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A B S T R A C T   

The hydration behaviour of unsaturated expansive clays, crucial for applications such as radioactive waste 
management, remains a challenging and incompletely understood phenomenon given the complexity of char
acterizing their pore network dynamics upon water absorption. The evolution of porewater populations, 
distinguished as immobile adsorbed water attached to the clay particles surface and capillary water, presumably 
governs the kinetics of water mobility in wetting or drying processes. 

Nuclear Magnetic Resonance (NMR) relaxometry experiments have reported the increase of water mobility 
during the wetting process of expansive clays but the evolution of water populations remained unidentified. This 
study presents relaxation time distributions and relaxation time maps found for a bentonite/sand mixture (with 
Na-montmorillonite) at various relative humidities, reproducing its hydration. Valuable insights into particular 
experimental procedure, data-treatment and interpretation for expansive clay are provided. Relaxation times in 
Na-montmorillonite highlighted a two-regime evolution as a function of water content, in accordance to models, 
featuring the properties of adsorbed water, which is considered fully dominant during the first regime (relative 
humidity lower than 90%). 

An empirical model reproducing the two-regime dependance of water content on relaxation times was pro
posed. Moreover, a new formulation enabled quantifying the adsorbed water fraction in expansive clay from 
relaxation time measurements. Finally, the porewater populations were quantified for Na-montmorillonite as a 
function of water content, demonstrating strong agreement with supercooling observations in freezing 
experiments.   

1. Introduction 

The hydration of unsaturated expansive clay has not yet been 
completely understood, even though it has been a focus of investigations 
in the past 40 years. Particularly,the use of expansive clay as buffer 
material in the radioactive waste management industry demands to 
precisely characterize and predict via appropriate models its long-term 
hydration (Gens et al., 2002; Lloret et al., 2003; Sellin and Leupin, 
2013) characterized by very slow water transfer. Hydration processes 
may potentially take hundreds or several thousands of years to reach 
hydraulic equilibrium at in situ conditions. 

Water transfer in unsaturated soils depends on the amount and 
connectivity of water in the pore network. Given the wide pore size 

distribution of compacted clay mixtures (from approximately 1 nm to 
hundreds of μm) and the complexity of the electro-chemical interactions 
between water and the clay particles (hydrogen bonding, hydration of 
exchangeable cations, osmotic attraction by Stern layer and diffuse 
double layer, charged surface–dipole attraction, London dispersion 
forces attraction and capillary condensation) (Low, 1961; Madsen and 
Müller-Vonmoos, 1989; Wersin et al., 2004; Leroy and Revil, 2004; 
Mitchell and Soga, 2005), it is expected that different porewater pop
ulations may coexist and develop complex dynamics during wetting/ 
drying processes. In practice, porewater populations have been classi
fied as a function of their expected mobility as: capillary water (with 
advective mobility) and adsorbed water (less mobile water due to its 
strong electro-chemical interaction with the clay minerals). The water 
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population featuring boiling temperatures above 315 ◦C is often called 
structural water and is assumed to be completely static. Hence, it would 
not contribute to water transfer and it is not considered as porewater in 
this study. Adsorbed water features supercooling properties, a higher 
density (1.20–1.30 Mg/m3) at low relative humidity (RH) (Martin, 1960; 
Jacinto et al., 2012; Bahramian et al., 2017; Wang et al., 2020; Navarro 
et al., 2022) and its transfer in porous media is presumably governed by 
water vapour diffusion. Several studies based on water retention models 
concluded that adsorbed water is predominant in clay soils with low RH 
whereas at high RH adsorbed water and capillary water coexist, being 
this evolution very impactful on the unsaturated hydraulic conductivity 
of clays (Tuller et al., 1999; Tuller and Or, 2005; Lebeau and Konrad, 
2010; Revil and Lu, 2013; Navarro et al., 2015; Dieudonne et al., 2017). 
Capillary water might appear when connectivity between the porewater 
matrix is reached, attributing mobility to the porewater matrix. Thus, 
two different regimes of mobility are expected depending on the RH in 
the soil. 

The quantification of capillary and adsorbed water populations in 
unsaturated clays could be better demonstrated by experiments on 
microstructural quantification of water populations, independently 
from water retention models. The aim of this study is to characterize the 
two-regime water mobility evolution from NMR (Nuclear Magnetic 
Resonance) relaxometry tests providing useful experimental data, a 
practical empirical model that could reproduce the experimental results 
and the quantification of adsorbed and capillary water in a wetting 
process. 

