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Time-dependent behaviour of sand with different fine contents
under oedometric loading
Friedrich Levin, Stefan Vogt, and Roberto Cudmani

Abstract: To characterize the effects of creep, strain rate, and relaxation in granular soils, different sands have been studied
under oedometric loading. The tests were analysed in the framework of the isotache concept. The results show increasing creep
rates with increasing vertical stresses and a strong reduction of the creep rate upon unloading. A lower void ratio leads to less
creep. Evaluation of the ratio C�/Cc, where C� is the creep coefficient and Cc is the compression index, demonstrates considerable
deviation from a constant soil-specific value for the sands. With increasing fine content, however, a constant soil-specific ratio
has been found for a silty sand. In strain rate–controlled tests, a sand with low and a sand with significant content of nonplastic
fines were compared. Constant rate of strain tests displayed practically no strain rate dependency for the sand with little fines
and a well visible strain rate dependency for the very silty sand. Tests with stepwise change of strain rate showed non-isotache
behaviour for the sand with little fines and isotache behaviour for the other. Stress-relaxation tests displayed an isochronous
behaviour. The analysis of the three viscous effects in sands showed they cannot altogether be mathematically described in the
framework of the isotache concept. A new compression model for the creep behaviour of sands is presented.

Key words: sand, viscosity, creep, rate dependency, stress relaxation.

Résumé : Pour caractériser les effets du fluage, de la vitesse de déformation et de la relaxation dans les sols granulaires,
différents sables ont été étudiés sous chargement œdométrique. Les essais ont été analysés dans le cadre du concept d’isotache.
Les résultats montrent des taux de fluage croissants avec des contraintes verticales croissantes et une forte réduction du taux de
fluage lors du déchargement. Un indice de vide plus faible entraîne moins de fluage. L’évaluation du ratio C�/Cc, où C� est le
coefficient de fluage et Cc est l’indice de compression, prouve qu’il y a un écart considérable par rapport à une valeur constante
spécifique au sol pour les sables. Cependant, avec l’augmentation de la teneur en fines, un rapport constant spécifique au sol a
été trouvé pour un sable limoneux. Dans les essais contrôlés par la vitesse de déformation, on a comparé un sable à faible teneur
en fines non plastiques et un sable en ayant une teneur significative. Les essais à vitesse de déformation constante ne montraient
pratiquement aucune dépendance vis-à-vis du taux de déformation pour le sable avec peu de fines et une dépendance de vitesse
de déformation bien visible pour le sable très limoneux. Les essais avec une évolution progressive de la vitesse de déformation
ont montré un comportement non-isotache pour le sable avec peu de fines et un comportement d’isotache pour l’autre. Les essais
de relaxation de contrainte ont montré un comportement isochrone. L’analyse des trois effets visqueux dans les sables montre
que tels effets ne peuvent pas être entièrement décrits par le biais des mathématiques dans le cadre du concept d’isotache. Un
nouveau modèle de compression pour le comportement au fluage des sables est présenté. [Traduit par la Rédaction]

Mots-clés : sable, viscosité, fluage, dépendance vis-à-vis le taux, relaxation de contrainte.

Introduction
The mechanical behaviour of soil is time dependent. Time

dependency is usually referred to as creep — describing the
time-dependent development of strains under constant effective
stress — and the dependency of the stress–strain relationship on
the strain rate. The change of stress with time under constant
strain — so called stress relaxation — is a special case of rate-
dependency at zero strain rate. Another important phenomenon
of time dependency of soils is ageing. It describes the change of
mechanical and hydraulic properties such as compressibility,
shear strength, and hydraulic conductivity of the soil over time
under constant effective stress. According to published research
results, ageing is linked to the viscous properties of the soil
(Mitchell and Solymar 1984; Schmertmann 1991; Jardine et al.
1999; Bowman and Soga 2003; Suarez 2012). However, ageing is
not the focus of this study.

The viscous behaviour of fine-grained soils is a thermally acti-
vated process, which can be described successfully with the so
called “rate process theory” originally developed for metals by
Glasstone et al. (1941). Experimental findings of the viscous behav-
iour of fine-grained soils can be described using the creep law by
Norton (1929) and the isotache concept by Šuklje (1957). Creep,
strain rate dependency and stress relaxation of fine-grained soils
can be described rather satisfactory by one soil-specific parame-
ter, for example the viscosity index Iv (Leinenkugel 1976; Gudehus
and Leinenkugel 1978; Klobe 1992; Krieg 2000) and the ratio C�/Cc,
where C� is the creep coefficient and Cc is the compression index,
with Iv = C�/Cc (Mesri and Castro 1987).

The viscous behaviour of granular soils depends on the applied
effective stress, the density, the stiffness, and strength of the
grains hence the mineralogy, the grain shape, and the degree of
saturation. It is directly related to the amount of particle crushing
(Karimpour and Lade 2010). The load transfer in granular soils
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happens through force chains that form an inhomogeneous net-
work in the grain assembly (Eber 2006). Weakly loaded grain clus-
ters between the force chains support them laterally. The forces
transferred by heavily loaded force chains can reach values of up
to six times the mean sample loading (Radjai et al. 1996). The
micromechanical configuration of force chains can shift under
external influences — for example, vibrations or change in the
stress state — or due to time-dependent effects such as degrada-
tion of the grain surface or grain breakage leading to a change of
structure in the granular soil and hence macroscopic deformation
(Bowman and Soga 2003; Michalowski and Nadukuru 2012). Ac-
cording to Jardine et al. (1999), creep in granular soil can be un-
derstood as the gradual stabilization of the process in which force
chains can fail because of yielding or buckling (loss of stability).
The failure of the force chains starts with particle rearrangements
in weakly loaded clusters. Because of the comparably very low
loading, the grain contacts can only transmit very little shear
forces at the grain contacts. The rearrangement leads to a with-
drawal of the lateral support from the heavily loaded force chains,
which subsequently buckle. This process slows down with time as
normal contact forces transmit more of the mean stress in the
sample and the network of heavily loaded force chains becomes
self-supporting (Bowman and Soga 2003; Wang et al. 2014).

