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Study of capillary interaction between two grains: a new

experimental device with suction control

J.-P. Gras · J.-Y. Delenne · M. S. El Youssoufi

Abstract We investigated the behavior of a water liquid bridge formed between two grains. We mainly focused on 
tensile tests with suction control (capillary pressure). Theo-retical and experimental studies are compared. A new 
exper-imental device involving suction control of the liquid bridge was developed specifically for this kind of test. 
Most of the liquid bridge variables and characteristics were measured by image analysis (gorge radius, volume, 
contact angles, fill-ing angles). Capillary force was measured by differential weighting. Experimental conditions 
allows us to avoid vis-cous effects. Our experimental results were close to Young-Laplace equation solutions. The 
“gorge method”, commonly used for calculating the capillary force, was also validated by our experiments. Liquid 
bridge rupture was studied and a new rupture criterion is proposed. This criterion depends on the grain radius, 
contact angle, surface tension and suction and was in agreement with the experimental results.
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1 Introduction

Understanding the role of capillary interactions in the overall behaviour of a wet granular material is of considerable tech-
nological importance for applications in many fields, such as civil engineering, pharmaceutical research, agronomy, etc. 
Some properties, such as tensile strength and water reten-tion, strongly depend on the capillary interactions between grains. 
For example, sand castles may be sculpted when sand is mixed with water [1]. Liquid bridges between grains generate 
attractive forces when the water content is low enough. These forces are due to the surface tension γ and the difference 
between the air pressure pa and the liquid pressure pw across the liquid/air interface, also called suction. Know-ing the 
capillary force that generates such liquid bridges is important to determine the local origins of the mechanical behaviour of 
unsaturated granular media [2].

A stable liquid bridge can be obtained by controlling the suction or liquid volume. We decided to control the suc-tion in 
this study. One advantage is that the suction of every liquid bridge in a sample is equal to the macroscopic suction imposed 
upon a laboratory sample (at equilibrium). We put forth the hypothesis that the equilibrium of suction and liquid bridge 
volumes is achieved by the formation of a thin film of water at the grain surface, thus enabling a quite rapid return to 
equilibrium. For example, after mixing water with a gran-ular medium, the relaxation time of liquid bridge volumes is 
around 5 min [3].

Several theoretical studies on the behaviour of liquid bridges between two spherical grains have been carried out using 
numerical solution of the Young-Laplace equation or a method based on the approximation of liquid bridge pro-files via 
circles (toroidal approximation). In most cases, these studies involve tensile tests on liquid bridges with an imposed volume. 
Some expressions which link the capillary force, volume and geometrical and physical characteristics of the liquid bridge 
have been proposed for monodisperse [4,5] and polydisperse [6,7] cases. Recently, some authors have stud-ied the relation 
between suction and liquid bridge volume [8–11] for given interparticle distances. Monodisperse [8,9, 11] or polydisperse 
[10] grain-pairs were considered in these



studies. The toroidal approximation has been validated in

monodisperse and polydisperse cases for given interparticle

distances [8,10]. Recently, tensile tests were briefly investi-

gated with suction control [12], with a numerical resolution

of the Laplace-Young equation.

Experiments have been carried out to study tensile tests

on liquid bridges for a given volume. One of the first experi-

mental studies was conducted by Mason and Clark [13], who

measured the capillary force as a function of the interparti-

cle distance between two monodisperse spheres or between

a sphere and a plate. Since this experiment, several exper-

imental studies have been carried out on polydisperse and

monodisperse spheres [5,14–17], with close agreement with

Young-Laplace equation solutions. We should underline the

experiments of Willet et al. [16] which seem very close to

modelling results because of the use of spheres with an excep-

tional surface state. To our knowledge, however, no experi-

mental studies have focused on liquid bridges with suction

control.

In this paper, we present an original experimental device

which allowed us to conduct tensile tests on liquid bridges

with suction control. The results of this experiment are com-

pared to Young-Laplace equation solutions, and the “gorge

method” is tested to calculate the capillary force. Then, we

present some results concerning the rupture distance.

2 Experimental setup

An experimental device was designed to perform displace-

ment controlled tensile tests on capillary bridges between

grain-pairs for a given suction (Fig. 1). A “grain-pair” is an

assembly of two spherical grains linked by a liquid bridge.