1.1. Nuclear magnetic resonance relaxometry 

Dynamic low-field NMR relaxometry has been proved as a useful 
non-invasive tool for measuring liquid transfers, water mobility 
(depending on pore size, adsorption and paramagnetic component) and 
porewater quantification in porous media through the investigation of 
longitudinal (T1) and transversal (T2) relaxation time distributions ob
tained by IR (Inverse Recovery) and CPMG (Carr-Purcell-Meiboom-Gill) 
NMR sequences, respectively (Gao and Li, 2015; Maillet et al., 2022; 
Catinat et al., 2023). The technique is based on the principle that certain 
atomic nuclei possess a property called “nuclear spin,” which generates 
a magnetic moment. When placed in a strong magnetic field and exposed 
to radiofrequency pulses, these nuclei can absorb and reemit energy at 
specific frequencies, resulting in a resonance phenomenon. The return to 
equilibrium of the magnetization (absence of resonance) is defined by 
the T1 and T2 which are influenced by the mobility, paramagnetism and 
configuration of surrounding macromolecules due to proton exchange 
(chemical exchange). 

Regarding compacted expansive clay, NMR relaxometry experiments 
do not exhibit directly distinctive responses from each of its porewater 
populations, contrary to other soils (Jaeger et al., 2009). Hence, T1 and 
T2 are presumably the weighted average response of all porewater 
populations due to a fast diffusion exchange between them (Fleury et al., 
2022). Investigations involving CPMG tests during freezing experiments 
in Na-montmorillonite determined the adsorbed water fraction at four 
unsaturated states by the supercooling effect (Fleury et al., 2013). 
Similarly, a gas hydrate formation test followed by CPMG in montmo
rillonite at different hydric states demonstrated that hydrate formation 
occurs at water contents above 15% when the binding strength of water 
molecules is progressively lower (Sun et al., 2021). Several descriptions 
of porewater in expansive clay have been provided by interpretation of 
NMR relaxometry tests using the Surface Limited Relaxometry theory 
(described in Section 4.4.1) with the support of porosity analysis from 
microstructural observations such as X-Ray Diffractometer (Ohkubo 
et al., 2008, 2021; Fleury et al., 2013; Rongwei and Tsukahara, 2020), 
Mercury Intrusion Porosimeter (Ma et al., 2020; Tian and Wei, 2020; 
Tian et al., 2023) or other experimental techniques such as SAXS 
(Muurinen et al., 2013). 

2. Materials and method 

2.1. Compacted bentonite/sand mixture 

The experimental campaign was performed on a compacted mixture 
of granular WH2 gelclay bentonite from Wyoming (USA) and quartz 
sand. This material is being considered as candidate material for the 
engineered barrier system in the “Cigéo” project of Andra (French Na
tional Agency for Radioactive Waste Management) for geological high- 
level radioactive waste disposal. The proportions in dry mass are 40/60 
(bentonite/sand), defining B = 40% as the mass proportion of bentonite 
in the bentonite/sand mixture. The bentonite featured a particle density 
of 2.77 Mg/m3. Based on reported observations on MX80 bentonite from 
Wyoming (Karnland et al., 2006), the bentonite presented a sodium Na+

governed cation exchange capacity of 71–88 meq/100 g and a mont
morillonite content cmmt of 81.4±2.2%. Mineralogical reports (Table 1) 
suggested the presence of other minor mineral phases. The sand is a 
quartz sand with a particle density of 2.65 Mg/m3. The granulometric 
curves of both materials were obtained by dry sieving (following the 
norm AFNOR 1996, NF P94–056) determining the mean grain diameters 
0.90 mm and 0.55 mm for the bentonite and the sand, respectively. 

A brick (300 × 200 × 100 mm3) compacted from this bentonite/sand 
mixture was provided by Andra. It had been pre-compacted at 80 MPa 
within an industrial process. The dry density of the brick was 2.03 Mg/ 
m3. In the laboratory, the brick with a gravimetric effective montmo
rillonite water content, hereafter just named water content w, of 21.0% 
calculated by Eq. (1), was stored inside sealed plastic bags to avoid 
moisture exchange with the environment. In addition to the unsaturated 
samples, a saturated sample was prepared by compacting in the labo
ratory a sample to a target dry density of 1.86 Mg/m3 with an initial w =
16.3%. The vertical compaction pressure applied was 60 MPa and the 
final dimensions without load were 11.1 mm of height and 50 mm of 
diameter. Only a piece of 12 mm of diameter and 11.1 mm of height cut 
from the saturated sample was used in the experiments. 

w =

(
mass of water

dry mass of the mixture

)
1

B cmmt
(1)  

2.2. Wetting process 

Eight cylindrical samples, with maximum dimensions of 10 mm in 
height and 12 mm in diameter, in order to fit the spectrometer limits of 
the NMR device, were manually cut and shaped from the bentonite/sand 
brick provided by Andra with an initial w = 21.0%. Dry mass of each 
sample was obtained by oven drying at 105 ◦C for 24 h at the end of each 
experiment (Table 2). Dry mass varied slightly because it was difficult to 
obtain regular cylindrical samples with manual preparation. Each 
sample was inserted in a porous rigid cylindrical cell having internal 
dimensions of 12 mm in diameter and 10 mm in height prior to being 
subjected to a RH-controlled environment by using the vapour equilib
rium technique (Tang and Cui, 2005) until the mass of the samples 
(measured every week) was equilibrated with a tolerance of 0.01 g 

Table 1 
Main phases of the mineralogical composition of a commercial 
bentonite from Wyoming (USA) (Karnland et al., 2006).  

