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1 INTRODUCTION
Cohesive sediments are commonly found in
estuaries. They are natural suspensions, mainly
composed of clay mineral particles (plus sand
and organic matter), with variable physical and
mechanical properties depending on numerous
parameters : density, mineral and organic con-
tent, pH and ionic strength of the medium, tem-
perature [1]. The study of the transport of these
natural complex fluids, when subjected to oscil-
latory shear by water waves, or simple shear by
current, is of great interest from both an eco-
nomical and an ecological point of view. Indeed
their accumulation in estuaries may not only hin-
der navigation but also induce environmental
pollution by the presence of contaminants held
in sediments. Thus, for coastal management, it is

of great importance to know whether planned
projects will diminish or increase siltation. In
order to make such predictions, hydro-sedi-
mentary models are being used as current tools;
IFREMER, in France, has been working on such
models for many years. Still getting good predic-
tions from such modeling needs both relevant
constitutive laws, and accurate quantitative
description of the rheological parameters of
these equations, as a function of physical or
physico-chemical parameters (e.g. density).

Hydrodynamic, mainly oscillatory, forc-
ing of cohesive sediments was studied in numer-
ous modeling research works, but with sediment
rheological properties assumed rather than mea-
sured. In these works, the behavior of the sedi-
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ments was assumed to be either purely viscous [2,
3], or purely elastic [4], or viscoelastic [5, 6], or vis-
coplastic [7], even including thixotopic behaviour
[8, 9]. The validity of these theoretical models
depends much on the validity of the constitutive
laws they assume. Still the experimental rheolog-
ical characterization of cohesive sediments sam-
ples directly taken off from natural sites (e.g. estu-
arine mudflats) has not yet received much
attention in the literature [1, 10 - 12]. 

On the other hand “model” cohesive sed-
iments, such as concentrated clay water suspen-
sions or aqueous clays/grains mixtures, have been
rheologically investigated in many published
works, as reviewed in the monograph by Coussot
[13]. First it has to be stressed that the rheological
investigation of such highly concentrated sus-
pensions is usually a difficult task because of the
many experimental problems encountered (edge
effects, wall slip, cracks, fracture, …) [13]. The rhe-
ological studies on “model” cohesive sediments
mainly concern their linear and non-linear behav-
iors in steady shear flows; generally speaking, they
have shown that these complex fluids usually
exhibit two major rheological properties: a yield
stress and a shear-thinning behavior at stresses
above the yield stress [14]. Thus the flow curve of
these “model” cohesive sediments has been
shown to be adequately fitted by the Hershel-
Bulkley phenomenological model [15]:

where tx denotes the yield stress, g· the shear
rate, and K, n are positive parameters.

Linear and non-linear viscoelastic proper-
ties of “model” cohesive sediments have been
much less studied : few oscillatory shear mea-
surements have been carried out in order to inves-
tigate the viscoelastic response of these materials
below the yield stress [16, 17]. Moreover, “model”
cohesive sediments have been shown to exhibit
time-dependent viscous behavior, that is
thixotropy [18, 19]. It is worth noticing that a great
majority of the rheological studies of “model”
muds focus on the solid volume fraction depen-
dence of the material properties, mainly the yield
stress and storage modulus, of these systems [13].

At last we would like to stress that the rhe-
ology of such complex systems as natural muds still
lacks well-defined unifying physical concepts, like

τ τ γ= +y
nK .

those proposed in the rheology of polymeric sys-
tems for instance, though quite recent conceptual
approaches are directed to this end [20, 21]. In the
present work we report on the linear and non-lin-
ear rheological properties of natural estuarine
cohesive sediments, submitted to creep and oscil-
latory shear tests, as a function of their density.

2 EXPERIMENT

2.1 MATERIALS
The samples of natural muds studied in this work
have been taken off from mudflats of the estuary
of La Penzé, a river located in Brittany, North West
of the city of Morlaix (Finistère, France). The mud
is saturated with sea water from Penzé estuary and
kept refrigerated, at a temperature between 2˚C
and 4˚C. It is kept in a Plexiglas column, ready-cut
every 2 cm, for four weeks before being tested, so
that complete natural consolidation of the mud
can be achieved and samples of different densities
can be obtained. The particle size distribution has
been determined by laser granulometry; the
results are plotted in Fig. 1, showing a median par-
ticle diameter of about 35 mm. Besides, the mud has
been shown to contain a very small amount of
organic matter: the total organic carbon of the
samples has been shown to be less than 1.5 %.

