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Direct observations of the surface and shape of model nanocolloidal gels associated with measurements of
the spatial distribution of water content during drying show that air starts to significantly penetrate the sample
when the material stops shrinking. We show that whether the material fractures or not during desiccation, as
air penetrates the porous body, the water saturation decreases but remains almost homogeneous throughout the
sample. This air invasion is at the origin of another type of fracture due to capillary effects; these results provide
insight into the liquid dynamics at the nanoscale.2
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I. INTRODUCTION14

The evaporation of solvent from colloidal suspensions,15

gels, or pastes often leads to shrinking, wrapping, and16

eventually cracking [1] which impacts the material. Cracking17

during drying raises tremendous technological and scientific18

concerns as it can drastically impair the structural properties19

of concrete [2]; the integrity of ceramic films [3], soil,20

or clays [4]; or the functionalities of cosmetics, paints, or21

coatings [5].22

Among the different physical mechanisms [6] suggested23

to explain why a crack nucleates during drying the most24

common model relies on the framework of elastic fracture25

mechanics [7]. This tensile failure theory considers the26

propagation of cracks triggered once near the tip stress27

state which intensifies as desiccation proceeds if the material3 28

remaining bound to its substrate reaches the failure criterion29

for brittle materials [4,8,9]. By contrast, the opening of cracks30

during drying is considered to stem from large capillary31

stresses resulting from the penetration of irregular air-liquid32

interface into the material [6,10]. However, even though the33

examination of fracture patterns as a function of experimental34

conditions is considerable [11], no study bears direct witness35

of these effects at local length scale. Additionally, even36

though drying regimes are already accurately detailed with37

the spatial distribution of the liquid in time [12,13], the role38

of liquid dynamics on fracturing appears to be somewhat39

neglected so far, notwithstanding that the tensile failure theory40

implicitly assumes the sample to remain saturated with a rather41

homogeneous distribution of water, whereas, its counterpart42

brings up the idea of a partially saturated medium, at least43

locally. Therefore, measurements of the spatial distribution44

with time of water during drying would greatly enhance the45

current understanding of crack nucleation.46

In this paper we follow both the surface and internal char-47

acteristics, specifically the spatial distribution of water, of a48

drying model nanocolloidal gel with the help of proton nuclear49

magnetic resonance (NMR) profiling (a one-dimensional use50

of magnetic resonance imaging) measurements with microme-51

ter spatial resolution. We show that whether it develops widely52

open fractures or not during the process, the material remains53

saturated as it shrinks, and then starts to desaturate almost54

homogeneously, which induces thin fractures that do not span55

the gel. These results provide a general view of water transport56

during drying and cracking, and insight into the thin liquid film 57

dynamics in nanopores. 58

II. MATERIALS AND METHODS 59

We use aqueous dispersions of hydrophilic nanosized 60

silica particles (r = 6 nm radius) obtained from Sigma-Aldrich 61

(Ludox HS-40) in which 0.5 mol/L of sodium chloride is 62

added to trigger aggregation. The initial stable suspension of 63

particles has a solid volume fraction of 23%. Since according 64

to the DLVO theory the electrical double layer thickness 465

around a single particle is governed by the concentration 66

of the surface charge counterions in the liquid phase of the 67

suspension, the higher the salt concentration in this electrolyte, 68

the higher the aggregation rate of colloids. Therefore, in 69

order to obtain a fairly homogeneous final gel structure, i.e., 70

avoiding substantial structural heterogeneity possibly caused 71

by local gradients of rate of aggregation—sedimentation not 72

applying here—we dissolved the quantity of salt needed into 73

the additional necessary water (thus mixing two homogeneous 74

phases together) to work at initial volume fraction of particles 75

(φ0) ranging from 5% to 20%. 76

The mixture processed being firstly liquid, we poured it 77

into glass Petri dishes of 90 mm diameter, therefore making 78

the initial sample thickness (h0) either 5 or 10 mm, and further 79

sealed the recipient and left the mixture at rest for gelation time. 80

The material structure in time is followed by rheometrical tests 81

imposing oscillations at very low strain (3 × 10−4) (frequency: 82

1 Hz) that do not interfere with gelation. The storage modulus 83

(G′) increases by several orders of magnitude and finally, 84

typically after 1or 2 h, reaches a plateau that we associate 85

with the steady gel structure. The values of G′ at the plateau 86

were typically in the range 105 − 106Pa, which means that we 87

are dealing with initially rigid samples. 88

In order to avoid a possible effect on drying characteristics 89

of the presence of salt in solution we removed 97% of the salt 90

initially incorporated through a dialysis protocol. It consists 591

of cyclically pouring de-ionized water on top of the sample, 92

then waiting the time needed for the sodium chloride to 93

homogenize throughout this new two-phase system, and finally 94

carefully removing the liquid. Each dialysis enabled us to 95

remove roughly half the quantity previously contained in the 96

gel within a very small amount of time, which actually depends 97

on the sample volume. The amount of NaCl extracted after each 98
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FIG. 1. Aspects of drying gel layers (φ0 = 20%) on an adhesive (upper row) or nonadhesive (lower row) substrate at different stages of
the process: (a) and (a′) initial state; (b) φ = 39% and (b′) φ = 37% Regime A [shrinkage associated (b) or not (b′) with open fractures]; (c)
φ = 55% and (c′) φ = 51% transition between Regimes A and B; (d) and (d′) same concentrations, Regime B (new fractures). The white
numbers indicate the current time to total drying duration ratio.

