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Fluid-Driven Instabilities in Granular
Media: From Viscous Fingering and
Dissolution Wormholes to Desiccation
Cracks and Ice Lenses

Qi Liu and J. Carlos Santamarina*

KAUST King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

Single and multi-phase fluids fill the pore space in sediments; phases may include
gases (air, CH4, CO,, H,, and NHs), liquids (aqueous solutions or organic
compounds), and even ice and hydrates. Fluids can experience instabilities within
the pore space or trigger instabilities in the granular skeleton. Then, we divided fluid-
driven instabilities in granular media into two categories. Fluid instabilities at constant
fabric take place within the pore space without affecting the granular skeleton; these
can result from hysteresis in contact angle and interfacial tension (aggravated in
particle-laden flow), fluid compressibility, changes in pore geometry along the flow
direction, and contrasting viscosity among immiscible fluids. More intricate fluid
instabilities with fabric changes take place when fluids affect the granular skeleton,
thus the evolving local effective stress field. We considered several cases: 1) open-
mode discontinuities driven by drag forces, i.e., hydraulic fracture; 2) grain-displacive
invasion of immiscible fluids, such as desiccation cracks, ice and hydrate lenses, gas
and oil-driven openings, and capillary collapse; 3) hydro-chemo-mechanically coupled
instabilities triggered by mineral dissolution during the injection of reactive fluids, from
wormholes to shear band formation; and 4) instabilities associated with particle
transport (backward piping erosion), thermal changes (thermo-hydraulic fractures),
and changes in electrical interparticle interaction (osmotic-hydraulic fractures and
contractive openings). In all cases, we seek to identify the pore and particle-scale
positive feedback mechanisms that amplify initial perturbations and to identify the
governing dimensionless ratios that define the stable and unstable domains. A [N/m]
Contact line adhesion

Keywords: multi-phase fluid, capillary phenomena, reactive flow, particle-laden flow, instability, THCM coupling

1 INTRODUCTION

Contrary to the generalized use of equivalent continuum models, instabilities often emerge and
determine the macroscale response of granular materials. They can result from mechanical actions
(e.g., shear and compaction bands) or from coupled processes such as hydro-mechanically coupled
hydraulic fractures or chemo-mechanically coupled contraction cracks. Multi-phase fluids add
additional mechanisms that can result in pore-scale and macro-scale instabilities, from Haines jumps
to segregated ice lenses and giant desiccation cracks.
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TABLE 1 | Fluid-driven instabilities in granular materials. Examples are organized into instabilities 1) at constant fabric and 2) with fabric changes.

Fluid instabilities at constant fabric Single-phase fluids

Thermal-viscous fingering

Thermal convection
Double-diffusion convection

Multi-phase fluids

Stick-slip interface displacement due to contact line pinning

Buckling of the particle-coated fluid-fluid interface
Haines jump and snap-off: elastocapillarity
Capillary fingering

Viscous fingering

Particle-laden fluids

Clogging ring formation in convergent radial flow (Note: stable and self-hnomogenizing)

Localized fine erosion, i.e., suffusion
Frictional stick-slip patterns (dense suspension and fluids with yield stress)
Rayleigh—-Taylor instability at the suspension-solvent interface

Reactive fluids

Precipitation (Note: stable and self-homogenizing)

Dissolution, e.g., wormholes

Fluid instabilities with fabric changes Single-phase fluids

Multi-phase fluids

Drag-driven open-mode discontinuities, i.e., “hydraulic fracture”
Capillary-driven open-mode discontinuities, e.g., “desiccation cracks”

Self-driven buoyant fluids, i.e., cavity expansion, fractures, pipes, pockmarks
Grain-displacive ice and hydrate lenses
Instabilities during imbibition: volumetric collapse and peripheral cracks

Particle-laden fluids

Piping by backward erosion

Sand dikes: migration from the lower liquefied layer through the discontinuous upper layer
Mud volcano: mud flow to the surface often driven by pressurized hydrocarbons

Reactive fluids

Settlement and void ratio increase toward emax — brittle granular skeleton

Horizontal stress drop can reach Rankine’s active k,, i.e., failure
Pressure solution may cause shear localization (resulting in polygonal faulting)

Increased ionic activity

Instabilities can determine deformation and pressure fields
and control fluid transport and the “geo-plumbing” of the
formation. Furthermore, instabilities affect the upscaling of
laboratory results to the field and all engineering analyses and
designs such as foundations, subsurface structures, resource
recovery and geological storage.

At the macro-scale, instabilities imply a non-convex potential
energy surface (Kochmann and Bertoldi, 2017). At the particle/
pore-scale, instabilities involve positive feedback mechanisms
that exacerbate the effects of initial perturbations.

Table 1 compiles observed/reported fluid-driven instabilities
that take place at constant fabric or cause fabric changes. The
following sections analyze the evolution of such fluid-driven
instabilities in granular materials to identify underlying pore
and particle scale processes. We conducted cast analyses
within the framework of particle/pore scale dimensionless
ratios to identify the governing parameters that define stable
and unstable regimes.

2 FLUID INSTABILITIES AT CONSTANT
FABRIC

We first consider the various forms of instabilities that emerge
during fluid invasion/flow through a rigid porous medium,
i, without mechanical coupling. We explore single and
multi-phase fluids, particle-laden fluids, and reactive fluids.

2.1 Multi-Phase Fluids

The pore space in sediments is often occupied by more than one
fluid. Multi-phase fluids affect unsaturated soil behavior, oil and

DLVO interaction and volume contraction: internal fracturing of clay sediments

gas recovery, energy chemical geostorage, CO, geostorage, and
the remediation of ground contaminated with light non-aqueous
phase liquids (LNAPLs) or dense non-aqueous phase liquids
(DNAPLs). The various phases may include gases (air, CH,,
CO,, H,, NH;), liquids (aqueous solutions and organic
compounds), and even ice and hydrates.