All micromechanical changes in the granular skeleton leading
to creep result from particle rearrangements due to grain trans-
lation, rotation or degradation. The mechanism depends on the
stress level, void ratio, and initial geometrical configuration of the
grains, which may be referred to as the soil structure (Mejia and
Vaid 1988; Colliat-Dangus et al. 1988; Mesri and Vardhanabhuti
2009). The micromechanical processes of time-dependent degra-
dation at the grain contacts and different forms of delayed grain
breakage are considered to be the key mechanisms behind creep
that can be measured macroscopically in granular soils (Leung
et al. 1996; McDowell and Khan 2003; Kwok and Bolton 2013).

The necessity to account for time- and rate-dependent behav-
iour of granular soils in geotechnical design has only become
clear in recent years. Mostly, for the considered scales of geometry
and time in certain engineering problems, time effects are insig-
nificant and can be neglected. However, there are geotechnical
challenges in which time effects cannot be disregarded. Dumps of
granular soils from mining activities show significant long lasting
delayed deformations resulting from even small creep strains be-
cause of their large thickness. The dump surfaces of open cast
mines near Cologne (Germany), which consist of unsaturated
sands with thicknesses of more than 300 m, settle several decime-
tres to metres over decades (Lange 1986; Kothen and Knufinke
1990; Vogt et al. 2013). Similar observations were made in mine
tailings around the world (Charles-Cruz et al. 2008). The long-term
monitoring of a quayside in the Port of Botany (Sydney) —
founded on a 20 m thick dumped and vibrocompacted sand
layer — showed continuous deformations over 40 years (Cudmani
et al. 2011).

Regarding strain rate effects, granular soils exhibit very abun-
dant and various effects. This was investigated by Tatsuoka et al.
(2002, 2008), Di Benedetto et al. (2002), Duttine and Tatsuoka
(2009), Enomoto et al. (2009) and Peng et al. (2010). Different stress
responses resulting from a sudden change of the strain rate are
classified as

1. Isotache behaviour as it is well known from fine-grained soils;
2. Combined behaviour of isotache and nonisotache type where

the stress change from a sudden strain rate change decreases
with ongoing straining;

3. Temporary effect of strain rate and acceleration (TESRA) be-
haviour, in which the stress–strain curve after a sudden
change in strain rate gradually approaches a quasi-unique
rate-independent stress–strain curve; and

4. Positive–negative (P&N) behaviour where the stress–strain
curve drops with ongoing straining below an unique rate-
independent stress–strain curve (Tatsuoka et al. 2008).

Mainly granular and mineralogical properties of the material
govern the rate-dependent behaviour. Qualitative relationships
between the observed viscous behaviour and granulometric prop-
erties were presented by Enomoto et al. (2009) (see Table 1). The
effect of different, but throughout the monotonous loading of a
sample constant, strain rates on the stress–strain response of
granular soil was reported to be very small. An influence of the
rate of loading on the creep strains and the stress relaxation was
found by Karimpour and Lade (2010), who performed triaxial tests
on Virginia Beach sand. Creep strains increased with increasing
previous loading rate and the relaxation rate was also higher at
larger loading rate, but quickly converged to a rate independent
of the loading rate previously applied to the sample. Karimpour
and Lade (2010) relate the creep and relaxation behaviour to the
different times given to the grain assembly to adjust to the
amount of grain breakage and grain contact degradation, respec-
tively, that is reduced during fast loading prior to a phase of creep
or stress relaxation.

Experimental findings show that the relaxation behaviour of
granular and fine-grained soils are qualitatively different. The re-
laxation effect in coarse-grained soils is much larger than the
viscous effects rising from creep or a stepwise change in the strain
rate (Pham Van Bang et al. 2007; Lade 2009; Lade et al. 2009; Lade
and Karimpour 2014). This cannot be described in the framework
of the isotache concept. Pham Van Bang et al. (2007) showed that
the relaxation behaviour is also highly stress path dependent.
However, the stress-relaxation tests by Pham Van Bang et al.
(2007), Lade (2009), and Lade et al. (2009) were not true relaxation
tests in terms of constant void ratio at constant principal strain.
They were performed under cylindrical stress conditions in a
drained triaxial setup and the zero strain rate condition was only
applied for the axial strain component (�̇1 � 0, �̇3 ≠ 0, �̇1

′ ≠ 0,
�̇3

′ � 0, where �̇1 is the major principal strain rate, �̇3 is the minor
principal strain rate, �̇1

′ is the major principal effective stress rate,
and �̇3

′ is the minor principal effective stress rate). A comparison of
drained to undrained (�̇1 � 0, �̇3 � 0, �̇1

′ ≠ 0, �̇3
′ ≠ 0) triaxial relaxation

tests by Lade and Karimpour (2014) showed very similar relaxation
of the deviator stress q. The drained tests showed contractive
behaviour while the undrained tests were in some cases dilative
leading to negative pore water pressures. This influences the re-
laxation of the effective mean stress p ′ and may cause different
relaxation behaviour of p ′ in drained and undrained tests.

This study focusses on the three main macroscopic expressions
of viscosity of granular soils, i.e., creep, strain rate dependency,
and stress relaxation and gives a concise set of experimental re-
sults on all three phenomena. The compressive behaviour was
evaluated for different soils, relative densities, stress levels, strain
rates, and sudden changes in the strain rates. A focus lies on the
comparison of pure sand to sand with high fine contents. To per-

Table 1. Influence of granulometric properties on rate-dependent
behaviour of granular soils according to Enomoto et al. (2009); as
modified from Tatsuoka (2007).