dialysis was evaluated performing conductivity measurements99

on dialysates. The remaining very low concentration of salt100

is expected to negligibly affect water transfer processes, and101

the diffusion of salt in water being much more rapid than102

advection due to liquid motion, no significant accumulation of103

salt crystals should play a role in the fracture processes.104

In order to look at the impact of dialysis on gel strength we105

managed to dialyze the sample during rheometrical tests thanks106

to a special setup allowing a water bath around the geometry.107

We observed a drop of about 25% of the G′ value when water108

is first put in contact with the sample, likely due to a structure109

modification of the gel generated by the osmotic pressure of110

de-ionized water in the bath, but subsequent dialyses did not111

further affect G′. This means that dialysis negligibly affects112

the strength of the structure which relies on strong van der113

Waals links, and thus we keep a structure strength at a high114

level (see above).115

Drying is performed by blowing 0% humidity air along the116

top surface of the sample at a given flow rate (0.3 m/s). In117

some cases the dish walls are covered with a thin layer of118

perfluorinated grease (Krytox GPL 205, DuPont) allowing the119

sample to glide.120

The distribution of apparent water along the sample axis121

is measured by a 0.5 T 1H MRI spectrometer with a one-122

dimensional double spin-echo sequence (two first echoes of the123

so-called CPMG sequence [14] with exponential extrapolation6 124

to compensate spin-spin relaxation;see details on the sequence125

and data analysis in Appendix A). Each measured value of this126

distribution corresponds to the total water amount in a thin127

cross-sectional layer of 75 μm thickness along the axis of the128

Petri dish. The total NMR signal in the sample is also measured129

separately, providing a reliable measure of the total water130

amount at each time down to very low values, in particular131

when NMR data become too noisy.132

Finally, since only the presence of liquid water is detected133

on MRI profiles, our measurements cannot provide the134

effective sample thickness, especially if some near free surface135

region is dry. We therefore place upon the central point of136

the sample a sealed tripod pot (3 cm diameter) containing a137

solution with a similar NMR behavior; the sample to pot size138

ratio and the distance (3 cm) between the pot and the sample are 139

sufficiently large to negligibly affect the drying characteristics; 140

imaging the position of this pot provides the exact position of 141

the sample free surface in time. 142

III. RESULTS 143

The direct observation of the sample makes it possible to 144

identify different stages in the drying process (see Fig. 1). 145

Initially the gel adheres to the glass surface of the dish walls 146

(adhesive samples). The observation of the samples from their 147

upper side during drying reveals a first period (Regime A) 148

where the gel starts to fracture along its periphery, which 149

detaches it from the sidewalls of the container; then additional 150

open transverse fractures develop [see Fig. 1(b)], with exact 151

patterns varying with the drying rate [15]. In this regime the gel 152

