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Abstract15

The water adsorption into pore spaces in brittle rocks affects wave velocity and transmit-16

ted amplitude of elastic waves. Experimental and theoretical studies have been performed17

to characterize moisture-induced elastodynamic variations due to macroporous effects; how-18

ever, little attention has been paid to the manner in which wetting of nanopores affect elastic19

wave transmission. In this work, we extend our understanding of moisture-induced elastic20

changes in a microcracked nanopore-dominated medium (80 % of the surface area exhibits21

pore diameters below 10 nm). We studied acousto-mechanical response resulting from a22

gradual wetting on a freestanding intact Herrnholz granite specimen over 98 hours using23

time-lapse ultrasonic and digital imaging techniques. Linkages between ultrasonic attributes24

and adsorption-induced stress/strain are established during the approach of wetting front.25

We found that Gassmann theory, previously validated in channel-like nanoporous media,26

breaks down in predicting P-wave velocity increase of microcracked nanopore-dominated27

media. However, squirt flow – a theory recognized to characterize wave velocity increase28

and attenuation in microcracked macropore-dominated media at pore scale – also accounts29

for the observed increase of P-wave velocity in microcracked nanopore-dominated media.30

The transmitted amplitude change in direct P waves are explained and predicted by the31

elastic wave propagation within P-wave first Fresnel zone and reflection/refraction on the32

wetting front.33

Plain Language Summary34

Rainfall, melting snow, dew, and fog that occurs at the earth’s surface have all been35

shown to perturb elastic wave travel times, and decrease the amplitude of transmitted elastic36

waves in crustal rocks. This moisture-induced elastic variation is highlighted in the stability37

of engineering structures (e.g. bridges, dams), geo-energy extraction, and landslide behavior.38

The observed elastic variations have been studied, particularly in rocks with cracks, by39

analyzing the propagation perturbation of the transmitted elastic waves. However, very40

little is known about how elastic waves change with water imbibition in intact rocks. In41

this study, a noninvasive assessment technique named as ultrasonic monitoring is utilized to42

probe natural nanopore-dominated granite undergoing gradual wetting. We observed that43

a shorter P-wave travel time can be attributed to the pore fluid squirt from microcracks44

into relatively round pore spaces. Changes in the transmitted amplitude around the P-wave45

onset is mainly caused by incident P-wave reflection and conversion on the moving water46
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front. Ultrasonic results are corroborated by simultaneous monitoring of the mechanical47

deformation.48

1 Introduction49

In the earth’s crust, fluids can alter the material properties from near-surface to subsur-50

face in various ways. Natural (e.g. precipitation, dew, fog, melting snow) or anthropogenic51

hydraulic activities (e.g. water injection, hydrocarbon production) can increase the mois-52

ture content of porous medium driven by capillary pressure, gravity and injection pressure53

differences. During wetting, water molecules are initially adsorbed onto grain boundaries54

followed by capillary condensation; liquids gradually fill, and (almost) fully saturate the55

interconnected pore space (Gor & Neimark, 2010; Gor & Bernstein, 2016). This process56

induces changes in elastic properties; these have been reported in numerous in situ obser-57

vations, varying from near-surface natural hazards, e.g. landslides related to groundwater58

movement or rainfall (Loew et al., 2017; Burjánek et al., 2017; Le Breton et al., 2021), engi-59

neering structure stability, e.g. thin sheet collapse of borehole/tunnelling wall (Diederichs,60

2007), building material decay due to fluctuating humidity (McBain & Ferguson, 1927); and61

subsurface geo-energy applications involving with water flooding, e.g. oil and gas recovery,62

geothermal energy extraction (Landrø, 2001). Observed moisture-induced elastic variation63

almost always change the propagation of elastic waves in host materials. Characterization64

of moisture-induced variation of elastic properties, using the theory of elastic wave propa-65

gation, plays a central role in rock-physics research (Saito, 1981; Mavko et al., 2020).66

1.1 Background on elastic response of porous media during water imbibi-67

tion68

The study of the dynamic elastic response of porous media to water imbibition has been69

reported from numerous laboratory and analytical studies performed on dry and saturated70

rocks over the past 70 years (Gassmann, 1951; Nur & Simmons, 1969; Winkler & Nur,71

1979; Toksöz et al., 1979; Johnston et al., 1979; Mavko & Nur, 1979; Murphy III, 1982;72

Knight & Nolen-Hoeksema, 1990; Walsh, 1995; Gurevich et al., 2010; Mavko et al., 2020).73

High-frequency elastic waves (usually tens of kHz to MHz for laboratory measurements)74

are produced by ultrasonic piezoelectric transmitters and are then detected by ultrasonic75

receivers, which use the amplitude and wave velocity information to estimate their sensitivity76

to the presence of pore fluid. There is a large compendium of research on the underlying77
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mechanisms of elastic changes due to moisture ingress into macroscopic pores; however, little78

attention has been paid to nanopores with pore widths below 100 nm defined by Thommes79

et al. (2015). This gap in the experimental understanding to explain the differences between80

wave propagation in macropore- and nanopore-dominated media lead to this study.81

In laboratory ultrasonic tests, the P-wave velocity is widely observed to increase when82

macroporous, clay-deficient rocks become (almost) fully saturated with water. This P-wave83

velocity increase, under zero confining pressure, has been reported in sandstone as 8 to 7384

% (King, 1966; Han, 1987; Coyner, 1984; Mavko & Jizba, 1991; Wang et al., 2021); granite85

as 8 to 27 % (Nur & Simmons, 1969; Saito, 1981; Coyner, 1984); limestone as 0 to 73 %86

(Nur & Simmons, 1969; Coyner, 1984; Agersborg et al., 2008) and dolomite as 28 % (Nur &87

Simmons, 1969). Various physical mechanisms have been proposed to predict such P-wave88

velocity increase; for example, Gassmann’s equation (Gassmann, 1951), Biot’s theory (Biot,89

1956) and the squirt flow model (Mavko & Jizba, 1991; Gurevich et al., 2010). Extensive90

review of these models are given by Müller et al. (2010) and Mavko et al. (2020, Chapter91

6).92

Gor and Gurevich (2018) accurately modeled P-wave modulus changes in Vycor glass93

saturated by n-hexane (Page et al., 1995) and argon (Schappert & Pelster, 2013) within the94

framework of classical Gassmann theory (Gassmann, 1951; Berryman, 1999). Vycor glass95

in their study is a well-defined nanoporous medium characterized by channel-like pores with96

a peak throat size of around 7 to 8 nm (Levitz et al., 1991). However, when studying97

P-wave velocity increase in natural nanoporous media, such as rocks, the microstructural98

differences between e.g. man-made Vycor glass should not be ignored. Microcrack-based99

microstructures in rocks contribute to the bulk elastic changes more than round pores under100

varying confining pressure (Shapiro, 2003) or with the addition of pore fluid (O’Connell &101

Budiansky, 1977). It is premature to extend the validity of Gassmann theory to nanopores102

in microcracked media due to the added complexities of microcracks not present in the103

man-made Vycor glass (Gor & Gurevich, 2018; Dobrzanski et al., 2021). To the authors’104

knowledge, there are no classical theories (e.g. Gassmann theory) relevant to materials that105

contain both nanopores and microcracks. As almost all natural rocks contain a full range106

of pore sizes, understanding such material is fundamental to earth science research.107

The amplitude decay of transmitted ultrasonic waves has been linked to the elastic108

properties of porous media (Johnston et al., 1979) and it is more sensitive than wave velocity109
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to increases in the moisture content. Laboratory earlier studies of ultrasonic monitoring110

showed that observed losses in transmitted amplitude were an order of magnitude larger111

than variations in wave velocity when the dry specimen was saturated (Winkler & Nur, 1979,112

1982). To study ultrasonic amplitude changes to the movement of wetting front, researchers113

(Wulff & Mjaaland, 2002; David, Sarout, et al., 2017; Pimienta et al., 2019; Thery et114

al., 2020) performed water imbibition tests by submerging part of the macroporous rock115

specimen into a water tank below. The wetting front was driven by capillary force, where free116

water first wets or saturates compliant microcracks at the grain scale. They pre-installed the117

transmitter-receiver pairs on the specimen surface and analyzed ultrasonic signature changes118

with the movement of the fluid front through time. They found a significant decrease in the119

transmitted wave amplitude even before the entire specimen was wetting. Moreover, this120

water imbibition process was found to be reversible by drying (Wulff & Mjaaland, 2002).121

Fluid (or solvation) pressure inside the pore spaces is generated (Gor & Neimark, 2010;122

Gor & Bernstein, 2016), which decreases the normal stress across microcracks (Li et al.,123

2021). This process also decreases contact stiffness around the grain contact (Yurikov et124

al., 2018) and friction coefficient along microcracks (Johnston et al., 1979). Passage of the125

elastic waves causes more relative mechanical deformation along/across microcracks and126

induce fluid flow within microcracks at the grain scale; as a result, more transmitted wave127

amplitude can be decayed (Mavko & Nur, 1979; Johnston et al., 1979; Walsh, 1995).128