Mineral phase Weight content (%) 

Montmorillonite 81.4 
Tridymite 3.8 
Plagioclase 3.5 
Muscovite 3.4 
Quartz 3.0 
Gypsum 0.9 
Cristobalite 0.9 
Illite 0.8 
Others 2.3  
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between two consecutive measurements. Porous rigid cells facilitated 
the weighing of the samples during the wetting phase without breaking 
them as well as limited the swelling of the samples. 

To prepare the fully saturated sample, demineralized water was 
injected at a pressure ranging from 200 to 400 kPa using a pressure/ 
volume controller under constant sample volume conditions. Saturation 
state was assumed after 12 days, when the injected volume of water was 
above 130% of the pore volume, water inflow rate was found constant at 
a constant 400 kPa injection pressure and water outflow could be 
observed at the side opposite to the water inlet. 

2.3. NMR relaxometry measurements 

The instrumentation used in the relaxometry experiments was a 
Bruker low-field NMR Minispec mq20, operating at 0.5 Tesla and a 
frequency of 20 MHz. The system's detection capabilities are constrained 
to a cylindrical region with 16 mm diameter and 10 mm height. Beyond 
this height, signal intensity experience a significant attenuation due to 
field inhomogeneities, eventually leading to signal loss. 

A bi-dimensional sequence IR-CPMG was used to have access to 
contour maps corresponding to the signal as a function of both T1 and T2 
simultaneously. In order to have a scanning time of 90 min, the IR 
measured 60 inversion times logarithmically distributed from 0.16 ms to 
1000 ms, while the CPMG measured 60 echoes logarithmically distrib
uted from 0.06 ms to 100 ms. The recovery time was set to 1200 ms. 
Each inversion was measured 64 times to optimize the signal-to-noise 
ratio. 

T2 was obtained from measurements of a Carr-Purcell-Meiboom-Gill 
(CPMG) sequence composed of a first “π/2” pulse and a series of “π” 
pulses -echoes- distributed at regular intervals of 0.06 ms, producing 
3333 echoes with echo times from 0.06 ms to 200 ms. Each sequence of 
echoes was repeated 256 times to optimize the signal-to-noise ratio with 
the time of scanning (10 min). Repetitions were separated by a repeti
tion time of 2 s to get a complete relaxation of all protons. 

T1 was obtained from measures of an IR sequence. 100 inversion 
times distributed logarithmically from 0.16 ms to 1000 ms were per
formed. The recovery time between inversions was set to 1000 ms, 
sufficient time to ensure that the magnetization came back to equilib
rium. The number of scans, i.e. repetitions of each inversion, was 64 to 
optimize the signal-to-noise ratio with time (75 min). 

Data recovered from the Minispec was converted to relaxation time 
distributions after treating it through inverse Laplace transform (Pro
vencher, 1982). Relaxation time distributions are statistical distribu
tions which correspond to the time it takes for hydrogen protons 
contained in the porewater to come back to equilibrium after being 
subjected to magnetic pulse while inside a magnetic field with its 
resonance frequency. In T1 or T2 distributions, the captured signal in
tensity is presented as a function of the relaxation time. The signal 

intensity is linearly related to the number of hydrogen protons detected 
by the instrumentation. In order to compare the signal intensity 
observed in the different specimens, the signal was divided by the dry 
mass of the corresponding sample. Even though the signal intensity 
value shape depends on the regularization technique, particularly on the 
parsimony factor, relative analysis of signal evolution is suitable for 
interpretation because the position of the peaks and the integral below 
the peak are not affected (Faure and Rodts, 2008; Penvern et al., 2020). 

Single T1 or T2 distribution data treatment is more accurate and 
reliable than T1-T2 relaxation time maps, where uncertainties from the 
calculation of the two-dimensional inverse Laplace could contribute 
negatively to the determination of relaxation time distributions. Addi
tionally, the measurements performed for single T1 and T2 character
ization are more refined due to the bigger number of inversion times and 
echoes, respectively. 

To prevent any water exchange during the experimentation, the 
samples were carefully covered one by one with Teflon film avoiding the 
contact of the sample with the environment. Each sample was weighed 
before and after the NMR measurements, verifying that they did not 
experience any appreciable water exchange, larger than 0.01 g. An 
operating temperature of 20 ◦C was set by the NMR device. 