This device allows the measurement of capillary force as a

function of displacement, suction control, and measurement

of the main liquid bridge characteristics by image analysis.

2.1 Monitoring of tensile force as a function

of displacement

Fig. 1 Photo of the experimental device

Fig. 2 Description of the experimental device

computer data logging system, which continuously records

the apparent weight of the lower bead and its support as a

function of time. The duration of the experiment is short

(about 5 min).

The capillary force fcap is calculated by differential

weighting :

fcap = (md − ma)g (1)

where md and ma are respectively the dry mass and the appar-

ent mass (in the presence of a liquid bridge) of the lower bead

The experimental device is shown in Figs. 1 and 2. A microm-

eter table associated with a computer-controlled step motor 
governs the vertical displacement of the upper bead fixed to 
the micrometer table. The angular velocity of the step motor 
can be controlled to enable tensile tests at different velocities. 
The interparticle distance is deduced from the displacement 
velocity and the duration of the step displacement. The veloc-

ity used for our tests was sufficiently low, 5 µm/s, to avoid 
viscous effects.

Distilled water is introduced between two beads of 10 mm 
diameter via a channel in the upper bead connected to the 
water supply. The lower bead is attached to a high precision 
balance (10−3g) which monitors variations in mass during 
the tensile test. The output of the balance is connected to a



Fig. 3 Details on the application of suction, which is deduced from

the hi measure

and its support. The bridge volume in our experiment was

estimated to be in the 0.1µl − 4µl range. It corresponds to a

weight in the 10−6 N−0.4∗10−4 N ) range, which is relatively

weak in comparison to the capillary force (10−4 N −10−3 N )

but could be substantial in rare cases. Its effect contributes

to decreasing the measured capillary force. The force that

we measure would thus be an underestimation of the real

capillary force. The liquid bridge volume and its weight was

determined (using image analysis) and taken into account to

compare the theoretical to the experimental results.

2.2 Suction control

The air pressure is the atmospheric pressure. The water pres-

sure in the bridge is given by the difference hi between the

level of the liquid bridge neck and the level of the water in

the water tank (Fig. 3). A hole in the upper bead ensures

continuity between the liquid bridge water and the water of

the water tank. The height of the water in the water tank

is regulated by a laboratory scissor jack and measured by a

graduated burette.

The Young-Laplace equation can be applied for the liquid

bridge:

pa − pw = γ

(

1

ρext

−
1

ρint

)

(2)

where ρext and ρint are respectively external and internal

absolute values of radii of curvatures of the liquid bridge

surface. At the level of the liquid bridge gorge, the internal

radius of curvature is called the gorge radius h.

In the water tank and buret, water and air pressures are

equal at the air-water interface. Suction s is thus defined by:

s = pa − pw = ρghi (3)

Fig. 4 Geometrical model of a liquid bridge between two grains of

different sizes: h is the gorge radius, D is the interparticle distance, δ1

and δ2 are the filling angles, θ1 and θ2 are the contact angles, R1 and

R2 are the grain radii with R1 ≤ R2

Suction was not completely constant during the tensile

test. As the upper bead rose, hi changed during the test.

Nevertheless, these changes could be easily evaluated and in

most cases they were too weak in comparison to the initially

imposed suction value because of the low rupture distance

Drupt of the liquid bridge.

In order to avoid air bubbles which may alter the water

pressure control, a drain valve allowed the elimination of air

bubbles (Fig. 2). A temperature of 23 ◦C was kept throughout

the experiments.

2.3 Image analysis

For given geometrical characteristics (grain radius, interpar-

ticle distance) of the grain-pair (Fig. 4), and given physical

characteristics (contact angles, liquid/air surface tensions),

we examined the effect of suction on the liquid bridge behav-

iour. The image analysis allowed us to measure the main

liquid bridge characteristics.

A digital camera with macrozoom allowed us to accurately

record the shape of the liquid bridge during the tensile test

at the rate of one picture every 5 sec. It also allowed us to

control the alignment of the two beads.

