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Abstract The mechanics of granular media at low liq-

uid saturation levels remain poorly understood. Macro-

scopic mechanical properties are affected by microscale

forces and processes, such as capillary forces, inter-particle

friction, liquid flows, and particle movements. An im-

proved understanding of these microscale mechanisms

is important for a range of industrial applications and

natural phenomena (e.g. landslides). This study focuses

on the transient evolution of the tensile stress of unsatu-

rated granular media under extension. Experimental re-

sults suggest that the stress state of the material evolves

even after cessation of sample extension. Moreover, we

observe that the packing density strongly affects the ef-

ficiency of different processes that result in tensile stress

relaxation. By comparing the observed relaxation time

scales with published data, we conclude that tensile
stress relaxation is governed by particle rearrangement

and fluid redistribution. An increased packing density

inhibits particle rearrangement and only leaves fluid re-

distribution as the major process that governs tensile

stress relaxation.
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1 Introduction

Tensile strength of granular materials, namely their re-

sistance to deformation by tensile forces, has been ex-

perimentally studied using different techniques (see [13,

18,23,24,30,32,33]). The different studies show that there

are several parameters that affect this property. First,

the degree of liquid saturation significantly alters the

tensile strength. At low saturation degrees, the liquid

forms capillary bridges between the particles [9,27], that

exert a cohesive force on the particles and thus increase

the effective strength of a granular medium [2,5,7,8,18,

22,28,29]. At higher saturation degrees, liquid is also

present in clusters, which also exert a cohesive force

on the adjacent particles [9,27]. At even higher satura-

tion degrees, the abovementioned effects vanish and the

strength of a granular medium decreases significantly

[18,22].

Additionally, the effects of fluid saturation are al-

tered by particle size and degree of compaction [9,10].

Generally, media characterised by smaller particle sizes

(fine-grained materials) have a higher strength than the

ones composed of larger grains (coarse-grained materi-

als) [18]. This phenomenon can be related to the in-

creasing number of contacts between particles with de-

creasing particle size [1]. Additionally, the effect of liq-

uid saturation on tensile strength is different in fine-

and coarse-grained materials: whereas fine-grained ma-

terials exhibit a strength peak at intermediate satura-

tions [18,32], the strength of coarse-grained materials

increases with increasing saturation level [18,30]. The

last major property that affects tensile strength is the

packing density. As one would expect, tensile strength

increases with increasing packing density [10,25]. As in

the case of capillary bridges, this behaviour can be at-
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tributed to the increased number of contacts at higher

packing densities [10].

Most studies mentioned above have focused on the

ultimate tensile strength of an unsaturated (therefore

with a liquid saturation level lower than 100 %) gran-

ular medium, which is the highest stress one measures

before the material fails. However, in a deforming gran-

ular medium, there are a number of processes that affect

its stress state. First, due to stretching of the capillary

bridges, their Laplace pressure changes, which in turn

results in fluid exchange between bridges with differing

Laplace pressure and thus also in a change in cohesive

forces [7,11,21,28]. Second, if a capillary bridge is suf-

ficiently stretched, it will rupture and thus its cohesive

contribution to tensile strength will be lost. Third, the

particles in a granular medium may rearrange, which

can alter i) their number of contacts and ii) the length

of the respective capillary bridges. We expect the tensile

stresses of a granular medium to vary with time due to

interplay among the phenomena above, and to relieve in

a way similar to viscoelastic materials (see e.g. [3]). For

this reason, we conducted a series of experiments where

we investigated the temporal evolution of the tensile

stress of an unsaturated granular medium under exten-

sion. Here we present the experimental setup and the

results of the experiments, which show that the tem-

poral stress evolution behaves differently for different

particle packings. We then discuss the possible causes

for the behaviours observed in the experiments.

