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• A model is developed to simulate changes of relative permeabilities by seismic waves 12 

• We show that seismic waves can either increase or decrease the oil mobility 13 

• EOR effect depends both on amplitude-spectrum and phase-spectrum of seismic wave 14 

• Preliminary laboratory experiments qualitatively confirm results of theoretical model 15 

ABSTRACT 16 

A model is presented to describe how low-frequency vibrations can induce changes to relative 17 

permeabilities in dual-porosity dual-permeability rocks. We show that a combination of two 18 

physical processes may cause this effect: 1) the wave-induced two-phase fluid flow between 19 

soft pores (fractures or cracks) and stiff pores (matrix); and 2) the contact angle hysteresis 20 

effect. These two effects lead to redistribution of fluid saturation between fractures and matrix, 21 

which may explain alteration of relative permeabilities by small transient strains (~10-6) in 22 

rocks where the fluid flow occurs primarily through the fracture network, and fluid storage 23 

occurs predominantly in the porous matrix. We assume that the frequency is low enough that 24 

viscous and inertial effects are negligible and that any stress-induced increments of pore 25 

pressure are uniform within wetting and nonwetting fluid phases. We demonstrate that pulse-26 

like vibrations are much more efficient in changing relative permeabilities than sinusoidal-27 

shaped vibrations. Furthermore, we show that two waveforms with the same amplitude and 28 

frequency but with different polarities could have opposite effects on the alteration of relative 29 

permeabilities. Specifically, extensional pulses increase oil relative permeability and decrease 30 

water relative permeability in the water-wet rock. Contrary, compressional pulses decrease oil 31 

relative permeability and increase water relative permeability in the water-wet rock. To validate 32 

theoretical results, we developed a unique low-frequency laboratory setup and experimental 33 
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methods. We performed drainage and imbibition cycles on a sandstone sample using oil and 34 

water as pore fluids. During flooding, the sample was excited by small-strain seismic pulses of 35 

a specific shape, with varying polarization direction, frequency, and amplitude. The 36 

preliminary laboratory results validate the theoretical model qualitatively. The proposed model 37 

may contribute to environmentally friendly and low-cost methods for stimulating hydrocarbon 38 

production in conventional reservoirs without invasive chemicals or fracking. In 39 

unconventional reservoirs, however, this technology can be envisioned as supplementary to 40 

standard EOR/IOR techniques. Normally, the seismic wave energy is too low to increase 41 

absolute permeability or decrease oil viscosity; only relative permeabilities can be affected. 42 

Keywords: multiphase flow, stimulation, elastic waves, low-frequency, contact angle 43 

hysteresis, partial saturation. 44 

1. INTRODUCTION 45 

Improving multiphase flow in porous media is of concern for many practical applications, 46 

including stimulating hydrocarbon production, geological storage of carbon dioxide, and 47 

ground-water management. Laboratory, field, and theoretical studies have shown that the 48 

propagation of elastic waves can change the multiphase flow and transport properties of porous 49 

media (e.g., Beresnev and Johnson, 1994; Roberts et al., 2003; Manga et al., 2012; Shi et al., 50 

2015). Experimental observations indicate that low-frequency (<100 Hz) seismic waves, such 51 

as those created by distant earthquakes and anthropogenic noise, may significantly affect the 52 

water and oil production, increase discharge in streams and springs, and change the water level 53 

in wells. These effects are observed even at hundreds of kilometers from earthquakes 54 

hypocentres (e.g., Beresnev and Johnson, 1994; Nikolaevskiy et al., 1996; Kouznetsov et al., 55 

1998; Roberts et al., 2003; Manga et al., 2012; Shi et al., 2015). However, at these distances, 56 

the amplitudes of dynamic stresses are very small, ~0.1 bars (dynamic strain ~10−6); therefore, 57 

it is challenging to explain these effects theoretically.  58 

Published field data show that elastic waves can positively or negatively affect multiphase fluid 59 

flow in porous media. The oil-water ratio in producing wells can either increase or decrease if 60 

the reservoir is subjected to elastic waves (Beresnev and Johnson, 1994; Nikolaevskiy et al., 61 

1996; Manga et al., 2012). Also, water-level in wells can either increase or decrease (e.g., 62 

Manga et al., 2012; Shi et al., 2015). The positive and negative effects of transient stresses on 63 

rock permeability were also observed in the lab (Shmonov et al., 1999; Roberts et al., 2003; 64 

Liu and Manga, 2009; Elkhoury et al., 2011; Boeut, 2020). The data review of Manga et al. 65 
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(2012) shows that a few cycles of dynamic excitations are enough to induce the observed 66 

changes in flow behavior. Both field and lab data show that upon stopping the dynamic 67 

excitations, the oil mobility recovers to prestimulated values with a typical time-scale, which 68 

varies from minutes in the lab to months in the field (Beresnev and Johnson, 1994; 69 

Nikolaevskiy et al., 1996; Manga et al., 2012; Boeut, 2020). Manga et al. (2012) argued that 70 

the relaxation of fluid mobilities to prestimulated values behaves exponentially with time. The 71 

observed recovery time is longer for larger transient stress amplitudes (Boeut, 2020). Manga 72 

et al. (2012) claimed that there is a threshold in terms of wave amplitude for a hydraulic 73 

response. If the wave amplitude is smaller than a threshold value, the elastic wave does not 74 

affect the multiphase fluid flow; however, when the wave amplitude is larger than its critical 75 

value, the increase in permeability is scaled exponentially with wave amplitude (Manga et al., 76 

2012 and references therein). 77 

Theoretically, the effect of small seismic waves (or transient stresses) on alteration of fluid 78 

mobilities have been studied extensively in the literature (e.g., Surguchev et al., 1975; Beresnev 79 

and Johnson, 1994; Nikolaevskiy et al., 1996; Kouznetsov et al., 1998; Pride et al., 2008; 80 

Roberts and Abdel-Fattah, 2009; Manga et al., 2012; Mirzaei-Paiaman and Nourani, 2012; 81 

Candela et al., 2014; Shi et al., 2015; Taira et al., 2018; Barbosa et al., 2019; Zeng et al., 2020a 82 

and 2020b). The suggested models can be divided into two classes of processes that can explain 83 

how small changes in stress could change permeability: 1) mobilization of colloidal deposits 84 

and 2) mobilization of pore-blocking or fracture-blocking nonwetting bubbles or droplets. 85 

Previous authors argued that the resonances of oil drops could cause the wave-induced 86 

mobilization of oil drops at the pore scale (Beresnev, 2006; Hilpert, 2007; Frehner et al., 2009; 87 

Holzner et al., 2009; Zeng et al., 2020a and 2020b). Recently, Zeng et al. (2020a and 2020b) 88 

and Al-Shami et al. (2021) investigated resonances of oil drops in constricted capillary tubes. 89 

However, the authors neglected the elastic deformation of constricted tubes. Thus, it is unclear 90 

how to apply their model to explain changes of relative permeability in deformable pores 91 

during elastic wave propagation (Rozhko, 2020a). A detailed literature review of different 92 

models at seismic frequencies can be found in Manga et al. (2012), Jeong et al. (2015), and 93 

Barbosa et al. (2019).  94 

Despite a comprehensive literature list, current theoretical models cannot adequately answer 95 

the following questions: 96 
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1. Why and when can small seismic waves either increase or decrease hydrocarbon 97 

mobility? Possible explanations suggest that these effects are controlled by wave-induced 98 

unclogging or clogging of pore throats or fractures by colloidal deposits, such as fines or 99 

nonwetting bubbles or droplets (Manga et al., 2012; Barbosa et al., 2019). When will 100 

hydrocarbon mobility change? What controls the positive or negative effects on multiphase 101 

fluid flow?  102 

2. What is the critical wave amplitude required for the alteration of hydrocarbon 103 

production? How much will the phases’ permeabilities change when the wave amplitude is 104 

larger than its threshold value?  105 

3. What controls the relaxation of phase permeabilities to prestimulated values? Some 106 

scholars argue that the recovery mechanism is related to clogging of pore throats (e.g., Manga 107 

et al., 2012) or of fractures (e.g., Barbosa et al., 2019). Why is it thermodynamically favorable 108 

for multiphase permeabilities to recover to prestimulated value? What controls the kinematics 109 

of permeability relaxation? 110 

This paper presents a new model, which offers a possible explanation to the above questions. 111 

Our new model is based on contact angle hysteresis modeling (CAH) in the deformable crack 112 

during wave-induced two-phase fluid flow between the crack and the rock matrix. The CAH 113 

was not discussed in the literature review cited above; however, recent studies show that CAH 114 

is deemed to be very important for understanding multiphase fluid flow in porous media (Blunt, 115 

2017; Blunt et al., 2019; Scanziani et al., 2020; Mascini et al., 2020; Sun et al., 2020b). 116 

Therefore, we apply the CAH concept to better understand the alteration of relative 117 

permeabilities by elastic waves. Furthermore, we utilize the concept of the most stable contact 118 

angle (e.g., Drelich, 2019). We demonstrate that the relaxation of relative permeabilities to 119 

prestimulated values is driven by the relaxation of contact angles to the most stable 120 

configuration. 121 

Our model assumes that the frequency is low enough that viscous forces are negligible and that 122 

any stress-induced increments of pore pressure are uniform within each fluid phase. However, 123 

the pore pressure increments are different for the wetting and non-wetting fluid phases due to 124 

capillary pressure and different compressibilities of pore fluids. It needs to be mentioned that 125 

this assumption of neglecting viscosity is commonly used in Gassmann's theories, developed 126 

for seismic velocity modeling (e.g., Gassmann, 1951; Mavko et al., 2020). It implies that 127 

deformation and wave-induced fluid flow are quasi-static. If the frequency is not low enough, 128 
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it will not be sufficient time for fluids to flow between fracture and matrix and re-distribute the 129 

saturation. Thus, this high-frequency wave will be less efficient in stimulating relative 130 

permeabilities by the suggested mechanism. This assumption seems to be supported by field 131 

observations. Manga et al. (2012) argue that the current field evidence favours long-period 132 

waves as being more effective at increasing permeability for a given wave amplitude than 133 

short-period waves. Based on numerical modeling, Zare et al. (2021) also concluded that the 134 

mobilization of gas, sitting in the rock matrix, into fractures is more efficient at lower 135 

frequencies. It is also important to note that changes in fluid mobility are also observed at 136 

ultrasonic frequencies (e.g., Mullakaev et al., 2019; Mat-Shayuti et al., 2019; Khasi et al., 137 

