynamic pro-
cesses of the sedimentation and consolidation of clay sus-
pensions. The proposed multi-slice NMR method, making
use of a physical stepper motor and frequency-based selec-
tion, results in a tenfold increase in measurement speed as
opposed to traditional single-slice NMR methods. Using
this method, a full profile could be measured in 12 min

Height [cm]
S

0 5 10 15 20 25 30 35 40
time [hours]

b) Pore size distribution in particle bed [pm]

water M€asured every quarter hour; b

at a resolution of 0.6 mm, providing information on both
pore size distributions within the clay particle bed, as well
as water/clay volume fractions in the total sedimentation
column over time. This measurement time is short enough
(around 10 min) to also measure on the dynamic initial
sedimentation. Moreover, the proposed method is suit-
able for use in low-field NMR scanners (0.78 T) with small
homogenous magnetic fields (on the order of millimeters)
and hence suitable to also measure on slower sedimentation
over a longer time.

While in this paper the T, relaxation was used to deter-
mine the pore size distribution, the 7, signal could also be
used to derive the clay particle in diluted water mixtures,
which we will incorporate in our future research, hence pro-
viding the complete information on the sedimentation and
consolidation process of clay suspensions.

Appendix
1 Kaolinite sample properties

See Table 1 and Fig. 10.

Table 1 Properties of used 200 g 1 kaolinite suspension

Parameter Value

D10-D50-D90 [um] 1.98-6.18-22.33

pH 9.0
Conductivity [m S/cm] 0.163
Zeta potential [mV] —24.61
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