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Abstract

In this paper, the e�ect of �uid �ngering on the solid remodeling of a granular

material during drainage phenomenon is investigated. A new biaxial apparatus,

endowed with two transparent windows and adapted to unsaturated soils, is used to

capture the e�ects of hydraulic instabilities on the mechanical response, by means

of high resolution cameras. A specimen of (40 × 50 × 11) mm3, of Fontainebleau

sand NE 34 initially saturated by water, is connected to a pressure-controlled gas

source to inject the gas into the sample. During the injection phase, �uid insta-

bilities are detected and �lmed. Using imaging techniques, grain remodeling and

strain localization due to the two-phase �uid �ow are measured.

Keywords: drainage, hydraulic instability, biaxial apparatus, �ngering, solid re-

modeling, partially saturated medium
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Notations

WP Wetting phase

NWP Non-wetting phase

∆σ Increment of con�ning pressure (kPa)

∆Pp Increment of pore pressure (kPa)

B Skempton coe�cient (%)

Pp Pore pressure (kPa)

Pg Gas pressure (kPa)

Pc Capillary pressure (kPa)

Sr Degree of saturation

σ Con�ning pressure (kPa)

σ′0 Initial e�ective stress (kPa)

σ′ E�ective stress for partially saturated conditions (kPa)

f Grey level in the reference state

g Grey level in the deformed state

u Nodal displacement vector

Imi Grey level for reference image if i=0, for deformed images if i=1

µi Mean value of grey levels

σi Standard deviation of grey levels

d Phase �eld parameter
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1. Introduction

Fluid �ngering and strain localization are two kinds of instabilities possibly occur-

ring in granular media when a �uid front percolates the porous network or when

a perturbation of an initial state of equilibrium is induced by a non-vanishing de-

viatoric state of stress, respectively. Such kind of phenomena are ubiquitous in

geomaterials. Fluid �ngering instabilities are involved for instance in long-term

fate of underground stored hydrocarbons or sequestrated CO2, see [1], leakage of

non-aqueous phase liquids in unsaturated granular media, see [2], or drying of ini-

tially saturated soil, see [3]; strain localization instabilities in fault reactivation,

see e.g. [4], [5], and shear band or fracture nucleation, see e.g. [6], [7, 8].

Since the eighties two separate scienti�c communities work on these topics,

the �rst being mostly interested in understanding the �ow of multiple immiscible

phases through a rigid porous skeleton, the second in characterizing the strain and

stress localization in granular materials in dry or fully saturated conditions, under

biaxial or triaxial loading.

In what concerns multi-phase �ow through porous media, the above mentioned

�uid instabilities have been investigated considering network of capillary ducts

[9] and more recently [10], Hele-Shaw cells [11], or real porous rocks [12, 13],

attempting at �nding out a relation between pattern formation at the scale of

centimetric samples and phenomena occurring at the scale of the pores, as piston-

type motion, snap-o� and Haines jumps. Indeed di�erent pore scale events show

up whether the multi-phase �ow occurs in a drainage or an imbibition process.

The focus in this paper will be on drainage processes, when a wetting phase (WP)

initially saturating a granular medium is displaced by the injection of a non wetting

phase (NWP). At the pore scale, the invasion of the NWP usually corresponds to

an alternate sequence of piston-type displacements and Haines jumps events when

the NWP moves from pores to throats and from throats to pores, respectively. The
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characteristic time scales of these two processes is very di�erent, as a matter of facts

pore �lling due to Haines jumps abruptly occurs, as a kind of pore scale instability,

with a sharp drop of the local capillary pressure caused by the change of curvature

of non-wetting/wetting interface. The fast invasion of the pore space by the NWP

generally induces a non-wetting �uid �ow towards the pore from adjacent throats,

so sucking wetting �uid into these last ones. These pore scale instability events

are clearly driven by capillary forces and therefore happen only when capillary

forces exceed the viscous forces. This means, referring to the Lenormand phase

diagram [9], that Haines jumps mostly occur within the capillary �ngering domain

[14, 15]. On the other hand, the regime of viscous �ngering, with viscous forces

higher than capillary forces, typically implies at the microscopic scale a piston

type invasion, driven by the high values of the NWP �ow and consequently of

the pressure gradient. This last being responsible for the absence of the stick-slip

behavior previously described.