pieces newly formed significantly shrink [compare Figs. 1(b) 153

and 1(c)] while gliding over the substrate. After a while this 154

process visually stops, the sample scatters light [see Fig. 1(c)], 155

the free surface is opalescent, and we then enter the second 156

regime (Regime B). 157

The opalescence of the sample likely occurs at the begin- 158

ning of desaturation because in this regime small patches of 159

saturated region coexist with unsaturated regions around the 160

free surface of the sample, at a length scale which scatters 161

visible light (micrometer scale). Opalescence would thus 162

disappear when further drying decreases the length scale of 163

those patches down to the nanometric scale, so that our system 164

reappears as homogeneous for visible light wavelengths. 165

Shortly after, the pieces develop fractures (opening width of 166

the order of 2 μm; see inset of Fig. 3) without further significant 167

shrinkage [see Fig. 1(d) upper], an effect reminiscent of 168

that observed for confined colloidal suspensions drying in a 169

channel [16]. None of these fractures fully cross a piece which 170

remains as a continuous section. At the end of this phase the 171

gels become translucent again. 172

By contrast, once the dish walls are covered with a thin 173

layer of grease, the gel is able to freely glide on its substrate; 174

see Figs. 1(a′)–1(d′). We observe no fracture during the 175

first regime, that we will also call Regime A: the sample 176
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simply shrinks [compare Figs. 1(a′)–1(c′)]. There is again an177

opalescence at the transition [see Fig. 1(c′)] to Regime B, with178

similar fractures nucleating without apparent further shrinkage179

[see Fig. 1(d′)].180

The basic difference in the evolution of adhesive and non-181

adhesive samples is during Regime A—the absence of open182

fractures followed by further shrinkage. The fractures observed183

in Regime A in the adhesive case are due to tensile stresses184

resulting from two opposite tendencies: radial shrinkage due185

to water withdrawing and bounding of the bottom interface of186

the sample. On the contrary in Regime B the second type of187

fracture develops in a nonshrinking situation, which means that188

there is no macroscopic deformation in the sample and thus189

no macroscopic tensile stress. This means that these fractures190

occur as a result of local high stresses in relation with air191

penetration in the sample. The validity of this scheme is now192

investigated though NMR which yields clear information on193

the water saturation (ψ , water to void volume ratio) in the194

material during the drying process.195

The water content for adhesive and nonadhesive samples196

continuously decreases in time as shown by the decrease of197

FIG. 2. Distributions of water content in time inside a nonad-
hesive (a) and adhesive (b) gel (φ0 = 20%) during drying. The
continuous curves from top to bottom correspond to successive times
[every 30 min for (a) and every 55 min for (b)] from the test beginning.
The symbols are the corresponding positions of the sample free
surface as measured (by NMR) from the position of the water pot.
The thick line corresponds to the transition between the two regimes
(see text).