2.2 EXPERIMENTAL METHODS

2.2.1 DENSITY MEASUREMENTS
The density of the samples has been measured
using two techniques:

Pycnometry
The pycnometer is a small 50 ml flask with a cap-
illary tube at the top. Knowing the mass of the pyc-

Figure 1: Granulometric
profile of the mud: the
weight fraction of particles
as a function of  their
equivalent diameter.
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nometer, M1, the mass of the pycnometer com-
pletely filled with distilled water, M2, the mass of
the pycnometer containing the sample, M3, and
the mass of the pycnometer containing the sam-
ple and completely filled with distilled water, M4,
one can determine the mass of the sample:

(1)

and the volume of the sediment, equal to the vol-
ume of the water displaced:

(2)

rH2O denoting the density of distilled water. The
density of the mud sample, rmud, is then

V
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=
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2
ρ

M M M= −3 1

inferred:

(3)

Using this technique, the absolute error in the
determination of rmud was estimated to lie with-
in 10 kg/m3.

Drying technique
This technique is based on the determination of
the solid volume fraction, F, by weighing a given
amount of the mud sample before (mass mmud)
and after (mass msolid) drying at 105˚C until com-
plete evaporation. Knowing the density of the
solid content rsolid and the density of the sea
water rsea, the volume fraction is determined by:

(4)

The density of the mud sample, rmud, is then
inferred:

(5)

Actually, in this work, pycnometry was used to
determine the density, rmud, of the mud sam-
ples, and the drying technique was used to deter-
mine  the actual density rsolid, of the solid phase
of the samples.

2.2.2 RHEOMETRY
Two types of rheometrical tests have been per-
formed: creep tests, corresponding roughly to
natural hydrodynamic forcing by currents, and
oscillatory shear tests, corresponding roughly to
natural hydrodynamic forcing by water waves.
Rheological measurements were all performed
at 10 ± 0.1˚C (average temperature of the mud
samples in their natural environment), using
mainly a Carri-Med CSL50 controlled stress
rheometer, equipped with a parallel-plate geom-
etry, characterized by a plate diameter of 40 mm
and a gap of 1.5 mm, which is much larger than
the average size of the grains. The two surfaces
of the parallel-plate geometry were roughened
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Figure 2: The strain response
of a 1380 kg/m3 mud

sample to a creep test:
a (above):

below the yield stress,
b (below):

above the yield stress.
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with waterproof abrasive paper of equivalent
roughness of 80 mm, in order to avoid wall slip-
page. To prevent mud samples, located in the
geometry gap, from drying, sea water was regu-
larly put on the air/sample interface. 

3 RESULTS 

3.1 DENSITY
The density of the mud samples, rmud, tested in
this work has been shown to lie between 1380
and 1630 kg/m3, from the top to the bottom of
the column, due to natural consolidation.

The use of the drying method described
above led to the determination of the average
density of the solid phase of the samples, rsolid.
rsolid was shown to be about 2200 kg/m3, that is
lower than the approximate value, 2700 kg/m3,
of the average density of clays [13]. The lower
value of the density of the solid phase tends to
show the presence of other minerals than clays,
but this statement cannot be confirmed in the
absence of analysis of the mineral content of the
mud tested.

3.2 CREEP BEHAVIOR
Fig. 2 shows the creep curve of a mud sample with
density of 1380 kg/m3. The results plotted in Fig.
2(a) are quite representative of those obtained
for any samples tested below a certain critical
shear stress ty. In this stress range, the strain
response to a constant shear stress exhibits two
regions: a viscoelastic region at short times, char-
acterized by a retardation time, and a viscous
region on any longer time scales, characterized
by a constant shear rate, determined by the slope
of the linear strain response.

At shear stresses above ty, the strain
response is illustrated in Fig. 2(b). At short times,
the response is the same as that shown in Fig.
2(a), but at a longer time, the curve presents an
inflexion point marking the transition from a low
strain rate response to (very) high strain rate lev-
els. For any creep tests performed in this work,
sufficient time was left for the final shear rate to
attain a steady state value, but no systematic
investigation of time-dependent response over
very long times was ever performed.