2 Experiments

2.1 Experimental setup

The experimental setup consists of a split cell with di-

mensions 9.6×15×3.6 cm3 (see Fig. 1). Cell surfaces are

roughened to increase friction and prevent the grains

from sliding against them. The left half of the cell is

connected to a piston, which can be moved at arbitrary

speeds. Its movement is measured with a displacement

sensor (Inelta ISDT50). The right part of the cell is con-

nected to two force sensors (Interface WMCFP, 500 g

capacity) and is mounted on bearings. Displacement

sensor and force sensors are connected to a datalogger

(Campbell Scientific CR1000), while the piston is con-

trolled by a displacement controller (PERO GmbH).

The overall measurement accuracy is ±18 µm for dis-

placement measurements and ±0.02 N for force mea-

surements. A similar setup has already been used by

Ref. [24].

The granular material consists of glass beads with

mean grain radius of 61 µm (see Fig. 2 for grain size

distribution). The glass beads are wetted with either

Fig. 1 Experimental setup
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Fig. 2 Cumulative grain size distribution of the glass beads;
d is the grain diameter

water or a mixture of water and Triton X-100 (Sigma

Aldrich) with a molarity of 1.5·10-4 M. Triton X-100

was added to manipulate the surface tension, this sur-

factant reduces the surface tension from 72.8·10-3 N/m

(pure water) to 32.8·10-3 N/m [14]. Both surface ten-

sion values refer to the fluid as it is prepared before

mixing it with the glass beads.

2.2 Sample preparation

To investigate the influence of packing density, two types

of samples were used: the first type had a low packing

density (with a solid fraction Φ ' 0.41), the second had

a slightly higher packing density (Φ ' 0.51). Packing

density was measured by weighing the granular mate-

rial before filling the split cell and by estimating its

volume after placing it inside the split cell. Using a

glass bead density of 2.5·103 kg/m3, we then estimated

the packing density by computing the total glass bead

volume and dividing it by the total cell volume.
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The wet granular mixture was prepared by adding

the desired amount of liquid to the glass beads. The two

phases were mixed and left to equilibrate for at least 30

minutes to ensure a homogeneous fluid distribution. In

all experiments presented here, the volumetric liquid

content (θv, defined as liquid volume divided by total

sample volume) is lower than 2.4 %, thus the sample

was in the pendular regime. In this regime, liquid is

retained solely in capillary bridges [27,28].

Low density samples were prepared by filling the

split cell with a funnel without further compaction. The

sample surface was levelled by removing the exceed-

ing material. The packing fraction of those samples was

0.41 ±0.02. Samples with higher packing fraction were

prepared following the same procedure, but were addi-

tionally vibrated with a frequency of 150 Hz. The ma-

terial was vibrated from the top via a vibration conduc-

tor made of extruded rigid polystyrene (SAGEX XPS

Styro by Sager AG). The vibrating device on top con-

sisted of a loud speaker connected to an oscilloscope.

Since it was not possible to precisely set a vibration

amplitude (which was most probably modified by the

vibration conductor as well), we are not able to give an

accurate information on this parameter. Samples were

vibrated for 30 seconds. The packing fraction of those

samples was 0.51 ±0.02. To reduce evaporation the cell

was covered after sample preparation.

2.3 Experimental procedure

To investigate the temporal tensile stress evolution of

the wet granular sample, we extended the samples at a

velocity of 4·10-6 m/s until reaching the peak strength

of the sample. The strain ε = ∆l/l (where ∆l is the dis-

placement of the left cell and l is the length of the sam-

ple before extension) at which peak strength is reached

is termed the critical strain [22]. In our experiments,

the critical strain was reached at displacements of 1.5

to 2.3 bead radii. Being the cell covered during the ex-

periments, we did not evaluate local strains inside the

samples. Extension was then halted for 30 minutes. Af-

ter this phase extension was resumed until no more ten-

sile strength was exerted by the material. During the

entire experiment, the force (F ) and displacement (∆l)

were recorded at 1 Hz sampling rate.

3 Results

In Fig. 3 we show the evolution of force and displace-

ment for a typical experiment (experiment 7 of Table

2).