3. Experimental results 

3.1. T1-T2 maps 

T1-T2 relaxation time maps in Fig. 1 present relaxation times be
tween 0.04 ms and 10 ms in the case of T1 and 0.06 ms (limit of the 
device) to 10 ms for T2. Inside this range, each combination of T1 and T2 
was related to a given signal intensity reproduced by a color bar, which 
was normalized to the sample dry mass. The number of hydrogen pro
tons measured by the NMR device relaxing at a T1 and T2 value, defined 
the signal intensity value. The resulted relaxation time maps were 
observed as a probabilistic distribution function of two independent 
variables (T1 and T2). 

At RH = 44%, two sources of signal were situated at T1 = 0.5 ms. The 
faster source, with a peak value T2 < 0.06 ms presumably represented 
the structural hydroxyls located on the surface of clay minerals as 
demonstrated by a D2O exchange experiment (Fleury et al., 2013). This 
source was only partially captured as the peak of its contour map was 
not observed. The second source had a peak value T2 = 0.2 ms and 
represented the hydrogen protons of the porewater, potentially both 
populations of water (adsorbed and capillary). 

With an increase of RH, the faster source (hydroxyls) progressively 
disappeared while the slower one (porewater) became more and more 
significant. The two sources were generally separated except in some 
cases (RH = 66% and 84%) where they overlapped. Peaks of T1 for both 
sources remained similar and increased progressively during wetting. 
Peak of T2 for porewater also augmented during wetting while that for 
hydroxyls barely rose. The ratio T1/T2, reflected the mobility of water 
(bulk water exhibits T1/T2 = 1), and progressively approached values 
close to 1 as illustrated by the approximation towards the dashed line in 
Fig. 1. 

3.2. T1 NMR relaxation time distribution 

Distributions of T1 (Fig. 2) resulted in single peak distributions which 
evolved from 0.4 ms to 2.3 ms, progressively increasing the signal in
tensity during hydration. Porewater and hydroxyls could not be distin
guished. Therefore, T1 distributions were not suitable for interpreting 
the evolution of porewater dynamics. Additionally, T1 distributions 
could be influenced by paramagnetic impurities in the clay. 

3.3. T2 NMR relaxation time distribution 

The firsts echoes of the CPMG sequence (0.06 ms and 0.12 ms) were 

Table 2 
Samples used for NMR measurements. Water retention and relaxometry results.  

Solution Relative 
Humidity 
(%) 

Dry mass 
of soil 
sample 
(g) 

Water 
content, w 
(%) 

T1 

(ms) 
(a) 

T2 

(ms) 
(a) 

T2 

(ms) 
(b) 

K2CO3 44 1.69 15.9 0.58 0.19 0.17 
Mg(NO3)2 55 1.75 20.9 0.78 0.21 0.25 
NaNO2 66 1.29 20.9 0.80 0.21 0.26 
NaCl 76 1.58 23.3 0.89 0.26 0.30 
NaNO3 80 1.68 27.0 0.80 0.25 0.30 
(NH4)2SO4 84 0.55 28.3 0.65 0.23 0.39 
KNO3 94 1.79 30.7 1.11 0.48 0.55 
K2SO4 97 1.67 36.9 1.51 0.69 0.80 
Pure water 100 2.07 52.8 2.87 1.74 2.35 

(a) T1-T2 (map). 
(b) T2 (distribution).  
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Fig. 1. T1-T2 relaxation time maps. Dashed lines represent T1/T2 = 1.  
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sensitive to the signal originated by the hydroxyls according to the T1-T2 
relaxation time maps (Fig. 1). In this study, a cut-off at 0.18 ms was 
performed (echoes at 0.06 ms and 0.12 ms were removed) for T2 

distribution calculation in order to isolate porewater signal from hy
droxyls. Assuming that hydroxyls followed a monoexponential relaxa
tion with a peak T2 equal to 0.05 ms (from Fig. 1), only the exp(− 0.18/ 

Fig. 2. T1 distribution. The statistically most representative relaxation time of each peak (characteristic T1) has been represented with a point symbol in the 
distribution. 

Fig. 3. T2 distribution. The statistically most representative relaxation time of each peak (characteristic T2) has been represented with a point symbol in the 
distribution. 
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0.05) = 2.7% of its signal could be detected. Single peak distributions 
were observed in all hydric states tested (Fig. 3). The peak at RH = 44% 
with relaxation times between 0.05 and 0.4 ms, shifted progressively 
towards larger values and larger signal intensities as RH increased until 
reaching 0.8–5 ms at RH = 100%. 