2021). However, underlying mechanisms that lead to the enhancement of fluid mobility are 138 

different at such frequencies. The mechanisms here include viscosity and interfacial tension 139 

reduction due to heating caused by the attenuation of ultrasonic waves, the collapse of 140 

interfacial films between the immiscible fluids, resonances, and the coalescence of oil droplets 141 

(Mullakaev et al., 2019; Mat-Shayuti et al., 2019). It is more challenging to explain these effects 142 

at seismic frequencies. Here, heating effects are negligibly small; also, the resonances are not 143 

possible in this frequency range in reservoir rock (Broadhead, 2010).  144 

Although our model suggests possible explanations to the above three questions, this pore-145 

scale model does not provide a complete explanation of wave-induced changes of relative 146 

permeabilities in reservoir rocks. There, the crack (fracture) porosity can be a small fraction of 147 

total porosity, while the crack permeability can significantly affect the total permeability of 148 

dual-porosity rocks. Therefore, fluid flow may occur primarily through the fracture network, 149 

but fluid storage may occur mainly in the porous matrix (e.g., Barenblatt et al., 1990; Berryman 150 

and Wang, 1995; Pouya et al., 2013). The total permeability of the matrix and cracks system is 151 

the most challenging property to define because it is highly heterogeneous, anisotropic, and 152 

dependent on the flow boundary conditions. This paper simplifies the problem and considers 153 

only an isolated crack (or fracture) surrounded by a porous medium with effective elastic 154 

properties: Young's modulus, Poisson's ratio, and two Skempton's B coefficients (defined 155 

below) for the wetting and nonwetting fluid phases. These properties may, of course, depend 156 

on the fluid saturation of the matrix, but we do not consider this dependence at this stage. 157 

Additionally, we assume that matrix and crack are hydraulically connected, meaning that two-158 

phase fluids can flow between them to eliminate the wave-induced gradients of pore pressure 159 

in each phase. Thus, our pore-scale model explains changes of relative permeabilities only in 160 

the isolated crack and only in the low-frequency limit. 161 
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This paper is constructed as follows. First, we introduce some necessary theoretical 162 

background, such as the contact angle hysteresis and the most stable contact angle concepts. 163 

Next, we derive equations for pore-scale modeling of changes in relative permeabilities 164 

induced by elastic waves. Thereafter, we present numerical examples of the effect of input 165 

parameters, wave amplitudes, and waveform shapes on the stimulation of relative 166 

permeabilities. Further, we describe the first laboratory validation test on a sandstone sample. 167 

We then discuss the results and conclude the paper. Finally, the manuscript includes MATLAB 168 

code, which can be used to reproduce the results claimed in the paper, for further investigation 169 

of the model's input parameters, or for a better understanding of the mathematical modeling. 170 

The manuscript is also supported by a report with the laboratory experimental results. 171 

2. THEORY 172 

2.1 CONTACT ANGLE HYSTERESIS 173 

The contact angle of the liquid droplet deposited on the solid surface is defined uniquely by the 174 

Young equation (Young, 1805): 175 

𝜃𝑌 =
𝛾𝑆𝐴−𝛾𝑆𝐿

𝛾
          (1) 176 

where 𝛾𝑆𝐴, 𝛾𝑆𝐿, and 𝛾 are the surface tensions at the solid/air, solid/liquid, and liquid/air 177 

interfaces, respectively. However, a spectrum of static contact angles is observed. This 178 

phenomenon is called contact angle hysteresis. The highest possible contact angle that can be 179 

achieved for a given wetting system is called the advancing contact angle 𝜃𝑎, whereas the 180 

lowest possible contact angle is called the receding contact angle 𝜃𝑟. The pore/crack surface 181 

roughness and chemical and mineralogical heterogeneities contribute substantially to the 182 

contact angle hysteresis in porous materials. The origin of the contact angle hysteresis is related 183 

to the pinning of the triple (three-phase) line by physical or chemical heterogeneities of the 184 

substrate (Bormashenko, 2013; Drelich, 2019). The contact angle hysteresis is also observed 185 

on ideal, i.e., atomically smooth, rigid, nonreactive surfaces. It depends on many parameters, 186 

including roughness and mineralogical composition of the substrate surface (i.e., pore surface 187 

or grain/crack surface), temperature, fluid pressure, and chemical composition of pore fluids 188 

(e.g., Bormashenko, 2013; Drelich, 2019; Ali et al., 2020; Ali et al., 2022). 189 

The distribution of contact angles inside porous materials can be obtained based on 190 

visual interpretation of synchrotron-based X-ray microtomography images (Andrew et al., 191 

2015; Khishvand et al., 2017); automated algorithms (AlRatrout et al., 2017; Scanziani et al., 192 

2017) or methods based on Gauss‐Bonnet theorem establishing a direct link between contact 193 
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angle and bulk fluid topology (Sun et al., 2020a and 2020b). In addition, the recent literature 194 

review by Ali et al. (2021) provides more details on different methods for rock’s wettability 195 

determination at reservoir conditions.  196 

When a static contact angle is close to advancing or receding, the contact angle is not 197 

energetically favorable (Drelich, 2019). A metastable contact angle will relax to the most stable 198 

and energetically favorable contact angle (𝜃𝑠𝑡), corresponding to the minimum of Gibb’s free 199 

energy (Drelich, 2019). The equilibration time, during which the contact angle of the liquid 200 

droplet relaxes to a more stable state, can take anywhere from hours to days (Drelich, 2019).  201 

Unfortunately, contact angle relaxation measurements are scarce in the technical literature 202 

(Drelich, 2019). The most stable and energetically favorable contact angle can be approximated 203 

by the mean angle (Drelich, 2019): 204 

𝜃𝑠𝑡 =
𝜃𝑎+𝜃𝑟

2
           (2) 205 

It needs to be mentioned that there is a discussion in the literature about equation 2, which may 206 

not be precise (Bormashenko, 2013; Drelich, 2019). However, for our applications, the exact 207 

expression for the most stable contact angle is not essential. The most important is that the most 208 

stable contact angle exists and is unique.  209 

The relaxation of the contact angle to the most stable and energetically favorable configuration 210 

is governed by an exponential function (e.g., Lee et al., 2008): 211 

cos(𝜃) = cos(𝜃𝑠𝑡) + (cos(𝜃0) − cos(𝜃𝑠𝑡))exp(−𝑡/Δ𝑇).     (3) 212 

Here Δ𝑇 is the equilibration time, during which the contact angle relaxes to the most stable 213 

state, and 𝜃0 is the contact angle at the zero time. Hither, the relaxation of the contact angle to 214 

the most stable and energetically favorable configuration will induce alterations in the wetted 215 

area diameter (e.g., Drelich, 1999). This relaxation of the wetted area diameter is driven by the 216 

relaxation of the contact angle and conservation of the liquid's drop mass when evaporation is 217 

neglected.  218 

Below we assume that the transient stress period during elastic wave propagation in the porous 219 

rock is much smaller than the equilibration time Δ𝑇. Therefore, the recovery of the contact 220 

angle during stress vibrations can be neglected. In contrast, it is not neglected on a much larger 221 

time scale after stopping the dynamic stimulation. We also consider that the initial contact 222 

angle (before elastic wave excitations) is equal to the most stable contact angle defined above. 223 

Jo
urn

al 
Pre-

pro
of



8 
 

2.2 PORE-SCALE MODEL 224 

To model the effect of elastic wave excitation on relative permeabilities of the partially 225 

saturated crack, we approximate the crack geometry by an elliptical cavity and use a plane-226 

strain (2D) approximation. These approximations are widely employed in effective medium 227 

theories (e.g., Mavko et al., 2020). Figure 1a shows a representative elementary volume (REV) 228 

with a partially saturated crack. We model two-phase permeabilities of an elliptical crack in 229 

the z-direction perpendicular to the plane of Figure 1a. In contrast, the wave-induced two-phase 230 

fluid flow between the crack and matrix are along the in-plane directions x and y.  231 

 232 
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Figure 1. Representative elementary volume (REV) with a partially saturated plane-strain crack. Two-233 
phase crack’s permeabilities are modeled in 𝐳 – direction, perpendicular to the plane of the figure. Figure 234 
1a shows the equilibrium state, while Figure 1b shows wave-induced quasi-equilibrium perturbation of the 235 
equilibrium state in the low-frequency limit. The wave-induced two-phase fluid flow between the crack and 236 
matrix is considered in-plane directions. 237 

Here we consider water as the wetting phase and oil (or gas) as the non-wetting phase. 238 

The nonwetting phase at pressure 𝑝𝑛𝑤occupies the central part of the elliptical cavity, with 239 

|𝑥| ≤ 𝑐. In contrast, the wetting phase at pressure 𝑝𝑤𝑒 occupies the tips with 𝑐 ≤ |𝑥| ≤ 𝑎. Here, 240 

|𝑥| = 𝑐 denotes the contact line's location, also known as the triple line. The initial geometry 241 

of the elliptical cavity at zero effective stress is defined by major and minor semi-axes, as 𝑎 242 

and 𝑏. We consider a very thin cavity, i.e., a crack with 𝑎 ≫ 𝑏. The contact angle made by the 243 

wetting phase is 𝜃. A porous and permeable medium surrounds the crack with effective elastic 244 

properties, defined above. The two-phase fluid can flow between the crack and matrix to 245 

eliminate gradients of fluid pressure. The conditions on the external boundary of the 246 

representative elementary volume are defined by the total uniform stress 𝜎, fluid pressure in 247 

the wetting phase 𝑝𝑤𝑒, and fluid pressure in the nonwetting phase 𝑝𝑛𝑤. Since we neglect the 248 

viscosity and inertia terms, we consider a uniform fluid pressure in each fluid phase within a 249 

REV, shown in Figure 1a. 250 

The capillary pressure is defined as: 251 

𝑝𝑐𝑎𝑝 = 𝑝𝑛𝑤 − 𝑝𝑤𝑒.          (4) 252 

Figure 1b shows the wave-induced perturbation of the equilibrium state. The elastic 253 

wave-stress increment 𝛿𝜎 induces changes to pressure in the wetting 𝛿𝑝𝑤𝑒, and nonwetting 254 