the profile level (see Fig. 2). Crucially, the position of the 198

sample free surface exactly follows the position of the end 199

of the plateau in the water profiles (see Fig. 2) assuring 200

that no significant dry region around the top of the sample 201

exists. During a first period both the profile level and extent 202

decrease, indicating a loss in water content in the radial 203

and axial directions; furthermore, we observe the profiles 204

holding parallel to each other, signifying water remains 205

homogeneously distributed along a vertical axis. In a second 206

regime (profiles starting from the thick line; see Fig. 2) the 207

sample thickness remains approximately constant while the 208

profile level goes on decreasing. 209

Note the linear ramp shape at the bottom and the top 210

sides of profiles at the beginning of the experiment, and the 211

nonzero water amount above the measured position of the free 212

surface. Both are due to the bending (see Appendix B) of 213

the sample which becomes slightly concave (with an almost 214

constant radius of curvature of about 1 m) rapidly after the 215

test beginning [17], so that squares in Fig. 2 only indicate 216

some average position of the tripod’s legs on the curved 217

sample surface. For the adhesive samples the measurements 218

correspond to the average water amount through different 219

material pieces. This suggests that each of the pieces resulting 220

from fractures behaves in a similar way, but here the analysis 221

of the water content profiles is not straightforward since 222

the different pieces formed with different sizes, shapes, and 223

curvatures may evolve with somewhat different timings. 224

IV. DISCUSSION AND ANALYSIS 225

The critical question is whether the samples are saturated 226

(ψ = 1) or not during desiccation. In order to clarify this 227

we use our measure of the total water amount in the sample 228

(�water), the sample thickness (h) in time as measured from 229

NMR profiles, and the horizontal apparent area (neglecting 230

the impact of bending) of the sample (S) measured from 231

videos taken from above during the test, which provide the 232

apparent volume � = Sh. We deduce the saturation: ψ = 233

�water/(� − �p), in which �p = φ0�(t = 0) is the volume 234

of particles, and the solid concentration: φ = �p/�. The 235

reproducibility of the MRI data is excellent (see Appendix C) 236

with an uncertainty of less than 2.5%. The main uncertainties 237

on the present data result from slight variations of sample 238

shape and the uncertainty on the estimation of its section area, 239

which explains some saturation values larger than 1 through 240

our above computations. 241

From the evolution of ψ as a function of φ two regimes 242

clearly appear (see Fig. 3). In the first regime ψ remains equal 243

to 1, indicating that a negligible amount of air penetrates 244

the gel, and the sample exhibits isotropic shrinking; i.e., 245

its thickness to apparent radius (R = √
S/π ) ratio remains 246

constant. The material finally reaches a solid concentration 247

which is not exactly the maximum packing fraction in a 248

disordered configuration for noncolloidal particles (≈60%), 249

but here the initial loose system was already an aggregated 250

network. In the second regime φ first slightly increases [18] 251

then remains constant while the saturation drops to zero. The 252

results are the same for a sample fracturing in Regime A. 253

This means that we would get the same overall character- 254

istics (shape and water content) for a nonadhesive and an 255
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FIG. 3. Saturation as a function of particle concentration for
different φ0, h0, and Ve. Nonadhesive: (squares) 20%, 5 mm,
0.33 mm h−1; (circles) 10%, 10 mm, 0.23 mm h−1; (triangles) 5%,
5 mm, 0.13 mm h−1. Adhesive: (filled squares) 20%, 5 mm,
0.21 mm h−1. Gray symbols show the time of appearance of the
second type of fracture. The arrows show the drying progression. The
inset shows a typical aspect of a fractured piece (a) corresponding to
the dotted square of Fig. 1, and a fracture of type 2 inside (b). On
each test the uncertainty on ψ and φ is 10%.

adhesive sample by gathering the pieces formed in the latter256

case.257

Since in Regime B the solid structure is fixed, we can deduce258

the saturation profiles through the sample [χ (x,t), where x is259

the distance from the sample bottom] (see Fig. 4 top inset) from260

the water content profiles by scaling the NMR signal by that261

measured at the same position just before desaturation starts.262

FIG. 4. Average saturation as a function of dimensionless time
(same symbols as in Fig. 3, crosses correspond to φ0 = 20%, h0 =
10 mm, 6.9 mm h−1); the dotted straight line is a guide for the eye. Top
inset: saturation profiles (every 15 min) in Regime B for φ0 = 20%,
h0 = 5 mm. Bottom inset: (lines) same saturation profiles as in top
inset rescaled by twice the average saturation; (symbols) average
rescaled saturation profiles for samples at 20% and 10%.