3.4. Characteristic T1 and T2 

The statistically most representative relaxation times of each distri
bution peak of porewater, in the T1-T2 relaxation time maps and in the 
T2 distribution (Figs. 1–3), were referred to as characteristic relaxation 
times (Table 2). They were calculated as the average for each T1 or T2 
weighted by its corresponding NMR signal intensity. In T1-T2 relaxation 
time maps, closed contours are automatically detected by analyzing the 
local minimum. This enabled the identification of the porewater contour 
peak and the signal components relative to it, even considering overlap 
situations between two different contours. 

T1 slightly fluctuated in between 0.58 ms and 0.89 ms for samples at 
drier state (water content = 15.9–28.3%; RH = 44–84%). At wetter 
states, T1 increased quickly with hydration and reached 2.87 ms at the 
saturated state. T2 followed a similar trend, since it remained ranging 
between 0.17 ms and 0.39 ms for samples at the drier state and 
augmented quickly with hydration. At the saturated state, depending on 
the acquisition method, T2 ranged between 1.74 and 2.35 ms. 

3.5. Intensity of the NMR signal during hydration 

The NMR signal measured is generally linearly proportional to the 
amount of water protons contained in the testing sample when using 
sequences as CPMG or IR. Verifying the linearity by reviewing the 
evolution of total signal intensity as a function of water content could 
provide an important assessment in order to verify whether all pop
ulations of water were measured. Quantification of the total signal in
tensity in the peaks of T2 distribution (Fig. 3) required the calculation of 
the integral of the distribution, as the summation of signal intensity 
values from the start of the peak until its end. Peak areas were presented 
in arbitrary units multiplied by milliseconds (a.u. ms). In the case of 
T1-T2 map (Fig. 1), the signal intensity was calculated as the integral of 
the contour map exclusively from the porewater signal by the contour 
detection method described in Section 3.4, resulting in a peak volume 

with units (a.u. ms2). 
Results of peak area and peak volume (Fig. 4) highlighted that the 

evolution of total signal captured was linear with water content. Linear 
extrapolation suggested that samples prepared at water content lower 
content than 5% would not provide any NMR signal. 

4. Interpretation and discussion 

4.1. Relaxation time distribution in analysis of water absorption dynamic 

T1 and T2 distributions and T1-T2 maps obtained in the present work 
(Fig. 1–3) showed a single peak pattern which progressively featured 
larger relaxation times, as observed in previous studies (Fleury et al., 
2013; Ma et al., 2020; Tian et al., 2019; Tian and Wei, 2020; Sun et al., 
2021). By the analysis of the evolution of the T2 distribution during 
wetting or drying processes, notably its changes in shape and relaxation 
time, identification of hydration mechanisms is possible (Maillet et al., 
2022). The shift towards higher relaxation times while maintaining 
distributions with similar shape during the wetting process could be 
identified by two mechanisms that may be coexisting: (i) storage of 
water on progressively larger saturated pore spaces. This mechanism 
proposes that hydration begins filling the smaller fraction of the porosity 
while the larger one can be totally dry. It is commonly used to explain 
capillary wetting processes; (ii) storage of water on the surface of un
saturated pore spaces that maintain constant the surface of water-solid 
contact throughout all the hydration process. The first mechanism 
could be attributed for instance to the adsorbed water in the interlayer 
spacing in montmorillonite and to the capillary water in general. The 
second mechanism might be attributed to adsorbed water surrounding 
the clay particles. 

4.2. Two-regime hydration 

4.2.1. Water retention curves 
Water retention curves obtained from mixtures with contents of Na- 

bentonite ranging from 20 to 100% and different densities (Tang and 
Cui, 2010; Wang et al., 2013; Manca, 2015; Tian and Wei, 2020) are 
compared with this study (Fig. 5). Water content and effective dry 
density (ρeff ) were calculated relative to the dry mass of montmorillonite 
(excluding the mass and volume of sand). Therefore, the sand fraction is 

Fig. 4. Peak area and peak volume from the T2 distributions and T1-T2 maps observed as a function of water content. Dashed line represents the linear fitting of the 
experimental data with an R2 = 0.9834 (peak area) and R2 = 0.9206 (peak volume). 
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considered as an inert material which does not absorb any water. The 
reproductivity of water retention curves with different bentonite frac
tions highlights the dominant role of bentonite in the water absorption 
of the mixtures (Gray et al., 1984; Dixon et al., 1999; Komine, 2004). 