Fundamental Concepts

Interfacial tension. A molecule at the interface between two fluids
experiences different intermolecular forces than the same
molecule in the bulk fluid (Figure 1). This asymmetry
manifests as a surface tension between the phases. Dissolved
salts, surfactants, and suspended colloids affect the surface
tension; the Gibbs adsorption isotherm relates the interfacial
tension under thermodynamic equilibrium y to the surface
excess concentration I' of the chemical species in the fluid
relative to their bulk concentration C, (Gibbs, 1878).
Dissolved CaCl, and NaCl have a negative adsorption I'<0
and the interfacial tension increases with salt concentration
(Al-Sahhaf et al., 2005; Bachu and Bennion, 2009); on the
other hand, some components such as amphiphilic surfactant
molecules tend to migrate towards the interface, i.e., positive
adsorption I'>0, and the interfacial tension decreases with
concentration until surfactants in the bulk solution form
micelles when C, exceeds the critical micelle concentration
CMC (Mulligan et al., 2001).

Fluid interfaces contract and extend as they traverse the
converging-diverging pore geometry in soils. Thus, we should
consider the transient state of the interface instead of the
equilibrium state in the analysis of multi-phase fluid flow
(Jang et al, 2016; Liu et al, 2021). Time-dependent
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gas pressure.

FIGURE 1 | Interfacial tension. Intermolecular forces at the interface between a liquid and a gas to demonstrate that the interfacial tension decreases with increasing
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FIGURE 2 | Interfacial tension hysteresis. (A) Water droplet in decane. (B) CTAB solution droplet in decane. (C) Nanofluid droplet in decane. (Benitez, 2022).

adsorption/desorption of surfactants or colloidal particles
(e.g., nanoparticles, bacteria, and asphaltenes) controls
interfacial tension during interface expansion and
contraction. The Langmuir model provides the simplest
description of adsorption and desorption Kkinetics
(Langmuir, 1918; Chang and Franses, 1992; He et al., 2015).
The adsorption energy increases with particle size; therefore,
particles larger than >10 nm tend to experience irreversible
adsorption into the interface in contrast to surfactants (Hua
et al,, 2016). Figure 2 shows the interfacial tension hysteresis
loop of a surfactant solution and a nanofluid droplet in a
decane bath (silica nanoparticles: d = 76 nm; surfactant:
CTAB). Surfactant-coated interfaces exhibit higher
hysteresis compared to particle-coated interfaces; in both
cases, the interfacial tension increases during rapid droplet
expansion.

Contact angle. Young’s equation predicts the contact angle 6
from force-equilibrium between the interfacial tensions that

emerge at the fluid-liquid vy, liquid-solid y,; and
fluid-solid y,, ¢ interfaces (Figure 3A, Young, 1805):

cosf = Jvs ~Vis
Yiv

In contrast to the single thermodynamic contact angle
predicted by Young’s equation, interfaces can exhibit a range
of contact angles between two asymptotic values: the advancing
contact angle 0,4 and the receding contact angle 6. Contact angle
hysteresis  results from surface roughness, chemical
inhomogeneities in the solid surface, and solutes in the liquid
(de Gennes, 1985; Eral et al., 2013).

The three phases, L-V-S, meet at the contact line. The contact
line adhesion A acts against the intended motion and it can be
estimated from the advancing and receding contact angles
(Figures 3B,C):

Yiv €08 00 + A = yys = Vi
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contact angle.
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FIGURE 3 | Contact angle: the effect of contact line adhesion on contact angle hysteresis. (A) Young's contact angle. (B) Advancing contact angle. (C) Receding
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FIGURE 4 | Haines jumps. (A) Elastic and capillary interactions. Pore scale mechanisms: (B) soft fluid by entrapped gas bubble; (C) deformable soft matrix; (D)
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The experimentally measured lateral adhesion force between a
liquid droplet and a solid shows the maximum static adhesion
followed by a reduced kinetic adhesion, which is remarkably
analogous to solid-solid friction (Gao et al,, 2018). Surfactants
and particles adsorbed at the interface result in complex interface-
substrate interaction which alters the contact line pinning.

Non-convex displacement-dependent capillary pressure. The
varying pore geometry along the invasion path, transient contact
angle behavior, and hysteretic interfacial tension result in non-
convex capillary pressure vs. displacement signatures.

1) Varying pore-geometry along the invasion path. Consider the
displacement of a wetting liquid by a non-wetting fluid across
a pore constriction with a sinusoidal geometry as illustrated in
Figure 4A (viscosity and gravity effects are negligible for small
capillary and Bond numbers). The pressure difference
between the wetting and the non-wetting fluids Au(x) at
position x is a function of the surface tension y, the
contact angle 8 and the local pore wall angle «a(x):

_4ycos [0 - a(x)]
d(x)

Au(x) =uy, —u, = ,
where d(x) is the pore diameter at position x. The computed
capillary pressure for a sinusoidal pore (of circular cross section)
shows that the interface experiences a concave-to-convex
transition and the capillary pressure reverses sign when the
argument [0-a(x)] crosses 90°.

2) Contact line pinning and sliding. Typically, the contact line
remains pinned onto the pore wall until it reaches the
asymptotic contact angle; thereafter, the contact line slides
and the advancing contact angle remains constant
(Figure 5A). For nanoparticle coated fluid interfaces, they
may reach a peak contact angle followed by a pronounced
post-peak relaxation to a lower contact angle during steady
displacement (Figures 5B,C).

Buckling of nanoparticle coated interfaces. The particle surface
coverage increases as the interface area decreases across a pore
constriction; eventually, a particle shell forms and interfacial
tension reverses to compression (Liu et al., 2021). At some

3)
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FIGURE 5 | Contact line sliding and jumping. (A) Oil droplet in DI water. (B) Oil droplet in nanofluid (data from Sun et al., 2022).

point, the shell may buckle or crumple. The buckling
resistance is determined by particle-particle and particle-
interface interactions. And boundary conditions affect
buckling patterns (Meyer et al., 2006; Liu et al., 2021).