Ultrasonic-derived changes in elastic properties can be better understood if simulta-129

neous low-frequency mechanical deformation data is available. Ultrasonic monitoring and130

mechanical deformation measurements have been jointly performed in macropore-dominated131

rocks, e.g. Bentheim sandstone (Yurikov et al., 2018) and Thringer sandstone (Tiennot &132

Fortin, 2020). Most of pore diameters were measured as 40 µm (Saenger et al., 2016) for133

Bentheim sandstone. Yurikov et al. (2018) quantified adsorption-induced deformation (ex-134

tensional strain of the order of 10−4) and elastic modulus reduction (e.g. a P-wave velocity135

decrease of 13 to 16 %) when the relative humidity (RH) was gradually increased from 13136

to 97 %. They attributed that the observed elastic weakening/softening to be the result of137

solvation pressure generated in the pore space (2 to 3 MPa in Bentheim sandstone and 18138

MPa in Thringer sandstone). Li et al. (2021) moved the focus from macropore- to nanopore-139

dominated rocks by studying Herrnholz granite, where the majority of pore diameters are140

below 10 nm. They gradually wet two free-standing 90 × 65 × 35 mm Herrnholz gran-141

ite prisms using distilled water, which maintained water ingress from their upper surfaces.142

–5–



manuscript submitted to JGR: Solid Earth

Using digital image correlation (DIC) techniques, they found extensional strain with mag-143

nitudes up to 4.7×10−4 on the front face of prisms and calculated a solvation pressure of 40144

to 47 MPa. This provided the initial mechanical constraints of the “hygroscopic expansion”145

process in this geomaterial.146

1.2 Our study147

There are no studies on the acousto-mechanical response to water imbibition in media148

containing nanopores and microcracks with the approach of a wetting front. It is not yet149

clear how P-wave velocity, transmitted amplitude and characteristic frequency respond as150

the water is imbibed into the nanopore space. Moreover, these changes in the ultrasonic151

features have not been compared with adsorption-induced deformation at relatively low fre-152

quencies. To this end, we conducted time-lapse ultrasonic pulse transmission in conjunction153

with DIC measurements in the Herrnholz granite subject to wetting. Waveform signature154

changes were analyzed: P-wave velocity and transmitted amplitude. We modeled the P-155

wave velocity changes with complementary hydrostatic compression tests. We also analyzed156

changes in ultrasonic wave amplitude in direct waves during the approach of a wetting front157

while simultaneously monitoring the adsorption-induced deformation throughout the entire158

experiment.159

2 Material description160

The Herrnholz granite used in these tests was obtained from the eastern side of a rock161

quarry located in Hauzenberg, Bavaria Germany. The rock contains nanopores and microc-162

racks and exhibits a homogeneous fine-grained structure; it has been well characterized with163

respect to its petrophysical and geomechanical properties in recent studies (Li et al., 2021,164

2022).165

2.1 Thin section analysis166

Petrographic thin section analysis of the intact specimen (35 mm × 22 mm × 30±5µm)167

revealed a granitic mineralogical assemblage of 50 % quartz, 38 % feldspar, and 11 % mica168

by area (Li et al., 2021). There were observed to be several types of feldspar (plagioclase,169

perthite and microcline) and mica (biotite, muscovite). We assumed properties of feldspar170

and mica can be represented by plagioclase and biotite, respectively. We adopted the elastic171
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parameters of these minerals from Mavko et al. (2020, Table A.4.1) and estimated the172

effective elastic moduli from Voigt upper bound, Reuss lower bound and Hill average (Voigt,173

1910; Reuss, 1929; Hill, 1952). The bulk (Kgr) and shear (Ggr) moduli from Hill average174

were 49.4 and 31.1 GPa, respectively. We provided the mineral moduli and effective elastic175

moduli of Herrnholz granite in Table S1 of the Supporting Information.176

Crystal sizes of Herrnholz granite range from approximately 0.03 to 1 mm with an177

average size of 0.23 mm and a standard deviation of 0.13 mm. In the following sections, we178

targeted ultrasonic waves that exhibit a wavelength above around 5 mm at the frequency179

below 1 MHz. The minimum wavelength (5 mm) utilized in this study is one order of180

magnitude larger than the mean crystal size so that we assumed that the scattering effect181

on the ultrasonic wave attenuation would be negligible.182

Thin sections were dyed with a fluorescent pigment and were observed under crossed-183

polarized and ultraviolet light. In Figure 1, we showed the microcrack geometry distribution.184

Within boxes colored by purple, black, cyan and yellow, four classes of microcracks were185

observed: cleavage cracks (nearly straight and parallel distribution inside a grain), grain186

boundary cracks, intergranular cracks (penetrating from grain boundaries to the grain inner)187

and intragranular cracks (random or parallel distribution inside a grain).188

0.2 mm

 Intragranular cracks  Cleavage cracks  Grain boundary cracks  Intergranular cracks 

0.5 mm

zoo
me

d

Figure 1. Superimposed micromosaic obtained with crossed-polarized light and ultraviolet light,

indicating regions of cleavage cracks (purple box), grain boundary cracks (black box), intergranular

cracks (cyan box) and intragranular cracks (yellow box) (Qtz: quartz; Kfl: K-feldspar; Prt: perthite;

Bt: biotite; Mu:muscovite) (reproduced with permission from Li et al. (2021) (CC BY-NC-ND 4.0))
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2.2 Density, porosity and pore size distribution189

Density, porosity and pore size distribution were quantified using a combination of 1 )190

gas pycnometry, 2 ) mercury intrusion, 3 ) nitrogen adsorption, and 4 ) water saturation191

methods at ClayLab and Rock Physics and Mechanics Laboratory at ETH Zurich.192

We measured the grain density (ρgr) over two prismoid specimens (dimension: 25 mm193

× 25 mm × 40 mm). These specimens were oven-dried at a temperature of 80 ◦C for at194

least 72 hours. During the drying process, specimens were weighed every 24 hours until195

variations in weight were below 0.01 %. We used a helium pycnometer (model: AccuPyc II196

1340) to measure their matrix volume as 22.7228 ± 0.0118 cm3 and 22.7834 ± 0.0235 cm3,197

respectively. Specimens were weighed as 60.526 g and 60.681 g at a precision of 0.001 g,198

respectively. Grain density was derived as 2.664 ± 0.0014 g/cm3 and 2.663 ± 0.0027 g/cm3.199

We used 2.66 g/cm3 as the average grain density.200

To acquire the bulk density (ρb), three granite cylinders (100 mm in length, 50 mm in201

diameter) were oven-dried at 80 ◦C following the same procedures in measuring the grain202

density. Bulk density was measured as the ratio of weight to volume, 2.609 g/cm3 with an203

estimated uncertainty of 0.04 % (or 0.001 g/cm3). The density difference between the grain204

and bulk density provided us a rough estimation of total porosity (φt) of 1.9 % ± 0.2 %205

over the granite cylinders.206

To have access to the water-accessible porosity (φw), oven-dried granite cylinders were207

saturated by a de-airing technique (Selvadurai et al., 2011) lasting for 10 days. During the208

saturation process, specimens were kept in a vacuum chamber filled with distilled water at a209

vacuum pressure of 80 kPa to expel air. The specimens were weighed every 24 hours by first210

removing the surface water using a dry cloth. The saturation process was deemed complete211

when a weight change below 0.01 % was recorded. Water-accessible porosity was calculated212

to range between 1.45 % and 1.53 %. Estimated uncertainty was around 0.007 % in the213

total volume of the cylinder specimen. Detailed uncertainty analysis in measuring volume,214

density and porosity were provided in Section 1 of the Supporting Information.215

Seven specimens (20 mm × 6.5 mm × 6.5 mm) were prepared to measure the mercury-216

accessible porosity (φHg) through mercury intrusion at an intrusive pressure up to 400 MPa.217

Mercury-accessible porosity ranged from 0.72 % to 1.69 % with a mean porosity of around218

1.15 %. The uncertainty in the mercury-accessible porosity was between 0.003 % to 0.005219
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% in the total volume of the prismoid specimen for individual measurements. Although220

Washburn’s equation holds for the penetration of mercury through pore throats greater than221

around 3 nm (Washburn, 1921; Njiekak et al., 2018), intruded mercury volume maintained222

when the pore diameter was lower than around 10 nm. These pores and poorly connected223

pores were not open to mercury even up to 400 MPa. These pore volumes were not counted224

into the mercury-accessible porosity (conservative estimation of the realistic pore volumes),225

and were assumed to contribute to the difference among the total, water-accessible and226

mercury-accessible porosity.227

To quantify the pore size distribution below 10 nm, Li et al. (2022, submitted to JGRSE)228

conducted the porosimetry of nitrogen adsorption over two specimens (40 mm × 10.5 mm229