Influencing factor
Rate-dependent behaviour :
Isotache ¡ combined ¡ TESRA ¡ P&N

Particle shape
(stiff particles)

More angular ¡ more round

Grading Well graded ¡ poorly graded
Particle size Smaller (clay) ¡ larger (sand, gravel)
Particle crushability

(mineral hardness)
More crushable ¡ less crushable

Interparticle bonding Stronger ¡ weaker ¡ zero
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form true relaxation tests, the experimental setup of an oedometer is
chosen in this study. Furthermore, the applicability of the isotache
concept will be evaluated and a new approach to model the compres-
sive creep behaviour of granular soils will be presented.

Soils, specimen preparation, and testing procedures
The soils used were three sands from the Rhenish lignite min-

ing area near Cologne (Germany) with subangular to rounded
particles and one sand from a quarry near Munich (Germany) with
angular to subangular grains. The mineralogical components
of the sands from Cologne were 93% to 97% quartz and 3% to
7% orthoclase. The sand from Munich had 41% dolomite, 30% cal-
cite, 22% quartz, 3% albite, 2% kaolinite, and 1% orthoclase as well

as 1% muscovite. The sands from Cologne were a fine sand (FS)
with 6.4% content of fines, a medium sand with a content of fines
of 2.8% (MS), and a silty sand with 14% silt content (SU). The sand
from Munich was a silty sand with 46% silt content (SU2). Soils FS,
MS, and SU2 were uniform and SU nonuniform and all samples
were poorly graded. Table 2 summarizes the classification charac-
teristics, Fig. 1 shows micrographs of the sands, and Fig. 2 presents
the grain-size distributions.

The sample size in the oedometer devices was 100 mm in diam-
eter and 20 mm in height. All specimens were air dried, prepared
by funnel deposition, and carefully levelled with a steel ruler.
With this preparation technique, minimum relative densities of
approximately DR = 0.3 (loose) were achieved. For the preparation

Table 2. Classification characteristics of investigated materials.

Origin
Sample
name Cu

Content
<0.063 mm (%)

d50

(mm) emin emax

�s

(g/cm3)

Cologne FS 1.38 6.4 0.170 0.776 1.144 2.614
MS 2.11 2.8 0.340 0.628 1.088 2.604
SU 5.13 14.3 0.170 0.755 1.154* 2.630

Munich SU2 3.26 46.0 0.069 0.683 1.200* 2.728

Note: Cu, uniformity coefficient; d50, grain diameter at 50% cumulative mass; emin, emax, minimum and maxi-
mum void ratios, respectively; �s, density of solid particles.

*SU and SU2 were classified by emin and emax because the fines (by definition of DIN (2016) EN ISO 17892-4 con-
tent <0.063 mm) consisted predominantly of coarse nonplastic silt particles resulting in soil behaviour comparable to
that of fine sands. Determination of Atterberg limits for SU and SU2 was not possible.

Fig. 1. Optical micrographs of (a) MS, (b) FS, (c) SU and (d) SU2). [Colour online.]

(a) (b)

(c) (d)

0.2 mm

0.2 mm0.2 mm

0.2 mm
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of dense samples, the specimens were compacted by lateral ham-
mer blows to the side of the oedometer. The prepared maximum
relative density was DR = 1.0 (very dense). For a precise determina-
tion of the initial relative density of the samples, the pre-mounted
vertical displacement transducer was set to zero at an exact sam-
ple height of 20 mm. The settlement resulting from the applica-
tion of the loading plate could thereby be determined. All tests
were performed under temperature-controlled conditions with a
maximum temperature fluctuation during 1 day of 0.5 °C at a
mean temperature of 23 °C. Vertical deformation of the sample
was measured with a resolution and accuracy of 1.0 �m. The load-
controlled tests (LC) were conducted with weights acting on a
lever arm system, ensuring a truly constant vertical load on the
specimen during creep. The strain-controlled tests including the
relaxation tests were performed in a computer-controlled electro-
mechanical load frame. A possible machine influence on the
stress–strain curve due to inertia upon strain rate change was
evaluated by loading a system of plate springs and found to be
negligible. In addition, a possible stress relaxation resulting from
the load frame was checked and also found to be negligible.

Experimental program
A total of 29 load-controlled and 32 strain rate–controlled as

well as five relaxation oedometer tests were performed, from
which representative results are presented. All tests were carried
out with air-dried samples. The LC were carried out by doubling
the vertical stress on the sample every 24 h up to 2000 kPa. The
strain rate–controlled tests were performed up to 1000 kPa with
some tests up to 2000 kPa. They were carried out with a constant
rate of strain (CRS) and with sudden changes in the strain rate at
certain stress levels (ChRS). Definition of engineering strain was
used, relating the sample deformation to the initial sample di-
mensions. Relaxation tests were conducted with relaxation phases of
1 h at stress levels of 200, 500, and 1000 kPa. A difficulty during the
relaxation tests was to ensure zero vertical deformation of the
sample because during relaxation the load frame and the vertical
load cell expand due to the stress decrease. To counterbalance this
expansion, the load frame was controlled by a closed loop real-

time control with a threshold of 1.0 �m in vertical deformation
upon which the load frame reacted and compensated the defor-
mation. This led in some tests to small stress jumps, but guaran-
teed the zero deformation criterion with a very high precision
(0.005% of the initial sample height).