Soft-system response — Instabilities (Haines jumps and
snap-offs). The system deforms in response to changes in
capillary pressure. Common causes for a soft system
response include 1) the presence of entrapped gas, 2)
interacting menisci, and 3) a deformable solid matrix
(Figure 4—Note: a deformable solid matrix implies
mechanical coupling with the mineral skeleton). Then,
displacement-dependent capillarity couples with pressure-
dependent volume change to cause “jump” instabilities
similar to frictional stick-slip (Sun and Santamarina,
2019b). The sudden local jump of the fluid interface—often
known as a Haines jump—causes a transient pressure change
and fluid redistribution (Morrow and Szabo, 1970; Gauglitz
and Radke, 1989; Berg et al., 2013).

The actual system volume response V';,,; combines the invaded
pore volume Vo with the system’s volume change Vg due to a
pressure change:

Vsys = Vpore -Va.

A jump will occur during either advancing or receding
when the resultant AP-vs-V,, curve is multivalued, for
example, across the pore throat (Sun and Santamarina,
2019b). Then, the potential for instabilities will relate to the
pressure required for a volumetric compression ~ r° given the
system stiffness k (Pa/m?) and the capillarity pressure that can
arise at the pore constriction of radius r; in dimensionless
form:

Steady
displacement

FIGURE 6 | Changes in pore geometry along the advancing path: jumps
and snap-offs (Jang et al., 2016).

Krt
ec OC——— =,
ycos(0)

A system with an elastocapillary number N..<1 is prone to
Haines instabilities.

Wetting fluids transported along corners and crevices or left
behind during sudden jumps, i.e., “snap-off,” may accumulate at
pore throats to form plugs that split the traversing non-wetting
fluid (Figure 6). Snap-offs and plugs result in foam generation
inside the porous medium (Lenormand et al., 1983; Pefa et al,,
2009).
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Viscous and capillary fingers. Immiscible fluid displacement
is controlled by capillary force F, viscous force Fp, and the
buoyant force F;,. Critical dimensionless numbers are the capillary
number, the viscous ratio and the Bond number (Chatzis and
Morrow, 1984; Lenormand et al.,, 1988; Dawson and Roberts,
1997; Ferer et al., 2004; Santamarina and Jang, 2011; Zhao et al,,
20165 see Zhao et al., 2019 for pore-scale modeling methods):

wv
ycosh’

Capillary number : Ca =

Viscous ratio : M = M,
Haef

Apgl?
Bond number : Bo = &.

Patterns observed during immiscible fluid invasion (i.e., non-
wetting) fall into domains defined by these dimensionless
numbers: stable displacement takes place at large M and Ca;
viscous fingering at small M and large Ca; and capillary fingering
at large M and small Ca (Figure 7). The Rayleigh-Taylor
instability, observed when a lighter fluid ascends through a
heavier fluid, develops at large Bond numbers. Different
invasion modes lead to distinct fluid pressure fields: the
pressure drop occurs mainly in the more viscous phase,
i.e,, the invading phase in stable displacement or the defending
phase in viscous fingering; on the other hand, the viscous pressure
drop is negligible compared to the capillary pressure difference
between the fluids in the capillary fingering regime (An et al,
2020).

Viscous fingering can also occur in a single phase fluid due to
thermal effects, such as during the injection of a hot liquid (low
viscosity) into a porous medium saturated with the same liquid at
low temperature (higher viscosity)Note: invasion regularizes as

temperature homogenizes) (Helfrich, 1995; Islam and Azaiez,
2010). Thermal viscous fingering may be accompanied by
convective currents triggered by the fluid’s thermal expansion
and density changes.

2.2 Reactive Fluids

Inherent pore size variability results in preferential flow pathways
across sediments; in fact, as few as 10% of pores may be
responsible for more than 50% of the total flow rate (Jang
et al, 2011). Note: Flow channeling is even more pronounced
in fractures and fractured rock masses (National Academies of
Sciences, Engineering, and Medicine, 2020; Cardona et al., 2021).
These preferential flow paths will also deliver the majority of the
reactants to cause either dissolution or precipitation within the
soil mass.

Precipitation is a self-homogenizing process: it reduces
transport along preferential flow paths and reactive fluids
deviate to other pathways. On the other hand, dissolution
tends to localize due to positive feedback; preferential flow
channels enlarge and lead to increased flow focusing and
“wormhole” formation (Menke et al., 2017; Derr et al., 2020).
Wormbholes affect dam stability (Romanov et al.,, 2003), CO,
sequestration (Kim and Santamarina, 2015), groundwater
transport in karst terrain (Dreybrodt, 1990), and acid
stimulation of oil reservoirs (Fredd and Scott Fogler, 1998; Al-
Arji et al,, 2021). In the absence of advection, diffusive reactant
transport promotes homogeneous dissolution.

The previous discussion suggests that dissolution topologies in
rigid porous media such as in rocks depend on three concurrent
processes: diffusion, advection, and chemical reaction. Two
dimensionless ratios combine the three time scales for
advection t,4,, diffusion tg and reaction t. for a channel
length L
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FIGURE 8 | Dissolution regimes without fabric changes. Instabilities in the space defined by Péclet and Damkohler numbers (modified by Golfier et al., 2002;

t kL
Damkohler number Da = 4 oc =
y
.
t i vL
Péclet number Pe = -2/1 Ch,
tudv D

where the process parameters are the kinetic rate of the reaction k
[1/s], the average pore velocity v [m/s] and the diffusion
coefficient D [m*/s]. The Pe-Da diagram in Figure 8 captures
the space for the various dissolution topologies: compact
dissolution, conical wormhole, dominant wormhole, ramified
wormhole, and uniform dissolution regimes. Low advection
velocities—long  f,5, and small Pe—allow reactant
consumption near the inlet and instabilities cannot develop;
conversely, very high advection velocities—short t,4,, high Pe
and small Da—carry reactants throughout the porous medium
from inlet to outlet and favors a stable homogeneous dissolution.
Wormbholes develop with intermediate flow rates—large Da and
Pe-—so that reactants act preferentially along flow channels.
Finally, we note that extensive dissolution in granular
materials will cause fabric changes, as discussed later in this
manuscript.

2.3 Particle-Laden Fluids

Particle-laden fluids are common in nature (e.g., ground water
flow) and frequently used in engineered applications (tremie
submerged construction, drilling muds, and well stimulation
and proppants).