× 10.5 mm) and revealed that around 80 % of the surface area of this granite exhibited230

pore diameter below 10 nm. More discussion on porosimetry results (Figure S1 and S2) and231

uncertainty analysis through mercury intrusion and nitrogen adsorption were provided in232

Section 2 of the Supporting Information.233

2.3 Ambient P-wave velocity measurement234

A suite of characterization tests were performed to quantify the P-wave velocity struc-235

ture of our Herrnholz granite. We performed 3D ultrasonic tomography (Martiartu & Böhm,236

2017) on three cuboidal specimens of granite with a side length of 160 mm under ambient237

conditions. Detailed experimental setup, measurement methodology and visualization of the238

P-wave velocity structure are provided in Section 3 of the Supporting Information. P-wave239

velocity structure and the P-wave velocity in each orthogonal direction were experimentally240

characterized and uniform, with 3981 (± 69), 3977 (± 60), and 3988 (± 64) m/s. The241

estimated uncertainty was 1.72 %, 1.53 % and 1.60 %, respectively. To avoid specimen242

variability, we repeated the tests on other 2 specimens and found P-wave velocity of 3914243

(± 74), 3925 (± 71), and 3982 (± 64) m/s, respectively, with estimated uncertainty of 1.9244

%, 1.8 % and 1.6 %, respectively. We assumed the density was homogeneous throughout the245

specimens. We concluded that there was very weak anisotropy, heterogeneity and specimen246

variability in the elastic moduli of Herrnholz granite.247
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2.4 Wave velocity measurement in hydrostatic compression test248

We analyzed the stress dependence of the dynamic elasticity of Herrnholz granite from249

separate hydrostatic compression tests. Two granite, and an aluminum (model: EN AW-250

6082, for reference) specimens were tested under stepwise-increasing axial and confining251

pressure from 5 to 160 MPa. Granite specimens were prepared following the oven-dried (80252

◦C) and saturation procedures described in Section 2.2. The detailed experimental facilities253

and design (e.g. loading rate) were detailed in Section 4 of the supporting information. P-254

and S-wave data were acquired and digitized at a sampling rate of 50 MHz. Waveforms255

were stacked 4000 times for one survey; once counting 60 surveys, we stored one survey256

into the connected DAQ system. Their onsets of first arrival were picked using the Aikake257

information criterion (AIC) technique (Akaike, 1974). Ultrasonic waveforms were shown258

between 15 to 40 µs in Figure 2. Triggering time was denoted by 0 µs. Note that the259

ultrasonic duration was corrected from the transmit time delay for P- (8.52 µs) and S-wave260

(13.32 µs) transmitter-receiver pairs (resonant frequency around 1 MHz) provided by the261

manufacturer of the ultrasonic test system (Wille Geotechnik).262

When confining pressure was increased from 5 to 160 MPa (color evolved from dark to263

pink), P-wave first arrival in the dry specimen (22.42 to 17.46 µs) decreased much faster264

than the saturated case (18.86 to 17.22 µs). We showed S waveforms measured in the265

dry specimen and observed higher noise before S-wave first arrival. This was because of266

the weak response of S-wave transducer to the incoming P waves. We also attempted to267

measure S waveforms in the saturated specimen. However, we found their amplitude was268

strongly attenuated and almost merged into the background noise compared to the dry269

specimen. Meanwhile, S-wave first motion was relatively small and usually followed by a270

reflection of P-wave first motion from the back of the aluminium backing piece assembled271

with ultrasonic transducers. We failed to pick S-wave first arrival properly. Moreover, in272

this study, we focused on the P-wave velocity and amplitude changes. Therefore, we did273

not have the S-wave velocity analysis in the saturated specimen.274

The P- and S-wave velocities of the oven-dried granite specimen (red circles) increased275

nonlinearly with the confining pressure Pc (5 to 160 MPa) from 4450 to 5731 m/s (∆Vp =276

1281 m/s) and 2736 to 3311 m/s (∆Vs = 575 m/s), as shown in Figure 3(a) and (b),277

respectively. We estimated the uncertainties in wave velocity as around 0.32 % (or 18 m/s)278

for P waves and 0.31 % (or 10 m/s) for S waves, respectively. Detailed calculation process279
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Figure 2. Ultrasonic waveforms measured in hydrostatic compression tests over (a) dry specimen

using P-wave transmitter-receiver pair; (b) dry specimen using S-wave transmitter-receiver pair; (c)

saturated specimen using P-wave transmitter-receiver pair.
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was provided in Section 5) of Supporting Information. Overlapped symbols denoted values280

from repeated pulsing tests (about 50) at each confining pressure. These gave an estimated281

uncertainty based on the standard deviation among repeated tests (Christeson et al., 2018)282

and were around 12 m/s (P wave and dry), 8 m/s (S wave and dry), 2 m/s (P wave and283

aluminum), 15 m/s (P wave and saturated), and 1 m/s (S wave and aluminum) . The P-284

wave velocity in the saturated granite specimen (blue squares) increased from 5271 to 5804285

m/s (∆Vp = 533 m/s). Almost constant P- (∆Vp = 60 m/s) and slowly increasing S-wave286

(∆Vs = 103 m/s) velocities were found in the reference test of aluminum specimen (grey287

crosses). Little velocity changes in aluminum could be possibly attributed to the loading288

system and, especially, the improved contacts between the ultrasonic transmitter-receiver289

pairs and the specimen (Pyrak-Nolte et al., 1990). No clear stress dependence of the elastic290

wave velocity was observed in the aluminum specimen.291

2.5 Elastic piezosensitivity292

We calculated the dynamic bulk (Kdry) and shear (Gdry) moduli using the expression293

Kdry = ρb(V
2
p − 4

3V
2
s ) and Gdry = ρbV

2
s where Vp and Vs were P- and S-wave velocities294

of dry specimen, respectively (data from Figure 3(a) and (b)). Bulk density (ρb) of dry295

specimen was assumed as constant and given as 2.609 g/cm3 from previous measurements296

in Section 2.2. When the confining pressure increased from 5 to 160 MPa, Kdry and Gdry297

ranged from 26.0 to 48.2 GPa and 19.8 to 28.9 GPa, respectively (red circles in Figure 3(c)298

and (d)).299

We adopted a model of elastic piezosensitivity by Shapiro (2003) to evaluate the effect of300

microcracks (porosity and aspect ratio) on observed increase in the stress-dependent elastic301

properties. The model assumes a distribution of randomly oriented, isolated, penny-shaped302

microcracks in isotropic, linear, elastic medium (O’Connell & Budiansky, 1974). After reach-303

ing a confining pressure of 160 MPa, the specimen was unloaded at a stepwise-decreasing304

axial and confining pressure from 160 to 0 MPa. We provided the P- and S-wave velocities305

measured during the unloading stage in Figure S4 of the Supporting Information. We found306

that both P- and S-wave velocities recovered to within 70 m/s and 5 m/s, respectively,307

of their original values. This justified our assumption of elastic conditions required in the308

elastic piezosensitivitive model.309
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Figure 3. Wave velocities and elastic moduli from hydrostatic compression tests. (a) P- and (b)

S-wave velocity changes in Herrnholz granite (red circles) and aluminum specimen (grey crosses)

in response to a series of confining pressures (5 to 160 MPa). (c) Bulk and (d) shear moduli versus

confining pressure (red circles: testing data; black lines: theory). Blue dashed line represents the

compliant porosity evolution.
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The elastic piezosensitivitive model offers a phenomenological explanation for the ob-310

served dependency of wave velocity with confining pressure. This model assumes that in-311

creases of wave velocity are only attributed to pore and crack closure and does not consider312

potential stiffening of the minerals that has been observed in other hydrostatic compression313

tests (Adams & Williamson, 1923; Brace, 1965; Wepfer & Christensen, 1991). Other models314

exist that estimate the crack porosity using stress dependence of elastic properties (Walsh,315

1965; Cheng & Toksöz, 1979; Kuster & Toksöz, 1974; Berryman, 1980; Norris, 1985); how-316

ever, the optimal selection of these models is outside the scope of this work and will be317

considered in the future.318

Detailed mathematical description and parameter calculation of the Shapiro’s piezosen-319

sitivity model were given in Section 6 of the Supporting Information. According to the theo-320

retical description of Kdry and Gdry given in Equation S8 from the Supporting Information,321

we estimated the model parameters by minimizing the residual between the theories and322

experimental results iteratively. For penny-shaped microcracks, porosity φc0 = 7.2 × 10−4
323

without confinement and representative (average) aspect ratio α = 1.1× 10−3 were derived.324

The bulk (Kdrs) and shear (Gdrs) moduli of the hypothetical granite with a closed compliant325

porosity were calculated as 49.5 and 29.7 GPa, respectively. Note the difference between326