𝛿𝑝𝑛𝑤 phases. As we already discussed, our model assumes that the frequency is low enough 255 

and that any stress-induced increments of pore pressure are uniform within each fluid phase 256 

within a representative elementary volume. However, the pore pressure increments are 257 

different for the wetting and nonwetting fluid phases, as defined below. Elastic wave induces 258 

the deformation of the elliptical crack, which affects the contact angle 𝛿𝜃 and the location of 259 

the contact line 𝛿𝑐 inside the crack (Figure 1b). 260 

Below we calculate wave-induced changes in relative permeabilities in two successive 261 

steps. First, we calculate relative permeabilities at the equilibrium state (Figure 1a). And 262 

second, we define a quasi-static perturbation of the equilibrium state by a wave-stress 263 

increment (Figure 1b). The successive computations are performed until the response of the 264 
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whole waveform is obtained. The last subsection of this section explains how to relate the 265 

wave-stress increment to the wave-strain increment. 266 

2.2.1 Relative permeabilities in the equilibrium state 267 

To calculate the relative permeabilities of a partially saturated crack, first, we need to 268 

define how the location of the contact line inside the crack is related to the capillary pressure. 269 

Second, we need to define the aperture of a partially saturated crack and relate it to the crack's 270 

relative permeabilities and saturation degree. 271 

The capillary pressure affects the deformation of the elliptical crack. The half aperture 272 

of the elliptical crack is calculated as follows (Rozhko, 2016): 273 

𝑤𝜗

𝑏
= (𝑝𝑐𝑙 + 𝜎 + 𝑝𝑤𝑒 + (1 −

2𝛽

𝜋
) 𝑝𝑐𝑎𝑝)

sin(𝜗)

𝑝𝑐𝑙
−

𝑝𝑐𝑎𝑝

𝜋𝑝𝑐𝑙
(cos(𝜗)ln

sin(𝛽+𝜗)

sin|𝛽−𝜗|
+ cos(𝛽)ln

|sin(𝛽)−sin(𝜗)|

sin(𝛽)+sin(𝜗)
) 274 

            (5) 275 

Here 𝑝𝑐𝑙 is the crack closure pressure (Rozhko, 2016): 276 

𝑝𝑐𝑙 =
𝑏𝐸

2𝑎(1−𝑣2)
;          (6) 277 

𝐸 and 𝑣 are effective Young’s modulus and Poisson’s ratio of the porous rock around the 278 

elliptical crack; the angle 𝜗 defines the distance from the crack center along the crack tip 279 

direction (𝑥 coordinate) as follows (Rozhko, 2016): 280 

𝑥 = 𝑎 ∙ cos(𝜗);          (7) 281 

the angle 𝛽 defines the location of the contact line (Figure 1a): 282 

𝑐 = 𝑎 ∙ cos(𝛽).          (8) 283 

The location of the contact line is yet an unknown parameter in equation 5. This parameter is 284 

calculated by coupling the capillary pressure to the crack aperture deformation (Rozhko, 2016). 285 

Indeed, equation 5 gives the following expression for half crack’s aperture at the contact line 286 

location when 𝜗 = 𝛽 (or equivalently, when 𝑥 = 𝑐): 287 

𝑤𝛽 =
𝑏

𝑝𝑐𝑙
(𝑝𝑐𝑙 + 𝜎 + 𝑝𝑤𝑒 + 𝑝𝑐𝑎𝑝

𝜋−2𝛽−2cot(𝛽)ln(cos(𝛽))

𝜋
) sin(𝛽).    (9) 288 

From equation 9, we see that half aperture of the elliptical cavity at the contact line location 289 

(𝑤𝛽) depends on the capillary pressure. At the same time, the capillary pressure (in 2D) depends 290 

on 𝑤𝛽 according to Laplace equation as follows (Rozhko, 2016): 291 

𝑝𝑐𝑎𝑝 =
𝛾cos(𝜃)

𝑤𝛽
           (10) 292 
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Here 𝛾 is the interfacial tension between immiscible fluids, while the contact angle 𝜃 is defined 293 

for the wetting phase. Equations 9 and 10 give the quadratic equation on the capillary pressure.  294 

The physically meaningful solution to this quadratic equation is 295 

𝑝𝑐𝑎𝑝 =
𝜋

4
(𝑝𝑐𝑙 + 𝜎 + 𝑝𝑤𝑒)

1−√1−
8

𝜋
𝑝𝑐𝑙

𝛾cos(𝜃)

𝑏

(𝛽+cot(𝛽)ln[cos(𝛽)]−𝜋/2)

(𝑝𝑐𝑙+𝜎+𝑝𝑤𝑒)
2
sin(𝛽)

𝛽+cot(𝛽)ln[cos(𝛽)]−𝜋/2
    (11) 296 

Indeed, when the interfacial tension is equal to zero, equation 11 gives a zero-capillary 297 

pressure, as expected. In comparison, the second solution of the quadratic equation (not shown 298 

here) gives 𝑝𝑐𝑎𝑝 ≠ 0 when 𝛾 = 0, which is physically meaningless. The contact line's location 299 

(𝛽) is defined by solving equation 11 numerically in a MATLAB code (see supplement).  300 

It should be mentioned that we use a sign convention where compressive stress, strain, 301 

and displacement are negative, while compressive pressure is positive. Using equation 5, we 302 

can calculate the volume of the deformed elliptical cavity by integrating the cavity aperture 303 

along the cavity length (i.e., 𝑉𝑐𝑟 = 4𝑎 ∫ 𝑤𝜗sin(𝜗)𝑑𝜗
𝜋 2⁄

0
) as follows (Rozhko, 2016): 304 

𝑉𝑐𝑟

𝜋𝑎𝑏
= 1 +

𝜎⊥+𝑝𝑤𝑒+(1+
sin(2𝛽)−2𝛽

𝜋
)𝑝𝑐𝑎𝑝

𝑝𝑐𝑙
        (12) 305 

The volume of the wetting phase inside the cavity is calculated by integrating the cavity 306 

aperture along the length occupied by the wetting phase, i.e. 𝑉𝑤𝑒.1 = 4𝑎 ∫ 𝑤𝜗sin(𝜗)𝑑𝜗
𝛽

0
 as 307 

follows:  308 

𝑉𝑤𝑒.1

𝜋𝑎𝑏
= (1 +

𝜎+𝑝𝑤𝑒+𝑝𝑐𝑎𝑝(1+
4

𝜋
[
𝛽sin(2𝛽)−𝛽2+2cos2(𝛽)ln[cos(𝛽)]

2𝛽−sin(2𝛽)
])

𝑝𝑐𝑙
)
(2𝛽−sin(2𝛽))

𝜋
    (13) 309 

The calculation in equation 13 does not consider the curvature of the interface meniscus. This 310 

additional volume due to meniscus curvature is calculated as follows (Rozhko, 2019): 311 

𝑉𝑤𝑒.2 = −
(𝜋−2𝜃−sin(2𝜃))

cos2(𝜃)
𝑤𝛽
2.         (14) 312 

Thus, the total volume of the nonwetting phase is calculated as follows:  313 

𝑉𝑤𝑒 = 𝑉𝑤𝑒.1 + 𝑉𝑤𝑒.2          (15) 314 
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This additional volume due to curvature of interface meniscus (𝑉𝑤𝑒.2) is extremely small 315 

(𝑉𝑤𝑒.2 ≪ 𝑉𝑤𝑒.1), because 𝑏 ≪ 𝑎. And thus, this correction can be neglected during crack 316 

saturation and relative permeability calculations. 317 

Here, water phase saturation of the crack, (𝑆𝑤𝑒), is defined as: 318 

𝑆𝑤𝑒 =
𝑉𝑤𝑒

𝑉𝑐𝑟
           (16) 319 

Note here that equations 12-15 define the volume in two dimensions: the volume per unit length 320 

along the direction perpendicular to the plane of Figure 1a. Finally, relative permeabilities of 321 

the elliptical crack along the direction perpendicular to the plane of Figure 1a are calculated as 322 

follows (see details in Rozhko, 2016). The relative permeability for the wetting phase is 323 

calculated as 324 

𝑘𝑟.𝑤𝑒 =
∫ 𝑤𝜗

3sin(𝜗)𝑑𝜗
𝛽
0

∫ 𝑤0
3sin(𝜗)𝑑𝜗

𝜋/2
0

, ,        (17) 325 

and the relative permeability for the nonwetting phase is calculated as  326 

𝑘𝑟.𝑛𝑤 =
∫ 𝑤𝜗

3sin(𝜗)𝑑𝜗
𝜋/2
𝛽

∫ 𝑤0
3sin(𝜗)𝑑𝜗

𝜋/2
0

.         (18) 327 

In the above equations, 𝑤0 defines the aperture of water-saturated crack calculated as follows:  328 

𝑤0 =
𝑏

𝑝𝑐𝑙
(𝑝𝑐𝑙 + 𝜎 + 𝑝𝑤𝑒)sin(𝜗)        (19) 329 

Thus, in the above equations, the relative permeabilities are defined relative to the permeability 330 

of the water-saturated crack. Furthermore, since we in the following will be considering the 331 

wave-induced perturbation of the far-field stress, we will define relative permeabilities relative 332 

to the permeability of the water-saturated crack at the initial stress before elastic wave 333 

excitation. 334 

2.2.1  Wave-induced perturbation of relative permeabilities 335 

In this subsection, we develop equations to calculate the stress-vibration effect on the 336 

relative permeabilities of a partially saturated crack. Following previous scholars, we calculate 337 

the wave-induced increments of pore pressure in the wetting and nonwetting phases, which are 338 

related to the wave-stress increment via two Skempton’s poroelastic coefficients (𝐵𝑤𝑒 and 𝐵𝑛𝑤) 339 

(Skempton, 1954; Pride et al., 2004; Lu and Hanyga, 2005; Müller et al., 2010; Masson and 340 

Pride, 2011; Rozhko, 2020b):  341 

𝛿𝑝𝑤𝑒 = −𝐵𝑤𝑒𝛿𝜎,         (20) 342 
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and 343 

𝛿𝑝𝑛𝑤 = −𝐵𝑛𝑤𝛿𝜎.         (21) 344 

Papageorgiou et al. (2017) discussed experimental data, showing that increments of 345 

𝛿𝑝𝑤𝑒 and 𝛿𝑝𝑛𝑤 are not identical. Here we remind the reader that compressive stress 346 

increments are negative due to our sign convention, while compressive pressure increments 347 

are positive; therefore, we have a minus sign in front of positive Skempton's coefficients in 348 

equations 20 and 21. Thus, the wave-induced increment of the capillary pressure is calculated 349 

as follows: 350 

𝛿𝑝𝑐𝑎𝑝 = 𝛿𝑝𝑛𝑤 − 𝛿𝑝𝑤𝑒.         (22) 351 

Approaching this from another side, the wave induced increment of capillary pressure can be 352 

calculated by linearization of equation 11 as follows: 353 

𝛿𝑝𝑐𝑎𝑝 =
𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
𝛿𝜎 +

𝜕𝑝𝑐𝑎𝑝

𝜕𝑝𝑤𝑒
𝛿𝑝𝑤𝑒 +

𝜕𝑝𝑐𝑎𝑝

𝜕𝜃
𝛿𝜃 +

𝜕𝑝𝑐𝑎𝑝

𝜕𝛽
𝛿𝛽,     (23) 354 

During Taylor’s expansion of equation 11, we keep only linear terms (in equation 23) because 355 

the higher-order terms are negligibly small for sufficiently small wave-stress increment 𝛿𝜎. 356 