Evaluation methods
A simple approach for evaluating the results from the experi-

ments conducted is to treat the volumetric deformations due to
stress changes, creep, and imposed strain rate separately. For the
evaluation of the change in void ratio �e with vertical stress, the
compression index Cc for loading and the swelling index Cs for
unloading–reloading were used

(1) Cc �
�e

�log � ′ Cs �
�e

�log �′

where � ′ is the vertical effective stress.
These indexes were evaluated as secant moduli 60 s after a

sudden stress change �log(�=) in the LC and continuously as a
tangent modulus in the strain rate–controlled tests. Equation (1)
approximates the void ratio over the logarithm of the stress with
a straight line. This approximation was proposed for the descrip-
tion of the behaviour of fine-grained soils under oedometric con-
ditions (Taylor 1948). In granular soils, the relationship between
�e and log(�=) is nonlinear (Bauer 1992). Linearity can only be
assumed for small stress increments. Other approaches were pro-
posed by (Terzaghi 1925) (see eq. (2)) with a corrective stress ��*,
which accounts for the deviation of the semi-logarithmic com-
pression curve from a straight line and Bauer (1996) (see eq. (3)),
who considered an exponential compression law

(2) Cc
∗ �

�e

�log(� ′ 	 ���)

(3)
e
e0

� 1/exp��3p ′/hs�n�

Fig. 2. Grain-size distributions of investigated soils: MS, FS, SU, and SU2.
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where e0 is the initial void ratio at p ′ = 0 and p ′ is the effective
mean stress. The so-called granular stiffness hs and the exponent n
are soil-specific parameters. Despite these more suitable ap-
proaches, the stress dependent compression was analysed using
eq. (1) for the sake of comparison between a granular soil and a
fine-grained soil behaviour.

Creep was evaluated using the creep coefficient C�, which de-
scribes the change in void ratio on a logarithmic time scale

(4) C� �
�e

�log t

C� was evaluated from the linear slope of the log(t)–e curve.
Furthermore, creep and stress dependent compression were eval-
uated using the ratio C�/Cc according to Mesri and Godlewski
(1977) and Mesri and Castro (1987). They postulated this ratio to be
independent from time and stress for fine-grained soils as well as
for granular soils (Mesri et al. 1990).

ChRS tests were evaluated using the viscosity index Iv by
Gudehus and Leinenkugel (1978), which is a correlation coeffi-
cient between the change in stress upon a change in the strain
rate, relaxation time, and creep time. Equation (5) describes the
relationship between creep, compression, relaxation, and rate de-
pendency using Iv

(5) ��0
′

�i
′�
Ç

relaxation ¡

È

compression ¡

� ��̇0

�̇i
�Iv

Ç

rate dependency ¡

È

creep rate ¡

� � ti

t0
�Iv

� �t 	 t0

t0
�Iv

Ç

relaxation time

È

creep time

where �0
′ and �i

′ are the stresses before and after the strain rate
change, at the beginning and the end of relaxation or before and
after loading, respectively. �̇0 and �̇i are the strain rates before and
after a jump in the strain rate or the creep rate at time t0 and ti,
respectively, where t0 and ti are the start and end time of the
considered creep or relaxation time interval, respectively, with
t0 < ti (see Fig. 3). Equation (5) can be separated into the three
appearances of soil viscosity

(6) Relaxation ��0
′

�i
′� � � ti

t0
�Iv

(7) �̇ jump ��0
′

�i
′� � ��̇0

�̇i
�Iv

and

(8) Creep �i 
 �0 � C�ln� ti

t0
�	 � C�ln��̇0

�̇i
�	 with

ti

t0
�

�̇0

�̇i

Fig. 3. (a) Idealized time-dependent (viscous) stress–strain behaviour of fine-grained soils during oedometric compression, (b) relationship
between creep, rate dependency, and relaxation according to Krieg (2000). �, swelling coefficient; �, virgin compression coefficient.

Fig. 4. (a) Semi-logarithmic virgin compression and unloading curves of medium dense and very dense samples of FS, MS, SU, and SU2, (b) Cc

and Cs evaluation of all three soils with respect to vertical effective stress.
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From this it follows that

(9) ��ln��0
′

�i
′�	 � C�ln� ti

t0
�	 � C�ln��̇0

�̇i
�	

or
�0

′

�i
′ � � ti

t0
�C/�

� ��̇0

�̇i
�C/�

Considering that the viscosity index Iv is equal to the ratio of
C�/Cc and to C/� for fine-grained soils, where C is the creep coeffi-
cient reference to the strain rather than the void ratio and � is the
virgin compression coefficient (Klobe 1992; Krieg 2000), eq. (9) can
be rewritten to

(10)
�0

′

�i
′ � � ti

t0
�Iv

� ��̇0

�̇i
�Iv

One aim of this study is to investigate whether relationship at
eq. (5) holds and the assumption of a constant ratio C�/Cc is appli-
cable for granular soils.

Experimental results
To evaluate the possible influence of particle breakage the

grain-size distributions of the tested soils before (see Fig. 2) and
after the oedometric loading were determined. To obtain a satis-
fying amount of material for performing robust sieving analysis,

Fig. 5. Void ratio e over initial void ratio immediately after loading e0 with logarithm of time of medium dense and very dense samples of
(a) MS, (b) FS, (c) SU, and (d) SU2. (e) Creep coefficient C� of all soils in virgin loading and unloading with respect to vertical effective stress.
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the soil was collected and put together from several oedometer
samples of a testing series each. No changes in the grain-size
distributions could be detected. This indicates that the deforma-
tion mechanism up to vertical stresses of 2000 kPa in the oedo-
metric tests with the given sands is dominated by translation and
rotation of the grains and that particle damage is limited to abra-
sion or breakage at the grain contacts, which is not detectable by
sieving analysis.