After a short transient period the saturation profile keeps a 263

constant shape; i.e., the profiles rescaled by the mean saturation 264

at each time [ψ(t) = 〈χ (x,t)〉] fall along a master curve (see 265

Fig. 4 bottom inset). This slightly inclined curve shows that 266

the saturation gently decreases from the bottom to the free 267

surface. 268

In such a case, most of the air volumes inside the sample are 269

saturated by vapor [12,19] so that evaporation mainly occurs 270

around the air-liquid interfaces situated close to the sample free 271

surface. Indeed a process of vapor diffusion from the interior 272

of the sample cannot be significant since inside the sample the 273

air volumes surrounded by liquid patches are saturated with 274

vapor, which means that the vapor flux associated with such 275

a diffusion process towards the sample free surface would 276

be extremely slow. That also means that if the liquid was 277

distributed in independent patches in the sample, the main 278

vapor flux would come from the patches close to the free 279

surface which would be rapidly dried. Since this process 280

would start again at the next depth in the sample we would 281

observe a drying front growing in depth. Our observation of the 282

progressive homogeneous desaturation thus proves that there is 283

a continuous liquid film coating the particles. Moreover if some 284

dewetting process was possible somewhere it would also imply 285

the possibility of a dewetting around the free surface of the 286

sample thus leading to a growing dry front. As a consequence 287

the only possibility is a continuous film coating all the 288

particles. 289

This implies that the liquid forms a continuous film coating 290

the particles, which flows through the bead packing and 291

evaporates around the free surface. Here the original situation 292

is that this flow involves a continuous liquid layer of very 293

small thickness (of the order of a few molecule sizes) which 294

extends from the bottom to the top of the sample. Indeed if 295

we assume that each particle is covered with a liquid layer of 296

uniform thickness e, for a particle concentration of 50% we find 297

e ≈ ψr/3, which implies that for ψ ≈ 0.5 we have e ≈ 1 nm. 298

In contrast, for larger particles, a dry front is usually observed 299

after a first period of almost homogeneous desaturation (see, 300

for example, [20]). 301

A liquid flow in such a nanoporous medium under the action 302

of capillary effects would be extremely slow. The micron-sized 303

cracks can only slightly help this flow. As soon as some 304

water is removed from the free surface (over a thickness 305

δ) evaporation then essentially occurs by diffusion from the 306

first liquid-air interface at a distance δ from the dry air flow, 307

with a characteristic velocity Vd = (1/ρ)(1 − φ)D	n/δ, in 308

which ρ is the liquid density, n the vapor density, and D 309

the coefficient of diffusion of vapor in air. A receding dry 310

front of length δ (increasing in time) should form so that Vd 311

balances Ve, the vapor volume flux imposed by the external 312

conditions (effective air flow along the sample free surface 313

depending on sample shape and size), i.e., the drying velocity 314

at the end of Regime A. With our values of Ve this would 315

lead to a value for δ of several millimeters, in contrast with 316

our observations. This implies that for nanocolloids there 317

is an effect which precludes the formation of a dry front. 318

This is likely the disjoining pressure [21] which will tend 319

to maintain a continuous film of liquid molecules at the 320

particle surface even under evaporation. Under these drying 321

conditions this effect finally precludes any further evaporation 322
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since the saturation tends to a finite value (see Fig. 4) which323

varies between 8% and 20% depending on exact experimental324

conditions.325

The saturation profiles in time may be used to get precise326

information on the liquid dynamics in Regime B. The327

similarity of the profiles in time implies that we can write328

χ (x,t) = ψ(t)f (x). Moreover the profiles obtained under329

different conditions are approximately similar when x is330

rescaled by h (see bottom inset of Fig. 4), which implies that331

for our tests f is a single function of x/h. We can compute the332

average flow velocity of the liquid through the sample:333

V (x,t) = (1 − φ)
∫ x

0
(∂χ/∂t)dx = (1 − φ)ψ ′(t)hF (x/h),

(1)

with F (x/h) = ∫ x/h

0 f (y)dy. The average velocity inside the334

liquid network along the sample axis is written as335

v = V /(1 − φ)χ = (ψ ′/ψ)hF (x/h)/f (x/h). (2)

In particular, at the top free surface of the sample we336

have v(h) = α(ψ ′/ψ)h where α = F (1)/f (1) ≈ 1.5 ± 0.1.337

The variations of ψ in time thus govern the velocity variations.338

We find that ln ψ decreases linearly in time (see Fig. 4), which339

means that for a given test ψ ′/ψ is a constant. Thus the velocity340

profile v(x) does not vary in time.341

More precisely, for our different tests, for ψ as a function of342

the time rescaled by the characteristic drying time (T = h/Ve),343

i.e., θ = t/T , we find a single curve: log ψ ≈ −θ . Finally we344

deduce the general result:345

v(h) ≈ (3.4 ± 0.4)Ve, (3)