Kgr and Kdrs (or Ggr and Gdrs). Kgr and Ggr are the bulk and shear moduli of mineral327

grain and calculated from Hill average (see Table S1 in the Supporting Information).328

In Figure 3(c) and (d), Kdry and Gdry (black solid line) derived from theory matched329

well the measured data (red circles) until 160 MPa. Above 160 MPa, theoretical solutions,330

extrapolated until 300 MPa, gradually approached constant values (black dashed line) which331

were given by Kdrs and Gdrs. Compliant porosity φc (blue dashed line) decreased by two332

orders of magnitude: 7.2 × 10−4 at 0 MPa to 1 × 10−5 at 300 MPa, which was almost333

completely closed. These piezosensitive parameters will be used in the modeling of P-wave334

velocity increase later.335

3 Free-standing wetting test336

The aim of the main experiment reported in this study is to understand the acousto-337

mechanical response in nanopore-dominated geomaterial that experience hygroscopic ex-338

pansion in response to gradual wetting. To quantify this effect, we build on the time-lapse339
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monitoring methods of ultrasonic (Schmitt et al., 2005; Njiekak et al., 2013; Yurikov et al.,340

2018) and digital image correlation (DIC) (Li et al., 2021) methods in the Herrnholz granite.341

3.1 General setup342

Water imbibition tests were performed on an intact, free-standing “prismoid” specimen343

of Herrnholz granite (dimension: 65 × 35 × 90 mm) as shown in Figure 4(a). The specimen344

was initially oven-dried at a temperature of 80 ◦C for at least 72 hours; meanwhile, it was345

weighed every 24 hours until variations in weight were below 0.01 %. Then the specimen was346

allowed to naturally acclimate to ambient conditions for 18 hours. Water was introduced to347

the specimen via a filter paper that was immersed in a water reservoir (∼15 mm above the348

specimen). Aluminium blocks kept the filter paper in contact with the top of the specimen349

and water was drawn onto the top surface by capillary forces. Distilled water was used to350

fill and replenish the reservoir (0, 26, 47, 71 hours) over 80 hours. This ensured an almost351

constant infiltration and imbibition of fluids into the top half of the sample that contained352

the region of interest (ROI) for the DIC measurements.353

3.2 Time-lapse DIC observation354

A time-lapse DIC technique was utilized to measure the moisture-induced deformation355

on the front face of the granite specimen. In Figure 4(a), a schematic depiction of the356

digital camera (model: Sony Alpha A7RII with 43.6 total megapixels) was shown; this was357

mounted and locked to position 240 mm from the surface of the specimen. We used the358

natural fine-grained granite texture as the speckle pattern, and the front surface of the359

specimen was imaged at 2-minute interval and 1/13-second exposure time. A low-power360

Sony LED macro flash was triggered by the camera shutter in order to create consistent361

lighting for the images without affecting the specimen temperature.362

Prior to introducing water, the specimen was allowed to equilibrate for 18 hours at363

ambient conditions. This allowed us to evaluate the displacement and strain baselines in364

the absence of water. The region of interest (ROI), as shown as the pink patch in Figure365

4(b), was located 3 to 4 mm from the top and side edges to minimize boundary effect, with366

58 mm in width and 40 mm in height (symmetrical about the y position of the transmitter-367

receiver pair). We used the open source Ncorr software (Blaber et al., 2015) to calculate368

the surface deformation from captured images over 98 hours. This method tracks surface369
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Figure 4. Schematic diagram of the experimental setup. (a) A free-standing granite prism

(90 65 35 mm) of which upper part was subjected to gradual wetting. Mechanical moisture-

induced deformation was measured on the vertical front surface in the region of interest (ROI)

using digital image correlation (DIC). Figure (a) was adapted with with permission from (Li et al.,

2021). (b) Ultrasonic pulsing was performed using a PZT transmitter coupled to the vertical surface

20 mm from the top of the sample. (c) Raw transmitted waveforms: dry (black) and wet (blue)

measurements. (d) Windowed transmitted waveforms centered around the first P-wave arrival used

for the spectral analysis.
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deformation by correlating the best fit between pixel values within a defined search window,370

named subset, in a current image to those in the reference image. We set the subset radius371

as 50 pixel or 0.8 mm (equivalent to several crystals given the mean grain size of 0.23 mm),372

which on one side reduced the noise, and from the other side allowed us to track deformation373

at a resolution similar to the grain size. To calculate strain from the displacement field, a374

strain-window radius of 15 pixel (equivalent to 0.24 mm) was set.375

3.3 Time-lapse ultrasonic monitoring376

We adopted pulse transmission technique (Birch, 1960; ASTM D-18, 2008; Aydin,377

2015) to study changes of ultrasonic waveform in response to water imbibition through378

time. In Figure 4(b), we showed the PCT-MCX transmitter (left, red T ) and the KRNBB-379

PC receiver (right, green R) that were installed using aluminum cylinder holders at the380

height of y = 20 mm. The PCT-MCX transmitter was custom-built and its design and381

source characteristics were well documented in Selvadurai et al. (2022). The KRNBB-PC382

receiver was provided by KRN Services and was absolutely calibrated in Wu et al. (2021) –383

flat instrumental response between 100 kHz to 1 MHz. Later spectral analysis is performed384

over this frequency bandwidth. Both transmitter and receiver followed the design of point-385

contact transducers to eliminate the sensor aperture effect (Eitzen & Wadley, 1984; Glaser386

et al., 1998). These point-contact sensors have a tip aperture diameter of 1.5 mm.387

The aluminum holders were coupled directly to the sample surface using cyanoacrylate388

and were threaded; this allowed the ultrasonic transducers to press against the surface of389

the specimen with their threaded casing. For this test, a high-voltage impulse source of 500390

V was applied to the PCT-MCX transmitter using the same pulsing system described in391

Section 3 of Supporting Information. Pulses were emitted every 10 minutes over ∼ 98 hours.392

Recordings were taken around the trigger (before: 50 µs, after: 500 µs) to capture the wave393

information. Due to the more rapid transient response of the rock during the initial portions394

of the wetting, pulsing was performed every 2 minutes for 2 hours after wetting commenced.395

Waveforms of the receiver were recorded at 20 MHz. The same DAQ system were used as396

in Section 2.3.397

We used the Aikake information criterion (AIC) (Akaike, 1974) to pick the onset of the398

P-wave arrival starting from the triggering time until 35 µs. Triggering time was denoted by399

0 µs. This technique has been effective in laboratory ultrasonic studies (Kurz et al., 2005).400
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We provided one example in Figure S5 of the Supporting Information. We picked the onset401

of P-wave first arrival at the location of minimum AIC value. We calculated the P-wave402

velocity using the ratio between specimen width (L = 65 mm) to the duration between the403

triggering time and P-wave first arrival.404

3.4 Frequency-based volume of the Fresnel zone405

The transmitter-receiver arrangement generated a Fresnel zone, defined as a confocal406

prolate ellipsoidal region between transmitter and receiver (Spetzler & Snieder, 2004). A407

schematic representation was shown in Figure 4(b) but the size of the Fresnel zone was408

dependent on the specimen width and the frequency bandwidth of interest. Since the Fresnel409

zone had an ellipsoidal geometry, we used the same nomenclature as an ellipse to describe410

the Fresnel zone. The elastic properties of this zone were mostly revealed by band-limited411

direct waves propagating along the transmitter-receiver straight ray path. The boundary412

of the Fresnel zone consisted of points at which the difference in the propagation distance413

between direct-path and deflected-path waves on the boundary was a multiple (n) of the414

half wavelength, λ/2. In this study, we focused on the P-wave first (n = 1) Fresnel zone415

(P-FFZ), which gave the radius R1 of the ellipsoid minor axis as:416

R1 =
1

2

√
λL+

λ2

4
. (1)

Equation 1 is only valid for a homogeneous medium. In our experiment it provided a rough417

estimate of R1 when the wetting front moved towards the bottom surface, with introduced418

heterogeneity around the transmitter-receiver straight ray path.419

3.5 Data reduction techniques420

Examples of waveforms measured under the dry (black) and wet (blue) stages showed421

significantly attenuated elastic waves due to water ingress in Figure 4(c). Pulse trigger time422

and first P-wave arrival were denoted by red and green lines, respectively. To avoid spectral423

leakage and focus the analysis on the direct P-wave phase that mostly exhibits elastic changes424

inside P-FFZ, the waveforms were windowed using a Blackmann-Harris window centered425

about the onset of first P-wave arrival. We showed details in direct waves within the grey426

box in Figure 4(d). Windowed and raw waveforms were denoted by dashed and solid line,427

respectively. The window duration (e.g. grey box width) of 30 µs (roughly twice the428
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travel time from transmitter to receiver) was set to ensure that it would contain essential429

information on the direct P-wave phases and also at a satisfactory resolution ∼ 100 kHz,430

which was defined by Wu et al. (2021).431

To quantify the attenuation effect, the fast Fourier transform (Bracewell, 1986) was432

performed to study the spectral content of transmitted amplitude from 100 kHz to 1 MHz.433