A transition point in the hydration of bentonite was identified at high 
relative humidity (90–95%) corresponding to water contents of 
29.8–32.8% in the studied mixture. This observation agrees with au
thors who determined the transition point at relative humidity values of 

90–93% in confined bentonite (Lloret et al., 2003; Villar, 2005; Delage 
et al., 2006; Villar, 2007; Tang and Cui, 2010; Pintado et al., 2013). In 
the first regime, water content increases linearly with the relative hu
midity, where hydration takes place generally by adsorption onto the 
clay mineral surface due to the increasing concentration of water vapour 
in air. In the second regime, the evolution is no longer linear. It depends 
on the porosity of the sample given that the maximum water content 
reached at saturation state can be estimated by inferring the volume of 

Fig. 5. Water retention curves of bentonite/sand mixtures containing bentonite fractions (B) ranging from 20% to 100% of their total dry mass. The effective dry 
density (ρeff ) is calculated as the [(dry mass of clay minerals) / (total volume – sand volume)]. 

Fig. 6. Two-regime evolution of T2 relaxation times from different wetting experiments in Na-montmorillonite. Estimations from the empirical model are plotted 
together with the experimental data. 

P. Eizaguirre et al.                                                                                                                                                                                                                              



Applied Clay Science 251 (2024) 107324

8

water from the total volume of pores, for a given water density. 
The water retention analysis described above is based on macro

scopic observation. Contrast with microscopic experiments is required 
to prove the two-regime phenomena and provide an accurate transition 
point. 

4.2.2. Relaxation times as a function of water content 
Experimental data of the characteristic T1 and T2 evolution with 

hydration (Table 2) revealed that relaxation of porewater follows a 
slightly increasing regime at low relative humidity and a sharp increase 
at the higher hydration states (w > 30%; RH > 90%). 

T2 measurements (the most usual experimental measurement carried 
out in NMR relaxometry on expansive clays) are plotted together with 
data reported in works by Fleury et al. (2013) on Na-bentonite powder 
from Libya with 95% of montmorillonite content (Fig. 6). The evolution 
of T2 confirms a transition point located at a water content of 30±1%, 
which corresponds to a relative humidity around 87–94% for a wide 
range of compacted mixtures of Na-bentonites from Wyoming (Fig. 5). 
Before the transition point, the linear increase has a slope of 0.0127 ms 
whereas at higher water contents the slope increases to 0.0714 ms 
(Fig. 6). The slopes were obtained by linear regression with a R2 of 0.73 
and 0.92 respectively. 

The first regime is understood to be fully governed by the dynamics 
of the adsorbed water: linear dependence on water content, extremely 
fast T2 below 0.40 ms, and the absence of capillary water. Overall 
mobility of adsorbed water could be linearly dependent on water con
tent at low w and may explain the linear increase of T2. In this regard, 
the osmotic adsorption of water at outer layers and the swelling of clay 
particles might decrease the overall clay surface-water interaction, even 
during the second regime. 

The Na-bentonite powder used in Fleury et al. (2013) was not com
pacted and probably exhibited relatively low effective dry density. This 
can explain why relaxation times found in that material are predom
inantely lower. Nevertheless, the impact of effective dry density on 
relaxation times observed in saturated bentonite and bentonite/sand 
mixtures (Ohkubo et al., 2008; Eizaguirre et al., 2023) has not been 
proved at unsaturated conditions. 

4.2.3. Empirical model for the two-regime evolution of T2 
To predict and interpret experimental data of T2 evolution with 

water content, an empirical model, based on the distinction of two re
gimes with a transition point at a critical water content (wc), is proposed 
following the observations of Section 4.2.2. T2 values found in the first 
regime (w ≤ wc) correspond to the adsorbed water relaxation times 
(T2,ad). The evolution of T2,ad is assumed linear with water content 
during both regimes. Therefore, T2,ad linear evolution features a slope λ1 

resulting from linear regression of T2 experimental data in the first 
regime, which determines w0 as the minimal water content that provides 
detectable relaxation times. T2 and T2,ad are the same in the first regime. 
In the second regime T2 is assumed to increase linearly with a slope λ2 
resulting from linear regression of T2 experimental data in the second 
regime. 

The relaxation times can thus be modeled (Fig. 6) by the Eqs. (2)–(3): 

T2,ad = λ1(w − w0) (2)  

T2 =

{
T2,ad if w ≤ wc

λ2(w − wc) + λ1(wc − w0) if w > wc
(3)  

4.3. Water content and NMR signal 

Evaluating the total signal intensity (peak area and peak volume) 
(Fig. 4) given by the relaxation time distributions enables to verify 
empirically its proportionality with mass of water. For a known dry 
mass, total signal intensity enables deducing the water content by a non- 
destructive method, contrary to drying, after calibration with a known 

water mass-controlled sample measured under the same scanning 
parameters. 