For what concerns strain localization and crack/fault (re-)opening in geomate-

rials, the focus has been on the quantitative characterization of such instabilities

(extent, thickness and void index evolution, see e.g. [16, 17]) and the correla-

tion of their occurrence with the behavior of the material (contractive or dilative)

and the test conditions (drained or undrained). Quite recently [18] launched an

experimental campaign in order to detect microscale precursors of visible labora-

tory scale shear bands, observing di�usely distributed strain localization events,

at early stages of triaxial tests on sand, just few of which evolving towards visible

shear bands.

In these studies the most re�ned analyses have been obtained via X-ray com-

puted microtomography, in particular high-speed synchrotron X-ray tomography,

allowing monitoring non-steady �uid �ow, on one side, and grain remodeling on

the other. Only quite recently the interest of the scienti�c community started to
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shed light on hydro-mechanical coupled localizations as preferential �uid paths in

shear banded region in porous media, using neutron tomography techniques. In

[19], it has been shown that an imbibition front accelerates �owing through a com-

pactant shear band. Conversely [20] proved that the propagation of a non-wetting

�uid front through a granular material can generate fracture, altering the local

void ratio distribution: at the tip of the fracture, the grains are displaced and

so the void ratio increases while at the shoulder of the fracture, the grains are

compacted and so a decrease in void index is observed.

In this context, the present paper aims at investigating hydro-mechanical cou-

pled instabilities in granular materials. The aim of the study is to understand

the e�ect of a �uid front propagation on the skeleton remodeling, under biaxial

loading, using a new biaxial setup endowed with a high resolution optical system.

Drainage experiments have been conducted by injecting air into water saturated

sand sample. Then, the strains induced by air invasion are quanti�ed using digital

image correlation. The goal is not to provide a full parametric study of the behav-

ior of the sand assembly but to prove that heterogeneous in�ltration of gas through

an initially saturated granular medium can possibly induce strain localization.

The paper is organized as follows: Section 2 is devoted to describe the experi-

mental setup, in Section 3 the results of the experimental campaign are illustrated

and in Section 4 a critical analysis of the them is presented. In the last section,

conclusions and perspectives of the study are brie�y summarized.

2. Materials and methods

To study the e�ect of hydraulic instabilities on the skeleton remodeling of granular

material, a new biaxial machine, adapted to partially saturated geomaterials and

endowed with high resolution cameras, has been designed at Ecole Centrale de

Nantes. This is a suction controlled biaxial equipement, derived from the classical
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Bishop-Wesley device, characterized by two couples of transparent windows, one

directly con�ning the sample and the other one allowing to get visual access to the

pressure chamber; the two couples of transparent windows are collocated on both

sides of the equipment, which guarantees real time visualization and recording

of the occurring instabilities, using two cameras of 50 MPx each equipped with

telecentric lens (see Figure 1).

Camera

Biaxial

machine

Telecentric

lens

Figure 1: Biaxial machine endowed with its optical system.
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2.1 Experimental setup

The experimental setup allows to apply both mechanical and hydraulic loadings on

a prismatic sample. The mechanical loading is given by a cell pressure, provided

by air compressors, that con�nes the sample cell inside the pressure chamber, and

a vertical force/displacement provided by the thrust of the ram. The hydraulic

loading allows to develop suction controlled tests or to induce a �uid �ow through

the sample, with a separate control of the �uid pressure at an injection and an ex-

traction point placed at the bottom and at the top of the sample. In order to carry

out tests in partially saturated conditions, a pressure-volume control for liquids

and an air compressor for the gas to be injected are available. The acquisition and

data control system is designed to manage a simultaneous multi-pressure control

for three di�erent �uids (gas or liquids) and the con�ning pressure. The maximum

operating pressure is 1600 kPa.