We calculated transmitted amplitudes as well as the noise level of waveforms shown in434

Figure 4(d) and presented them in the frequency domain in Figure S6 in the Supporting435

Information. We found there was sufficient transmitted amplitude until 1 MHz comparing436

to the noise level under dry conditions; however, transmitted amplitude close to 1 MHz437

under wet conditions could be not easily differentiated from the noise level. This is another438

reason we chose 1 MHz as the upper limit of frequency bandwidth.439

We observed that waveforms acquired at sufficient wetting could merge into the noise440

level without signal amplification. We connected the receiver with a pre-amplifier system441

(Elsys AE-AMP) that allowed us to select gain settings of 0 dB, 20 dB, or 40 dB. This442

pre-amplifier could filter the acquired signal with a passband frequency range so that the443

background noise could be effectively depressed while the signal was amplified (Bertschi,444

2018). We adopted 40 dB gain to ensure extraction of the necessary message throughout445

the entire wetting stage.446

4 Results447

4.1 Moisture-induced changes in ultrasonic signatures448

We analyzed the changes in transmitted direct waves over 98 hours (18 hours under449

ambient conditions and 80 hours of wetting). In Figure 5(a), we showed the stacked and450

aligned raw waveforms of 630 surveys and a visualization of the direct wave phases from451

−2 to 30 µs. Ultrasonic duration was the duration offset from the pulse triggering time.452

An ultrasonic duration equal to 0 µs referred to the triggering time of pulsing tests (green453

dashed line). A wetting time equal to 0 hour denoted the time that distilled water arrived454

on the top surface of the specimen through the filter paper. Image color represented the455

magnitude of transmitted voltage ranging from −2 to 2.6 V (red: positive, blue: negative456

and white: 0 value).457

Transmitted amplitude was shown between the bandwidth of 100 kHz to 2 MHz in458

the frequency domain (Figure 5(b)). We converted the waveform amplitude (unit: V) into459
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amplitude (unit: dB) using A(dB) = 20 × log10(A(V)). The image color indicated the460

magnitude of the transmitted amplitude, ranging from −45 to −8 dB (changes in the order461

of magnitude of 2).462
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Figure 5. Changes in stacked ultrasonic waveforms over 98 hours in response to water availabil-

ity. Direct waves in (a) time domain (duration: −2 to 30 µs) and (b) frequency domain (frequency

bandwidth: 100 kHz to 2 MHz). For details around the P-wave first arrival, direct waves were iso-

lated between −1 to 12 hours in (c) time domain (duration: 12 to 16 µs) and (d) frequency domain

(frequency bandwidth: 600 kHz to 1 MHz). The onset of the P-wave first arrival was shown in

black and was illustrated more prominently in Figure 6.

4.1.1 Changes in P-wave arrivals463

We were interested in the changes in P-wave first arrivals upon the introduction of464

water and thus we isolated the results within a purple box within a wetting time of −1465

to 12 hours and an ultrasonic duration of 12 to 16 µs in Figure 5(a) to Figure 5(c). We466

found the onset of P waves (black line), calculated using AIC technique (Akaike, 1974),467

progressively decreased from 14.4 to 12.8 µs at an uncertainty of 50 ns between 0 to ∼ 16468

hours. Uncertainty of P-wave velocity was around 0.25 % (or 13 m/s) estimated in Section469
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5 of the Supporting Information. In Figure 6(a), P-wave velocity was initially measured470

at approximately 4538 m/s over 18 hours, decreased very slightly to 4507 m/s from 0 to471

3.2 hours, and rose to a plateau (5074 m/s) at approximately 16 hours. The onset of S472

waves was not included in this study because multiple reflections from the outer boundaries473

between the P- and S-wave onset masked the first arrival of the S waves.474

4.1.2 Changes in transmitted amplitude of direct waves475

In Figure 5(c), we showed the transmitted voltage between −0.1 to 0.8 V using a narrow476

color scale to highlight the amplitude changes around the P-wave arrival. We found the P-477

wave first peak was amplified (red to deep red) after the introduction of water and later478

attenuated (deep red towards white) to lower value. We picked the location of first peaks479

and showed their amplitudes in Figure 6(b). The amplitude maintained stable (0.71 ± 0.015480

V) before 0 hour, increased to 1.07 ± 0.01 V around 3.2 hours, decreased to 0.33 ± 0.01 V481

around 11 hours followed by little recovery below 0.06 V. The amplitude maintained at 0.38482

V ± 0.007 V after 16 hours.483

We found that changes in the transmitted amplitude upon wetting was frequency-484

dependent. For example, in Figure 5(b), there was a significant amplitude decrease (above485

15 dB) above around 600 kHz and less amplitude decrease (below 5 dB) below around 300486

kHz. Due to our understanding of the ultrasonic transducers, it is feasible to analyze the487

bandwidths over low frequency (LF = 100 to 300 kHz), middle frequency (MF = 300 to 600488

kHz), and high frequency (HF = 600 to 1000 kHz). We isolated the results within a purple489

box within a wetting time of −1 to 12 hours and frequency of 600 to 1000 kHz in Figure490

5(b) to Figure 5(d). We monitored the transmitted amplitude and found it to decreased491

after 3 to 4 hours of wetting.492

We calculated the mean changes in the transmitted amplitude in dB and showed them493

at three frequency bandwidths (LF, dashed line; MF, dotted line; and HF, solid line) in494

Figure 6(c). We introduced six times from O to v that were turning points of P-wave495

velocity as well as the transmitted amplitude changes at HF. Time O (0 hour) was marked496

as the thick blue line in Figure 6. The subsequent times i (1.3 hours), ii (3.2 hours), iii (9497

hours), iv (16 hours) and v (32 hours) were shown as blue dashed vertical lines. Changes498

in the transmitted amplitude in direct waves were denoted as ∆Td.499
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Figure 6. Changes in ultrasonic signatures over 98 hours in response to water availability. (a)

Measured P-wave velocity between 4538 and 5074 m/s. Transmitted amplitude averaged at three

frequency bandwidths (100 to 300 kHz, 300 to 600 kHz, and 600 to 1000 kHz) for direct waves.

These frequency bandwidths were denoted as LF -low frequency, MF -medium frequency, and HF -

high frequency, respectively. Vertical blue dashed lines indicated a few turning point of transmitted

amplitude and P-wave velocity.
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Prior to time O, specimen remained in a steady state since transmitted amplitudes in500

direct waves were stable (all variations below 1 dB). Once water was introduced to the top501

surface of the specimen (time O at 0 hour), ∆Td increased from time i to ii (1.3 to 3.2 hours)502

as the frequency bandwidth changes (∆TLFd = + 2.6 dB, ∆TMF
d = + 3 dB and ∆THFd =503

+ 4 dB). As the time increased, i.e., ii to iii (3.2 to 9 hours), ∆Td began to decrease as504

the bandwidths were changed (∆TLFd = − 9.0 dB, ∆TMF
d = − 19.5 dB and ∆THFd = − 27505

dB). After time iii (9 hours), ∆Td started to recover at all bandwidths (∆TLFd = + 0.6 dB,506

∆TMF
d = + 5.5 dB and ∆THFd = + 8 dB) and stabilized at time iv (18 hours) with a ±507

0.1 dB change over all bandwidths.508

Throughout the wetting stage (0 to 80 hours), the total ∆Td at different frequencies509

was − 4.6 dB (LF ), − 12.6 dB (MF ), − 17 dB (HF ), respectively.510

4.1.3 P-wave quality factor measurement511

Spectral ratio method (Toksöz et al., 1979) was utilized in this study to characterize512

seismic wave attenuation of Herrnholz granite independent of frequency under dry and513

wetting conditions. Ultrasonic monitoring of pulse transmission was performed using the514

same procedures that were used in the wetting experiment on Herrnholz granite specimens515

and a reference material, aluminum. The aluminum (model: EN AW-6060) was used due516

to its extremely low attenuation with respect to rocks (Zemanek & Rudnick, 1961). The517

geometry of the aluminum specimen was identical to the Herrnholz granite specimen shown518

in Figure 4. The amplitude (A) of plane elastic body waves at the specific frequency for the519

aluminum (subscript 1) and Herrnholz (subscript 2) specimens can be expressed as:520

A1(f) = G1(x)e−
πfx
Q1v1 ei(2πft−k1x), (2a)

A2(f) = G2(x)e−
πfx
Q2v2 ei(2πft−k2x), (2b)

where f and k are the frequency and wavenumber of the received waveforms, v is the P-wave521

velocity, x is the distance between transmitter and receiver (65 mm) and G(x) is a frequency-522

independent geometrical factor that includes geometrical spreading and reflections.523