Fleury et al. (2022) quantified water content in 11 clay-rich sedi
mentary formations directly from CMPG sequences, highlighting in all 
specimens a close correlation with water content deduced from drying at 
105 ◦C. For water contents lower than 10% linearity between signal 
intensity and water content was lost in Ningming clay, presumably due 
to the strong interaction between the water molecules and the surface of 
the different clay minerals, while below 5% of water content the NMR 
signal intensity became negligible (Ma et al., 2020). The close similitude 
with the findings obtained in the present work (Fig. 4) is remarkable 
even though this study did not test any sample below w = 10% and thus 
could not reproduce the linearity lost. 

The empirical model presented in Section 4.2.3 (Fig. 6) predicts that 
in the case of Na-bentonite, at water contents of 5% approximately, the 
relaxation time would be low enough to have a distribution overlapping 
with the hydroxyls and therefore could not be quantified given that 
hydroxyls signal is systematically removed from the analysis as 
described in Sections 3.3–3.5. 

4.4. Surface limited relaxation 

In expansive clay, the mechanism governing the relaxation is 
attributed to the interaction between water protons and the solid surface 
of clay minerals. This relaxometry mechanism is known as surface 
limited relaxation (SLR) (Brownstein and Tarr, 1977; Godefroy et al., 
2001). It assumes that after the induced NMR magnetic pulse, water 
protons can explore all the porewater space and get in contact with the 
pore wall undergoing a drastic relaxation of their magnetization. 
Therefore, the relaxation is fully dominated by the interaction of water 
molecules with the solid, in contrast to pure water in a very large pore 
where water molecules relax by diffusion without any appreciable solid 
surface perturbation. The SLR mechanism is usually attributed to small 
pore size media. Given the morphology of expansive clays (notably 
containing montmorillonite) which features a large specific surface area 
and very small pore sizes, this model is likely consistent to analyze 
relaxometry results. In addition, molecules of water travel by self- 
diffusion an approximate distance of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
6 D T2

√
≈ 3 μm during the relax

ation process, where D = 2.3 ⋅10− 9 (m2/s) is the self-diffusion coefficient 
of pure water at 25 ◦C (Holz et al., 2000). Despite the approximations, 
this distance is presumably greater than the pore size where water is 
located when observing MIP pore size distribution evolution during 
wetting (Cui et al., 2002; Seiphoori et al., 2014). 

4.4.1. Classical formulation 
The SLR mechanism differentiate two populations of water in fast 

exchange: the porewater under the strong influence of the surface of the 
pore (surface population) with a volume, Vsurf , and the bulk porewater 
(bulk population) with volume, Vbulk. The sum of both populations is the 
total porewater volume, Vw. The inverse of the characteristic relaxation 
time Ti (where i equals 1 or 2 for referring to longitudinal or transversal 
relaxation, respectively) is described in Eq. (4) as the inverse weighted 
average of the relaxation time featured in the surface population Ti,surf 

and the relaxation time of the bulk population Ti,bulk, which is assumed 
to be 2300 ms at ambient temperature, similar to water in free state. 
Distinction of water densities for each water population is not consid
ered in this expression. The Ti,bulk term is orders of magnitude larger than 
the relaxation times found experimentally where Ti ≈ 1 ms. Conse
quently, the bulk water term has a negligible contribution to Ti. Eq. (4) 
thus simplifies into Eq. (5). Vsurf is usually decomposed into its thickness 
(ε) and its area, accessible via the specific surface area Ass of the porous 
media. Ti,surf and ε are directly related to the strength and electro- 
chemical properties of the molecular interaction between the solid and 
the fluid. Several previous studies on expansive clays quantified the 
water-solid interaction with a parameter named surface relaxivity (ρi) 
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equals to ε/Ti,surf (Guichet et al., 2008; Ohkubo et al., 2008, 2021; Tian 
and Wei, 2020). Given the surface relaxivity, it is possible to assess the 
volume of water and therefore the porosity in saturated conditions using 
Eq. (6). 

1
Ti

=
1

Ti,bulk

Vbulk

Vw
+

1
Ti,surf

Vsurf

Vw
(4)  

Ti = Ti,surf
Vw

Vsurf
(5)  

Ti =
Ti,surf

ε
Vw

Ass
=

1
ρi

Vw

Ass
(6)  

4.4.2. Proposed formulation 
The expressions can be adapted to better represent the particular 

case of water mobility in expansive clays. In theory, SLR formulation 
corresponds to a weighted average accounting for the quantity of 
hydrogen protons (in water molecules) under the influence of the water- 
solid interface surface and those at bulk state. Therefore, a gravimetric 
weighted average expression (in terms of mass) is preferable to the 
volumetric weighted average expression in Eq. (4) which does not 
consider the variable density of porewater in clays. Additionally, the 
notion of adsorbed water population matches well with the definition 
given to the surface population (water molecules strongly influenced by 
the solid-water interaction). Therefore, the bulk population corresponds 
to the capillary water while the surface population refers to the adsorbed 
water, whose relaxation time is Ti,ad equivalent to Ti,surf . In Eq. (7), mw 

refers to the total mass of water, mad to the mass the adsorbed water and 
mbulk to the mass of bulk water. As described in Section 4.4.1, the bulk 
water term can be neglected and following the separation of terms Eq. 
(8) is deduced. It describes for the first time a unique expression 
describing the evolution of the dual distribution of water populations 
(adsorbed and capillary water) directly from NMR relaxation times. 
Capillary water fraction is calculated as the complement to 100% of 
adsorbed water. 