Particle inclusion changes the liquid density, rheology, and
interfacial properties. Density triggers convective fingers in water
columns, as seen during the release of mine waste slurries in large
water bodies (Rayleigh-Taylor instability; Lange et al., 1998; Voltz
et al., 2002).

The suspension viscosity increases with a higher mineral
volume fraction and more frequent inter-particle interactions
result in fluids with yield stress; then, instabilities readily emerge.
For example, air injection into dense granular suspensions results

in bubble migration with frictional stick-slip characteristics and
viscous fingering (Sandnes et al., 2011).

A particle embedded in a moving fluid experiences buoyant
weight Fp, drag Fp, inertia against motion changes F;, and
electrical interaction with pore walls F,,,; (it combines van der
Waals and electrostatic forces, including hydrophobic adhesion
forces). These forces combine to produce self-stabilizing clogging
rings in convergent radial flow (negative feedback during fluid
extraction), and fingered erosion during outward fluid flow
(positive feedback during fluid injection) (Valdes and
Santamarina, 2006; Valdes and Carlos Santamarina., 2007; Liu
et al,, 2019). The dimensionless ratios between interacting forces
define the various particle migration regimes in terms of the
particle size d, obstacle size D, particle and fluid mass densities p,,
and p, fluid viscosity y, fluid velocity v, and gravity g:

Wall interaction
Contact number = ———
Drag
Fuar Fua
Nad = " [od ll’
Fp — udv
B t weight
Archimedes number = Y o WIS
Drag
F d*(p —
Ar = -5 o<C M,
Fp v
Inertia
Stokes number =
Drag
FI P dZV
Stk = —oc 2,
Fp . uD

Clogged pore constrictions alter flow in nearby open paths,
affect retardation, and may promote neighboring clogging.
Experimental observations show that the probability of
neighboring clogging is much higher than the probability of
independent clogging (Liot et al, 2018; Van Zwieten et al,
2018; Liu et al., 2019).
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the opening. (D) Mixed mode opening.

Under mixed-phase conditions, particle-laden fluids may
experience preferential particle accumulation at the interface
with other immiscible fluids, e.g., hydrophobic nanoparticles
suspended in water. This situation may stabilize interfaces and
hinder coalescence (e.g., Pickering emulsions) or prompt pore-
scale interfacial instabilities such as interface buckling and the
stick-slip response of the contact line, as reviewed earlier. Under
radial flow conditions (fluid injection), particle bands develop
away from the injection point due to gravity and inertia;
additional injection can break the particle bands and form
erosion fingers (Kim et al., 2017).

3 FLUID-DRIVEN INSTABILITIES WITH
FABRIC CHANGES

Pressure gradients, capillarity, mineral dissolution, and various
forms of flow localization in rigid porous media may collude with
the granular nature of soils and sediments to give rise to
mechanically coupled instabilities that cause fabric changes. At
the macroscale, mechanical coupling implies changes in effective
stress. At the particle scale, these instabilities reflect the interplay
between particle level forces. The following sections analyze fluid-
driven instabilities with fabric changes and the underlying forces;
given the wide range of possible interactions, the list is limited to
frequently encountered field conditions.

3.1 Single-Phase Fluid—Miscible Invasion

The effective stress principle 0 = o-u anticipates a gradient in
effective stress when there is a fluid pressure gradient do’/dx =
—du/dx. At the particle level, the flowing fluid gradually transfers
its pressure as viscous drag onto the particles; hence, pressure
decreases and interparticle skeletal forces accumulate in the
direction of fluid flow. Then, the ab initio formation of a

fluid-driven open mode discontinuity involves the following
sequence of events: fluid injection at a point causes radial fluid
flow; drag forces push particles away from the injection point,
i.e., cavity expansion; tangential extension and the particles’
relative displacement result in a surface imperfection that
facilitates preferential fluid flow; arising tangential drag forces
cause further interparticle separation (Figure 9C). The positive
feedback built into this sequence of events leads to the
development of open-mode discontinuities, including planar
“hydraulic fractures” (Shin and Santamarina, 2010; 2011b;
Carrillo and Bourg, 2021) as well as tubular pipes (Cartwright
and Santamarina, 2015). Note: the term “open-mode
discontinuity” is preferred instead of “fracture” in the context
of granular materials, i.e., without cohesion; moreover, models
that are based on classical fracture mechanics are inadequate for
the analysis of open mode discontinuities in granular materials.

Particles experience two forces in single-phase fluid flow
(without changes in pore fluid chemistry): the skeletal force
Fgy and the drag force Fpp. The associated dimensionless ratio is
Fp pv
Hdmg = Fisk o w

Therefore, high invasion velocity v, low effective stress ¢’ and
small grain size d favor the development of drag-driven open-
mode discontinuities.

Earthquakes are natural triggers of fluid-driven localizations.
When saturated loose sands liquefy during an earthquake, the
liquefied layer typically forms at a depth 5m < z < 20m,
i.e., sufficiently deep to be contractive but shallow enough so
that the dynamic strain exceeds the elastic threshold strain
(Ishihara, 1993; 1997). During liquefaction, the effective stress
vanishes and the pore fluid pressure reaches the overburden stress
(Ishihara, 1993; Lee and Santamarina, 2007). The excess pore
pressure may gradually drain through the upper unliquefied layer
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or trigger a vertical open-mode discontinuity for rapid drainage;
in fact, the aligned sand boils often observed on grassy fields
reveal the underlying open discontinuity that links the liquefied
layer to the surface (Chameau et al., 1991; Bardet and Kapuskar,
1993; Schneider and Mayne, 2000; Sukkarak et al., 2021).

3.2 Multi-Phase Fluids —Immiscible

Invasion

Immiscible fluids experience capillarity in the pore space of
granular materials, and the wetting fluid is at a lower pressure
than the non-wetting fluid, Au = u,-u,,. The granular skeleton
picks up the pressure difference in terms of a change in effective
stress (hence, Bishop’s model). At the particle scale, the capillary
force acting on a particle Fc = md-y can significantly alter the
preexisting effective stress dependent particle forces Fy = o’d’,
where d is the particle diameter and y the interfacial tension. The
ratio between these two forces

FC )/
Iy = —< 0 ——
™ Fg o'd

defines two distinct invasion regimes (Figure 9 - Shin and
Santamarina, 2011b; see also Holtzman et al., 2012; Carrillo
and Bourg, 2021):

1) pore-invasive II;,, = y/(d'd) < 1: the non-wetting phase
travels from pore-to-pore across pore throats without
disturbing the granular skeleton.