Therefore, thanks to this experimental setup, the �uid front penetration during

a drainage or an imbibition process can be observed for di�erent couples of �uids

(water-air; oil-air; water-oil etc). In this paper, the focus will be on drainage tests

with air and water.

As previously mentioned, the sample cell, of internal dimensions 40 × 50 × 11

mm3, di�ers from standard biaxial or triaxial cells because of two sapphire windows

directly in contact with the specimen from the front and back sides views. In

particular the thickness of the sample has been chosen to be as small as possible

to approach the conditions of two dimensional �uid �ow typical of the Hele-Shaw

cell as well as to provide a minimal surface capable to sustain the mechanical

loading applied to the sample. The sample is not wrapped in any latex membrane.

This geometry, mainly designed to enable the tracking of �uid propagation at the

surface of the sample and to get full-�eld measurements of displacements, makes

sample's sealing challenging. In order to face possible critical conditions, with
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respect to air intrusion into the sample, the lateral sides of this last are put in

contact with two latex membranes which directly transmit a slightly ampli�ed cell

pressure to them. This is obtained via a direct junction of the pressure chamber

(labelled as (CO) in Figure 2) with a system made of burettes and a suitably

de�ned pressure ampli�er, which allows to apply to the lateral side of the sample

a side pressure incremented of at least 10 kPa with respect to the cell pressure.

From now on, all acronyms which we are referring to are those of Figure 2. The top

and bottom of the sample are con�ned by metallic blocks. They enable a uniform

entry and exit of the in-place �uids during an upward or a downward �ow through

the porous stones embedded in them.

The optical system is constituted by a 50 MPx camera (VC-50MX) mounted

with a telecentric lens of magni�cation 0.75. It covers a �eld of view 36.6 × 48.2

mm (6004 × 7904 pixels) at a resolution of 6.1 µm/pixel.

2.2 Procedure

The sample used is made of Fontainebleau sand NE 34 of mean diameter d50=210µm,

which is considered as a reference material in many laboratory experiments and

has been characterized in our laboratory in the study of [21].

The drainage test is developed by injecting air into a sample previously sat-

urated by deaerated water. In the following, the three preliminary steps to the

drainage test are described in details: the sample preparation phase, the con-

�nement of the sample and its saturation. The tests were conducted at room

temperature.
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Figure 2: Biax block schematics provided by Megaris, Italy.
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2.2.1 Sample preparation phase

The preparation of the sample is a crucial phase to achieve a successful drainage

test. The sample cell is constructed by assembling four parts: the top and bottom

porous stones together with the left and right sides membranes blocks. One side

of the sample is then closed by the �rst sapphire window, then the sample block

is placed horizontally to be �lled with sand. Two removable con�ning brackets

are put in place to �x the lateral bounds of the sample. The sample has been

prepared by pluviation. However, the small dimensions of the sample, especially

the thickness of 11 mm, make the sand �lling process challenging. In order to �t

the geometrical constraints, due to the small dimensions of the sample, and the

interaction between the sample and several delicate parts of the con�ning cell, a

suitable pluviation setup has been developed. It provides a uniform and symmet-

rical rainfall of the sand and repeatable densities. Furthermore, this preparation

method allows to test di�erent densities by modifying either the falling height or

the diameter of the holes of the sieve. Here the apparent sand density is given and

equal to 1.70 g/cm3 for a falling height equal to 250 mm; the hole diameter of the

perforated plate is 2 mm and the spacing between holes 10 mm.

The back side is closed by the second sapphire window and the specimen is kept

for at least 24 hours to dry the latex used at the corners of the sample to improve

sealing e�ciency. Then the sample cell is screwed inside the chamber, the scheme

of the biaxial apparatus being that of Figure 2. A presaturation of all the hydraulic

connections should be done, prior to the saturation phase, to reduce as much as

possible the quantity of air present in the hydraulic circuit. The lateral left and

right membranes are �lled by silicon oil using a peristaltic pump (P ). Once the

membranes are saturated with oil, the brackets, inside the membrane's chambers,

retaining the sample all over its height, are moved away and their con�nement

e�ect is replaced by the con�ning stress applied on the longitudinal sides of the
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sample via the cell pressure ampli�er described in Section 2.1. The windows of the

pressure chamber are closed and the optical system is calibrated to �lm the center

of the sample.