An image analysis program was developed to extract the

main liquid bridge characteristics from the photos. Each bead

boundary was fitted by a circle which enabled us to determine

the scale of the photos (Fig. 5). First, the left and right profiles

y(x) of the liquid bridge were detected and estimated by a

fourth order polynomial. It was then possible to localize the

contact point between the liquid bridge and the beads. Then

the main geometrical characteristics of the liquid bridge were

evaluated (Fig. 6):

– Gorge radius. We localized the minimum A and B of the

right and left profiles (Fig. 5). The gorge radius is half of

the distance between these minimums.

– Filling angles. These are determined according to the cen-

ters of the beads and the contact points.



Fig. 5 Detection of the beads and liquid bridge contours by image

analysis

Fig. 6 Details of the right contour by image analysis

– Contact angles. Contact angles are the angles between

bead boundaries and polynomial representations of the

liquid bridge (Fig. 6).

– Volume. The volume is obtained by calculating the sur-

face covered by the liquid bridge while assuming that it

is a surface of revolution (see Fig. 7):

V = π

xc2
∫

y2(x)dx − V1 − V2 (4)

Fig. 7 Details of the liquid bridge

3 Experimental results

The tensile tests were carried out with suction control. The

granular material used for the experiments were monodis-

perse beads of 10 mm grain diameter. Figure 8 shows the

variations in the liquid bridge during three steps of the ten-

sile test. We noted that the liquid bridge formed was quite

symmetrical during the test.

3.1 Force and volume as a function of the interparticle

distance at constant suction

Several tests were conducted for different suction values

(Fig. 9). The results were highly repeatable (very low stan-

dard deviation). The behaviour was very close to the solutions

of the Young-Laplace equation:

– In the case of tensile tests with suction control, the func-

tion representing the relation between the capillary force

and the interparticle distance was monotically decreas-

ing and convex (Fig. 9) instead of concave as reported in

tensile tests with volume control [13,16,18].

– The rupture distance decreased with increased suction

(Fig. 9).

– For weak interparticle distances, the capillary force

increased with increased suction (Fig. 9).

– For large interparticle distances, the capillary force

decreased with increased suction (Fig. 9).

The influence of suction on variations in the capillary force

as a function of the interparticle distance in tensile tests with

suction control was found to be the opposite of the influence

of volume in tensile tests with volume control. No peaks

were noted in tensile tests with suction control, as generally

observed in tensile tests with volume control [13,18]. Such

peaks have been previously attributed to changes in contact

xc1

2.4 Experimental protocol

The first step involves filling the hydraulic system with water. 
For this, the hole of the upper bead is stopped up. Then water 
is added via the water tank until water flows off the drain 
valve. Then the drain valve is closed and the hole of the upper 
bead is opened. Water flows through the hole until hi = 0. 
Then a liquid bridge is formed for hi = 0 by positioning the 
lower bead. By moving the water tank vertically and setting 
it at a given height, suction is applied to the liquid bridge. 
The tensile test can begin by applying a vertical velocity to 
the upper bead.



Fig. 8 Photos of the liquid bridge. From the top to bottom photos, the

interparticle distance is 0.0 mm, 0.3 mm and 0.67 mm (near rupture),

respectively; R = 5 mm and s ≈ 40 Pa

angles at low interparticle distance D values [18]. Moreover,

we noted that variations in volume during the tensile test were

not monotonic (Fig. 10). The volume first increased with the

interparticle distance and finally decreased until rupture of

the liquid bridge.

3.2 Experimental validation of the gorge method

The “gorge method” is conventionally used to calculate the

capillary force. In this method, the capillary force fcap is

defined as a function of the gorge radius h, suction s and

surface tension γ , and is expressed as:

fcap = 2πγ h + πsh2 (5)

Surface tension is first measured at the outlet of the

hydraulic system by wrenching (γ = 0.051 N/m), suction

is applied, and the gorge radius can be measured by image

analysis. The low water surface tension value is attributed to

impurities in the hydraulic system.