Fig. 3 Temporal evolution of force and displacement in a
typical experiment (Φ ' 0.51, Γ = 32.8·10-3 N/m); force data
is corrected for intrinsic friction in the setup; t is the elapsed
time

The experiment can be divided into three phases:

initial extension, relaxation, and final extension. The

different stages are characterised by the evolution of the

measured force. During the initial extension phase, the

force increases until reaching peak strength, which cor-

responds to the material ultimate tensile strength. Peak

strength is defined by looking at force data recorded by

sensors. In loose packing experiments run with pure wa-

ter as interstitial fluid, the initial extension is manually

stopped (acting on the piston displacement controller)

as soon as the sensors show that the force is decreasing,

thus right after the tensile strength of the material has

been reached. The peak force value occurs at displace-

ments of 9·10-5 to 1.4·10-4 m and corresponds to the

highest force that can be sustained by the sample. In the

other cases, extension is stopped by halting the piston

movement at the fixed displacement of 1.5 mean bead

radii (9·10-5 m). Thus the force peak corresponds to

the force recorded by the sensors when the left cell has

been displaced by 9·10-5 m. In the following phase the

force relaxes (this phase is consequently named the re-

laxation phase). After 30 minutes extension is resumed.

During this phase, we observe an increase in force until

a second peak is reached. Note that this force peak is

lower than after the first extension phase. Subsequently,

the measured force decreases rapidly, because a frac-

ture fully develops inside the sample, so that the grains

on the left cell are completely disconnected from the

ones on the right cell. At the end of the final extension

phase the two sides of the sample are completely dis-

connected. The remaining force can be related to the

friction between the sample and the bearings.

Experiments were run with loose packing samples

(experiments 1 to 4 of Table 1) and vibrated samples

(experiments 5 to 7 of Table 2). The volumetric liquid
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content was 1.5 % in loose packing samples and 1.8 %

in vibrated samples. Interstitial liquid of lower packing

density experiments was pure water (surface tension:

Γ = 72.8·10-3 N/m), while water with the addition of

Triton X-100 was used in the case of vibrated samples

(Γ = 32.8·10-3 N/m). Two different fluids were used

to observe if surface tension had a relevant effect on

stress relaxation. To discern the effect of surface tension

from the one of packing density, pure water was used

in one vibrated packing experiment and water with the

addition of Triton X-100 was used in one loose packing

experiment.

Our analysis concentrates on the relaxation phase

(see Fig. 3). Initially, relaxation is very fast and then

slows down. At the end of the relaxation phase we ob-

serve a steady state (see Fig. 4 and 5).

Although the scatter in peak force of the different

experiments is large (standard deviations of 0.022 N

and 0.119 N for loose packing and vibrated packing

experiments respectively, with mean peak force values

of 0.332 N and 0.845 N, see Tables 1 and 2), we observe

two distinct types of force relaxation (see also Fig. 4 and

Fig. 5). To better characterise the two relaxation types,

the force relaxation curve is fitted using two different

functions: a single exponential decay function (1) and

a double exponential decay function (2).

F = a1e
−t/τ1 + b1 (1)

F = a2e
−t/τ2 + a3e

−t/τ3 + b2 (2)

t is the time elapsed since the initial extension is stopped;

τ1, τ2, and τ3 are the relaxation times of the decay; a1,

b1, a2, a3, and b2 are fitting parameters.

In Fig. 4, we show the force relaxation curve of ex-

periment 2 (with a packing fraction of ' 0.41 and a sur-

face tension of 72.8·10-3 N/m) together with the fitting

curves of both decay functions. The lower curves show

an experiment run with the same packing fraction, but

with a fluid with lower surface tension (32.8·10-3 N/m).

We observe that the double exponential decay function

fits the relaxation curve significantly better (a triple ex-

ponential decay does not significantly improve the fit).

This improvement can also be appreciated by looking

at the goodness of fit of decay functions (see Table 3).

The SSE (sum of squares due to error) is reduced on

average by a factor of ten when fitting with Eq. (2)

instead of Eq. (1).