Note here that the wave-stress increment is not the same as the wave-stress amplitude ∆𝜎. A 357 

low-frequency wave of arbitrary waveform can be discretized as much smaller wave-stress 358 

increments (𝛿𝜎 ≪ ∆𝜎); therefore, in equation 23, we neglected high-order terms. In equation 359 

23, 𝛿𝜃 and 𝛿𝛽 are wave-induced changes in the contact angle and the contact line location. 360 

According to equation 11, the capillary pressure also depends on other parameters, such as the 361 

rock's elastic properties around a crack, interfacial tension, and crack length. We consider that 362 

these additional parameters do not change during vibrations; therefore, the increment of the 363 

capillary pressure in equation 23 depends only on increments of 𝛿𝜎, 𝛿𝑝𝑤𝑒, 𝛿𝜃, and 𝛿𝛽.  364 

Using equations 20-22, we can rewrite equation 23 as: 365 

𝜕𝑝𝑐𝑎𝑝

𝜕𝜃
𝛿𝜃 +

𝜕𝑝𝑐𝑎𝑝

𝜕𝛽
𝛿𝛽 = (𝐵𝑤𝑒 − 𝐵𝑛𝑤 −

𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
+ 𝐵𝑤𝑒

𝜕𝑝𝑐𝑎𝑝

𝜕𝑝𝑤𝑒
) 𝛿𝜎.    (24) 366 

The partial derivatives that appear in the above equations can be found in the Appendix. This 367 

equation links two unknown parameters 𝛿𝜃 and 𝛿𝛽 to the wave-stress increment 𝛿𝜎. The 368 

unique solution to equation 24 exists due to a contact angle hysteresis phenomenon because 369 
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these two unknown parameters 𝛿𝜃 and 𝛿𝛽 cannot change simultaneously. Indeed, when the 370 

contact line is pinned, we have 𝛿𝛽 = 0, and 𝛿𝜃 is calculated from equation 24 as follows: 371 

𝛿𝜃 = 𝛿𝜎
𝐵𝑤𝑒−𝐵𝑛𝑤−

𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
+𝐵𝑤𝑒

𝜕𝑝𝑐𝑎𝑝

𝜕𝑝𝑤𝑒
𝜕𝑝𝑐𝑎𝑝

𝜕𝜃

        (25) 372 

Here, the contact line is pinned when 𝜃𝑟 < 𝜃 < 𝜃𝑎, or when 𝜃 = 𝜃𝑎 and 𝛿𝜃 < 0, or when 𝜃 =373 

𝜃𝑟 and 𝛿𝜃 > 0. In all other cases, the contact line is slipping. When the contact line is slipping, 374 

the contact angle is equal to advancing or receding angle and thus 𝛿𝜃 = 0, but changes in the 375 

contact line position is calculated from equation 24 as follows: 376 

𝛿𝛽 = 𝛿𝜎
𝐵𝑤𝑒−𝐵𝑛𝑤−

𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
+𝐵𝑤𝑒

𝜕𝑝𝑐𝑎𝑝

𝜕𝑝𝑤𝑒
𝜕𝑝𝑐𝑎𝑝

𝜕𝛽

        (26) 377 

At this stage, we have calculated wave-induced changes in the contact angle 𝛿𝜃 and changes 378 

in contact line location 𝛿𝛽, which correspond to the vibration-induced increments of total stress 379 

𝛿𝜎. Thus, we have calculated a new quasi-equilibrium configuration of fluid phases inside a 380 

partially saturated crack, which is defined by the following parameters: 𝜎 = 𝜎 + 𝛿𝜎, 𝑝𝑤𝑒 =381 

𝑝𝑤𝑒 + 𝛿𝑝𝑤𝑒, 𝑝𝑛𝑤 = 𝑝𝑛𝑤 + 𝛿𝑝𝑛𝑤, 𝜃 = 𝜃 + 𝛿𝜃, and 𝛽 = 𝛽 + 𝛿𝛽. These parameters uniquely 382 

define relative permeabilities, according to the equations in the previous section. Thus, we can 383 

calculate relative permeabilities, which correspond to this new quasi-equilibrium state. Next, 384 

we can proceed with calculations until the response of the whole waveform is predicted, i.e., 385 

when the contribution from all wave-stress increments of the waveform is calculated (see 386 

MATLAB Code in Supporting Materials for details).  387 

Finally, after the passage of the elastic wave, the total stress will return to its initial 388 

configuration. According to equations 20 and 21, the pore pressure in the wetting and 389 

nonwetting phase will also return to their initial configuration after the passage of elastic waves. 390 

However, the contact angle and the contact line location will not immediately return to their 391 

initial configuration. At the initial configuration before the elastic-wave excitation, the contact 392 

angle is equal to the most stable angle, calculated with equation 2, and the contact line location 393 

corresponds to the most stable contact angle configuration. According to equation 3, the contact 394 

angle will relax exponentially with time to the most stable and energetically favorable 395 

configuration. At the same time, the relaxation of the contact angle will cause changes to the 396 
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contact line location. Those changes can be calculated by considering 𝛿𝜎 = 0 in equation 24 397 

as follows: 398 

𝛿𝛽 = 𝛿𝜃

𝜕𝑝𝑐𝑎𝑝

𝜕𝜃
𝜕𝑝𝑐𝑎𝑝

𝜕𝛽

.          (27) 399 

These changes are taking place on a time scale which is much longer than the period of the 400 

elastic wave; therefore, the relaxation of the contact angle during elastic wave excitations can 401 

be neglected. Finally, relaxation of the contact angle and the contact line location will cause 402 

relaxation of relative permeabilities according to the equations of the previous section. 403 

2.2.3  Wave strain in the REV 404 

In the above subsection, we derived equations for the wave-stress increment. However, it is 405 

also convenient for practical applications to consider the vibration amplitude in terms of elastic 406 

wave strain. For example, typical strain amplitudes during seismic wave propagation are tiny, 407 

around 10−8 to 10−6 (e.g., Pride et al., 2008; Müller et al., 2010). Therefore, it is natural to ask 408 

whether the vibration amplitude required to stimulate relative permeabilities is in this range, or 409 

whether higher wave energy is required. To answer this, we need to compute the strain in the 410 

representative elementary volume (REV). Then, according to Betti's reciprocal theorem (e.g., 411 

Walsh, 1965; Rozhko, 2019 and 2021), the strain in the REV (휀𝑅𝐸𝑉) can be related to the strain 412 

in the crack (휀𝑐𝑟), to the porosity of the crack (𝑛𝑐𝑟) at the initial effective stress, and to the 413 

strain in the material around a crack (𝐶∆𝜎) as follows: 414 

휀𝑅𝐸𝑉 = 𝐶∆𝜎 + 𝑛𝑐𝑟휀𝑐𝑟 .         (28) 415 

Here the strain in the crack is calculated as: 416 

휀𝑐𝑟 =
∆𝑉𝑐𝑟

𝑉𝑐𝑟
;           (29) 417 

and the effective compressibility of the material around a crack is given by: 418 

𝐶 =
2(1+𝑣)(1−2𝑣)

𝐸
.          (30) 419 

Using the same approach, we can also compute the dissipation of vibration energy due to a 420 

contact line friction mechanism (Rozhko, 2019 and 2021); however, this is outside of the scope 421 

of this paper. 422 
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2.3 NUMERICAL RESULTS 423 

In this section, we simulate the alteration of relative permeabilities of a partially saturated crack 424 

by low-frequency elastic waves using the above equations. These equations are implemented 425 

in the MATLAB Code, available via the link below. The input parameters used in the model 426 

are listed in Table 1. 427 

 428 

Table 1. Values of input parameters for Cases 1 and 2.  429 

INPUT PARAMETER CASE 1 CASE 2 

Drained Young’s modulus 𝐸 = 30𝐺𝑃𝑎 𝐸 = 32𝐺𝑃𝑎 

Drained Poisson’s ratio 𝑣 = 0.35 𝑣 = 0.3 

Skempton’s coefficient for the wetting phase 𝐵𝑤𝑒 = 0.5 𝐵𝑤𝑒 = 0.65 

Skempton’s coefficient for the nonwetting phase 𝐵𝑛𝑤 = 0.45 𝐵𝑛𝑤 = 0.5 

Interfacial tension between immiscible fluids 𝛾 = 0.025𝑃𝑎 ∙ 𝑚 𝛾 = 0.02𝑃𝑎 ∙ 𝑚 

Advancing contact angle (for the wetting phase) 𝜃𝑎 = 75𝑜 𝜃𝑎 = 30𝑜 

Receding contact angle (for the wetting phase) 𝜃𝑟 = 65𝑜 𝜃𝑟 = 20𝑜 

Far-field stress (negative in compression) 𝜎 = −50𝑀𝑃𝑎 𝜎 = −60𝑀𝑃𝑎 

Pressure in wetting phase 𝑝𝑤𝑒 = 30𝑀𝑃𝑎 𝑝𝑤𝑒 = 30𝑀𝑃𝑎 

Porosity of the crack at the initial effective stress 𝑛𝑐𝑟 = 0.01 𝑛𝑐𝑟 = 0.01 

Semi major axis of elliptical crack 𝑎 = 10−5𝑚 𝑎 = 10−4𝑚 

Semi minor axis of elliptical crack 𝑏 = 𝑎/50 𝑏 = 𝑎/40 

Relaxation time for the contact angle (see eq. 3) Δ𝑇 = 7𝑑𝑎𝑦𝑠 Δ𝑇 = 7𝑑𝑎𝑦𝑠 

 430 

We present results for two sets of input parameters, Cases 1 and 2. The sensitivity of different 431 

input parameters can be investigated using the provided MATLAB code (see supplement). The 432 

poro-elastic parameters are within the range typical for sandstone rocks at reservoir conditions 433 

(e.g., Zimmerman, 1990; Mavko et al., 2020), and the interfacial tension is typical for an oil-434 

brine system at reservoir conditions. It is finally worth pointing out that all input parameters in 435 
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Table 1 are widely used in the literature, although some of them are very difficult to measure. 436 

Skempton’s coefficients, for example, are combined properties of solid, pore space, and fluids. 437 