Figure 11 presents variations in the gorge radius as a func-

tion of the interparticle distance.
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Fig. 9 Variations in capillary force as a function of the interparticle

distance in the case of tensile tests with suction control. Each point

represents the average of 6 points
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Fig. 10 Experimental variations in liquid bridge volume as a function

of the interparticle distance in the case of tensile tests with suction

control

Experimental gorge radius, water surface tension and suc-

tion values were used to determine the capillary force using

the “gorge method”. Capillary forces determined by the

“gorge method” were very close to the experimental capillary

forces (Fig. 12). For the comparison, we took into account

the weight of the liquid bridge, which was calculated from its

volume V measured by image analysis. The “gorge method”

appears to be a good approximation to evaluate capillary

forces for a symmetrical liquid bridge.

4 Force displacement and rupture modelling

Experimental capillary forces were compared to the solu-

tions of the Young-Laplace equation. The ”grain-pair”

characteristics are known: grain radius (R = 5 mm), sur-

face tension (γ = 0.051 N/m) and variations in the con-

tact angle θ with the interparticle distance D [19]. Some

effects are due to gravity: upper top and lower bottom contact
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Fig. 11 Experimental variations in the gorge radius measured by image

analysis as a function of the interparticle distance and for different

suctions in the case of tensile tests with suction control
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Fig. 13 Comparison of the experimental results with Young-Laplace

solutions concerning the capillary force for different suctions in the case

of tensile tests with suction control
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Fig. 14 Rupture distance in tensile tests with controlled suction or

volume (θ = 20◦)

to predict the rupture distance of the liquid bridge. The Lian

criterion of rupture is expressed as:

Drupt = (1 + 0.5θ) V
1
3 (6)

Firstly, the validity of this criterion in tensile tests with

volume control was tested experimentally with our device.

For this particular test, the upper bead did not have a hole

and the volume was introduced between the two beads using

a microsyringe. In this case, the Lian criterion gave a good

prediction of the rupture distance as a function of the vol-

ume (Fig. 14): experimental data (square) are close to the

Lian criterion. Secondly, the validity of this expression in

tensile tests with suction control was tested experimentally.

In this case, we noted as expected that the experimental data

(triangles) were not in agreement with the Lian criterion but

fit well the estimation of rupture from Young-Laplace equa-

tion (Fig. 14). These results clearly confirm that the rupture

distance depends on the loading path of the liquid bridge.

D (mm)

Fig. 12 Comparison of experimental results obtained with the “gorge 
method” (Eq. 5) for different suctions in the case of tensile tests with 
suction control

angles do not have the same value. We noted that the differ-

ence between both decreased with increased suction. In order 
to simulate the experimental behaviour, experimental varia-

tions in the upper and lower contact angles were fitted and 
then taken into account in the model. Then, by using the 
grain-pair characteristics during the tensile test, it was possi-

ble to compare the Young-Laplace solutions, associated with 
the “Gorge method”, to the experimental data in terms of 
capillary forces or rupture distances [20]. We noted that the 
experimental and theoretical capillary forces were very close 
(Fig. 13). The approximation was better for high suctions. 
Otherwise, we noted that the gap between the theoretical 
approximation and the experimental data increased as a func-

tion of the interparticle distance. This increase could be 
explained by the gravity effect, which is greater for high 
interparticle distances (Appendix 1).

In tensile tests with controlled volume, an empirical 
expression proposed by Lian et al. [21], is generally used
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Fig. 15 Tensile tests with suction control. a Variations in D∗
rupt as a

function of H12 for θ = 0. b Variations in the ratio
D∗

rupt

D∗
rupt θ0

for several

r and H12 values as a function of the contact angle θ

A rupture criterion would be necessary for tensile tests

with suction control. In this part, the results are presented

with dimensionless variables. For grains with different radii

R1 and R2, we used the arithmetic mean radius R12 =
2R1 R2
R1+R2

,

the interparticle dimensionless distance D∗ = D
R12

and the

dimensionless suction H12 =
s R12

γ
. We noted that the relation

between the dimensionless rupture distance and the dimen-

sionless suction hardly depended on the polydispersity ratio

r =
R1
R2

for 0, 1 ≤ r ≤ 1 in tensile tests with suction control

(Fig. 15a) for null contact angles. We only plotted curves for

r = 0.1 and r = 1, but the other curves for 0, 1 < r < 1 are

included in the space between the two plotted curves. From

this observation, the dimensionless rupture distance for a null

contact angle D∗
ruptθ0 can be approximated by:

D∗
ruptθ0 = (H12 + 3)−0.93 (7)

On Fig. 15b, we note that the relation between the ratio
D∗

rupt

D∗
rupt θ0

and the contact angle θ hardly depends on the polydis-

persity ratio r for 0.1 ≤ r ≤ 1 and on the dimensionless suc-

tion H12 and follows a cosine curve. From this observation,
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Fig. 16 Rupture criterion for tensile tests with suction control (θ =

20◦)

we formulated the following equation:

D∗
rupt

D∗
ruptθ0

= (cos θ)1.7 (8)

Finally, it is possible to establish a rupture criterion of the

bridge which gives the dimensionless rupture of the liquid

bridge as a function of the dimensionless suction H12 and

contact angle θ from Eqs. 7 and 8. Its expression is:

D∗
rupt = (H12 + 3)−0.93 ∗ (cos θ)1.7 (9)

This rupture criterion fit well the estimation of rupture

from Young-Laplace equation. We noted that, for a mean

contact angle of 20, as measured by image analysis, the rup-

ture criterion was very close to the experimental data for

rupture (Fig. 16).

5 Conclusion

An innovative experimental device has been developed for

tensile tests at constant suction and allows measurement of

the main liquid bridge characteristics (capillary force, inter-

particle distance, liquid bridge volume, gorge radius, con-

tact angles, filling angles) with excellent repeatability. This

device also enables validation of an expression commonly

used to calculate the capillary force, i.e. the “gorge method”.

A model based on the Young-Laplace equation coupled with

the gorge method for calculation of the capillary force is

proposed. This model specifically takes into account differ-

ences in contact angle between the liquid and two different

grains. Our comparison between Young-Laplace solutions

and experimental results concerning capillary forces indi-

cated very close values. The validity of the Lian criterion for

rupture did not seem to agree in the case of tensile tests with

suction control. A criterion which depends on the dimension-

less suction and contact angle is proposed for tensile tests

with suction control. This result is very useful for studying



the effect of capillarity on the overall cohesion of a granu-

lar material because the density of liquid bridges is directly

linked to the rupture distance of liquid bridges.

Appendix: Effect of gravity

We consider a vertical liquid bridge under gravity. The effect

of gravity decreases the rupture distance, creates distortion

in the liquid bridge and changes the capillary forces. Under

gravity, a difference of pressure �p across the liquid/air inter-

face is: �p = �p0 − (ρw − ρa)gx [22,23]. ρw et ρa are

respectively densities of water and air, g is the acceleration

due to gravity, �p0 is the pressure difference between water

and air at the liquid bridge gorge and x is the vertical posi-

tion from the gorge section. Then, for a vertical liquid bridge

with x defining the vertical axis, consideration of the grav-

ity on the liquid bridge shape modifies the Young-Laplace

differential equation, which becomes:

−�p0

γ
+

(ρw − ρa)g

γ
x =

ÿ (x)
(

1 + ẏ2(x)
) 3

2

−
1

y(x)
√

1 + ẏ2(x)

(10)

From this equation, we note that the effect of gravity increases

with the interparticle distance [24]. The dimensionless equa-

tion becomes:

H = H0
12+B0x∗ =

ÿ∗ (x∗)

(

1 + ẏ∗2
(x∗)

)
3
2

−
1

y∗(x∗) 1 + ẏ∗2
(x∗)

(11)

with y∗(x) =
y(x)
R12

, x∗ = x
R12

, H0
12 =

−�p0 R12

γ
and B0 =

(ρw−ρa)gR2
12

γ
. In the experimental studies presented, the max-

imum ratio between the two left terms of the former equa-

tion was noted when x was high. Hence, the variation in

water pressure inside the bridge increases as the interparticle

distance increases. For example, in the above experiments,

the maximum value of this ratio (at rupture) was respec-

tively under 2, 7 and 15 % for suctions of 140 Pa, 70 Pa and

40 Pa. This means that the variation in water pressure inside

the bridge due to gravity increases when suction decreases.

This explains why the model was more accurate at high suc-

tion values. Considering that errors due to gravity are not

very marked, we do not have to take gravity into account

in our model. Nevertheless, its effects are of interest when

analyzing the results.
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