2.2.2 Con�ning phase

An initial con�ning pressure of 45 kPa is applied to the drained sample; the valve

(FX), depicted in Figure 2, is opened to the atmospheric pressure. The applied

cell pressure is delivered by the high pressure input (HP − IN) into the pres-

sure chamber through the valve (CI for Cell Input), so providing the con�nement

of the sample. The valve (CO for Cell Output) being open, the cell pressure is

transmitted to two burettes, the Reference Burette (RB) and the Measurement

Burette (MB), used to measure volume changes of the sample. The (MB) bu-

rette is connected to the two longitudinal membranes via the Side Down block

(SD) and transmits the con�ning pressure to the lateral membranes, after this

has been incremented by at least 10 kPa by an external ampli�er placed between

(SD) and (MB). The side pressure therefore acts on the lateral side of the sample

with an overpressure with respect to that of the chamber pressure to guarantee a

good sealing of the sample. The cell and side pressures are measured by the two

transducers (CP ) and (SP ) respectively. When the cell pressure reaches its target

value, a sealing check is done by turning the system to undrained conditions ((FX)

is closed) and examining if any increase of pressure inside the sample occurs. If the

sample does not show any leakage, the system is put back in drained conditions

((FX) is open).
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2.2.3 Saturation phase

The upward saturation of the medium starts through the circuit SI (for the Sat-

uration Input) to SO (for the Saturation Output), connected to the pressure-

controlled water reservoir. Due to a small pressure di�erence between the bottom

and top of the sample (10 kPa), the water �lls the bottom porous stone then per-

colates through the sample to saturate it. The water is then circulated through

the sample to remove as much as possible the trapped bubbles of air in the circuit.

To complete this saturation, the Skempton approach, detailed in [22] is followed.

A sequence of stepwise increments of the con�ning stress of ∆σ = 50 kPa is ap-

plied (using the ramp mode of the machine controller) in undrained conditions and

the corresponding increment of the pore pressure ∆Pp is measured via the SatP

pressure transducer. At each stage of the loading path the Skempton coe�cient

B, de�ned as the ratio between ∆Pp and ∆σ, is calculated considering it as an

indicator of full saturation when it tends to 100%. Until the threshold is reached,

once the pore pressure stabilizes, a back pressure is applied through the valve (FO)

to maintain the same e�ective stress at the end of each stage. This valve is kept

open until the injected water volume from the �uid reservoir towards the sample,

measured by the sensor (FV ), ceases. This process is repeated stepwise unless B

becomes constant.

The di�erent steps are summarized in the plot of Figure 3. The �gure shows a

sequence of cell pressure increase in blue, the resulting pore pressure measurement

in red, the applied back pressure in yellow and the consequent water injection

in green. It's evident that more steps are realized, lower the quantity of the

injected water becomes. This indicates the dissolution of air bubbles in water and

consequently the approaching of full saturation.
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Figure 3: Cell pressure, pore pressure, back pressure and the di�erence between

side and cell pressure on the left axis, volume of water injected into the specimen

on the right axis versus time, during Skempton phase.

2.2.4 Injection phase

Finally the injection phase consists of the invasion of air into the saturated sand

under speci�c hydro-mechanical conditions. At the top of the sample, a back

pressure is maintained constant and equal to the value of the pore pressure Pp

at the end of the saturation phase. At the bottom, the specimen is connected

through the valves (SX) and (GX) to a gas block supplied by high pressure input

reservoir. The gas in contact with the sample is initially at a pressure equal to

the pore pressure. It occupies uniformly the bottom porous stone in such a way

that when the injection is triggered, the gas source is not pointwise but distributed

homogeneously across the sample cross section. This is an important point as the

expected localization in the �uid �ux should not be induced at the injection point