Fig. 5 shows the force relaxation curve of a vibrated

experiment (experiment 5, Φ' 0.51, Γ = 32.8·10-3 N/m)

and the two fitting curves. The higher curves show a

vibrated experiment run with an interstitial fluid with

higher surface tension (72.8·10-3 N/m). We observe that

both decay functions fit the experimental data equally

well and that no substantial improvement is obtained

Fig. 4 Force decay after stopping the initial extension for
two loose samples; experimental data and curve fitting;
Φ ' 0.41; force data is corrected for intrinsic friction in the
setup

using a double exponential decay fitting function. When

looking at SSE of decay functions (Table 3), we also no-

tice that the improvement obtained with Eq. (2) is not

so relevant as in loose samples (SSE is reduced on av-

erage by a factor of four instead of ten).

Fig. 5 Force decay after stopping the initial extension for
two vibrated samples; experimental data and curve fitting;
Φ ' 0.51; force data is corrected for intrinsic friction in the
setup

The values of relaxation times computed for the dif-

ferent experiments are reported in Table 1 (loose pack-

ing experiments) and Table 2 (vibrated experiments),

while Table 3 shows the goodness of fit.

To better observe the formation of a rupture sur-

face, we also ran experiments where the sample was

not covered. As evaporation was significantly larger in

those cases, we cannot directly compare the force curves

to the experiments presented above. However, depend-

ing on the packing of the sample, we could qualita-
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Table 1 Loose packing experiments: force values at the first
peak (F1st peak) and at the end of the relaxation phase
(Fend) and relaxation times; Φ ' 0.41, θv = 1.5 %, Γ of
fluid = 72.8·10-3 N/m; x are the arithmetic means; σ are the
standard deviations; xmax

xmin
are the ratios between the highest

and the lowest values

Exp. F1st peak Fend τ1 [s] τ2 [s] τ3 [s]
[N] [N]

1 0.32 0.16 457 54 735
2 0.36 0.19 268 66 1825
3 0.30 0.15 354 30 612
4 0.35 0.23 284 61 1665

x 0.33 0.18 340.6 52.6 1209.0
σ 0.03 0.04 74.4 13.8 540.6
xmax

xmin
1.20 1.53 1.7 2.2 3.0

Table 2 Vibrated experiments: force values at the first peak
and at the end of the relaxation phase and relaxation times;
Φ ' 0.51, θv = 1.8 %, Γ of fluid = 32.8·10-3 N/m

Exp. F1st peak Fend τ1 [s] τ2 [s] τ3 [s]
[N] [N]

5 0.68 0.48 125 16 163
6 0.90 0.68 104 10 146
7 0.96 0.70 207 41 400

x 0.85 0.62 145.0 22.2 236.5
σ 0.15 0.12 44.7 13.5 115.9
xmax

xmin
1.41 1.46 2.0 4.3 2.7

Table 3 Goodness of fit of loose packing and vibrated exper-
iments; SSE (1) is the sum of squares due to error, computed
using Eq. (1) as fitting function; SSE (2) is the sum of squares
due to error, computed using Eq. (2) as fitting function; SSE
are the arithmetic means

Loose packings Vibrated packings

Exp. SSE (1) SSE (2) Exp. SSE (1) SSE (2)
[N2] [N2] [N2] [N2]

1 3.1·10-2 3.1·10-3 5 2.3·10-2 0.8·10-2

2 7.3·10-2 3.9·10-3 6 5.6·10-2 2.1·10-2

3 3.7·10-2 5.6·10-3 7 8.6·10-2 1.0·10-2

4 3.5·10-2 4.6·10-3

SSE 4.4·10-2 4.3·10-3 5.5·10-2 1.3·10-2

tively observe that the formation of a rupture surface

occurred much later in loosely packed samples than in

close packed samples. As shown in Fig. 6, when using

loose packing samples (Φ ' 0.41), the fracture devel-

oped during the final extension phase. The material had

to reach a strain as high as ε ' 0.01 before a rupture

surface was formed. In the vibrated case (Φ ' 0.51), the

rupture surface appeared much earlier (see Fig. 7). One

could clearly observe its formation already at a strain

of 6.7·10-4 (end of initial extension phase).