In the unsaturated case, the constants are functions of the degree of saturation. Thus, 438 

measurements and tabulation over a range of saturation are generally not feasible for practical 439 

applications (see Cheng (2020) for further discussion). Crack porosity and the aspect ratio of 440 

the crack can be estimated from the stress-strain curves during hydrostatic compression of the 441 

rock sample (e.g., Fjaer et al., 2021). Microfracture length and aperture can also be measured 442 

using micro-CT image data analysis (e.g., Wennberg et al., 2018; Anbari et al., 2019). 443 

Figure 2a shows calculated capillary pressure curves for partially saturated crack, calculated 444 

with equations 11 and 16 for different contact angles, equal to advancing, receding, and to the 445 

most stable angle.  446 

 447 

Figure 2. (a) Capillary pressure vs saturation curves for partially saturated crack, calculated for different 448 
contact angles: receding, most stable, and advancing. (b) Relative permeabilities vs saturation curves 449 
calculated for partially saturated crack (same curves for different contact angles 𝜽𝒓 ≤ 𝜽 ≤ 𝜽𝒂). Input 450 
parameters: Case # 1 in Table 1. 451 

It must be noted that the same value of the capillary pressure can correspond to a quite different 452 

saturation range due to the hysteresis of the contact angle. At the same time, Figure 2b shows 453 
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that the relative permeabilities are uniquely defined versus the saturation degree, calculated for 454 

different contact angles, within the range 𝜃𝑟 ≤ 𝜃 ≤ 𝜃𝑎. This result is relevant only for very thin 455 

elliptical cracks with 𝑎 ≫ 𝑏 because, in thin cracks, the interface curvature has a minor effect 456 

on the relative permeability calculation. Next, we will investigate the effect of different 457 

waveforms and wave amplitudes on the stimulation of relative permeabilities. Numerical 458 

examples are split into two parts: the vibration state on the left side and the relaxation state on 459 

the right side of Figure 3.  460 

 461 
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Figure 3. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 462 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 463 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 464 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 465 
Case # 1 in Table 1. 466 

After the passage of the elastic wave, the relaxation is taking place on a much longer time scale 467 

because the relaxation time is much longer than the vibration period; therefore, we cannot use 468 

the same horizontal scale to show both vibration and relaxation. The black curve in Figure 3a 469 

shows the wave-stress versus time for the Ricker waveform with a central frequency of 25 Hz. 470 

Blue and red curves show wave-induced fluid pressure changes in the wetting and nonwetting 471 

phases versus time in Figure 3a. It shows that after the passage of the elastic waves, the wave-472 

stress and wave-induced changes in fluid pressure return to their initial state according to 473 

equations 20 and 21; therefore, Figure 3b shows just zero values. The positive values of the 474 

wave-stress correspond to tension or decrease in confining stress. Contrary, the positive values 475 

of the fluid pressure change in Figure 3a correspond to increased pressure. Figures 3c and 3d 476 

show that an elastic wave induces a residual strain after the passage of elastic wave, although 477 

the residual values of stress and pore pressure (in each phase) are zero. At the same time, the 478 

residual change in fluid saturation is not equal to zero, as shown below. Therefore, the volume-479 

averaged change in fluid pressure inside the crack is not equal to zero after the passage of the 480 

elastic wave. This explains the residual strain value. Furthermore, Figure 3c shows that the 481 

wave amplitude is much larger than typical values during seismic wave propagation 482 

(10−8…10−6). Figure 3e shows that at time = 0.047 sec. the contact angle reaches its minimum 483 

value, equal to the receding angle. This corresponds to a wave-strain 휀𝑅𝐸𝑉 = 9.45 ∙ 10−6 and 484 

a wave-stress of 2.2 bars. At this time, the contact line starts to move in the receding direction, 485 

causing a reduction of the wetting phase saturation inside the crack, as shown in Figure 3g. If 486 

the wave amplitude is smaller than 휀𝑅𝐸𝑉 = 9.45 ∙ 10−6, the contact line will remain pinned, 487 

and thus the saturation inside the crack will not change. Figure 3i shows the decrease in brine 488 

saturation, causing the increase in relative oil permeability and reducing relative brine 489 

permeability, as expected according to Figure 2b. Figure 3e shows that after the passage of 490 

elastic waves, the relative permeabilities relax exponentially to their pre-vibration values due 491 

to the relaxation of the contact angle. Figure 3 shows that all parameters, return to their initial 492 

pre-vibration values. These calculations demonstrate that changes in relative permeabilities are 493 

triggered by mobilization of the contact line, causing changes in the fluid saturation of the 494 

crack. Thus, if the wave amplitude is smaller than 휀𝑅𝐸𝑉 = 9.45 ∙ 10−6, the elastic wave will 495 

not change relative permeabilities in this case. Another example can help us understand how 496 
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relative permeabilities will change with wave amplitude increase. Figure 4 shows the case 497 

when the wave amplitude is increased approximately two times.  498 

 499 

Figure 4. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 500 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 501 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 502 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 503 
Case # 1 in Table 1. The wave strain amplitude in Figure 4 is approximately two times larger than in Figure 504 
3. 505 
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In this example, the contact angle reaches both the advancing angle during the compressional 506 

phase and the receding angle during the extensional phase, as shown in Figure 4e. During the 507 

compressional phase, the contact line moves in an advancing direction, and the brine saturation 508 

decreases inside the crack. During the extensional phase, the contact line moves into a receding 509 

direction, and the brine saturation increases inside the crack, as shown in Figure 4g. This will 510 

decrease the relative oil permeability during the compressive phase and increase relative oil 511 

permeability during the extensional phase, as shown in Figure 4i. Contrary, the relative brine 512 

permeability is increasing during the compressive phase and decreases during the extensional 513 

phase. Overall, the residual (stimulated) value of relative oil permeability has decreased below 514 

the initial value, as shown in Figure 4i, and increase above the initial value, as shown in Figure 515 

3i. Therefore, the increase of the wave amplitude for the Ricker wavelet did not cause the 516 

expected improvement in relative oil permeability.  517 

Next, we will apply only extensional pulses (positive sinus), as shown in Figure 5. In this case, 518 

the contact angle will reach only the receding value, and the contact line will slip only in the 519 

receding direction, causing the reduction of water saturation inside the crack, as shown in 520 

Figures 5e and 5g.  521 
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 522 

Figure 5. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 523 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 524 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 525 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 526 
Case # 1 in Table 1. The wave strain amplitude in Figure 5 is approximately equal to the case in Figure 3, 527 
but the shape of the waveform is different: extensional pulses in Figure 5 vs. Ricker waveform in Figure 3. 528 

As a result, the oil phase relative permeability will increase. Let us now increase the wave 529 

amplitude by factor 2, as shown in Figure 6.  530 
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 531 

Figure 6. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 532 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 533 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 534 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 535 
Case # 1 in Table 1. The wave strain amplitude in Figure 6 is approximately two times larger than in Figure 536 
5.  537 

Contrary to the Ricker wavelet, the increase in amplitude for extensional pulses is causing a 538 

further enhancement of the relative oil permeability, as shown in Figure 6i. Again, all relative 539 
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permeabilities and other parameters relax to their pre-vibration stage after the passage of elastic 540 

wave, as shown on the right-hand side of Figure 6. 541 

 542 

Figure 7. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 543 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 544 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 545 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 546 
Case # 1 in Table 1. Figure 7 needs to be compared with Figure 5: the same wave strain amplitudes and 547 
shapes but different polarities (compressional pulses in Figure 7 vs. extensional pulses in Figure 5). 548 
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Let us now consider another relevant example: compressional pulses (negative sinus), as shown 549 

in Figure 7. It is extremely interesting to note that despite identical wave-stress amplitudes and 550 

frequencies, waves with different polarities have the opposite effect on the change of relative 551 

permeability compare Figures 5 and 7. The relative oil-phase permeability increases during 552 

extensional pulsing (Figure 5i) and decreases during compressional pulsing (Figure 7i). Let us 553 

now consider another example in Figure 8: sinusoidal excitation. The amplitude of sinusoidal 554 

excitation is the same as the amplitude of extensional and compressional pulses in Figures 5 555 

and 7. We analyse both the residual changes of relative permeabilities and time-averaged 556 

changes of relative permeabilities during sinusoidal vibration. The residual value after the 557 

finishing of sinusoidal oscillation depends on the phase of the last vibrational semi-period. 558 

Calculation shows that the residual value, shown in Figure 8j, is the same as the residual value 559 

shown in Figure 5j, because the phase of the last semi-period of sinusoidal vibration is 560 

extensional. If the phase of the last semi-period is compressional, the residual value will 561 

coincide with Figure 7j. Next, we will compare time-averaged values during elastic vibrations. 562 

Figure 8i shows that the time-averaged values of relative permeability change are significantly 563 

lower than their peak values; contrary, time-averaged values in Figures 5i and 7i nearly 564 

coincide with their peak values. It means that pulse-like vibrations are significantly more 565 

efficient than sinusoidal-like vibrations. This has been observed experimentally by Cherskiy et 566 

al. (1977), who demonstrated that excitation in pulse mode is more efficient than excitation in 567 

continuous (sinusoidal) mode (see also Beresnev and Johnson, 1994). Although experiments 568 

were conducted at ultrasonic frequencies and details about the saturation control or the shape 569 

of elastic pulses were not reported by Cherskiy et al. (1977). The above calculations also show 570 

that during pulse-like vibrations, it is possible to achieve both positive and negative effects on 571 

time-averaged changes in relative oil permeability (Figures 5i and 7i). In contrast, during 572 

sinusoidal vibrations, the time-averaged change of relative oil permeability is negative (Figure 573 

8i). All calculation examples presented above correspond to input parameters for Case 1 in 574 

Table 1. 575 
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 576 

Figure 8. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 577 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 578 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 579 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 580 
Case # 1 in Table 1. Figure 8 needs to be compared with Figures 5 & 7: Figure 8 shows the sinusoidal wave, 581 
while Figures 5 & 7 show positive and negative sinus, respectively. 582 

These results show that calculated wave amplitudes are much larger than typical strain values 583 

during seismic wave propagation (10−8…10−6). Next, we will investigate the impact of 584 

different input parameters, given for Case 2 in Table 1. Figure 9 shows calculation results for 585 
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Case 2 in Table 1. Similar to Figures 5 and 6, the relative oil permeability has increased during 586 

extensional wave-stress pulses; however, the wave-strain amplitude required for its change is 587 

much smaller  ~2 ∙ 10−7.  588 

 589 

Figure 9. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the wetting 590 
and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) vibration 591 
and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and contact 592 
line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input parameters: 593 
Case # 2 in Table 1. Figure 9 needs to be compared with Figures 5 & 6: much smaller wave amplitude is 594 
required for changing relative permeabilities when different input parameters are used.  595 
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This wave amplitude is typical for seismic wave propagation. Finally, we will investigate the 596 

effect of different initial water saturation of the crack. In all examples above, shown in Figures 597 