but should manifest because of the loss of stability of the �uid front.
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The gas pressure is then increased by constant mode to the target value Pg,

to launch the gas propagation. In other words, a capillary pressure Pc = Pg −

Pp is imposed to the sample as the di�erence between the pressure of the non-

wetting phase (the gas) and that of the wetting phase (water). The in-place water

is expelled instantaneously towards the �uid reservoir while the gas in�ltrates

through the sample. The out�ow volume is recorded via the sensor (FV ). During

the gas percolation, an image acquisition at a frequency of 30 Hz, captures the

drainage instabilities. In the following section, the images acquired from one front

side of the sample are presented and the obtained gas pattern is related to the

outcomes of the biaxial acquisition system.

3. Results

3.1 Comparison of two drainage tests

As already mentioned, the obtained results are far from constituting an exhaustive

experimental campaign and just provide an example of the capabilities of the

experimental apparatus to enlighten some interesting e�ects of microscale hydro-

mechanical couplings on the response of the granular material at the scale of the

laboratory sample. In the following, the results of two test cases are presented

whose characteristics are recorded in Table 1.

In test (1), the imposed capillary pressure (30 kPa) is lower than the initial

e�ective stress (40 kPa), provided by the di�erence between the total stress and

the pore-water pressure in fully saturated conditions (Sr = 1). The gas invasion

induced by the imposed capillary pressure implies a strongly rami�ed pattern. The

�ngered zone corresponding to the left side of the sample, see Figure 4, is the one

which will be elaborated at a later point using Digital Image Correlation.

In test (2), the same imposed capillary pressure as in test (1) is considered

14
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Drainage test (1) (2)

Con�ning pressure σ(kPa) 1220 1195

Pore pressure Pp(kPa) 1180 1180

Gas pressure Pg(kPa) 1210 1210

Initial e�ective stress σ′0(kPa) 40 15

Capillary pressure Pc(kPa) 30 30

Stress conditions Pc < σ′
0 Pc > σ′

0

Table 1: Drainage tests at two di�erent hydro-mechanical stress conditions.

which however in this case, is higher than the initial e�ective stress (15 kPa). Also

in this circumstance a quite rami�ed pattern can be observed even if �ngers are

more easily identi�able all along the sample, see Figure 4.

The volume of the water expelled during gas injection is monitored by a volume

sensor at the top of the sample; the measure of the out�ow can therefore be de-

duced. The results for the two tests are plotted in Figure 5: on the left the volume

change versus time, on the right the evolution of the out�ow versus time. Assum-

ing as a measure of the viscous forces the product of air viscosity times the output

�ow, at time t = 1s, before the gas reaches the top of the sample, the logarithm of

the capillary number is about logCa1 ≈ −6.2 and logCa2 ≈ −6.5 for test (1) and

test (2), respectively, while the logarithm of the viscosity ratio is logM = −2. A

qualitative comparison with Lenormand's [9] phase diagram implies that the two

tests can be classi�ed as in the intermediate zone between viscous and capillary

�ngering regions, the test (2) being closer to the regime of capillary �ngering than

the test (1). This is clearly a purely qualitative characterization of the �ow regime

as no account is taken of the presence of the granular skeleton.
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Figure 4: Fontainebleau sand sample invaded by gas: on the left, drainage test

(1); on the right, drainage test (2). The size of the image is: height=48.2 mm and

width=36.6 mm. The black rectangle marks the studied zone.

Figure 5: Comparison of �uid volume expelled and out�ow for the drainage tests

(1) and (2).
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We remark that the obtained patterns look qualitatively consistent with those

of [23], test (2) exhibiting a regime more similar to capillary fracturing than test (1)

which can be explained by the low con�ning load. However no signi�cant di�erence

can be observed in the time the gas needed to attain the top of the sample in

the two tests, which con�rms that pore opening induced by gas injection into an

initially saturated granular medium mainly depends on the release of capillary

energy necessary to create a new �uid-�uid interface and only secondarily on the

con�ning stress via porosity (or void index) current value, see [20].