Fig. 6 Fracture evolution in a loose packing experiment; the
fracture becomes visible when ∆l = 1.5·10-3 m

Fig. 7 Fracture evolution in a vibrated packing experiment;
the fracture becomes visible when ∆l = 1·10-4 m

4 Discussion

Our results illustrate that the tensile stress of an unsat-

urated granular material is time dependent. We observe

stress relaxation, which can be fitted with either a sin-

gle or a double exponential decay.

Loose packing samples exhibit a force decay which

can be well fitted using two relaxation times. This be-

comes evident when looking at Table 3. When a sin-

gle exponential decay function is used to fit the ex-

perimental data, SSE values vary between 3.1·10-2 N2

and 7.3·10-2 N2. These errors are reduced by one or-

der of magnitude if a double exponential function is

used (3.1·10-3 N2 to 5.6·10-3 N2). Eq. (2) improves the

fitting of vibrated experiments as well, but in a less

relevant way compared to loose packings. The errors

obtained fitting with Eq. (1), range from 2.3·10-2 N2 to

8.6·10-2 N2, while the ones obtained with Eq. (2) range
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between 0.8·10-2 N2 and 2.1·10-2 N2. Due to sample

variability (even within the same experimental condi-

tions), the improvement obtained using Eq. (2) can also

be relevant for vibrated experiments (the ratio between

SSE obtained with a single and a double exponential

decay is as high as 8.5 for experiment 7). Yet it should

be remarked, that an increase in the number of fitting

parameters results most likely in any case in a reduc-

tion of SSE. When looking at the whole set of data

(Table 3), a clear difference emerges between loose and

vibrated experiments, in respect that Eq. (2) is needed

to fit loose packing experiments, while Eq. (1) is able

to fit vibrated experiments.

It becomes apparent that the force decay type (force

variation as a function of time) depends on the packing

of the sample, while liquid surface tension only affects

the strength values. Sample packing then determines

the processes governing force relaxation. The number

of relaxation times (one or two) suggests that either

one or two phenomena are dominant.

Three main phenomena are expected to occur dur-

ing the relaxation phase (see Fig. 8): i) liquid bridge

ruptures [11,35], ii) fluid redistribution [7,11,21,26,28],

and iii) grain rearrangement [6,34].

We estimate the critical bridge length, i.e. the dis-

tance between two beads at which the bridge pinches

off, to evaluate the importance of liquid bridge ruptures

during the relaxation phase. An empirical expression

used to calculate the critical bridge length has been

proposed by Ref. [35] and is given by

sc = R

(
1 +

θ

2

)( 3
√
V

R
+

3
√
V 2

10R2

)
(3)

where sc is the critical bridge length, V is the bridge

volume, R is the mean bead radius (61·10-6 m), and

θ is the contact angle of the fluid at the grain surface

(which is assumed to be 0 ◦ in this calculation). To es-

timate sc we calculate the mean bridge volume of the

sample. This is done taking into account the weight

of the beads composing the sample (0.5 kg for loose

packing experiments, 0.6 kg for vibrated experiments),

their density (2.5·103 kg/m3), and their diameter. One

can thus estimate the total number of beads inside the

split cell and the total number of liquid bridges (we as-

sume that, on average, six bridges are connected to ev-

ery particle [11]). Knowing the amount of water added

to the medium (7.5 ml in loose packing experiments,

9 ml in vibrated experiments), the bridge volume can

be estimated to be about 10-14 m3 in both loose pack-

ing experiments and vibrated experiments. The critical

length for a bridge with this volume is 2.4·10-5 m. This

should be reached within 6 s during the initial extension

phase (at the force peak, the left cell displacement is at

least 9·10-5 m). If the particles were firmly connected to

the cell and if there were no particle movement allowed,

liquid bridges across the gap section would stretch as

much as the sample. Hence they would break during the

initial extension phase, and bridge ruptures would not

play any significant role during the relaxation phase.