Windowed waveforms of direct waves were shown in time (Figure 7(a)) and frequency524

domain (Figure 7(b)). Waveforms measured in the Herrnholz granite were aligned at the P-525

wave first arrival. Before the wetting stage (below 0 hour), waveforms (grey line) overlapped526
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well within 18 hour. P-wave data after 27 hours (light blue) remained stable until the527

end of the measurement. Waveforms from the aluminum specimen (dashed magenta line)528

were also shown and aligned at the P-wave first arrival for visualization purpose. The529

natural logarithm of the spectral ratio of transmitted amplitude for the Herrnholz granite530

to aluminum was given as:531

ln

(
A1

A2

)
=

(
1

Q1v1
− 1

Q2v2

)
πxf + ln

(
G1

G2

)
(3)

and was shown in Figure 7(c). 1/Qi (i = 1, 2) is the inverse quality factor of the direct532

P-wave phase. 1/Qi could be simply stated as the percentage loss of carried energy in the533

direct P-wave phase where a high value denotes high attenuation, and vice versa. The term534 (
1

Q1v1
− 1

Q2v2

)
can be found from the slope of the line fitted to ln

(
A1

A2

)
because G1

G2
is535

independent of frequency. Q2 (aluminum) is extremely high (about 1.5 x 105 from Zemanek536

and Rudnick (1961)) compared to that for rocks (tens to hundreds) so that the term 1
Q2v2

is537

ignored. Q1, which represents the Qp of Herrnholz granite, was derived using the variation538

in P-wave velocity as the water content increased.539

In Figure 7(d), prior to introducing water, 1000/Qp remained stable (12 ± 1). We540

found the fitting of 1000/Qp failed using the spectral ratio method from time O to iii while541

the rock experienced progressive wetting. It could be not possibly appropriate to use a542

constant 1000/Qp to depict complicated changes in the transmitted amplitude at different543

frequencies during the progressive wetting – 1000/Qp could be frequency-dependent. After544

time iii, 1000/Qp increased by 37 up to time iv at 16 hours, slowly stabilized until time iv545

at 32 hours. After time v, less variations was observed in 1000/Qp (68 ± 5).546

4.2 Moisture-induced surface deformation547

Using the DIC methods, 744 images were analyzed over 98 hours and we observed548

extensional strains in both the horizontal (x ) and vertical (y) directions. The vertical549

expansion particularly provided an useful insight of the moving wetting front. We here550

similarly use the contour line (= ×10−4, indicated by the white dashed line) of the vertical551

strain to track the infiltration front in Figure 8. We presented vertical strain fields from time552

i to v which were turnings of ultrasonic attributes previously defined in Section 4.1. We553

found the wetting front reached approximately y = ∼ 9 mm by time i or 1.3 hours (Figure554

8(a)), ∼ 11 at time ii or 3.2 hours (Figure 8(b)), ∼ 17.5 mm at 7 hours (Figure 8(c)), 20.5555
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mm at time iii or 9 hours (Figure 8(d)), and 28 mm at time iv or 16 hours (Figure 8(e)).556

The vertical strain front (εyy) progressed past the ROI (region of interest) at time v or 32557

hours in Figure 8(f); the magnitude of vertical strain was ∼ 10−4 over the entire ROI at558

this time. Peaks in the vertical strain field between 10 − 20 × 10−4 were observed around559

the upper edge of ROI and they decreased below 5× 10−4 at y = ∼ 9 mm. In Figure 8(a),560

three dark blue patches can be observed in the top of the ROI, which corresponded to the561

location of the three aluminum blocks placed on the filter paper. We believed this results in562

a slightly heterogeneous distribution of the water on the top surface of the contact regions.563

When infiltration reached 16 hours, ahead of wetting front, water vapor or a small564

amount of liquid water intrusion into the local heterogeneity (such as microcracks) caused565

extension in few small patches (∼ 10 mm × 5 mm) with strains of ∼ 0.8 to 1×10−4 (see566

Figure 8(e)). This was also supported by the observation at 32 hours: the wetting front567

evolved slightly non-uniformly from left to right. The position of the ultrasonic monitoring568

pair was installed 20 mm below the wetting surface and the correlation between surface strain569

and ultrasonic changes will be discussed in Section 5.2. Results for the horizontal strain at570

the same six time intervals were provided in Figure S7 of the Supporting Information to571

give a tabular summary of the expansion process.572

5 Discussion573

5.1 Observed ∆Vp in nanopores in response to water infiltration574

P-wave velocity changes, ∆Vp, observed in the free-standing progressive wetting test575

are discussed here. P-wave velocity increase was observed as ∆Vp increased by 520 m/s from576

time ii to iv. From the vertical strain evolution shown in Figure 8(b) to (e), the wetting577

region is almost symmetrical around the transmitter-receiver straight ray path and overlaps578

with the P-wave first Fresnel zone (P-FFZ). The minor radius size of the P-FFZ, R1, at579

the frequency of 600 to 1000 kHz, ranges between 8.7 to 11.3 mm and will be discussed580

in Section 5.2.1. After time iv, the wetting front fully passed P-FFZ (Figure 8(f)), ∆Vp581

stabilized with less than a 2 % variation over tens of hours. This indicates that a stable582

equilibrium has been reached between water wetting in the interior of the specimen and583

evaporation through the specimen’s surfaces.584
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5.1.1 Squirt flow or Gassmann theory in microcracked nanopore-dominated585

media?586

We modeled P-wave velocity increase in saturated Herrnholz granite within the context587

of classic theories of fluid substitution in porous media. Gassmann theory was validated at588

sufficiently low frequency (e.g. in situ seismic monitoring below 100 Hz and sonic logging589

below tens of kHz) at which fluid pressures gradients within interconnected pores, induced590

by elastic waves, can be dissipated within sufficient time (Gassmann, 1951; Biot, 1956).591

To extend the Gassmann theory to laboratory ultrasonic frequency (hundreds of kHz to592

few MHz), the average pore size (d̂) must be much smaller than the viscous skin depth593

δ = (η/πfρf)
1/2

(Biot, 1956; Johnson et al., 1987; Gor & Gurevich, 2018). η and ρf repre-594

sent the dynamic fluid viscosity (unit: Pa · s) and density of the saturating fluid (distilled595

water) (units: g/cm3), respectively, and f is the ultrasonic resonant frequency. Table 1596

summarises the essential input parameters (e.g. density, modulus, porosity, frequency) from597

the thin section analysis (Section 2.1), water-accessible porosity measurement (Section 2.2)598

and elastic piezosensitivity analysis (Section 2.5). We find that the assumption of Gassmann599

theory is satisfied (Johnson et al., 1987) because d̂ = 10 nm� δ = 546 nm.600

Table 1. Parameters for modeling P-wave velocity increase in Herrnholz granite.

Water Kf (GPa) ρf (g/cm3) η(Pa · s)

2.2 1 9.4×10−4

Dry rock Kgr (GPa) ρ (g/cm3) Ggr (GPa) φs (%)

49.4 2.609 31.1 1.53

Piezo Kdrs (GPa) Gdrs (GPa) φc0 (%) α f (MHz)

49.7 29.7 0.072 1.1×10−3 1

Approximated water parameters under 23 ◦C and 1 standard atmosphere.

Parameters in dry rocks and piezosensitivity model from thin section anal-

ysis (Section 2.1), water-accessible porosity measurement (Section 2.2), and

elastic piezosensitivity analysis (Section 2.5).

In Figure 9, we further examine the applicability of the Gassmann theory to P-wave601

increase in intact rocks. The P-wave velocity offset between Gassmann prediction (Gass,602
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gray) and laboratory measurement (Sat, blue) for the saturated granite specimen is greater603

at low effective stress (280 m/s at 5 MPa) and then decreases approaching 0 m/s, until604

the maximum effective stress (79 m/s at 160 MPa). By comparing the microstructural605

differences in nanoporous Vycor glass (Levitz et al., 1991; Gor & Gurevich, 2018) and606

Herrnholz granite, the effects of natural microcrack characteristics of brittle rocks might607

contribute to this mismatch.608
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Figure 9. Broadband Vp increase in Herrnholz granite under extensional (left) and contractional

(right) stress regimes. Left: Vp evolution from dry to wet measured in the water imbibition test;

Right: Vp measured and modeled in the hydrostatic compression test. dry (green, experimentally

measured), Sat or saturated (blue, experimentally measured), Gass or Gassmann theory (gray,

model prediction) and Squirt or squirt flow theory (red, model prediction).