3.2 Image processing and strain maps

In this section a brief presentation of the method adopted to characterize the e�ect

of �uid propagation on the remodeling of skeleton structure is provided. The main

idea is to compare the grey level of the acquired images after gas invasion, called

from now on the deformed state g, to the grey level of the reference image before

gas invasion, labelled as the reference state f , using Digital Image Correlation

(DIC).

DIC is an image analysis technique that allows to explicitly calculate the dis-

placement u of a pattern with respect to its reference state through time, based

on the optical �ow

f(x) = g(x+ u) (1)

say requiring that the grey level at a position x in the reference image should be

found at a position x + u in the deformed image (the interested reader can �nd

more details in [24]). In the present case study, the invasion of gas however modi�es

the grey level of the medium between the reference water-saturated medium and

the air-invaded partially saturated one, even without any deformation. To solve

this issue, a correction of grey level is introduced, in the spirit of �ltering out gas

invasion induced grey level changes.
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The approach used for DIC is the so-called global approach, detailed in [25].

A �nite element mesh of quadrilateral (square-shaped) elements is drawn over

a region of interest (ROI). Equation (1) is solved iteratively to get the nodal

displacements u, taking into account a local and element-wise correction of grey

level incorporated into the DIC algorithm that is called, Zero-mean Normalized

Sum of Squared Di�erences (ZNSSD), shown in Equation (2):

ZNSSD : Ĩm0 =
Im0 − µ0

σ0
& Ĩm1 =

Im1 − µ1

σ1
, (2)

here the index i = 1 denotes the deformed image and the index i = 0 denotes

the reference image. At each iteration, the grey level of the reference image Im0

and the deformed image Im1 is corrected into Ĩm0 and Ĩm1 using the mean µi

and standard deviation σi of grey levels inside each reference element and its

corresponding in the deformed state, respectively. This calculation is carried out

using Ufreckles software [26].

In addition, a Tikhonov regularization with a cut-o� wavelength of 15 pixels is

used in order to act on the high frequencies displacement and to �lter them out

so as to reduce the noise of the measurement [27].

Di�erent mesh sizes have been tested to accurately capture the movements of

grains. A mesh size of 5 pixels, which corresponds to 1/8 of the characteristic

length of the grain speckle, has been �nally retained as the most appropriate one,

whereas coarser meshes, as for 10 or 20 pixels, are not capable to capture grain

movements therefore hiding pore scale deformation mechanisms.

The direct outcome of the algorithm are the nodal displacements; strains are

then calculated element-wise via the element shape functions.

To analyze the impact of �uid invasion on the solid matrix, the �rst invariant

of the strain tensor, the volumetric strain εv, is computed as follows,

εv = εxx + εyy (3)
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where εxx is the horizontal strain and εyy is the vertical strain. εv indicates the

volume change of the material: when positive, it describes swelling, when negative

it describes shrinkage. The volumetric strain maps for a serie of deformed images

of the drainage tests (1) and (2) are shown in Figure 6.

Figure 6: Volumetric strain maps for a mesh size of 5 pixels and a Tikhonov

regularization of 15 pixels corresponding to a serie of images captured during tests

(1) and (2). These time shots are marked by ∗ in Figure 9 and Figure 10.

The error on the volumetric strains due to the sensitivity of sensors to vibrations

and possibly induced by the change of contrast due to the grey level correction
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procedure has been quanti�ed by testing the DIC algorithm on a set of �xed

experimental images and a set of images virtually saturated with a grey level

distribution extracted from that of the fully saturated sample, respectively. The

order of magnitude of strains referred to the adopted mesh size is in the two cases

of 1% and 0.9%.