Load-controlled tests
Load-controlled tests were performed with load steps of 125,

250, 500, 1000, and 2000 kPa. At each stress level, the soil was left

to creep for 24 h. In some tests the samples were unloaded after
the creep phase at the maximum applied stress of 2000 kPa.
Figure 4a shows the semi-logarithmic plot of the development of
the void ratio e with the applied vertical stress �v during virgin
loading, creep and unloading for the four sands FS, MS, SU, and
SU2. The creep stages are visible as vertical lines at each load stage
(see magnified section in Fig. 4a). For determination of Cc and Cs,
the void ratio was evaluated 60 s after each load change. Figure 4b
depicts the obtained values of Cc and Cs according to eq. (1) with
the void ratios e as given by Fig. 4a. It is clearly visible from Figs. 4a
and 4b that Cc increases with increasing vertical stress �v. And the

Fig. 6. C�/Cc evaluation for (a) MS, (b) FS, (c) SU, and (d) SU2.

Fig. 7. Constant rate of strain (CRS) tests on (a) MS and (b) SU2 by applying two strain rates with ratio of 1000.
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variation �Cc/��v decreases considerably with the vertical stress.
The values are also dependent on the initial relative densities of
the samples and on the granulometric properties of the soils. As
expected, the compression index Cc is generally lower with de-
creasing fine content of the soils with the exception of SU2 where
the grain shape and mineralogy are very different compared to
the other sands. Upon unloading to a minimum vertical stress of
500 kPa, the swelling indexes of all three soils have similar values.

Figures 5a, 5b, 5c, and 5d show the void ratio e over the initial
void ratio immediately after loading e0 on a logarithmic time
scale. The compression curves follow in general a linear trend
with respect to the logarithm of time. Therefore, an evaluation of
the creep strains using eq. (4) in the considered time interval
seems reasonable. Figure 5e depicts the evaluation of the creep
coefficient C� in dependence of the applied vertical stress. Just like
in Fig. 4b for the compression index Cc, the creep coefficient C�

increases with increasing vertical stress and the intensity of creep
depends on the initial relative density. Similar observations re-
garding the development of creep strains with increasing mean
stress were made by Mejia and Vaid (1988), Lade and Liu (1998),
Kuwano and Jardine (2002), and Lv et al. (2017). For the tested soils,
the grain-size distributions do not have a significant influence on
the creep strains, as all soils show very similar creep coefficient
values. Creep strains after unloading are negligible.

Figure 6 presents the evaluation of the ratio C�/Cc from the LC.
Depicted by dashed lines are ranges of C�/Cc for each soil as well as
a dashed out line indicating the deviation of C�/Cc from a constant
soil-specific value according to a best-fit correlation for the ob-
tained test results. In the diagrams, the fine content (<0.063 mm)
is given. With decreasing fine content, the deviation of C�/Cc from
a constant soil-specific value increases. This is mainly because, in
the tests, the increase of Cc with the vertical stress is larger than
the increase of C�. At a fine content of 14.3%, the ratio C�/Cc ap-

proaches an almost constant value and, at a fine content of 46%,
the soil behaviour can be very well described with one constant
ratio C�/Cc.

Constant rate of strain (CRS) tests
Previous studies on granular soils by Tatsuoka et al. (2002),

Di Benedetto et al. (2002), Lade (2009), Lade et al. (2009),
Karimpour and Lade (2010), and Lade and Karimpour (2014) re-
ported no rate dependency of the stress–strain relationship dur-
ing CRS tests. Figure 7 shows the results of MS, with 2.8% and SU2
with 46% content of fines. The strain rate was varied by a factor of
1000. While the MS soil shows no significant dependency on the
strain rate (Fig. 7a), the SU2 soil displays a well visible strain rate
effect. As expected, the faster the strain rate, the stiffer the spec-
imen’s reaction. To rule out effects from sample preparation as
apparent strain rate effect, each CRS test was performed twice at
the same density.

Strain rate–controlled tests including sudden changes in
strain rate (ChRS)

In the ChRS tests, the strain rate was varied stepwise (sudden)
during loading at different stress levels. Figure 8 shows results of
MS with medium density and Fig. 8a showing 200-fold strain rate
change as well as Fig. 8b 10-fold strain rate change. Upon sudden
strain rate change, there is a simultaneous stress change. After
strain rate reduction, the stress decreases and, after strain rate
increase, the stress increases. The change of the stress–strain
curve seems to be reversible as the compression curve ap-
proaches, with ongoing straining, the curve it would have gone
through without a sudden change in the strain rate. This kind
of behaviour was also reported by Tatsuoka et al. (2002) and
Di Benedetto et al. (2002) and called TESRA (“temporary effect of
strain rate and acceleration”). From the two magnified sections in

Fig. 8. Strain rate–controlled tests including sudden changes in strain rate of MS with (a) 200-fold and (b) 10-fold change in strain rate.

Fig. 9. Strain rate–controlled tests including sudden changes in strain rate of SU2 with (a) 200-fold and (b) 100-fold change in strain rate.
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the diagrams, which have the same strain sectors, it can be seen
that the intensity of the stress change depends on the difference
in the strain rates. The larger the difference in the strain rates, the
greater the change in the stress.

Figure 9 shows the results of SU2 in a dense state with
Fig. 9a showing 200-fold and Fig. 9b 100-fold strain rate change.
The viscous reaction of the soil is much less pronounced than in
MS. Opposite to the behaviour of the MS soil, a change in the
stress–strain curve at a sudden change of strain rate seems to be
permanent with continued straining. This corresponds to isotache
behaviour (see also Fig. 10b). The intensity of the stress change de-
pends on the difference in the strain rates as already identified for
the MS sand (see the magnified sections in the diagrams).