2) grain-displacive IT;,, = y/(0'd) > 1: the capillary pressure
displaces sediment grains away from the invading phase.

In general, invasion is grain-displacive in fine-grained
sediments at low effective stress. Still, other forms of mixed-
fluid instabilities can take place in coarse-grained sediments, but
these are mechanically decoupled from the granular skeleton
(refer to “fluid-driven instabilities at constant fabric” described in
the previous section).

The concepts of interfacial tension, contact angle, and
capillary pressure explored earlier for immiscible fluids can be
extended to analyze other systems, including water-ice
(ie, frozen ground engineering) and water-hydrates
(i.e., hydrates bearing sediments). Often, the immiscible fluid
invades the boundary and remains as a continuous phase.
However, ice, hydrate, and gas bubbles, may nucleate inside
the porous. Examples of gas nucleation include exsolution
during depressurization (e.g., sampling marine sediments),
water cavitation (e.g., rapid shear induced dilation under
undrained conditions), or heat-induced phase transformation.
Boundary invasion or internal nucleation may result in the same
degree of saturation, yet there are salient differences in other
macroscale physical properties such as the capillarity pressure vs.
degree of saturation, relative permeabilities, bulk stiffness,
consolidation, and shear strength (Sills et al., 1991; Rebata-
Landa and Santamarina, 2012; Jang and Santamarina, 2014).

Desiccation cracks: non-wetting air invasion into a water-
saturated sediment. Consider a clay bed sedimented from a
slurry. The supernatant water evaporates until the air-water

Fluid-Driven Instabilities in Granular Media

interface reaches the sediment surface. Further evaporation
requires the interface to go down, but the air-water clings
onto the water-wet mineral grains, dragging them down
(internally, the water experiences suction and the effective
stress increases). Eventually, the sediment will resist further
compaction, and additional suction causes the air-water
interface to invade the sediment, starting at the largest pores
(often associated with surface defects). At the invaded defect,
suction causes particle displacement normal to and away from the
air-water interface. Thus particles displace away from each other
at the tip, further air invasion takes place, and eventually forms a
desiccation crack (Figures 10A,B; Shin and Santamarina, 2011b;
2011a; Cordero et al., 2017). Desiccation cracks may also nucleate
and grow within the sediment, i.e., beneath the surface, when
suction triggers gas exsolution or cavitation within the sediment
(Figure 10C - Zhao and Santamarina, 2020).

Non-wetting buoyant fluid columns. Buoyant oil or gas with a
density p, may mobilize long column heights H; then, the
capillary pressure at the top of the column is
Au=H - (p, —p,)g. In agreement with the aforementioned
discussion, the buoyant column may migrate upwards by
pore-invasion or it may cause grain-displacement and
propagate an open-mode discontinuity. We captured high-
resolution grain-displacive gas invasion patterns by injecting
air into transparent sediments subjected to controlled effective
stress (see Sun and Santamarina, 2019a for details). Gas ascends
as bubbles at very low effective stress and high IT;,,, (Figure 11A).
At intermediate effective stresses, the gas inclusion starts growing
as a succession of cavity expansion events (Figures 11B, B);
gradually, the cavity develops corners and edges; local fractures
initiate at high curvature zones and eventually grow to form
either one or two thin circular planar openings, or “fractures”
(Figures 11B,C). Gases expand as the water pressure decreases
during ascension and often form pockmarks when they reach the
seafloor.

Non-wetting ice and hydrate growth in sediments - The local
effective stress. Ice and hydrates require the proper pressure and
temperature conditions for phase stability; in addition, hydrate
formation is typically gas-limited. When appropriate, both ice
and hydrate nucleate on mineral surfaces (heterogeneous
nucleation) and grow into the pore space until they reach the
surrounding pore walls. Further growth of the non-wetting ice or
hydrate phases is either pore invasive I1;,, = y/ (¢'d) < 1 or grain
displacive IT;,, = y/(o'd) > 1. Hydrate or ice lenses and veins
result from grain displacive formation (Dai et al., 2012; Lei and
Santamarina, 2018). Tomographic images in Figure 12 show
various ice topologies in different sediments: 1) the sand
specimen shows no ice lenses (pore-invasive ice growth); 2)
the bentonite specimen is massively crisscrossed by ice lenses
(grain-displacive); 3) the onion-like lens structure that develops
in the high water content kaolinite specimen reflects the interplay
among ice formation, stress changes, and the evolving sediment
compaction with cryo-suction; thus, there are no ice lenses in
the core.

The onion-like topology of ice lenses in Figure 12C suggests
that the growth of grain-displacive instabilities reflects the
evolving local effective stress. To test this hypothesis, we
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FIGURE 10 | Grain-displacive non-wetting fluid invasion: desiccation cracks. (A) Surface desiccation cracks (Shin and Santamarina, 2011b). (B) Crack initiation at a
surface defect during drying (Shin and Santamarina, 2011a). (C) Internal desiccation cracks observed using X-ray micro CT (Zhao and Santamarina, 2020).

a
',=0.15 kPa

A f N E
= —
+,=3.8 kPa

FIGURE 11 | Grain-displacive gas migration in a transparent fine-grained
granular medium at different vertical effective stress levels: (A) bubble at
o' = 0.15kPa; (B) cavity expansion followed by planar opening at

o' = 3.8kPa; and (C) open discontinuity at ¢ = 24 kPa (Sun and
Santamarina, 2019a).

prepared cylindrical disk specimens using water saturated
kaolinite paste; after consolidation to o, = 30kPa in cylindrical
oedometers, the 10 cm diameter and 7 cm thick specimens were
extruded from the k, cell and a radial V-shaped slice was cut and
removed from each specimen. Then, we imposed tension at the
center of some specimens by pulling the groove walls apart (200 g
weights), and compression by sitting other specimens on lateral
supports (Yun, 2005). In all tension cases, an ice lens formed and
propagated vertically from the groove tip following the tensile

field (Figure 13A). In contrast, lenses did not form at the center
when the grove tip was under compression (Figure 13B). These
results and the onion-shaped topology of ice lenses in Figure 12
confirm that the growth of mechanically-coupled grain-displacive
instabilities responds to and alters the local effective stress field
(Note: this observation applies to all instabilities discussed in this
section).