However granular packings are not perfectly rigid, but

they can deform. Therefore some bridges across the gap

section are expected to survive initial extension. These

bridges will contribute to material tensile strength also

during the relaxation phase.

Fluid redistribution among capillary bridges occurs

due to differences in their Laplace pressure. The liq-

uid moves through thin wetting layers surrounding the

grains and through the vapour phase [7,12,31]. Dur-

ing extension, the bridges in the area of contact be-

tween the two sides of the cell are elongated, and thus

their Laplace pressure increases [15–17]. This increase

results in a fluid flux away from the extended region of

the sample. This flux decreases the volume of the elon-

gated bridges, until either they equilibrate their pres-

sure with the other bridges or they rupture. The result

of this fluid depletion is a temporal reduction in mate-

rial internal stress. The force exerted by liquid bridges

decreases when their volume reduces, as can be seen in

the empirical expression proposed by Ref. [35]

Fbridge =
2πRΓ cos θ

1 + 1.05s

√
R

V
+ 2.5s2

R

V

(4)

where Fbridge is the bridge strength, and s is the bridge

length. The process of pressure equilibration through

fluid redistribution is rather slow. According to Ref. [7],

the relaxation time of liquid redistribution after the end

of any perturbation of the medium is about 300 s (for

water at room temperature), and it scales with µR2 (µ

is the dynamic viscosity of the liquid). The author of

Ref. [26] has also proposed that liquid redistribution re-

laxation time is directly proportional to liquid viscosity,

but he claims it is also inversely proportional to liquid

surface tension. Therefore the relaxation time of fluid

redistribution should scale with µ/Γ . Being of the order

of hundreds of seconds, we expect fluid redistribution

to play an important role for several minutes during the

relaxation phase of our experiments.

The relative movement of particles is possible in

ductile samples. With increasing compaction, such a re-

arrangement becomes progressively more difficult, since

each particle movement involves mobilising a larger num-

ber of grains [6,34]. Grain rearrangement does not only

occur when the medium is subjected to external stresses

but still persists after the removal of any applied load.

According to Ref. [6] the time scale of this relative
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movement varies between 20 and 300 s after unload-

ing the material. The authors of Ref. [34] have also

suggested that this time scale should last a few tens

of seconds. Thus grain rearrangement is likely to occur

not only during the initial extension phase, but also

during the beginning of the relaxation phase.

The different phenomena here described do not oc-

cur independently, but they are interrelated. Bridge

ruptures will not only occur due to the initial extension

of the medium, because packings are not completely

rigid, and not all the bridges have the same volume.

Thus several bridges in the area of contact between the

two sides of the cell will survive the extension phase.

Because of fluid redistribution between these bridges

and the neighbouring one, and because of grain rear-

rangement, some ruptures are likely to occur also during

the relaxation phase. However these ruptures (thus also

the time scale) are entirely dependent on the other two

phenomena. Fluid redistribution affects the strength of

liquid bridges as well, thus the force and contact net-

work inside the medium. This can lead to grain rear-

rangement which also modifies the internal stress state

of the packing. Particle rearrangement occurring at the

beginning of the relaxation phase modifies the capil-

lary bridges network. Bridges are elongated or short-

ened, therefore their pressure varies and liquid flux is

initiated. However, the time scales of these phenomena

do not change because grain rearrangement induced by

fluid redistribution stops when fluid redistribution ends,

and fluid redistribution induced by grain rearrangement

stops when grain rearrangement ends.

In the loose packing experiments, force relaxation

can be described by a double exponential decay (Fig.

4), whose characteristic relaxation times are approxi-

mately 50 s (τ2) and 1200 s (τ3) (see Table 1). This

indicates that two different phenomena dominate dur-

ing the relaxation phase. Both grain rearrangement and

fluid redistribution are therefore likely to play a signif-

icant role in altering the stress state of the granular

medium. Furthermore the relaxation times we obtained

from experiments are comparable to grain rearrange-

ment and fluid redistribution time scales proposed in

the literature [6,7,34]. Using the previous arguments,

we suggest that the short relaxation time scale in our

experiments can be attributed to grain rearrangement

and the long relaxation time scale to fluid redistribu-

tion.