which is valid as soon as an air path exists throughout the346

sample. Thus we have a liquid flow in a layer which thins347

in time but the average velocity in this layer is constant,348

independent of sample thickness and proportional to the349

external air flux. Under these conditions the evaporation is350

apparently governed by local phenomena at sample surface.351

This situation is completely different from that observed for352

usual porous media, with larger pores, for which the drying353

rate remains constant during most of the desaturation process354

as a result of fast capillary equilibration processes [12,13,22].355

For nanoparticles there is an almost homogeneous desaturation356

process but the drying rate is governed by the thickness of the357

liquid layer covering the particles, and not by the thickness of358

the dry region (which apparently does not exist). Thus, in this359

situation it seems that when the liquid film over the particles360

is of nanometric size it becomes able to ensure a relatively361

easy draining of the liquid towards the free surface, which362

avoids the formation of a dry front. This suggests that, in that363

case, both the mobility of the liquid is higher than usual (i.e.,364

smaller apparent viscosity) and its ability to evaporate is lower,365

but further study is needed to understand the origin of these366

effects.367

V. CONCLUSION368

Our results show that during most of the time in Regime B369

liquid coexists with significant air volumes and flows towards370

the sample free surface in layers which progressively thin371

down. Thus the internal stresses do not significantly evolve 372

during this period. The situation differs from Regime B when 373

air for the first time progressively penetrates the sample (see 374

Fig. 4, top inset). High local stresses, induced by disjoining 375

pressure effects when air fingers enter the thin liquid films, 376

can push close particles against each other, and tend to further 377

concentrate the system which is already well packed. Only 378

some slight rearrangements extending over large distances 379

are possible, leading to failures then allowing slight further 380

concentrations in separate regions. Thin fractures will thus 381

occur in the sample during the short transient period at the 382

beginning of Regime B. This conclusion is consistent with our 383

observations of the approximate time of appearance of these 384

fractures (see Fig. 3). 385

These different observations show how the air penetrates 386

through a porous medium and its impact on fractures. The 387

direct analysis of the water dynamics at the molecular scale 388

through a compacted sample shows that liquid flows at the 389

nanoscale have unexpected specific properties. 390
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APPENDIX A: MRI TECHNIQUE 396

The NMR profiling sequence makes use of pulsed field 397

gradients, as shown in Fig. 5. Both coherence pathways are 7398

selected by means of an eight-step duplex cogwheel phase 399

cycling scheme acting on π pulses only. The gradient strength 400

is Gz = 0.04 T m−1, which is actually close to the maximum 401

gradient strength available on our hardware, with 500 μs 402

stabilizing time, and freshly tuned preemphasis which removes 403

eddy effects at the end of this stabilizing time. Our echo time 404

(which also more or less corresponds to the time length of 405

each echo recording) was TE = 8.4 ms which, according to 406

FIG. 5. (Color online) NMR sequence used in our experiments.
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the Shannon rules provides the theoretical space resolution:407

δxth = 2π

TE

1

γGz

≈ 70 μm.

The experiment was performed at the magnetic center408

of our gradient coil (a BGA26 by Bruker, 26 cm inner409

diameter), which guarantees minimal profile distortion due410

to possible gradient nonlinearity (at least well under our space411

resolution). Finally, prior to the experiment, our magnetic field412

was shimmed so as to get a 	f = 50 Hz large spectral line for413

our sample. The blurring to be expected on our NMR profiles414

due to field inhomogeneities is then415

δxblur = 2π	f

γGz

≈ 30 μm.

The effective space resolution on our data was then416

estimated as417

δxeff =
√

δxth
2 + δxblur

2 ≈ 76 μm.

Our measurements were not subjected to any T1 weighting,418

because the recycling delay between sequences was set to419

5 times the spin-lattice relaxation time in our sample at the420

beginning of the experiment (and this time was not prone to421

increase during sample drying).422

In order to remove the spurious contribution of spin-spin423

relaxation, we proceeded as follows. Assuming a monoexpo-424

nential relaxation in each layer of our sample, with a local425

relaxation time T2(z), and denoting m0(z) the actual spin426

density profile, the profiles obtained from first and second427

echoes were modeled, respectively, as428

p1(z) = m0(z) exp

[
− TE

T2(z)

]
and

p2(z) = m0(z) exp

[
− 2TE

T2(z)

]
.