For further investigation of the viscous behaviour of the two
soils upon strain rate changes and to clarify whether TESRA or
isotache behaviour is a valid characterization, Fig. 10 depicts two
diagrams from Fig. 10a MS and Fig. 10b SU2 in a dense state, in
which a ChRS test and the CRS line corresponding to the initial
strain rate are presented. It can be seen from Fig. 10a that after a
sudden strain rate change, the stress–strain curve of MS always
approaches the CRS curve again, which indeed corresponds to
TESRA behaviour. In the case of SU2 (Fig. 10b), it can be observed
that the two lines remain parallel to each other after a sudden
strain rate change, which indicates isotache behaviour.

Because tests with MS show TESRA behaviour, an objective evalu-
ation of the viscosity index Iv is not possible as the stress change is
only temporary. In the case of SU2, Iv was evaluated at each stress
level where a sudden change in strain rate was applied using eq. (10)
(see Fig. 11). The values show some scattering and they demonstrate
the sensitivity of the Iv value on the stress ratio as can be seen in
Table 3. It therefore seems difficult to derive a representative value
of Iv from ChRS tests with soils with no plastic fines.

Repeatability of strain rate–controlled tests
The repeatability of the strain rate–controlled experiments can

be observed in Figs. 7–9. To additionally demonstrate sample prep-
aration repeatability, Fig. 12 shows a CRS test and a ChRS test with
samples with the same density and a loading sequence with the
same strain rates. To check the repeatability, a loose density was
chosen because it is most prone to deviations from sample prep-
aration. Nevertheless, the stress–strain curves given by Fig. 12 are
essentially the same.

Relaxation tests
Besides creep and rate dependency, the third viscous effect of

soils is stress relaxation. True relaxation tests are defined by the
boundary condition �̇1 � �̇2 � �̇3 � 0, where �̇2 is the medial
principal strain rate. In oedometric testing, the strains are later-
ally constrained and only the vertical strain rate has to be con-

trolled. The tests were performed on samples of the MS soil with
medium dense relative density. Relaxation phases were per-
formed at 200, 500, and 1000 kPa for 1 h each. Figure 13 shows the
results of a relaxation test on the MS sand loaded with a constant
strain rate of 1.0%/min between the relaxation phases. In Fig. 13a,
the compression curve is depicted using a linear scale of the stress
axis. The stress relaxation during a certain timespan depends on
the stress level at which the relaxation is started. The stress relax-
ation in relation to the initial stress at which relaxation is started
remains rather constant with a slight increase at larger stresses.

Fig. 10. Strain rate–controlled tests including sudden changes in strain rate (ChRS) together with CRS curve of (a) MS and (b) SU2 in
dense state.

Fig. 11. Evaluation of ChRS tests of SU2 in dense state using
viscosity index (Iv), with 100- and 200-fold strain rate change.

Table 3. Ratio and corresponding Iv for a 200- and 100-fold strain rate
change of SU2 in dense state at different stress levels.

Stress level (kPa)

200 fold 100 fold

�min/�max 
v �min/�max 
v

62.5 0.98 0.009 0.99 0.003
125 0.95 0.016 0.96 0.010
250 0.96 0.005 0.96 0.009
500 0.94 0.012 0.93 0.017

Mean — 0.011 — 0.010
Standard deviation/mean — 0.34 — 0.5

Note: �min, effective vertical stress before strain rate jump; �max, effective
vertical stress after strain rate jump.
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Plotting the compression curve using a logarithmic scaling of the
stress axis (see Fig. 13b), the 36 s, 360 s, and 1 h relaxation iso-
chrones lie very parallel to each other and to the initial compres-
sion curve with only a slight deviation for the relaxation phase
starting at a stress of 1000 kPa. This indicates a quasi-isochronous
behaviour of the MS soil during relaxation. Figure 13c presents the
stress change over the logarithm of time at the three stress levels.
The relaxation follows roughly a linear trend considering the
logarithmic time scale with increasing gradient at larger stresses.
The relaxation from 1000 kPa deviates from the linear trend be-
tween 10 and 100 s, which explains the deviating isochronic line at
this stress level. The deviation was caused by the reaction of the
load frame for compensation of the expansion of the load cell due to
the stress decrease that is comparably large for a given threshold of

strain increment limited by an optic-digital displacement sensor ow-
ing to a resolution of 1 �m because of the high soil stiffness.

Comparing test results
The time-dependent behaviour of most fine-grained soils can be

well described by using the isotache concept (Šuklje 1957). Within
this concept, the viscous behaviour of soils can be defined by
one soil-specific parameter as given by the viscosity index Iv
(Leinenkugel 1976). Rate dependency and relaxation of those soils
can be described using eqs. (6) and (7) and creep strains can be
calculated using eq. (8), while the relationship between C� and Iv
follows eq. (10).

To investigate whether these relationships are valid for sands,
the different kinds of viscous behaviour, which were previously

Fig. 12. (a) Two CRS tests (strain rate of 1%/min each) for loose density and (b) two rate of strain tests including ChRS for loose density.

Fig. 13. Relaxation test on medium dense MS with relaxation phases of 1 h at 200, 500, and 1000 kPa considering (a) linear stress axis,
(b) logarithmic stress axis, and (c) reduction of vertical stress with time in logarithmic scale.
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presented, are compared in the following. It was already shown
that a constant stress and density independent value of the ratio
C�/Cc is not valid for the MS sand (see Fig. 6) and the viscosity index
Iv cannot be objectively evaluated from strain rate–controlled
tests because the stress change is temporary (TESRA). However,
the more fine-grained particles the soil contains, the better C�/Cc

is applicable as a constant soil-specific value (see Fig. 6d). In case of
the SU2 silty sand, objective values for Iv can be determined from
strain rate–controlled tests, but show considerable scattering,
which makes a comparison between Iv from ChRS test and C�/Cc

from LC difficult.
To investigate the relationship between creep and relaxation in

granular soils, the respective tests were plotted together in Fig. 14.
A relaxation test and a creep test of MS at the same initial density
are shown. The creep phases lasted for 24 h each and resulting
isochronic lines are displayed together with a test including relax-
ation phases lasting for 1 h each. It can be clearly seen that the
relaxation effect is far greater than the creep effect (see magnified
section) even though the duration of the relaxation phases was
much shorter than the duration of the creep phases. These results
are in accordance with the findings by Lade (2009) and Lade et al.
(2010).