Mavko and Jizba (1991) quantified the effect of compliant pore spaces or microcracks609

on elastic stiffening in saturated porous media. This is usually referred to the Mavko−Jizba610

squirt flow theory. The entire pore space is partitioned into a few subsets of stiff and611

compliant spaces. Compliant pore spaces are presumed to be thin cracks and grain con-612

tacts. At sufficiently high effective stress, most of this soft pore space can be compressed to613

close, or at least be substantially reduced in volume. The stiffness difference between the614

measurements and Gassmann theory could then be expected to be the result of the unre-615

laxed/undissipated pore pressure inside the microcracks that resists deformation imposed616
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by the passage of elastic waves. Gurevich et al. (2010) extended this work to a broader617

frequency range by considering fluid pressure relaxation in penny-shaped gaps between ad-618

jacent grains. They inferred that Vp is exactly consistent with the Gassmann theory at619

a low-frequency limit and transitions to the Mavko−Jizba squirt flow at a high-frequency620

limit. We followed their methodology and provided the detailed calculation process of Vp at621

all frequencies in Section 7 of the Supporting Information. Parameters for the squirt flow622

model used here are provided in Table 1.623

To test the validity of squirt flow model, we compared the predicted Vp from the squirt624

flow model (Squirt, red) at 1 MHz (resonant frequency of the ultrasonic transducers and625

laboratory measurement (Sat, blue) for the saturated granite specimen in Figure 9. In626

general, the error is less than 0.8 % of measured Vp indicating this model is capturing the627

observed physics. An anomalous Vp offset of 125 m/s between the Squirt and Sat at 5 MPa628

could indicate a contact problem between the granite specimen and adjacent transmitter-629

receiver pair at a low confining pressure. As the effective stress increases, the error between630

observed and modelled Vp remains below 40 m/s (0.8 % of measured Vp) and the Vp from631

squirt flow model correlates well with the Vp changes with confinement for the saturated632

specimen. While the Gassmann theory works well in nanoporous materials as having stiff633

pore spaces (e.g. Vycor glass) (Levitz et al., 1991; Gor & Gurevich, 2018), we conclude that634

P-wave velocity increase in water-saturated microcracked nanopore-dominated media can635

be better modeled using the squirt flow theory.636

5.1.2 ∆Vp in granite under extensional and contractional stress regimes637

After testing the validity of the squirt flow theory in the tested granite, we then studied638

Vp increase under both extensional and contractional stress regimes. Hygroscopic expansion639

occurs in the water imbibition test (see Section 4.2) as is assumed to be a result of genera-640

tion of adsorption stress (also known as solvation pressure) through adhesion and capillary641

condensation by Li et al. (2021). They estimated this adsorption stress by multiplying the642

mean strain (denoted as εl) by the pore-load modulus Mpl: σs = Mplεl. Mpl described a643

linear relation between the adsorption stress and mean strain and quantified the deforma-644

bility of porous media in response to changes in pore fluid pressure (Prass et al., 2009; Gor645

& Gurevich, 2018).646
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The pore-load modulus Mpl was assumed to be independent of the gradually wetting647

process controlled by hygroscopic expansion and was given as Mpl = 3
1/K−1/Kdrs

. K is the648

drained bulk modulus of the granite and was measured independently to be 18.8 GPa at 20649

% RH by Li et al. (2021). The bulk modulus of the granite without pore space, Kgr = 49.4650

GPa, was determined in Section 2.5. Mpl is estimated to be 91 GPa and thus the solvation651

pressure is derived as a function of εl. Li et al. (2021) suggested the mean hygroscopic strain652

can be given as εl = (2εxx + εyy) /3, where εxx and εyy are average horizontal and vertical653

strains within a rectangular region symmetrical around the transmitter-receiver pair. The654

dimension of this region is 58 mm × 20 mm. More details about this region will be discussed655

in Section 5.2.1.656

To maintain consistency in the contractional condition, mean effective stress σ̄e was657

adopted instead of solvation pressure (σs) by considering σ̄e = −σs in the case of a free-658

standing specimen where the specimen was subjected to a zero external stress state. Changes659

in P-wave velocity and the calculated solvation pressure from the water imbibition test were660

shown as solid blue circles on the left side in Figure 9. When the specimen saturation661

changed from ambient humidity conditions (around 20 %) to progressively wetting, Vp and662

∆σs increased by 520 m/s and 23.9 MPa, respectively. Vp at 0 MPa in the water imbibition663

test was slightly higher (60 m/s) than Vp at 5 MPa in the hydrostatic compression test.664

This slight discrepancy was because the ultrasonic monitoring required ∼ 5 MPa of confin-665

ing pressure to generate a proper bond at the contact surface. The steady Wet Vp at 23.9666

MPa in the water imbibition test could serve as the bound constraint of Vp in the saturated667

granite at the same σ̄e. Following the blue dash arrow in Figure 9, it was possible that the668

changes seen in Vp between Wet and Sat Vp could be explained by that squirt flow theory.669

This may indicate the squirt flow theory could be also valid for extensional stress regimes,670

but this requires more validation work. For example, in the freestanding wetting test, rock671

cannot reach the fully saturation status through water imbibition; however, squirt flow the-672

ory was developed on the assumption of full saturated rocks. The observed consistency673

in Vp between Wet and Sat provides a straightforward understanding of P-wave velocity674

increase in saturated microcracked nanopore-dominated media spanning stress regimes in675

both contraction and extension.676
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5.2 Variations in transmitted amplitude due to water imbibition677

Our results indicated that the squirt flow mechanism can account for P-wave velocity678

increase in nanopore-dominated granite, and could also be one of the major causes of seismic679

attenuation of passing elastic waves. In this section, changes in the transmitted amplitude680

of the direct P waves at high frequency were investigated and correlated with simultaneous681

surface deformations. We found that the transmitted energies at relatively high frequencies682

were much more sensitive to the approach of a wetting front than at low frequencies (see683

Figure 6(b)). As a result, we focused attenuation on the high-frequency transmitted ampli-684

tude changes for the direct waves ∆Td (orange solid line) between 600 to 1000 kHz, shown685

in Figure 10. Imaged strain was averaged within a rectangular box ROI-1 with dimensions686

of 60 ×30 mm that was symmetrical along the transmitter-receiver straight ray path. ∆Td687

and ∆Tc were correlated with imaged strain evolution (left: horizontal or εxx, right: vertical688

or or εyy). Times O to v, delineated by the vertical dashed lines, corresponded to the same689

times given in Section 4.1.690

5.2.1 Direct P wave: ∆Td691

A peculiar observation was made with ∆Td after the initial introduction of the water to692

the specimen. ∆Td initially remained stable until time i when the wetting front was inside693

box ROI-1. The theoretical R1 of P-FFZ was 11.3 mm at 600 kHz and 8.7 mm at 1000 kHz,694

respectively (Equation 1). Comparing the relative position of wetting front and P-FFZ, the695

∆Td plateau remained because the direct P-wave phase mirrored the elastic changes within696

the P-FFZ. The ∆Td plateau was followed by a small increase from 0 dB at time i to 10.4697

dB at time ii. A similar increase was also observed in the P-wave amplitude (first peak)698

in water imbibition experiments on Sherwood sandstone (mean pore throat diameter of 18699

µm, see David, Barnes, et al. (2017)). Since the proposed mechanism is related to squirt700

flow that only accounted for seismic attenuation, there should exist another mechanism for701

seismic amplification.702

5.2.2 Analytical solution of plane wave propagation to explain ∆Td703

We aim to provide an explanation for the increase in ∆Td starting from elastic wave704

reflection and refraction between wetting front and incident P waves in P-FFZ. We adopted705

a similar explanation to that provided by Kovalyshen (2018) where the varying moisture706
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conditions changed the material properties and contributed to the presence of a distinct layer707

in the medium. We suggested this layer occurred at the wetting front and had properties of708

both the dry and wet granite across this heterogeneity. This layer was assumed to be ideally709

flat and sharp and represented the solid-solid interface of the fully saturated (above) and dry710

(below) regions. The point transmitter and receiver were assumed to generate and receive711

elastic waves. For the dry phase, ρ = 2.609 g/cm3, Vp = 4550 m/s and Vs = 2750 m/s.712

For the wetting phase, ρ = 2.63 g/cm3, Vp = 5300 m/s and Vs = 2850 m/s (measured data713

from a hydrostatic compression test at a confining pressure of 5 MPa). In Figure 11(a), the714

wetting front was located above the transmitter-receiver straight ray path. Depending on715

the incident angle θ, incident P waves could arrive at the receiver directly along the shortest716

path, i.e., θ = 90◦, along the green solid line. At θ < 90◦, incident P waves along the green717

dashed line will reflect on the interface, convert into critically refracted P (denoted as Pp)718

and S (denoted as Ps) waves and arrive at the receiver with a time delay from the direct P719

waves. We adopted the same nomenclature as Kovalyshen (2018).720

We presented the complete solution (green line) of the incident plane P-wave reflection721

coefficient Rp on the solid-solid interface, solved using Knott−Zoeppritz equations (Knott,722

1899; Zoeppritz, 1919; Mavko et al., 2020, Section 3.5) in Figure 11(c). Unit conversion723

between Rp (left y-axis) and ∆Td (right y-axis) was given by ∆Td = 20log10(1 +Rp).724