The profiles presented in the article were then calculated429

following the profile extrapolation formula:430

p(z) = p1(z)2

p2(z)
= m0(z),

which is supposed to remove the space-dependent T2(z)431

contribution. Note that this formula still provides a fair432

quantitative correction even if T2 exhibits slight fluctuations433

inside each sample slice, and may be shown to correct for434

imperfections (if any) of π pulses.435

The correctness of the (quasi-) exponential assumption for436

signal decay in each single pixel was checked experimentally.437

Using a sequence with a larger number of echoes, the evolution438

of NMR signal intensity for echo times ranging between 8439

and 120 ms was followed for a few pixels, in the case of440

a partially desaturated sample which seems to us the most441

critical case. It was seen that for any given pixel, recorded data442

can be accurately fitted by a decreasing exponential function,443

within the noise level. It was also seen that the relaxation rate444

strongly evolves from one pixel to another (depending on local445

water amount), thus justifying the use of a position-dependent446

relaxation time in our theory. At last, the smallest observed447

value of T2 value at the end of a drying experiment was about448

FIG. 6. (Color online) Scheme of sample shape in a radial cross
section and corresponding NMR profiles of the water content for a
fully saturated sample at the beginning (upper view) or after some
contraction (lower view).

10 ms, which is still in the proper range—regarding our echo 449

times—for a proper use of our extrapolation formula. 450

APPENDIX B: IMPACT OF SAMPLE CURVATURE 451

The impact of sample curvature on the NMR profiles is il- 452

lustrated in Fig. 6 in the case of a spherical shape of the sample, 453

with a large radius of curvature. In that case a simple mathemat- 454

ical integration of the total water volume in each cross section 455

shows that the resulting gradient in water content observed at 456

the top and bottom of the sample is a constant, giving a straight 457

inclined line at the beginning and end of the profile. In reality 458

the sample shape is not exactly spherical, which explains a 459

slight difference with regards to a straight line. 460

The effective sample shape evolution can depend on the rate 461

of drying, as shown for the test of Fig. 7 which corresponds 462

to the same conditions as in Fig. 2(a) except that the air flow 463

velocity was much lower. In that case there is a first stage 464

during which the sample significantly bends, but in a second 465

stage its curvature tends to cancel. Despite these differences 466

FIG. 7. Water content profiles in time for a test under the same
conditions as in Fig. 2(a) but a lower air flow velocity. The curves 8
correspond to successive times (every 55 min) and the squared
symbols correspond to the sample free surface similarly as in Fig. 2(a).
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FIG. 8. Water content profiles in time for two identical tests under
conditions of Fig. 2(a). Data of Fig. 2(a) correspond to continuous
lines, the other data to dotted lines.

the evolution of the water content profiles is similar to those467

observed for a larger air flow velocity: We observe the same468

two regimes and a transition at almost the same solid volume469

fraction.470

APPENDIX C: REPRODUCIBILITY OF MRI DATA471

The uncertainty on data mentioned in the text is extracted472

from identical tests. We observe that the set of water content473

profiles for two identical experiments evolve very close to474

each other all along the drying process; the same two drying475

regimes and position of the transition superimpose properly476

(see Fig. 8). This good correlation with time and water content477

FIG. 9. Saturation profiles in Regime B for the two sets of data of
Fig. 8 rescaled by the average saturation. The inset shows the average
saturation as a function of dimensionless time for these two tests [data
of Fig. 2(a) as squares, the other data as circles].

enables us to validate a good control of the external conditions. 478

Even if we acknowledge a difference in the effective drying 479

rate for the two samples (see inset of Fig. 9), it is very light and 480

could be due to slight differences in the sample surface shape 481

originating from the initial state or during drying, therefore 482

leading to slight variations of the characteristics of the air flow 483

along the sample surface. As the deformation (curvature) of the 484

sample can be slightly different (maximum difference: 2%), 485

this may also lead to slightly different shapes of the saturation 486

profiles around the edges too. However despite these variations 487

the uncertainty on the saturation and solid fraction remains 488

very low, i.e., 2.5% (maximum relative difference between 489

corresponding values on each profile). 490

[1] G. W. Scherer, J. Am. Ceram. Soc. 73, 3 (1990).
[2] H. Colina and P. Acker, Mater. Struct. 33, 101 (2000).
[3] R. C. Chiu and M. J. Cima, J. Am. Ceram. Soc. 76, 2769 (1993).
[4] R. Weinberger, J. Struct. Geol. 21, 379 (1999); H. Colina and S.

Roux, Eur. Phys. J. E: Soft Matter Biol. Phys. 1, 189 (2000).
[5] J. A. Nairn and S. R. Kim, Eng. Fract. Mech. 42, 195

(1992).
[6] H. Shin and J. C. Santamarina, Géotechnique 61, 961 (2011).Q
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