The force relaxation of vibrated packing experiments

follows a single exponential decay (Fig. 5). This means

that only one phenomenon is dominant during the re-

laxation phase. Being the relaxation time of force de-

cay (' 150 s, see Table 2) comparable to the one of

fluid redistribution proposed by Ref. [7], we attribute

the observed time scale to fluid redistribution. Grain

rearrangement could also occur during the relaxation

phase, but we expect that it does not play a significant

role.

The observation of fracture evolution (Fig. 6) also

suggests that grain rearrangement plays an important

role in loose packing experiments. The rupture surface

is only visible during the second extension phase, when

the displacement of the left cell is above 1 mm. This

shows the high ductility of loose packing samples, in

which grains are able to move with respect to each

other. Vice versa, in vibrated experiments the rupture

surface appears during the first extension phase (Fig.

7), when the displacement of the left cell is only 0.1 mm.

This indicates that the mobility of particles inside the

medium is limited, and that vibrated samples are more

rigid and brittle than loose packings. Grain rearrange-

ment is therefore not expected to be an important phe-

nomenon during the relaxation phase of vibrated ex-

periments.

In general, the results from vibrated experiments ex-

hibit shorter relaxation times compared to loose pack-

ing experiments (see Table 1 and Table 2). This can be

explained by higher bridge connectivity in close pack-

ings. As shown by Ref. [11], the average number of liq-

uid bridges per grain increases with increasing packing

density. Fluid depletion from the central part of the

sample becomes faster as the connectivity increases.

The reasons are the reduced distances among bridges

(lower energy loss through wetting films) and the in-

creased outgoing flux from high pressure bridges due

to their connection to a higher number of low pressure

bridges. Other parameters could also affect relaxation

times, e.g. bridge volume size distributions, coordina-

tion number variability, or saturation degree. For in-

stance, the equilibration time should increase with de-

creasing liquid bridge size, because of an increment of

the distance among bridges. Yet local gradients in cap-

illary pressure would also increase, leading to higher

flow rates. However our experiments do not provide

any accurate data for the evaluation of these param-

eters, hence we do not consider them in the present

discussion.

Vibrated samples show a higher tensile strength than

loose samples, although their interstitial liquid surface

tension is lower (see Table 1 and Table 2). One rea-

son is the higher coordination number of higher density

packings, thus the higher number of water bridges con-

nected to the grains [4,10,11], which enhances sample

strength. The other reason is the shorter bridge length

of vibrated packings, as grains are closer to each other.

As can be seen in Eq. (4), bridge forces increase with

decreasing bridge length.
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Fig. 8 Bidimensional sketch of the different processes occurring in the granular medium during extension; out of plane bridges
and grains are not depicted for clarity

Applying Rumpf’s model [25], we can compare the

tensile strengths of our experiments with theoretical

predictions. According to Rumpf’s model, tensile strength

of granular materials in the pendular regime could be

estimated with the following expression:

σt =
ΦkFbridge

π(2R)
2 (5)

where σt is the cohesive stress, and k is the coordination

number (considered to be 6 in both loose and vibrated

packings [11]). We compute Fbridge assuming a mean

bridge volume of 10-14 m3 (as in the calculation of sc).

The mean bridge length s is computed considering the

beads uniformly displaced as in a simple cubic packing

(therefore they are surrounded by 6 neighbours). Know-

ing the geometrical sample dimensions and the number

of beads inside the packing, we can estimate the dis-

tance between the centers of two particles (132.5 µm

in loose packing experiments and 123.5 µm in vibrated

experiments). Subtracting the grain diameter (122 µm)