The black line which identi�es the interface between the wetting and the non-

wetting phase in the considered sequence of maps has been identi�ed using a phase

�eld approach inspired by gradient damage model. At the base, this method aims

to replace the discontinuity of a medium such as a fracture, with a continuous �eld

d spread over a distance lc that describes the smeared crack ([28�30]). Thinking

of the application to partially saturated images, the part of the images invaded

by air is considered as the �fractured� zone, corresponding to d di�erent from 0,

while the remaining part is considered undamaged (d = 0). The phase �eld d is

therefore inversely proportional to the degree of saturation of the medium. The lc

parameter, in this case, describes the thickness of the partially saturated transition

zone. For a levelset value d = 0.25, contour lines can be plotted to separate the

drained zone from the undrained one. The obtained interfaces for the sequence of

images of tests (1) and (2) are presented on Figure 7.
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Figure 7: Serie of raw images acquired during the gas invasion for test (1) in

the �rst row and test (2) in the second row. The timestep between the deformed

images is 1/3s for test (1) and 2/3s for test (2). The left column represents the

reference states for both tests and the remaining columns are for the deformed

ones. The bright color indicates the gas while the dark color indicates the water.

The black lines represent the interfaces between saturated and unsaturated part

of the sample.
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4. Discussion

Following the drainage process via the optical system described in Section 2.1

allows to track the �uid front and to get the full �eld strain maps as described in

Section 3.2. In this section a comparison of the results of the two tests described

in Section 3 is discussed.

As already mentioned both considered test cases are associated to quite rami�ed

patterns that form by gas injection at the bottom and quickly propagate towards

the top of the sample. The analyses discussed in what follows, concern just the

two subdomains, identi�ed with the two black boxes of Figure 4, of the complex

patterns which show up when the imposed capillary pressure is smaller or greater

than the initial e�ective stress, respectively.

In both tests, the evolution of the �uid front is accompanied by the simultane-

ous appearance of narrow clusters of elements associated to positive and negative

volumetric strains, in the drained zone of granular medium. This can be observed

assessing a close up window at the tip of the �nger between two consecutive instants

as shown in Figure 8. When the interface progresses between ti and ti+0.033s, two

clusters of positive and negative strains show up simultaneously; the order of mag-

nitude of the measured strains being clearly larger than the previously quanti�ed

errors.

Considering the characteristic size of the �nite elements used to develop the

DIC analysis, these strain patterns could be interpreted as a straightforward con-

sequence of grain displacements: in this spirit local shrinkage corresponds to grain

entanglement, say grain reorganization from an initial con�guration towards a

denser one, and consequently negative volumetric strain; local swelling to grain

disentanglement, say grain extrication giving rise to a looser con�guration, and

consequently positive volumetric strain. No signi�cant induced strain has been

observed in the back of the non-wetting/wetting interface, when the complete
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Figure 8: Close up windows on volumetric strain maps at the tip of the �nger

at ti and ti + 0, 033s during test (1), obtained using a mesh size of 5 pixels and a

Tikhonov regularization of 15 pixels.
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drainage of the pore network has been attained: strains once triggered remain

(almost) constant in time during �ngering propagation, as shown in Figure 6.

A speculative but illustrative explanation of the relation between the volumetric

strain distribution, observed in Figure 8, and the saturation evolution at the grain

scale during drainage, resides in the pore scale mechanisms that characterize the

drainage phenomenon and speci�cally the Haines jump events. A Haines jump

event consists in a sharp drop of the capillary pressure when the gas enters in

the target pore which is accompanied by the imbibition of the neighbor channels.

During drainage, the non-wetting phase in�ltrates �rstly the largest channel as,

according to the Laplace law, it has the lowest entry pressure. When the meniscus

passes from the pore neck into the pore, initially occupied by the wetting phase,

the capillary pressure drops down because of the change in meniscus' curvature.

Considering the classical de�nition of the Bishop e�ective stress, valid in the

regime of partial saturation, say σ′ = σ + PcSr, the local e�ective stress drops

down too, which explains the local swelling of the granular medium (positive volu-

metric strains). In the adjacent channels however, where the wetting phase pushes

the non-wetting �uid to sustain the occurring drainage process, the corresponding

rapid imbibition is accompanied by an increase of the capillary pressure, as ex-

plained in [31]; as a result, an increase of the local e�ective stress occurs which is

interpreted as a shrinkage of the porous network (negative volumetric strains).