An explanation for the difference is that stress relaxation is
controlled by the comparably very high unloading stiffness of
granular soils. Assuming the decomposition of the strain rate into
an elastic and a viscous part according to a Maxwell element and
together with the boundary condition of zero strain rate during
relaxation, the following must hold for oedometric conditions:

(11) �̇ � �̇v � �̇e 	 �̇vis � 0

Because the viscous strains will not be zero during relaxation,
the granular skeleton must be unloaded for the elastic strains to
compensate them and therefore follows

(12) 
�̇e � �0d� ′

� ′ � �̇vis

and

(13) d� ′ � 
�̇e �
�̇vis

�0
� ′ or �0 �

�̇vis

d� ′�
′

where �̇v is the volumetric strain rate, �̇e is the elastic part of the
strain rate, �̇vis is the viscous part of the strain rate, �0 is the
oedometric swelling coefficient, and � is the current stress.
Equation (13) can be integrated as

(14) ��vis � �0 ln��0
′ /� ′� or �0 �

��vis

ln��0
′ /� ′�

�0 is calculated by inserting the evaluated viscous strain from a
separate creep test and the stress change from a corresponding
relaxation test into eq. (14). Because of the high stiffness or small
swelling coefficient �0, a small change of the viscous strains re-
sults in a large stress change.

To verify this approach, the swelling coefficients of the tests
presented in Fig. 4 were determined and compared to swelling
coefficients calculated with eq. (14) by inserting the viscous strains
from creep phases as well as the respective stress changes in re-
laxation phases. To this end the viscous strains �vis and the stress
change due to relaxation (�0 – �) were evaluated in the same time
interval from 1.0 to 864 s after load change and after setting the
strain rate to zero, respectively. The time interval was deliberately
chosen and can be arbitrarily changed. The ratios of �0 from un-
loading to �0 from eq. (14) lie between 0.79 and 0.95, which indi-
cates their similarity and that the stress relaxation indeed
depends on the unloading stiffness, thus creep and relaxation are
actually linked as well for granular soils. Further comparison with
additional test data are necessary to confirm this.

Approach for modelling viscous behaviour of sand
Approaches to model the viscous behaviour of granular soils

were already proposed by Tatsuoka et al. (2002), Di Benedetto et al.
(2002), Gudehus (2006) or Tatsuoka et al. (2008). They focus on the
prediction of the temporary strain rate effect observed in granular
soils after a sudden change of the strain rate.

Models describing the viscous behaviour of fine-grained soils
are commonly based on Norton’s power law (Norton 1929) and the
isotache concept by Šuklje (1957), for example the soft soil creep
model by Vermeer and Neher (1999) or the viscohypoplastic mod-
els by Niemunis (2002) and Gudehus (2004). They use the overcon-
solidation ratio (OCR) definition by Hvorslev (1960) as the main
state variable controlling the effect of viscosity

(15) OCR �
pe

′

p ′

where pe
′ is the equivalent effective mean stress on the reference

compression line (RCL) and p ′ is the current effective mean stress.
A prerequisite for the applicability of these relationships is the
existence of a unique RCL where OCR = 1.0 and which defines the
equivalent pressure pe

′ as a function of the void ratio for a refer-
ence strain rate. The uniqueness of the pe

′–e relationship is, how-
ever, not given for granular soils as will be explained in the
following.

Let us first consider the isotropic loading of a fine-grained soil,
following the compression law of eq. (1). As it can be schematically
seen in Fig. 15a, a state below the RCL, the void ratio (ei) can be
reached by loading, unloading (¡1=¡2), and by creep (¡1¡2)
from a certain pressure level. In either case, the soil would be
overconsolidated (OCR >1) at state 2. Upon isotropic reloading, the
soil will remain in an overconsolidated state and behave stiffer
until it reaches the RCL (2¡1=). When further loaded at constant
volumetric strain rate, the soil will remain on the RCL (1=¡3).

The behaviour of a granular soil follows the compression law
given by eq. (3) (see Fig. 15b). A state below a RCL defined by an
initial void ratio of ei0 and eq. (3) can be reached either by loading,

Fig. 14. Comparison between effects of creep for 24 h versus
relaxation over duration of 1 h on MS at medium dense relative
density.
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unloading (¡1=¡2) or creep (¡1¡2) as drawn in Fig. 15b. The
granular soil at point 2 would be overconsolidated, as a fine-
grained soil is, see Fig. 15a. Upon reloading according to Figs. 15a
and 15b, the soil behaviour would be stiffer until stress reaches
point 1= and by further loading, the granular soil state would move
along the RCL as given by Fig. 15b in the same way as the fine-
grained soil (Fig. 15a).

On the contrary, if a granular soil is being compressed from a
denser state at e0

�, where e0
� is the void ratio at nearly zero effective

mean stress in the denser state, as displayed in Fig. 15c, it will
reach the point 1= along the RCL*, unlike a fine-grained soil, with-
out a creep or unloading processes. From point 1=, after a creep
phase (1=¡2=), the granular soil will approach the RCL* upon fur-
ther loading (2=¡3=). Clearly, the RCL cannot be unique in granu-
lar soils, but depends strongly on the initial density of the soil.
This is confirmed by the experimental results presented in this
study and results from other researchers (e.g., Bauer 1992;
Yamamuro et al. 1996; Herle and Gudehus 1999). The dependency
of the compression curve on the initial density is also a very im-
portant assumption used in the framework of hypoplasticity
(Gudehus 1996). In the following, a concept for the consideration
of variable RCLs (RCL*) dependent on the initial void ratio for
modelling oedometric and isotropic compression of granular soils
including creep is presented.