1
Ti

=
1

Ti,bulk

mbulk

mw
+

1
Ti,ad

mad

mw
(7)  

mad

mw
=

Ti,ad

Ti
(8)  

4.5. Application of the proposed model: Quantifying the adsorbed water 
fraction 

Regarding Eq. 8, the characterization of two regimes separated at wc 
= 30% as described in Section 4.2.2 would correspond to two regimes of 
water mobility. Applying the empirical model described in Section 4.2.3 
to experimental data presented in Fig. 6, estimation of T2 and T2,ad are 
provided for a wide range of water content. The model parameters were 
calculated from experimental data by linear regression fitting as 
described in Section 4.2.3. The value of wc was set to 30% and the value 
of w0 resulted to be 3.74%. Recent molecular simulations (Brochard, 
2021) suggested that the first water layer in the interlayer space of 
montmorillonite would appear at w < 7.5% whereas the third layer at 
26.2% < w < 41.1%. Maybe the model parameters w0 and wc could 
have a physical sense related to the stepwise augmentation of basal 
spacing in montmorillonite. 

Applying Eq. (8) with the model estimations of T2 and T2,ad provide 
the proportion of adsorbed water as a function of water content (Fig. 7). 
The results highlight that the adsorbed water fraction constituted the 
100% of water and then decreased sharply once the water content in the 
soil was above the transition point defined. For typical water contents at 
saturation state (higher than 40%) the decrease of adsorbed water be
gins to stabilize towards a value given by the ratio λ1/λ2 which may be 
only related to the clay mineral capacity to maintain the adsorption 
mechanism. Na-montmorillonite clays were tested but other type of 
clays would potentially fit the model. 

Freezing experiments performed in Na-bentonite from Libya with 
95% of montmorillonite content (Fleury et al., 2013) obtained that at 
RH = 11, 33 and 75% (w = 7.8, 12.9 and 24.7%) the totality of water 
was experiencing supercooling (thus, 100% adsorbed water) whereas at 
RH = 97% (w = 33.6%) the adsorbed water fraction was 73%. The 

Fig. 7. Evolution of porewater populations in Na-montmorillonite as a function of water content using Eq. (8) with data of T2 estimated with the empirical model. 
Points represent findings of freezing experiments (Fleury et al., 2013). 
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results of the model and the observations from freezing experiments fit 
remarkably well confirming the validity of the proposed model. 

5. Conclusion and perspective 

This study presented a complete range of experimental data on T1 
and T2 relaxation times, performed on Na-bentonite/sand mixtures at 
various humidity-controlled conditions. T1 distributions were not 
capable of representing porewater response due to the hydroxyl influ
ence. To avoid it, a particular data treatment on T1-T2 maps and T2 
distribution was applied. The evolution of the most representative 
relaxation time of the T2 distributions was investigated as a function of 
water content. A two-regime evolution was determined with a transition 
point at (w= 30%; RH = 90%) in accordance to the water retention curve 
transition point found. Both regimes featured linear progressions that 
were successfully identified and used to propose an empirical model able 
to reproduce the T2 measurements on Na-montmorillonite regardless its 
effective dry density. At water contents lower than 5%, when no NMR 
signal is detected, the model suggested that T2 was sufficiently fast to 
overlap its distribution with the hydroxyl signal not allowing its 
quantification. 

A surface limited relaxation formulation was proposed in order to 
consider the particular case of expansive clays, introducing directly the 
adsorbed relaxation time into the equation. The formulation allowed the 
quantification of adsorbed water gravimetric fraction just from relaxa
tion time data. Together with the empirical model, kinetics of adsorbed 
water and capillary water as a function of water content were success
fully predicted, with a strong validation with experimental data. Water 
mobility would be very limited during a hydration process up until 
reaching RH of 90% when water behaviour would progressively change 
to capillary water provoking progressive increase on water mobility. The 
findings are a potential aide for the development of advanced water 
transport models. The impact of effective dry density on relaxation times 
observed in saturated bentonite-based mixtures (Ohkubo et al., 2008; 
Eizaguirre et al., 2023) requires to be proved at unsaturated conditions. 
It could illustrate the effect of compaction on water mobility and 
potentially redesign the proposed empirical model. 
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