Wetting fluid imbibition: capillary contraction. Spontaneous
water imbibition into a dry or partially saturated hydrophilic soil
tends to cause volume contraction as capillary forces pull particles
towards the invading water front. Potential instabilities include
peripheral open-mode discontinuities surrounding the area
subjected to wetting, and pronounced volume collapse (e.g.,
collapsible loess—combines cementation dissolution and loss
of suction at interparticle contacts—Barden, McGown and
Collins, 1973; Houston et al, 1988; Rinaldi et al, 2001;
Lourenco et al., 2012; Bruchon et al., 2013; Li et al., 2016). On
the other hand, partially saturated, dense soils and soils with
swelling minerals may swell when water content increases
(Berney, 2004).

3.3 Reactive Fluid Flow

Reactive fluids traverse the granular medium, causing either
mineral dissolution or precipitation. Precipitation is self-
homogenizing because transmissivity decreases more rapidly
along the more conductive pathways (i.e., negative feedback);
overall, precipitation produces a marked increase in stiffness,
dilative tendency, and strength (by either adding cohesion or
increasing the friction angle —Jung et al., 2012).

On the other hand, post-depositional dissolution is significantly
more complex. Initially, dissolution evolves as predicted in the
dimensionless Pe-Da space for rigid porous media (Figure 8).
Rather than wormhole formation (limited by arching instability),
grain dissolution readily affects interparticle coordination and
forces, triggers fabric rearrangement, and the void ratio evolves
towards a stress-dependent terminal value closer to ey
Consequently, both hydraulic and mechanical properties are
affected; in particular, there is an increased contractive tendency
(Cha and Santamarina, 2014). Furthermore, experimental and
discrete element DEM simulation results show that 1) the
horizontal stress ratio k, decreases during dissolution and it can
reach the active value k,, (i.e., internal shear failure), often followed
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et al., 2015).

FIGURE 12 | Frozen soil. (A) Pore invasive ice formation in sand (no lenses). Grain-displacive ice lenses in (B) bentonite paste and in (C) kaolinite paste (Viggiani

A Tension at tip

FIGURE 13 | Grain-displacive ice lens formation is affected by and
eventually affects the local effective stress (Note: this observation applies to all
fluid-driven instabilities that affect fabric). (A) Ice lens nucleates and grows at
the tip of the wedge when the tip is under tension. (B) Ice lenses grow at
various locations at a distance from the tip when the tip is under compression.
Sketches on the left show the experimental configurations (Yun, 2005).

by horizontal stress recovery; 2) the anisotropy in coordination
reaches a maximum as the stress ratio approaches k,, and 3) there
is a marked difference in the internal fabric between the initial and
post-dissolution conditions even if boundary stresses return to
similar values (Shin and Santamarina, 2009; Cha and Santamarina,
2016, 2019a).

Minerals dissolve preferentially at grain contacts under high
stress. Solutes diffuse towards the pore space and reprecipitate on
unstressed grain surfaces nearby. (Note: this phenomenon is known
as pressure solution Weyl, 1959; Rutter, 1983; Etheridge et al., 1984;
Fowler and Yang, 1999; Croizé et al,, 2010). Pressure-dependent
mineral dissolution adds additional complexity: strong force chains
in the granular skeleton collude with force-dependent dissolution to
create the positive feedback dissolution that promotes the emergence
of shear localization as the stress ratio (or force anisotropy) reaches
failure conditions under zero lateral strain and constant vertical
stress boundary conditions (Cha and Santamarina, 2019b). In the

shear band, the porosity is higher and the coordination number is
lower than in the surrounding soil mass, strong force chains form
and grains experience faster dissolution (Figure 14). Shear
discontinuities triggered by mineral dissolution may explain the
non-tectonic origin of polygonal faults observed in marine sediments
and lacustrine deposits (Cartwright and Dewhurst, 1998; Shin et al.,
2008).

3.4 Particle-Laden Fluids

Flowing fluids can remove and drag grains away. Particle deposition
takes place downstream as the flow velocity decreases and its
carrying capacity diminishes. The geological record has extensive
evidence of sediment erosion-and-deposition phenomena,
including: cm-scale sand boils downstream of eroding dams; km-
scale mud volcanoes (e.g., Lusi—Indonesia); pipes; and sand dikes
observed in marine seismic sections (Hovland et al., 2002; Chand
et al., 2012; Moss et al., 2012).

At low fine content, the overburden load is carried by the
skeleton-forming coarse grains, and load-free fine particles can be
detached and dragged away (Skempton and Brogan, 1994; Moffat
et al,, 2011). In this case, particle erosion is accompanied by an
increase in hydraulic conductivity but without volume change
(Suffusion—Fannin et al., 2015). Soils sensitive to suffusion fall
under the GE(F), G(F), G(G), GS(S), S(F), or S(S) groups in the
Revised Soil Classification System (See Castro et al., 2022). At the
macroscale, the feedback mechanism in suffusion resembles
dissolution channeling, yet mass removal takes place as grains
rather than dissolved species.

On the other hand, energy-intensive erosion may gradually
destabilize the load carrying skeleton, causing significant
volumetric contraction and even skeletal collapse (suffosion).
Regressive or backward erosion piping is a major concern in
dam stability (a potential mechanism behind the Teton dam’s
failure—Sherard, 1987). It requires long seepage pathways to
minimize the gradient at the exit or filters against clay cores to
prevent fine migration (Li and Jonathan Fannin, 2008; Chang and
Zhang, 2013; Hendron, 2013; Robbins and Van Beek, 2015;
Santamarina et al., 2019).