from these distances, one finds the mean bridge length

inside the samples to be 10.5 µm in loose packings and

1.5 µm in vibrated packings. It is thus possible to es-

timate Fbridge (we assume a 0 ◦ contact angle) and

consequently σt (457 N/m2 loose samples, 722 N/m2

vibrated samples). Tensile strength is then computed

by multiplying σt with the cross section of our samples

(3.3·10-3 m2 in loose packing experiments, 3.2·10-3 m2

in vibrated experiments), so that we obtain a theoret-

ical tensile strength of 1.49 N for loose samples and

2.29 N for vibrated samples. According to Pierrat and

Caram [24] Eq. (5) overestimates tensile strength by a

factor of approximately 1.5, because it considers iso-

static stress conditions in the granule instead of uniax-

ial stress conditions. The theoretical tensile strength for

our samples could thus be more precisely estimated as

0.99 N for loose packings and 1.53 N for vibrated pack-

ings. These values are about 2 to 3 times larger than

our experimental observations (see Table 1 and Table

2). However it should be mentioned that the estimation

of σt strongly depends on the bridge length, therefore

any inaccuracy in the calculation of such a parameter
can lead to very different results. We therefore believe

that the discrepancy between our experiments and the-

oretical strength is mostly due to inaccuracies in the

estimation of calculation parameters.

A heterogeneous stress state of the granular sample

in the separation region of the split cell could also ex-

plain the discrepancy between theoretical strength and

our experiments. A fracture develops in the middle of

the sample during the experiments, as can be seen in

Fig. 6 and Fig. 7. The fracture could appear shortly

after initial extension is started, and it would be invis-

ible from above until it reaches the top of the packing.

Similar to brittle materials, stresses could then concen-

trate at the tip of the fracture and thus reduce sample

strength. The work needed to create the fracture sur-

face can be calculated by integrating the force over the

displacement of the initial extension phase. Depending

on the experiment, this work ranges between 2.4·10-5

and 5.0·10-5 J, and it comprises both the work required

to break liquid bridges and the dissipated work due
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to particle movements. This irreversible work depends

on liquid redistribution among capillary bridges (espe-

cially among those close to the fracture tip). The ten-

sile strength of an unsaturated granular medium could

thus be related to the work needed to break liquid

bridges, providing a new approach for tensile strength

estimation. This approach would be complementary to

Rumpf’s model, which is based on the calculation of the

bonding force of uniformly distributed capillary bridges.

Most of the previously described processes occur

also in sheared granular materials. In this case, liquid

bridges inside shear bands are elongated due to the slid-

ing of grains. If sc is reached, bridges will pinch off

and their fluid will be redistributed [19,20]. If sc is not

reached, fluid depletion from shear bands will occur due

to the pressure rise of elongated bridges. Therefore we

expect stress relaxation to occur also in sheared unsatu-

rated granular materials. In nature both shear and ten-

sion coexist at the same time. For instance in landslides,

shear occurs at the interface between the landslide body

and the bedrock. Traction occurs at the crown.

5 Conclusions

We have studied the tensile stress of partially saturated

granular media in the pendular regime. We have shown

that tensile stress decreases once extension is stopped.

In loosely packed media, we find that the stress relax-

ation curve can only be fitted using two distinct re-

laxation time scales, which indicates that this process

is governed by two physical mechanisms. Comparison

of the relaxation time scales to literature values indi-

cates that stress relaxation is most likely governed by

i) mechanical rearrangement of particles and ii) fluid re-

distribution inside the medium. In samples with higher

packing fraction, we only find one relaxation time scale.

In this case, the connectivity of the contact network in-

side the granular medium is larger and particle move-

ment is suppressed.

The results of our study show that the notion of

ultimate tensile strength, as measured by continuous

extension experiments, does not provide a complete de-

scription of a granular material. This is especially true

when the deformation of the medium is stopped or when

deformation time scales are comparable to the relax-

ation time scales found in this study. In such cases,

the actual strength of the medium might be lower than

suggested by experiments, because the stress state of

the medium is altered by the phenomena of fluid re-

distribution and particle rearrangement. This has e.g.

implications for the assessment of slope stability, where

the critical slope could be lower when tensile stresses

are reduced.
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