Even if neither a local measure nor a �uctuation of the global capillary pressure

can be detected via the experimental set-up, the qualitative correlation between

local strain distribution and gas front propagation seems to corroborate such an

interpretation. [10] found similar results for the deformation of capillary ducts

during drainage.

The time evolution of the average strains within the �nger formations identi-

�ed in Figure 4 has also been evaluated for the two test cases. In Figure 9 and
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Figure 10, the average positive and the absolute value of the average negative

volumetric strains, panel (a), the standard deviation of positive and negative volu-

metric strains, panel (b), the frequency of positive and negative volumetric strains

within the �nger, panel (c) and the average volumetric strain within the �nger,

panel (d), are depicted. It is evident that as the average positive and the absolute

value of the average negative volumetric strains are almost the same all along the

�ngering nucleation and propagation process in both tests, this is not the case for

the average volumetric strain which is positive in both cases but higher and with

a more negative slope in test case (1) than in test case (2). This result is corrob-

orated by the frequency of positive volumetric strains, within the �nger, higher

than that of negative ones.

In other words the higher the initial e�ective stress, and therefore the con�ne-

ment, is, the more relevant the initial positive strain associated to the �uid-�uid

interface nucleation will be. Moreover as the limit value of the volumetric strain at

the stationary state looks similar in test (1) and (2) the higher the e�ective stress

is, the more important the strain decay will be.

These results indeed underline the double-scale behavior of strains, induced by

drainage, in granular media: an intrinsic �discrete nature� of strains at the grain

scale, associated to grain displacements, and a �continuous behavior� of strains

at the mesoscopic scale of the sample, where a non-vanishing cumulated strain is

appreciated as a result of its spatial distribution at the grain scale.
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(a)

(b)

(c)

(d)

Figure 9: Time evolution of mean, standard deviation and frequency of positive

and negative volumetric strains captured inside the �nger (a), (b) and (c) respec-

tively; and mean of volumetric strains inside the �nger (d) for test (1). The time

instants corresponding to the images of test (1) in Figure 7 are labeled by the

symbol ∗. The reference t0 corresponds to the instant of gas entering into the

sample.
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(a)

(b)

(c)

(d)

Figure 10: Time evolution of mean, standard deviation and frequency of pos-

itive and negative volumetric strains captured inside the �nger (a), (b) and (c)

respectively; and mean of volumetric strains inside the �nger (d) for test (2). The

time instants corresponding to the images of test (2) in Figure 7 are labeled by

the symbol ∗. The reference t0 corresponds to the instant of gas entering into the

sample. 27
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5. Conclusions

In this paper the �rst results obtained exploiting the new biaxial apparatus avail-

able at Ecole Centrale de Nantes for the characterization of micro-scale hydro-

mechanical couplings in granular media have been presented. In particular evi-

dence of grain remodeling induced by drainage in the regime of capillary �ngering

has been found and the corresponding strains have been quanti�ed via DIC tech-

niques, once the front of the invading draining �uid identi�ed. To our knowledge

this is the �rst time where this coupling is observed and quanti�ed.

Results presented in the paper do not aim at providing a full parametric study

of the considered sand assembly but to give a proof-of-concept of the main idea that

heterogeneous in�ltration of gas through an initially saturated granular medium

can be responsible for local strain concentration, which indeed has been observed

in the two tests presented in section 3 and discussed in section 4.

Further developments will be devoted to validate the proposed interpretation

of the relation between grain remodeling and Haines jump events, driving the gas

injection via an imposed �ow rather than a given gas pressure, this will allow

for detecting possible �uctuation of the capillary pressure in a similar way as

observed by [12]. Moreover, with the aim of considering possible applications

of these results to the characterization of the tightness of the sealing caprock of

aquifer rock reservoirs, a similar analysis will be developed considering materials

of much smaller intrinsic permeability or hydraulic conductivity. In this case, the

use of �uids others than water and air will be recommended.
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