A turning point of 60◦ denoted the grazing angle beyond which total internal reflection725

occurred with Rp close to 1. When the wetting front arrived to the top co-vertex of 600726

kHz P-FFZ at R1 ≈ 11 mm or θ ≈ 71◦, refracted P and S waves started to affect the727

initial direct P wave and enhanced the amplitude with synthetic waveforms. From time i728

to ii, the wetting front continuously moved downwards with a vertical distance away from729

the transmitter-receiver straight ray path from an averaged 11 mm to an averaged 9 mm.730

This observation matched well with the theoretical R1 of P-FFZ, which is 11.3 mm for731

600 kHz and 8.7 mm for 1000 kHz. The slight difference could be due to the definition of732

the dry/wet region (strain below and above 1×10−4), position estimate of the non-uniform733

wetting front, the gap between experimental and ideal conditions (e.g. finite-dimension734

specimen, heterogeneity in saturation). Simultaneous monitoring of ultrasonic and DIC735

imaging effectively constrained the P-FFZ size which has allowed us to develop a model to736

better describe these observations. We concluded that from time i to ii, the wetting front737

continuously interacted with the P-FFZ, characterised by the frequency increasing from738
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600 kHz. The experimentally observed ∆Td was enhanced by 10.4 dB, compared to the739

theoretical estimate of 11.6 dB shown in Figure 11(c).740

Proper correlation of transmitted amplitude changes with surface deformation required741

an understanding of the physics occurring in the same region. Inconsistent variation between742

∆Td and εxx or εyy from time O to i originated from the size difference between the DIC743

ROI and P-FFZ. This motivated us to use another rectangular box ROI-2 (dimension: 60744

×16 mm) as the new DIC ROI where the averaged εxx and εyy within ROI-2 were shown in745

Figure 10(c) and (d). At time O, i and ii (with a similar finding in time iv and v) there was746

almost the same strain, which suggested an acceptable overlap between the DIC ROI (box)747

and F-PPZ (ellipse). From time ii to iii, the wetting front entered all P-FFZs between 600748

to 1000 kHz. ∆Td decreased relatively linearly with the imaged strain until the maximum749

attenuation of −41.6 dB was reached. At time iii, the wetting front slightly surpassed the750

position of the transmitter-receiver straight ray path and the amplitude sign of refracted P751

and S waves will be opposite to the direct P wave with a phase shift of 180◦ as shown in752

Figure 11(b). No total internal reflection occurred. The theoretical estimation of ∆Td was753

given as −41.8 dB at θ ≈ 88.5◦, compared to the experimental observation of −41.6 dB.754

Once the wetting front passed the transmitter-receiver straight ray path, ∆Td recovered755

after time iii. ∆Td remained at −30 dB with 1 dB variation at time iv when the wetting756

front leaved the P-FFZ. The orange line in Figure 11(c) was the Knott−Zoeppritz solution,757

and showed Rp that slowly recovered from −48 dB at θ ≈ 89◦ (R1 ≈ 0 mm) to −7.2 dB at758

θ ≈ 71◦.759

The difference between experimental observations (−30 dB) and the theoretical estima-760

tions (−7.2 dB) could originate from hygroscopic expansion and squirt flow. Hygroscopic761

expansion due to water infiltration occurred and reached a a mean extensional strain of762

2.6× 10−4 within ROI-2. This induced an internal solvation pressure of 23.9 MPa. Hygro-763

scopic expansion reduces the effective normal stress (0 to −23.9 MPa, where minus denoted764

extension) across the contact area of microcracks filled with water. Less ultrasonic wave765

amplitude was transmitted through the weakly contacted microstructure. When elastic766

stress waves passed the saturated region, the microcracks were compressed and local pres-767

sure gradients were created. We suggested the pore fluid absorbed along the microcracks768

will squirt into stiff pores against internal friction so that the transmitted energy was partly769

transformed into heat energy. It has been previously noted that the squirt flow dominates770
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at zero effective stress and almost disappears when microcracks close (Mavko & Jizba, 1991;771

Gurevich et al., 2010); hygroscopic expansion can be expected to increase pore aperture,772

and therefore enhance the squirt flow effect, resulting in higher ∆Td. The combined effects773

of squirt flow and hygroscopic expansion will decrease the ∆Td.774

Note that it is not sufficient mature to extend the explanation for the changes in ∆Td775

modelled by two-layered medium to all other water imbibition experiments. David et al.776

(2018) checked their ultrasonic dataset tested on 12 different rocks during the water im-777

bibition experiments. They adopted the similar assumptions by Kovalyshen (2018) and778

calculated the reflection coefficients from Knott−Zoeppritz solution and experimental mea-779

surements. They found that although successful in 3 tests, the assumption failed in 9 tests780

due to the small values of the reflection coefficients from Knott−Zoeppritz solution, and781

the delay in arrival time of the reflected waves in the tested rocks. We realized that in our782

study, Knott−Zoeppritz solution was successfully applied to account for changes in ∆Td;783

however, for other scenarios, there could be other accompanying underlying mechanisms,784

i.e. moisture diffusion (David et al., 2018).785

6 Conclusions786

Realizing the gap in the understanding of elastic variations between macropores and787

nanopores in microcracked media, we quantified moisture-induced elastic changes in intact788

Herrnholz granite, a microcracked nanopore-dominated medium, through a laboratory time-789

lapse acousto-mechanical study. Changes in P-wave velocity and ultrasonic wave amplitude790

were examined over 98 hours utilizing time-lapse ultrasonic monitoring. Simultaneous digital791

image correlation was performed to track the wetting front in real-time and calculate the792

adsorption-induced strain and stress.793

While Gor and Gurevich (2018) confirmed the validity and applicability of Gassmann794

theory into channel-like nanoporous media, we found that there exists a breakdown of795

Gassmann theory in microcracked nanopore-dominated media. To bridge the gap, we veri-796

fied that P-wave velocity increase in such media can be properly modeled in the framework797

of classical squirt flow theory, which has been validated in many microcracked macropore-798

dominated media. This enables the possibility of applying the mature theory in conventional799

rock physics to nanopore-dominated media. We also found it could be possible to extend the800

applicability of squirt flow theory from contractional to extensional stress regimes, which801
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is crucial to capture the response of microcracked media to fluid substitution from deep802

underground to near-surface condition. However, more validation work is required in the803

future.804

The transmitted amplitude changes in the direct P waves are well-correlated with805

moisture-induced strain observed around first Fresnel zone. Ultrasonic attributes show am-806

plification, attenuation and recovery in response to the approach of the wetting front. After807

a comprehensive study of analytical analysis and experimental observation, we conclude that808

these attributes behave in a predictable manner, which is assumed to be associated with the809

elastic wave propagation near the first Fresnel zone and reflection/refraction on the wetting810

front. This finding provides ability of using elastic waves propagation to quantify elastic811

changes in porous media as a result of gradual wetting.812
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Kuster, G. T., & Toksöz, M. N. (1974). Velocity and attenuation of seismic waves in two-947

phase media: Part I, Theoretical formulations. GEOPHYSICS , 39 (5), 587–606. doi:948

10.1190/1.1440450949

Landrø, M. (2001). Discrimination between pressure and fluid saturation changes from950

timelapse seismic data. GEOPHYSICS , 66 (3), 836–844. doi: 10.1190/1.1444973951

Le Breton, M., Bontemps, N., Guillemot, A., Baillet, L., & Larose, . (2021, 5). Land-952

slide monitoring using seismic ambient noise correlation: challenges and applications.953

Earth-Science Reviews, 216 , 103518. doi: 10.1016/J.EARSCIREV.2021.103518954

Levitz, P., Ehret, G., Sinha, S. K., & Drake, J. M. (1991). Porous vycor glass: The955

microstructure as probed by electron microscopy, direct energy transfer, smallangle956

scattering, and molecular adsorption. The Journal of Chemical Physics, 95 (8), 6151–957

6161. doi: 10.1063/1.461583958

Li, Y., Leith, K., Perras, M. A., & Loew, S. (2021). Digital image correlationbased analysis of959

hygroscopic expansion in Herrnholz granite. International Journal of Rock Mechanics960

and Mining Sciences, 146 , 104859. doi: 10.1016/J.IJRMMS.2021.104859961

Li, Y., Leith, K., Perras, M. A., & Loew, S. (2022). Effect of Ambient Humidity on the Elas-962

–42–



manuscript submitted to JGR: Solid Earth

ticity and Deformation of Unweathered Granite (submitted). Journal of Geophysical963

Research: Solid Earth.964

Loew, S., Gschwind, S., Gischig, V., Keller-Signer, A., & Valenti, G. (2017). Monitoring and965

early warning of the 2012 Preonzo catastrophic rockslope failure. Landslides, 14 (1),966

141–154.967
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