3-9, we presented results for the initial water saturation of the crack equal to 70% (𝑆𝑤𝑒 = 0.7). 598 

In Figure 10, we present results for the initial water saturation of the crack equal to 30% (𝑆𝑤𝑒 =599 

0.3) and calculated for Case 2 in Table 1.  600 

 601 

Figure 10. (a & b) vibration and relaxation of wave-stress and wave-induced pressure changes in the 602 
wetting and nonwetting phases vs. time. (c & d) vibration and relaxation of wave-strain vs. time. (e & f) 603 
vibration and relaxation of contact angle vs. time. (g & h) vibration and relaxation of brine saturation and 604 
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contact line location vs. time. (i & j) vibration and relaxation of relative permeabilities vs. time. Input 605 
parameters: Case # 2 in Table 1. Compare: In Figures 3-9, we presented results for initial water saturation 606 
of the crack = 𝟕𝟎%, while in Figure 10 it is 𝟑𝟎%. 607 

Figure 10 shows that a much larger wave amplitude (~10−6) is required for stimulating the oil 608 

relative permeability for the case when the initial water saturation is 30%, compared to 70% 609 

of water saturation, as shown in Figure 9.  610 

3. PRELIMINARY LABORATORY EXPERIMENTS 611 

Our theoretical model described in the previous section demonstrates the possibility of relative 612 

permeabilities alteration in the dual-porosity dual-permeability rock by applying small-strain 613 

seismic excitations. Notably, the model demonstrates that alteration of relative permeabilities 614 

depends both on the amplitude-spectrum and phase-spectrum (or polarity) of the seismic 615 

waveform. The dependence of multiphase fluid flow on seismic amplitudes and frequencies 616 

have been actively discussed in previous publications (Shmonov et al., 1999; Beresnev and 617 

Johnson, 1994; Roberts et al., 2003; Pride et al., 2008; Manga et al., 2012; Nikolaevskiy et al., 618 

1996; Kouznetsov et al., 1998). However, to the best of our knowledge, no publication 619 

describes the effect of waveform polarity on multiphase fluid flow. Therefore, the objectives 620 

of the laboratory study presented below are to demonstrate that a multiphase fluid flow in dual-621 

porosity dual-permeability rocks can be affected by low-frequency (<200 Hz) small-strain 622 

(~10-6) seismic waves, and this effect depends on the waveform’s polarity. 623 

To validate theoretical results in the lab, we developed a unique low-frequency experimental 624 

setup, shown in Figure 11 (Lozovyi, 2018). The equipment consists of:  625 

• Low-frequency pressure cell mounted into triaxial loading frame  626 

• Custom-built 2-inch diameter endpieces for sample flooding 627 

• Pore fluid system with a low dead volume (2 ml) and the following components: 628 

o Differential pressure sensor (between sample inlet and outlet) 629 
o Absolute pore pressure sensor (at outlet side) 630 
o Back-pressure valve 631 

o Programmable auto-sampler for collecting produced fluids 632 
o Fluid pumps (for brine and oil) 633 

• Pulse generating system with 634 
o A custom-built hydraulic cylinder for confining pressure oscillations 635 
o A piezoelectric element inside the cell for axial stress oscillations 636 

o A pulse-generating workstation with in-house developed software 637 
o An amplifier  638 

• Data acquisition workstation 639 

 640 
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 641 

Figure 11. Experimental setup (see supporting materials for more details). 642 

The laboratory equipment allows the application of seismic vibrations of a specific frequency, 643 

waveform, and polarity during drainage or imbibition flooding cycles of core sample. Figure 644 

12a shows an example of applied confining stress pulses of different shapes, frequencies, and 645 

amplitudes. It also shows measurements of corresponding changes in pore pressure. Produced 646 

oil and water are continuously sampled during flooding experiments with vibrations, as shown 647 

in Figure 12b and Figure 12c.  648 Jo
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 649 

Figure 12. (a) Example of confining pressure pulses that were applied to the sample according to Table 2. 650 
(b) Photograph of sampled oil and water during stages with differential stress pulses at 30 Hz. (c) 651 
Photographs of selected vials with water bubbles inside (highlighted by arrows) produced during stages 652 
with differential stress pulses at 30 Hz. 653 

Experiments were conducted on a 2-inch diameter cylindrical sample of Bentheimer sandstone 654 

sample with 22.8% Helium porosity. After drilling and grinding, the Bentheimer sample was 655 

mounted into the low-frequency cell for permeability measurements at different effective 656 

confining stresses (hydrostatic) ranging from 0.5 to 15 MPa. The results show a permeability 657 

of about 1.9 Darcy for the whole range of applied effective confining stresses. The absence of 658 

stress dependence indicates that the rock does not contain stress-sensitive cracks. Since the 659 
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theoretical model predicts the strongest effect in rocks containing microfractures, it was 660 

decided to artificially increase the crack porosity of the Bentheimer sandstone. To this end, a 661 

fully water saturated sample was treated with liquid nitrogen. Freezing is supposed to thermally 662 

expand the pore water and induces cracks in the rock grain frame. Six freezing-thaw cycles 663 

were performed. Before and after each cycle compressional ultrasonic velocities in axial and 664 

radial directions were measured to assess the evolution of microfractures. After the freezing 665 

cycles, permeability measurements were repeated at the same stress levels as before. The 666 

results show stress sensitivity of the permeability with a maximum value of 2.3 Darcy at 0.5 667 

MPa effective confining stress. The permeability gradually decreases to 1.9 Darcy at 5MPa 668 

effective confining stress and stays unchanged in the stress range up to 15 MPa (see Figure 5 669 

in Supporting Materials). An excess microfracture permeability of 0.4 Darcy at 0.5 MPa 670 

effective confining stress is likely to have been induced by the freezing-thawing cycles. The 671 

measurements indicate that the total permeability is not dominated but only slightly 672 

(marginally) affected by microfractures (17% of total permeability at 0.5 MPa). Microfracture 673 

porosity at the zero effective confining stress was estimated using two different methods. An 674 

approach based on weight change of the saturated rock sample, suggests/yields a microfracture 675 

porosity of 0.7%. The second method, using more difficult to detect sample volume changes, 676 

gives 0.2%. The discrepancy between these two values could be related to the experimental 677 

error. These data show that fluid storage occurs predominantly in the matrix, while the fluid 678 

flow is slightly affected by the presence of microfractures at low effective confining stresses.  679 

Thus, according to our model, applying small stress vibrations to partially saturated rocks will 680 

induce two-phase fluid flow between fracture and matrix. Changes in matrix saturation will be 681 

negligibly small because most of the fluid is stored in a matrix. In contrast, changes in 682 

microfracture saturation may not be small. Those changes will affect the relative permeabilities 683 

of the microfractures, however they will not affect the relative permeabilities of the matrix 684 

because relative permeabilities depend on saturation (e.g., Brooks and Corey, 1966). Overall, 685 

the impact on relative permeabilities of the sample would be proportional to the change of 686 

relative permeabilities of microfracture multiplied by the factor 0.17, because the microfracture 687 

permeability is 17% of total permeability in these experiments. Therefore, on this particular 688 

sample, one would not expect any significant effect of small stress vibrations on changes of 689 

relative permeabilities. It must be noted that the relative permeability is not an additive and 690 

intrinsic property like porosity, because it depends on the fracture orientation, flow direction, 691 

flow rates (fluid viscosity), wettability, interfacial tension, pore connectivity, etc. Therefore, 692 
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the calculations presented above can be used as an approximation of what can be expected in 693 

flooding experiments with seismic excitations.  694 

Another aspect in these experiments is related to the wettability of the core sample. Outcrop 695 

samples, as used in our experiment, are generally strongly water wet. In contrast, reservoir 696 

rocks exposed to hydrocarbon on the geological timescale are typically weakly water-wet or 697 

mixed-wet (Abdallah et al., 1986). It means that the spontaneous imbibition during water 698 

flooding of an oil-saturated outcrop sample can significantly affect experimental results. Here, 699 

spontaneous imbibition is the process by which a wetting fluid is drawn into a porous medium 700 

by capillary action (Morrow and Mason, 2001). This process only occurs when the wetting 701 

fluid displaces the non-wetting fluid out of the pore-space. Thus, oil can be recovered in water-702 

wet systems by spontaneous imbibition, replacing the oil originally in the matrix pores with 703 

water. Spontaneous imbibition does not take place in oil-wet systems, because oil is captured 704 

in the matrix by negative capillary forces. Therefore, spontaneous imbibition can dominate the 705 

response in strongly water-wet systems such as outcrop samples. At the same time, spontaneous 706 

imbibition may not be that significant at the reservoir conditions because the rock is much less 707 

adhesive to water. In flooding experiments, it is challenging to separate different recovery 708 

mechanisms, such as spontaneous imbibition and the effect of seismic excitations. The 709 

theoretical model developed in the paper addresses only the effect of seismic excitations; 710 

therefore, we focused only on this mechanism in our experiments. Water-saturated samples 711 

were flooded with oil and the effect of seismic excitations on water production was assessed. 712 

In our case of a water-wet water-saturated sample, spontaneous imbibition will not affect the 713 

results during oil flooding. 714 

3.1 Flooding experiments 715 

Experiments are conducted at the confining pressure Pc = 3 MPa and pore pressure Pf = 2.5 716 

MPa on an initially 100 % brine saturated sample with a NaCl concentration of 35 ppt. The 717 

following successive testing stages were performed on the fractured Bentheimer sandstone 718 

sample: 719 

• Drainage-1. The sample is flooded with lamp oil (viscosity - 1.31 cp, density – 0.742 720 

s.g.) at several flow rate stages. Irreducible brine saturation at the final stage (with 721 

maximum flow rate 20 ml/min) is Swi = 18 %. Imbibition-1: The sample is flooded with 722 

brine at low rates.  723 
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• Imbibition-1. It was the intended target stage for pulse testing; however, due to the 724 

strong water-wet nature of the sample, spontaneous imbibition occurred at a low flow 725 

rate, leaving no possibilities of further oil production. Residual oil saturation Sor = 38 %.  726 