3.5 Instabilities Caused by Other
Fluid-Skeleton Couplings

All forms of energy are coupled, including thermal, chemical,
hydraulic, and mechanical THCM (Mitchell, 1991). Under the
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Contact force chains

FIGURE 14 | Shear bands during dissolution. Pressure solution creates the positive feedback mechanism that leads to shear band formation (modified from Cha

and Santamarina, 2019b).

Displacement vectors

Strain field

FIGURE 15 | Thermo-hydro fractures. (A) Extensively fractured kaolinite paste after heating in microwave oven (scale = 1 mm). (B) Natural thermo-hydro fracture

(scale = 25 m-Madain Saleh, Saudi Arabia).

right boundary conditions, mechanically-coupled processes can
eventually cause instabilities in granular media. Two examples
follow:

1) Thermo-hydro-mechanical THM coupling: thermal water
expansion can build up pore pressure and cause a
hydraulic fracture if the rate of heating is higher than the
rate of pore water pressure dissipation; both are diffusion
processes, therefore the ratio Ilryy = Dr/c, between the
thermal diffusion Dy and pressure diffusion ¢, coefficients
determines the domain for this localization. For saturated
soils, the thermal diffusion coefficient varies between Dy =
4.107" m?/s for clays to D = 8:107 m?/s for sands, while the
coefficient of consolidation can range between ¢, < 10 m?/s
for clays to ¢, > 107> m?/s for sands (Mérquez et al., 2016).
Clearly, Ilyyy increases for high specific surface soils thus
clay-controlled fabrics are prone to thermal fracking. Given its
massive expansion, water-to-steam transformation is
particularly detrimental (the expansion ratio is ~1,600 at
atmospheric pressure). Figure 15 shows two examples of
thermal fracking: a mud ball exposed to microwave heating
(Figure 15A) and a sedimentary layer subjected to lava flow
(Figure 15B).

Chemo-hydro-mechanical CHM coupling: A diffusing salt
front causes a pressure front that precedes it. The pressure
front can produce a hydraulic fracture, followed by surface

2)

contraction cracks above it (recently observed by Mengwei Liu
in our laboratory). These CHM-driven instabilities result from
changes in electrical interparticle forces (van der Waals,
double layer, osmotic) and may emerge in high specific
surface fine-grained clayey sediments. By contrast, the
dissolution-based instabilities described earlier apply to
coarse-grained sediments such as silts and sands.

4 DISCUSSION

The previous sections identified a wide range of localizations and
described the underlying positive feedback mechanisms
conducive to instabilities. Table 2 summarizes the critical
dimensionless ratios involved in these processes. In all cases,
we focused on pore and particle scale phenomena to analyze the
initiation and evolution of instabilities.

Forces. The magnitude of interparticle forces is a function of
grain-size; therefore, grain-size plays a central role in defining the
space for various instabilities. Table 3 lists interparticle forces and
corresponding equations for first-order estimates. We can see
that grain weight Fyy, buoyancy and inertia relate to volume f (d°),
the force acting on a grain that is part of a load carrying skeleton
Fq scales with its area f (d*), while drag Fp, capillary Fe, and
electrical interactions are proportional to size f(d). These
equations define straight lines in log-log plots; therefore, the
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TABLE 2 | Pore/particle scale dimensionless ratios that define the domains for fluid-driven instabilities. The selected ratios presented here resemble the analysis in the text.

Instability Critical dimensionless number

Haines jumps
Viscous and capillary fingerings

Elastocapillary number Ngg
Capillary number Ca
Viscous ratio M

Bond number Bo
Damkdhler number Da
Péclet number Pe
Archimedes number Ar
Stokes number Stk
Contact number Ng
Capillary invasion number
Drag-driven invasion number
Thermal expansion number

Reactive fluids

Particle-laden fluids

Open-mode discontinuity

Thermo-hydro-mechanical THM coupling

TABLE 3 | Particle-level forces. They scale with d, d?*, and d®. The ratio between
the skeletal force and all other forces confirms the importance of the particle
buoyant weight in coarse-grained sediments and of capillary, drag, and electrical
forces on phenomena that take place in fine-grained sediments (Mitchell, 1976;
Santamarina, 2003).

0 @° Weight F,, = n/6 go md®
Buoyant Fy = /6 gp wa®

o d? Skeletal Fg = o'd?
Thermo-elastic Fry, = agATGed?

o d Capillary Fc = m y.,d

Drag Fp = 3n pvd
Electron attraction Att = 0.04 A./t?d
Electron repulsion Rep = 0.002+/Gge™ %1V df

different forces intersect at specific particle sizes. For example,
self-weight and the capillary force are equal at d =~ 2 mm; self-
weight prevails for larger particles while capillarity gains
relevance for finer soils. Similarly, we can anticipate that
electrical interactions gain relevance for high specific surface
submicron particles and vanish in silts and sands.

Instability, nucleation, and growth. Scaling analyses and
dimensionless ratios hide the intricate physical details at the
pore/grain scales that eventually lead to macroscale instabilities.
Localizations start at nucleation sites that are typically associated
with the inherent variability in granular materials. For example,
liquefaction and shear band formation are delayed in
homogeneous sands compared to heterogeneous specimens at
the same density (Frost et al., 2019). Similarly, desiccation cracks
start at surface or subsurface imperfections, or “dimples” (see
Figure 11), and dissolution wormholes evolve from the
preferential conduction paths initially present in the porous
network. In fact, numerical simulations that capture natural
variability systematically render more “natural” results (e.g., a
porosity random field with or without spatial correlation).