In the e–ln(p ′) plane the compressive behaviour of granular soils
can be described by a band of compression curves as exemplarily
shown in Fig. 16, that can be mathematically defined for instance
by eq. (3). Each of these curves can be considered as a RCL depend-
ing on the initial state of the soil. As shown in Fig. 15c, the refer-
ence line changes from RCL at point 1 to RCL* at point 1=, if the
compression starts from a denser initial state e0

�. Knowing the
initial value of the three variables OCR, void ratio, and effective
pressure the RCL can be determined and the compressive and
creep behaviour can be simulated in the framework of the isot-
ache concept. We consider a one-dimensional case of compression
and split the strain rate into an (nonlinear) elastic and a plastic
part treating all irreversible strains as viscous

(16) �̇ � �̇e 	 �̇vis

The stress rate can be determined via

(17) �̇′ �
� ′

�
(�̇ 
 �̇vis)

where � is a swelling coefficient, which in granular soils depends
on the void ratio and the pressure p ′. The viscous strain rate �̇vis

can be calculated by the approach presented by Norton (1929),
depending on a reference strain rate �̇r corresponding to the RCL,
OCR, and a density- and pressure-dependent viscosity index Iv =
f(e, p ′) (see Figs. 6a, 6b, and 6c). The following equation for calcu-
lating �̇vis is suggested (Gudehus 2004):

(18) �̇vis � �̇r exp��p ′/pe
′� 
 1

Iv
	

The determination of the equivalent mean effective stress pe
′ for

granular soils follows eq. (3) with

Fig. 15. Idealized compressive behaviour of (a) fine-grained and (b) granular soil after creep (1¡2) or unloading (1=¡2) as well as compression
and creep of (c) granular soil from different initial densities (1/1=¡2/2=¡3/3=).

Fig. 16. Oedometric compression test of medium sand (MS) starting
from different initial densities and assumed curves for the loosest ei

and densest state ed.
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(19) pe
′ �

1
3

hs[
ln(e/ee0)]
1/n

where ee0 is the void ratio for p ′ ≈ 0 on the RCL. As already men-
tioned, the three parameters OCR, p ′, and e have to be known to
determine the RCL, which depends also on the initial density
before compression starts. Equation (19) yields a pressure- and
density-dependent compression index Cc as found by experiments
(see Fig. 4b):

(20) Cc � en�p ′

hs
�n

ln(10)

The density- and pressure-dependent viscosity index can be de-
termined taking into account the ratio C�/Cc where in the new
approach both parameters are density and pressure dependent.

(21) Iv �
C� � f(e, p ′)

Cc � f(e, p ′)

Cc is calculated from eq. (20) and C� is to be analysed from creep
tests. The creep coefficients C� determined from the creep tests
presented in this paper (see Fig. 5e) can be approximated by the
following relationships:

(22)
C�

C�,ref
� � p ′

pref
′ ��

(23) C�,ref � �re 	 C�,ref(re � 0)

and

(24) re �
e 
 ed

ec 
 ed

To use these relationships, the exponent �, a reference creep
coefficient C�,ref at the reference pressure pref

′ with a density de-
pendency factor �, and re the relative void ratio (Gudehus, 1996),
which depends on two pressure dependent limit void ratios (ec

and ed), need to be found from experiments. C�,ref (re = 0) is the
reference creep coefficient at the densest state. The pressure-
dependent void ratios ec and ed can be determined via eq. (3) by
replacing e0 with the critical void ratio ec0 and the densest void
ratio ed0 close to zero pressure.

With the presented model, it was possible to simulate the pres-
sure dependent creep strains of a CRS-creep test on medium dense
sand MS. The 24 h long lasting creep phases were applied at
stresses of 250, 1000, 4000, and 7500 kPa (see Fig. 17).

Conclusion
Results of oedometric compression tests including creep phases

lasting 24 h upon a stepwise doubling of the vertical stress, strain
rate–controlled tests including sudden strain rate changes, and
tests including relaxation phases of 1 h were used to illustrate
main features of the time-dependent compressive behaviour of
sands and the influence of nonplastic fines. When comparing the
results of the MS and the SU2, the conclusions of Enomoto et al.
(2009) summarized in Table 1 regarding the influence of particle
shape, grading, and particle size on the rate-dependent behaviour
can generally be confirmed. We observed that the creep rate in
granular soils depends on stress and relative density and the C�/Cc

ratio is not a material constant in clean sands, but can be roughly
assumed as a constant for sands with high fine content. For clean
sands, we found CRS tests show very little strain rate dependency
and sudden changes of the strain rate result in only a temporary
change of the stress–strain curve. An explanation for the observa-
tion that in CRS tests, rate dependency is practically not visible,
while sudden changes in the strain rate cause an observable —
although only temporary — change in the stress–strain curve has
still to be found. The rate of stress relaxation of the MS seems to
follow an isochronous pattern and appears to be linked to the
creep rate via the unloading stiffness as in fine-grained soils. Nev-
ertheless, the observed rate-dependent and creep behaviour can-
not be described by the isotache concept. To model the creep
behaviour of granular soils during one-dimensional compression,
a new approach was derived by results gained from the experi-
ments. For predicting creep strains, it is necessary to consider the
overconsolidation ratio of granular soils through a variable RCL
that is primarily dependent on the initial density before loading.
From this approach viscous strains are not only defined by the
stress and overconsolidation ratio as sufficient for the modelling
of fine grained soils, but also dependent on the initial density as
well as the actual density. Further development of this approach
is part of ongoing research.
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