• Drainage-2. Seismic pulses were applied during this drainage stage to demonstrate the 727 

possibility of increasing water production instead of oil since the physical mechanism 728 

of stimulating production is the same. Confining pressure pulses were applied during 729 

flooding at a 0.1 ml/min rate, axial stress pulses were applied at 0.5 ml/min rate and 730 

demonstrated additional brine production. 731 

Table 2 summarizes the results for the Drainage-2 phase; it provides information on injected 732 

oil volume, injection rate, produced volumes of each phase, saturation, type of applied pulses.  733 

Table 2. Experimental stages during drainage (oil flooding of water-saturated sample). 734 

Stages Pulse parameters Production 
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[ml/min] [-] [h]   [Hz] [s] [N] [bar] [µm/m] [ml] [ml] [%] 

0.1 6.7 48.5 no pulses           11.8 11.8 34.7 

      Confining pressure                 

0.1 4.6 33.3 Extensional 1 4   0.1   0 11.8 34.7 

0.1 4.9 35.6 Compressional 1 4   0.1   0 11.8 34.7 

0.1 1.6 11.9 Extensional 1 4   0.25   0 11.8 34.7 

0.1 1.8 12.7 Compressional 1 4   0.25   0 11.8 34.7 

0.1 3.3 24.2 Extensional 1 4   0.5   0 11.8 34.7 

0.1 3.2 23.0 Compressional 1 4   0.5   0 11.8 34.7 

0.1 1.0 7.2 no pulses           0 11.8 34.7 

0.2 5.5 19.7 no pulses           0 11.8 34.7 

0.5 53.0 76.6 no pulses           2.7 14.5 28.5 

      Differential stress                 

0.5 1.0 1.5 Extensional 30 0.03 25 0.12 2 0 14.5 28.5 

0.5 10.7 15.5 Compressional 30 0.03 25 0.12 2 ~10-4-10-3 14.5 28.5 

0.5 2.0 2.8 Extensional 30 0.03 60 0.30 6 0 14.5 28.5 

0.5 1.8 2.6 Compressional 30 0.03 60 0.30 6 ~10-4-10-3 14.5 28.5 

0.5 0.8 1.2 Extensional 30 0.12 120 0.60 12 ~10-4-10-3 14.5 28.5 

0.5 3.1 4.5 Compressional 30 0.12 120 0.60 12 ~10-4-10-3 14.5 28.5 

0.5 9.8 14.1 no pulses           ~10-4-10-3 14.5 28.5 

0.5 1.2 1.7 Extensional 30 0.03 120 0.60 12 ~10-4-10-3 14.5 28.5 

0.5 2.9 4.3 Compressional 30 0.03 120 0.60 12 ~10-4-10-3 14.5 28.5 

0.5 2.2 3.2 Extensional 50 0.07 120 0.60 12 0 14.5 28.5 

0.5 3.0 4.4 Compressional 50 0.07 120 0.60 12 0 14.5 28.5 

0.5 8.2 11.8 no pulses           0 14.5 28.5 

20 465.5 16.8 no pulses           5.8 20.3 15.1 

 735 
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Note that strain amplitude is not measured directly; it is estimated based on the assumption that 736 

the sample's Young's modulus is 5 GPa. Sample stiffness was estimated from ultrasonic 737 

velocities and low-frequency stiffness measurement on a similar sample. Estimates of the 738 

produced brine volume during pulsed stages of the test are based on optical measurement of 739 

the bubbles size (Figure 12c) and therefore have large uncertainty. 740 

Prior to Drainage-2, during the imbibition stage, the sample was flooded with brine at a 741 

maximum differential pressure of 2.5 bar, and irreducible oil saturation of Sor = 38 % was 742 

achieved. The Drainage-2 stage of the experiment started with oil flooding from the top of the 743 

sample with an injection rate of 0.1 ml/min. The differential pressure was stabilized after oil 744 

breakthrough. 11.8 ml of brine was produced during this stage, which left the sample with 745 

34.7% brine saturation (see Table 2). After brine expulsion had ceased, 6 different types of 746 

confining pressure pulses were applied. The average frequency content for all confining 747 

pressure pulses is 1 Hz due to the technical limitations of the system. An example of confining, 748 

pore, and differential pressure response on applied pulses is shown in Figure 12. No brine was 749 

produced as a result of confining pressure pulses. Volumes of injected oil, duration of 750 

application of each pulse type, and mean frequency are provided in Table 2.  751 

Since confining pressure pulses did not induce any extra production, it was decided to increase 752 

the rate to check whether the brine was available for production. Flow rate increase from 0.1 753 

to 0.5 ml/min led to reduction of brine saturation from 34.7 % to 28.5 % (see Table 2). More 754 

than 50 sample pore volumes were injected at a 0.5 ml/min flow rate to make sure equilibrium 755 

was reached, and water production was finished. Thereafter, axial stress oscillations were 756 

applied that led to the expulsion of brine bubbles (Table 2).  757 

Figures 12b and 12c show vials filled with produced oil and expelled tiny brine bubbles. 758 

Examples of stress, strain, and differential pressure response on axial pulses of each applied 759 

type during Drainage-2 are provided in Supporting Materials. For stages 1a and 1b, brine 760 

production was only observed after the application of compressional pulses, which agrees with 761 

a theoretical model. For stages 1c and 1d, brine production was occasionally observed during 762 

the application of extensional pulses; however, most brine bubbles are produced during 763 

compressional pulses. No brine was produced during stage 1e. At the end of Drainage-2, the 764 

flow rate was increased to 20 ml/min, which led to achieving irreducible brine saturation of Swi 765 

= 15%. This is consistent with Drainage-1 (Swi = 18%). 766 
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The volume of produced brine bubbles varied around 0.1 µl. We estimate the amount of brine 767 

produced during the application of different pulse types between 1 and 3 µl. This results in an 768 

increase of brine production by 0.04% - 0.11% at a given constant flow rate of 0.5 ml/min.  769 

3.2 Summary of lab experiments 770 

A unique experimental setup and experimental methods were developed to verify the 771 

possibility of increasing hydrocarbon production by applying small-strain seismic excitations 772 

to sandstones with microcrack porosity as predicted by a theoretical model. Experimental 773 

results obtained during unsteady-state oil flooding of water-saturated Bentheimer sandstone 774 

with artificially induced microcrack porosity demonstrate that the application of seismic pulses 775 

increases water production. It is observed that confining pressure pulses with a mean frequency 776 

of 1 Hz and amplitude up to 0.5 bar do not affect the production. However, differential stress 777 

pulses with a mean frequency of 30 Hz and strain amplitude on the order of µstrain result in 778 

additional water production. Thus, depending on rock and fluid properties, only the proper 779 

direction of pulses is responsible for additional fluid production as predicted by theory. 780 

Considerable efforts were made to develop and improve testing systems, find optimal testing 781 

materials, and establish testing methodology and procedures. Finally, a successful 782 

demonstration of the studied physical mechanism was achieved in a final experimental attempt, 783 

which is only a first step in studying the hydrocarbon recovery stimulation by seismic pulses. 784 

Our main finding is that experimental observations are consistent with the theoretical concept, 785 

and stimulation of rock by seismic pulses can lead to increased recovery. Further studies are 786 

recommended for a better understanding of stimulating mechanisms and possible practical 787 

application in reservoir conditions. 788 

3.3 Lessons learned 789 

It is recommended to run laboratory tests on rock samples where fluid flow occurs primarily in 790 

the microfracture network while the fluid storage occurs primarily in the matrix. Published 791 

laboratory data shows examples of such ideal sandstone candidates, as shown in Table 3. Data 792 

for Adamswiller, Berea, Boise, and Darley Dale sandstones in Table 3 are taken from Zhu and 793 

Wong (1997), while the Bentheimer data is from this study on a microfractured sample. The 794 

data for Adamswiller, Berea, and Darley Dale shows a very high sensitivity of permeability on 795 

the effective confining stress. However, the porosity sensitivity on the effective confining stress 796 

is very weak. These data indicate that the fluid flow occurs primarily in soft pores, while the 797 

fluid storage occurs in stiff pores. At the same time, the data for Boise and Bentheimer 798 

sandstones shows a very low sensitivity of permeability on the effective confining stress. 799 
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Table 3. Porosity and permeability of sandstone versus hydrostatic effective confining stress. Modified after 800 

Zhu and Wong (1997)  801 

Effective 
stress, 
MPa 

Adamswiller Berea Boise Darley Dale Bentheimer 

Por., 
% 

Perm., 
x10-15 m2 

Por., 
% 

Perm., 
x10-15 m2 

Por., 
% 

Perm., 
x10-15 m2 

Por., 
% 

Perm., 
x10-15 m2 

Por., 
% 

Perm., 
x10-15 m2 

0.5                 ~22 2270 

3 23.0 144 21.0 348 35.0 1864 14.0 65   1964 

5     20.8 223 34.5 1721 13.8 34   1875 

10 22.0 52 20.3 160 33.5 1650 13.5 22   1885 

15         32.9 1453 13.3 15   1875 

20 21.4 21 19.8 132 32.3 1126 13.1 12     

 802 

These data for Boise and Bentheimer show that stiff pores dominate both fluid storage and fluid 803 

flow. Absolute permeability values for Bentheimer and Boise sandstone samples are about one 804 

order of magnitude larger than permeability values for Adamswiller, Berea, and Darley Dale 805 

samples. This implies that laboratory tests on less permeable (but more stress-sensitive) 806 

samples would take about ten times more time, such that low flow rates resemble reservoir 807 

conditions when capillary forces dominate fluid flow. This was unfortunately not feasible in 808 

our case due to time constraints, so we decided to run tests on a more permeable but less stress-809 

sensitive sample. 810 

Finally, we would recommend the use of hydrocarbon reservoir rocks to avoid the 811 

masking/unwanted effect of spontaneous imbibition. 812 

 813 

4. DISCUSSIONS 814 

In this work we demonstrate theoretically and supported by preliminary laboratory experiments 815 

that: 1) seismic waves could affect two-phase fluid flow; 2) this effect can be either positive or 816 

negative; 3) the effect depends on the waveform amplitude and polarity 4) fluid mobility within 817 

a reservoir recovers to pre-stimulation value after the excitation is stopped. These effects are 818 

caused by redistribution of fluid saturation between stiff pores (matrix) and soft pores (cracks 819 

or fractures) due to the contact angle hysteresis phenomenon during wave-induced two-phase 820 

fluid flow between stiff and soft pores. Thus, these effects are possible only in rocks where the 821 

fluid flow occurs primarily through the fracture network, while fluid storage occurs 822 

predominantly in the porous matrix. Dynamic stress amplitudes during seismic wave 823 

propagation are usually too small to induce changes of the total permeability; only the relative 824 

permeability can be affected. Furthermore, the energy of the low-frequency seismic wave is 825 
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too small to cause any heating of the formation. Therefore, the method of stimulating 826 

hydrocarbon production by seismic excitations can be envisioned to be a complement to 827 

standard EOR/IOR methods such as water and gas injection, used for pressure support and oil 828 

displacement towards producing wells; hydraulic fracturing, used to enhance total permeability 829 

at the reservoir scale; steam injection, used for heavy crude oil viscosity reduction. Changes in 830 

relative permeabilities cannot compensate for the total permeability and oil viscosity, affecting 831 

the production. The average oil recovery rate for oil fields on the Norwegian shelf is about 47 832 