The corresponding flow curve is plotted
in Fig. 3. The representation in a shear stress vs.

shear rate plot, in Fig. 3(a), clearly shows that the
critical shear stress ty is an apparent yield stress
[22]. The same results, plotted in a viscosity ver-
sus shear rate plot, in Fig. 3(b), show that the
behavior of the mud sample is Newtonian at very
low shear rates, with very high zero-shear vis-
cosity levels h0, and that, above a critical shear
rate g· c corresponding to the yield stress ty, the
mud “liquefies” very rapidly. Moreover, g· c was
shown to have no significant dependence on the
density of the mud: A value of g· c ~ a few 10-4 s-1

was found for all samples tested.
Fig. 4 shows the Newtonian viscosity h0

as a function of the density, for all samples test-
ed. In spite of a fairly great dispersion of the
experimental data, this plot can be adequately
fitted by an exponential function:

Figure 3: The flow curve of a
1380 kg/m3 mud sample, as
obtained from creep tests:
a (above):
shear stress as a function of
shear rate, 
b (below):
zero-shear Newtonian
viscosity as a function of
shear rate.
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(6)

where rmud is expressed in kg/m3 and h0 in Pas.
From Eq. 6, the dependence of the yield stress ty
can be inferred:

(7)

where rmud is expressed in kg/m3 and ty in Pa.
The best fit was obtained for g· = 4 * 10-4 s-1. h0
and ty can also be expressed in terms of the solid
volume fraction, F, of the mud using Eq. 5:

(8)

(9)
τ η γ φ

y c e    ≅ ≅0
240 16.

.

η φ
0

24390  ≅ e

τ η γ ρ
y c e mud    ≅ ≅ ⋅ −

0
10 0 023 10. .

η ρ
0

7 0 028 10  ≅ ⋅ − e mud.

3.3 OSCILLATORY SHEAR BEHAVIOR
Fig. 5 shows the viscoelastic moduli G’ and G’’ as
a function of the strain amplitude, at a frequen-
cy of 1 Hz, of a mud sample with density of 1490
kg/m3. These results are quite representative of
those obtained for any samples tested. The vis-
coelastic response to oscillatory shear exhibits
three main regions:

� at small strains, that is for strain amplitudes
less than a few hundredths %, the response is
linear. The extent of this linear viscoelastic
regime, expressed in terms of strain ampli-
tude, does not depend significantly on the
density of the sample. Moreover the frequen-
cy dependence of the linear viscoelastic mod-
uli, at least in the range of practical interest
(frequency range of the wave forcing), is very
weak, as illustrated in Fig. 6.

� at moderate strains, that is for strain ampli-
tudes between a few hundredths and a few %,
the behavior is slightly non-linear but does not
exhibit any time-dependent response, so that
steady state G’ and G’’ can be measured.

� at higher strains, the response exhibits
thixotropic features, characterized by pro-
nounced time-dependent behavior, as dis-
played by the continual decrease of G’ and G’’
with time, illustrated in Fig. 7. The onset of this
time-dependent behavior does not depend
significantly on the density of the sample: it
appears above strain amplitudes of ~ 5 %.
Applying this critical strain amplitude to the
sample leads, after a certain shearing time, to
its “liquefaction”, defined by the G’, G’’ cross-
over point, above which the mud is more dis-
sipative than cohesive. For the sample consid-
ered in Fig. 5, one has to wait about 30min
before the mud “liquefies” when submitted to
a strain amplitude of ~ 4 %. Moreover the order
of magnitude of the strain at which “liquefac-
tion” occurs was shown to be ~ 100 %, what-
ever the sample considered.

Fig. 8 shows the linear viscoelastic moduli, G’0
and G’’0, as a function of the density, for all sam-
ples tested. In spite of a fairly great dispersion of
the experimental data, these plots can be ade-
quately fitted by exponential functions:
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Figure 4 (above):
The zero-shear Newtonian

viscosity as a function of the
density of the mud.

Figure 5 (below): 
The storage and loss moduli

as a function of the strain
amplitude at a frequency
of 1 Hz (1490 kg/m3 mud

sample).
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(10)

(11)

where rmud is expressed in kg/m3 while G’0 and
G’’0 are given in Pa. G’0 and G’’0 can also be
expressed in terms of the solid volume fraction,
F, of the mud using Eq. 5:

(12)

(13)

It is worth noticing that i) the exponential depen-
dence on density for all material properties F0 ∫
G’0, G’’0, and h0 is quite similar (F0 ~ e 0.02 rmud)
and ii) such a qualitative and quantitative
dependence was obtained with other natural
estuarine muds [12].