After nucleation, positive feedback mechanisms sustain
further growth. For example, there are pronounced differences
in the interparticle forces around an open-mode discontinuity
triggered by viscous forces (hydraulic fracture) and by capillary
forces (e.g., desiccation crack or ice lens). Yet, particle forces cause
unloading and extension at the opening tip in both cases, which
favors water invasion (in hydraulic fractures) and interface

Expression Physical meaning

Nec = Kr*/y cosf
Ca = uv/y cos

Elasticity of the system/ capillary force
Viscous force/ capillary force

M = Uin/Hoer Viscosity ratio between invading and defending fluids
Bo = Angz/y Buoyant force/ capillary force

Da = KkLop/v Time scale of advection/ reaction

Pe = vLy/D Time scale of diffusion/ advection

Ar = ga? (pp—p/pv
Stk = ppd®v/iuD

Terminal velocity/ flow velocity
Inertia effect

Nag = Fu/udv Contact force/ drag force

I, = y/d'd Capillary force/ skeletal force

Hgrag = pyld'd Drag force/ skeletal force

T = D7/C, Thermal diffusion/ pressure diffusion

invasion (in desiccation cracks and ice lenses). Therefore,
macroscale simulations require particularly sensitive relations
between the permeability and void ratio (hydraulic fracture),
or the entry pressure and void ratio (in desiccation cracks).

We can extend this discussion to all forms of fluid-driven
granular instabilities; analysis and simulations must capture the
governing conditions in terms of dimensionless ratios, recognize
the local pore and grain-scale processes, identify the source of
positive feedback, and select constitutive relations with high
sensitivity to local changes.

Local vs. global instabilities. The evolution of local
instabilities may cease and not evolve into large scale
instabilities. For example, 1) the contact line displacement for
a liquid advancing on a flat surface consists of numerous local
stick-slip events, yet the macro-scale movement and front
geometry may appear smooth (high frequency jumps are
aliased in most observations); 2) pore-scale Haines jumps do
not necessarily define macroscale invasion patterns; and 3)
viscous fingers reach a characteristic length scale. On the other
hand, dissolution wormholes can grow beyond the scale of the
engineering problem under consideration. In some cases, the
upscaling of local instabilities to global instabilities will depend on
global properties such as spatial variability in grain size, pore size,
mineralogy, and contact forces.

5 CONCLUSION

Fluid-driven instabilities are ubiquitous in soils and sediments.
However, they are often overlooked in the interpretation of
laboratory studies as well as in analytical solutions and
numerical simulations. These instabilities can emerge across
scales and are readily observed in millimeter-scale microfluidic
chips to kilometer-scale features in the geological record.

Some fluid-driven instabilities take place within the pore space
without affecting the granular skeleton. These instabilities are
driven by differences in viscosity between the invading and the
defending fluids, interfacial tension, and capillarity and cause
characteristic invasion patterns. Pore-scale capillary instabilities
result from a combination of hysteresis in contact angle and
interfacial tension, elastic deformations, and the longitudinal
pore geometry. Sudden jumps in fluid interfaces and
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associated snap-offs cause rapid redistribution of phases. Particle-
laden fluids may also cause instabilities in rigid porous media.

More intricate instabilities take place when fluids affect the
granular  skeleton. In  general, hydro-thermo-chemo-
mechanically coupled processes affect the sediment structure
and can cause instabilities under certain conditions.

Fluid-driven instabilities coupled with fabric changes can be
generated by viscous forces in single-phase fluid injection
(hydraulic fracture) or by capillary forces produced by an
immiscible fluid (grain-displacive invasion: desiccation cracks,
ice and hydrate lenses, gas and oil-driven openings, and capillary
collapse). The marked differences between viscosity and
capillarity-driven open-mode discontinuities require careful
analysis prior to numerical modeling.

Mineral dissolution caused by the injection of reactive fluids
evolves as a function of the interplay between various rates
(advection, diffusion, and reaction), the spatial distribution of
reactive minerals, and the granular skeleton response during
dissolution. Instabilities include wormhole formation and the
emergence of shear bands (even in sediments under zero lateral
strain conditions).

Other fluid-driven instabilities in granular materials are
associated with particle transport (piping erosion), thermal
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changes (thermo-hydraulic fractures), and changes in electrical
interparticle interaction (osmotic-hydraulic fractures and
contractive openings).

In all cases, instabilities involve some form of positive
feedback  mechanism;  conversely, self-homogenizing
processes tend to be stabilizing for fluid flow and granular
stability. The types of instabilities and their evolving
topologies can be systematically organized in the space
defined by dimensionless ratios of time (or rate), length
scales, and forces (or pressure and stress).
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GLOSSARY

Ay, [J] Hamaker constant in van der Waals interaction
A [N/m] contact line adhesion

Ar [] Archimedes number

Bo [] bond number

C [mol/L] concentration

Cy [m2/ s] pressure diffusion coefficient
Ca ] capillary number

d [m] diameter

D [m2/s] diffusion coefficient

Dr [mz/ s] thermal diffusion coefficient
Da [] Damkéhler number

e [] void ratio

F [N] force (c: capillary; b: buoyant; D: drag; sk: skeletal; W: grain weight; EI:

electrical interaction; wall: wall interaction; Th: thermo-elastic)
g [m/s2] standard gravity

G [Pa/ m3] stiffness (sk: skeleton)

H [m] height

k [1/ S] kinetic rate of reaction

K [Pa/m3] system stiffness

Ko [] lateral earth pressure coefficient at rest

L [m] characteristic length

L., [m] channel length

LL [] liquid limit

M [] viscous ratio

Fluid-Driven Instabilities in Granular Media

N.4 [] contact number

Nec [] elastocapillary number

u [Pa] fluid pressure (w: wetting phase; n: non-wetting phase)
Pe [] Péclet number

r [m] pore radius

Stk [] Stokes number

t [s] time scale (adv: advection; diff: diffusion; r: reaction; in: inertia)
\'%4 [m3] volume

W [] water content

z [m] depth

v [m/s] fluid flow velocity

Au [Pa] capillary pressure

a [°] local pore wall angle

A [1/°C] thermal expansion coefficient of the skeleton

Y [N/m] interfacial tension (VS.: vapor-solid; LS: liquid-solid; LV: liquid-
vapor)

0 [*] contact angle (a: advancing; r: receding)

u [Pa.s] viscosity (inv: invading phase; def: defending phase)
iy [] dimensionless ratio: capillary force over skeletal force
Hdmg [] dimensionless ratio: drag force over skeletal force

Il [] dimensionless ratio between thermal diffusion and pressure
diffusion

[ [kg/ m3] density (b: buoyant; w: water; p: particle; f: fluid)
0’ [Pa] effective stress

r [mol/mz] surface excess concentration
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