%. However, by improving relative permeabilities with seismic excitations, the oil recovery 833 

factor can be increased further. 834 

This paper describes a new model that explains how different waveforms can change the 835 

relative permeability of a partially saturated crack. According to the model, extensional pulses 836 

are the most efficient to increase the hydrocarbon mobility of a partially saturated crack in the 837 

water-wet rocks. The model also predicts a critical wave amplitude required for changes of 838 

crack’s relative permeabilities. A more detailed discussion about seismic or other sources used 839 

to generate those extensional wave pulses of required amplitude at the reservoir depth is outside 840 

of the scope of this paper. Moreover, wave propagation from seismic sources to the depth of 841 

interest is not dealt with. However, the model can still predict the change of relative 842 

permeability if the shape and amplitude of the seismic waveform at the reservoir depth are 843 

known. 844 

Nevertheless, we can still discuss the effects of P- and S-waves. Our model investigated the 845 

effect of volumetric strain (such as induced by P-wave) on redistribution of fluid saturation 846 

between cracks and matrix during wave-induced two-phase fluid flow between crack and 847 

matrix. Volumetric strains are independent of the P-wave propagation direction in an isotropic 848 

medium. According to our model, S-waves do not produce volumetric deformations in 849 

isotropic rock; therefore, fluid pressure changes in each fluid phase are negligibly small. Thus, 850 

our model will not predict any changes in fluid saturation and relative permeability of the crack 851 

due to S-waves. Hence, our results are opposite to previous studies, for example, Barbosa et al. 852 

(2019), who suggested that alteration of fluid mobility is more efficient by S-waves, because 853 

S-waves produce viscous shearing approximately two times larger than P-waves. This 854 

discrepancy between our results and Barbosa et al. (2019) is due to different physical 855 

mechanisms considered: capillary forces versus viscous forces. 856 
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Besides, Barbosa et al. (2019) argued that fracture unclogging due to mobilization of deposited 857 

colloids in the fracture network is much more efficient at a higher frequency. This seems to 858 

contradict experimental observations showing that long-period waves are more effective at 859 

increasing permeability at a given wave amplitude (Manga et al., 2012). Still, Barbosa et al.'s 860 

(2019) model could be more relevant for understanding and preventing water inrush and sand 861 

gushing accidents caused by the flow behaviour of water-sand mixtures in the fractured rock 862 

masses (Zhang et al., 2021). According to our model, the frequency should be low enough to 863 

allow fluids to flow between the crack and matrix and equilibrate the wave-induced pressure 864 

gradients in the representative elementary volume.  865 

Additionally, we need to mention that several mechanisms can alter fluid mobilities by 866 

transient stresses. This paper investigated the alteration of fluid saturation of the crack driven 867 

by capillary forces during wave-induced fluid flow between crack and matrix. Those capillary 868 

forces are much more efficient at lower frequencies and disappear if a single fluid phase fully 869 

saturates the rock. Contrary, viscous forces responsible for mobilization of colloid deposits in 870 

fractures and pore throats (also responsible for sweeping oil droplets) are much more efficient 871 

at higher frequencies, such as ultrasonic (Mullakaev et al., 2019) and present during a single-872 

phase fluid saturation. Thus, at intermediate frequencies, these two different physical 873 

mechanisms can act simultaneously.  874 

Previous studies showed that upon stopping the dynamic stimulation, the mobility of fluids 875 

recovers to prestimulated value after a specific time (e.g., Beresnev and Johnson, 1994; 876 

Nikolaevskiy et al., 1996; Manga et al., 2012). Previous scholars argued that recovery of fluid 877 

mobilities is related to clogging of pore throats (e.g., Manga et al., 2012) or to clogging of 878 

fractures (e.g., Barbosa et al., 2019) by colloidal particles. The question is, why should it be 879 

unclogged to the same prestimulated value? There are no physical explanations to this question 880 

offered in Manga et al. (2012) and Barbosa et al. (2019). In our model, the recovery of oil-881 

phase and water-phase permeabilities to prestimulated values is explained by the recovery of 882 

contact angles to the most stable configuration. This configuration corresponds to the minimum 883 

of Gibb’s energy (Drelich, 2019). We coupled the alteration of the contact angles with the 884 

alteration of phase permeabilities of the rock. Thus, the recovery of contact angles causes the 885 

recovery of phase permeabilities to the same prestimulated values. Furthermore, previous 886 

models do not explain when the fluid mobility will increase and when it will decrease 887 

during/after seismic excitations, while our model can explain this effect. Besides, previous 888 

studies do not explain how fluid saturation will affect the efficiency of seismic stimulation. In 889 
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this study, we showed that the efficiency of seismic stimulation increases with the decrease of 890 

oil saturation inside the crack. 891 

The focus of this experimental work was to demonstrate that properly applied pulses would 892 

lead to a positive effect on fluid production. Meanwhile, our theoretical model and previous 893 

publications show that a negative effect can occur under certain circumstances. This could be 894 

proven in another dedicated lab study using suitable samples/material as described in Chapter 895 

3.3. 896 

To conclude this discussion, it is interesting to note that Nikolaevskiy et al. (1996) 897 

hypothesized that when rock grains in the reservoir are subjected to low-frequency excitations, 898 

they generate high-frequency harmonics. The high-frequency waves create a microscopic flow 899 

field, which causes the trapped oil to mobilize. However, according to our recent studies 900 

(Rozhko 2020b, 2021), high-frequency harmonics are generated by the relative motion of 901 

immiscible fluid phases at the pore scale, i.e., by mobilization of trapped oil. Thus, we have a 902 

discrepancy in causal relationships with the Nikolaevskiy et al. hypothesis. 903 

5. CONCLUSIONS 904 

This paper developed a new model to predict changes of crack's relative permeabilities caused 905 

by the wave-induced two-phase fluid flow between the crack and matrix and by the contact 906 

angle hysteresis phenomenon. We demonstrated that alterations in crack's relative permeability 907 

depend on the waveform amplitude and polarity as well as material parameters. The presented 908 

model is valid within a low-frequency regime as it allows two-phase fluids to flow between the 909 

crack and matrix and equilibrate wave-induced fluid pressure gradients in the representative 910 

elementary volume between two consecutive wave cycles.  911 

We showed that extensional pulses cause the increase of oil relative permeability in the water-912 

wet rock, while compressional pulses cause the reduction of oil phase relative permeability. 913 

Furthermore, we demonstrated that the elastic excitation in the pulse mode could change 914 

relative permeabilities much more efficiently than sinusoidal excitations of the same amplitude.  915 

The critical wave amplitude required for the change of relative permeability is reached when 916 

the contact angle approaches its critical value (advancing or receding angle), leading to 917 

mobilization of the interface meniscus between immiscible fluids inside the crack. 918 

Mobilization of the interface meniscus causes alteration of fluid saturation inside the crack, 919 

thus changing the crack's relative permeabilities. Depending on the choice of material 920 

parameters, the critical wave-strain amplitude could be in the range from ~10−7 to ~10−5, 921 
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while typical wave-strain amplitudes during seismic wave propagation are around ~10−8 to 922 

~10−6. Thus, the technology of hydrocarbon recovery stimulation by small seismic excitations 923 

may not always be applicable for all reservoir rocks because it requires substantial elastic wave 924 

energy, which is difficult to deliver to the reservoir depth. Only in specific cases predicted by 925 

our model, this technology may work.  926 

The results of the first laboratory experiment on a sandstone sample support the theoretical 927 

predictions and demonstrate increased production when seismic excitations of specific 928 

waveforms shape, polarity, amplitude, and frequency are applied. 929 

Further multidisciplinary research is required to better understand the observed changes of 930 

hydrological response caused by transient stresses, such as those induced by an earthquake or 931 

anthropogenic source. As we demonstrated in this paper, these effects cannot be explained 932 

without joint consideration of interfacial science, geophysics, and reservoir engineering. 933 

APPENDIX 934 

In this appendix, we present partial derivatives, which appear in equations 23-27. To simplify 935 

equations, we will introduce the following auxiliary parameters 𝑋 and 𝑌: 936 

𝑋 = 1 − 8𝑝𝑐𝑙
𝛾 cos(𝜃)

𝜋𝑏

(𝛽+cot(𝛽)ln[cos(𝛽)]−
𝜋

2
)

(𝑝𝑐𝑙+𝜎+𝑝𝑤𝑒)2sin(𝛽)
,       (A1) 937 

and 938 

𝑌 = 𝛽 + cot(𝛽)ln[cos(𝛽)] −
𝜋

2
.        (A2) 939 

Finally, partial derivatives are calculated as:  940 

𝜕𝑝𝑐𝑎𝑝

𝜕𝛽
=

𝜋(𝑝𝑐𝑙+𝜎+𝑝𝑤𝑒)

8sin(𝛽)𝑌√𝑋
((𝑋 − 1) cos(𝛽) −

(√𝑋−1)
2
ln[cos(𝛽)]

sin(𝛽)𝑌
)     (A3) 941 

𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
=

𝜋

4𝑌
(1 − √𝑋 −

1−𝑋

√𝑋
),          (A4) 942 

𝜕𝑝𝑐𝑎𝑝

𝜕𝑝𝑤𝑒
=

𝜕𝑝𝑐𝑎𝑝

𝜕𝜎
,            (A5) 943 

𝜕𝑝𝑐𝑎𝑝

𝜕𝜃
=

𝜋(𝑋−1)(𝑝𝑐𝑙+𝜎+𝑝𝑤𝑒)

8𝑌√𝑋
tan(𝜃).         (A6) 944 
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HIGHLIGHTS: 

• A model is developed to simulate changes of relative permeabilities by seismic waves 

• We show that seismic waves can either increase or decrease the oil mobility 

• EOR effect depends both on amplitude-spectrum and phase-spectrum of seismic wave 

• Preliminary laboratory experiments qualitatively confirm results of theoretical model 
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