4 CONCLUDING DISCUSSION
The rheological response of natural estuarine mud
samples to constant and oscillatory shear stress
was investigated as a function of their density,
with the aim of studying the linear and non-linear
rheological behaviors of a mud under hydrody-
namic forcing by currents and by water waves.
Four different mechanical transitions in the rheo-
logical behavior of the mud have been defined:
a) a transition in the response to a constant
stress, at a critical shear rate g· c of a few 10-4 s-1,
marking the passage from a Newtonian behav-
ior, with very high viscosity levels h0, to a strong-
ly non-Newtonian behavior. This transition can
also be seen as the signature of an apparent yield
stress ty = h0g· c, but g· c seems to be more rele-
vant than ty insofar as it does not depend signif-
icantly on the density of the mud sample, con-
trary to ty. This transition could be attributed to
the shear rate governed rupture of the clay par-
ticle network in the cohesive sediment when sub-
mitted to a constant shear stress.
b) three transitions in the response to oscillatory
shear stress at a frequency of 1 Hz. All these tran-
sitions have to be preferably defined in terms of
strain amplitudes instead of stress amplitudes,
since these strain transitions do not depend sig-

′′ ≅ ′ ≅G G e0
0 24

10
0 05    . φ

′ ≅G e0
240 5  . φ

′′ ≅ ′ ≅ −G     0
G e mud0 10 0 02

10
10 . ρ

′ ≅ −G e mud
0

9 0 0210  . ρ

nificantly on the density of the mud sample, con-
trary to the corresponding stress transitions.

At a strain amplitude glin of a few hun-
dredths %, the viscoelastic response becomes
non-linear. Such a very small value of glin is quite
classical for concentrated non-colloidal suspen-
sions, where non-linear effects appear for very
small relative displacements of neighboring par-
ticles. Still this transition is not really relevant
regarding the rheological behavior of muds
under natural hydrodynamic forcing: the vis-
coelastic behavior of muds has to be considered
as non-linear in most cases.

At a strain amplitude gdestruct of a few
%, a strong time-dependent non-linearity
appears, manifested by the continual decrease of
the viscoelastic moduli as time elapses. This
thixotropic-like behavior is the signature of a
microstructural kinetics governing the destruc-

Figure 6 (above):
The storage and loss moduli
as a function of the
frequency at a stress
amplitude of 5 Pa
(1440 kg/m3 mud sample).

Figure 7 (below): 
The time-dependent
behavior of the storage and
loss moduli at a stress
amplitude of 280 Pa and a
frequency of 1 Hz
(1490 kg/m3 mud sample).
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turation of the mud above critical relative dis-
placements of neighboring particles. This
destructuration process finally leads to a lique-
faction (G’’ > G’) of the mud at a strain amplitude
gliquif of about 100%, above which the sediments
progressively lose their cohesive character. The
transitions gdestruct and gliquif are certainly the
most relevant one regarding the rheological
response of natural muds. Indeed strain ampli-
tudes of a few % are commonly encountered in
natural hydrodynamic forcing [12], therefore liq-
uefaction is expected to occur quite frequently,
even for sediments which are very dense and
cohesive at rest. At last, it is worth noticing that
the order of magnitude of gliquif was found for
another type of estuarine sediments, namely
Seine estuary muds [12].

The mechanical transitions defined
above mainly concern non-linear rheological
behaviors of the mud. As far as linear rheological
properties of this material are concerned, this
work shows that the density dependence of the
Newtonian viscosity h0, and the linear viscoelas-
tic moduli G’0 and G’’0 can be satisfactorily fit-
ted by an exponential function. Such exponen-
tial dependence of material properties with
density, or volume fraction, was observed for
other natural estuarine muds [12] and, more gen-
erally, for many other clay-water systems [13],
even though the microstructural interpretation
of such an exponential increase is not yet clear.

The qualitative and quantitative rheolog-
ical results presented and discussed in the paper
will be compared with those obtained on many dif-
ferent natural estuarine cohesive sediments in a
near future in order to study the influence of min-
eral and organic content, granulometry and sea
water properties on the rheological transitions
and material properties studied in this work.
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