
Geomechanics for Energy and the Environment 15 (2018) 54–64

Contents lists available at ScienceDirect

Geomechanics for Energy and the Environment

journal homepage: www.elsevier.com/locate/gete

Theoretical and experimental investigations on the role of transient
effects in the water retention behaviour of unsaturated granular soils
Marius Milatz a,*, Tom Törzs a, Ehsan Nikooee b,c, S. Majid Hassanizadeh c, Jürgen Grabe a

a Institute of Geotechnical Engineering and Construction Management, Hamburg University of Technology (TUHH), Hamburg, Germany
b Department of Civil and Environmental Engineering, Shiraz University, Shiraz, Iran
c Department of Earth Sciences, Utrecht University, Utrecht, Netherlands

a r t i c l e i n f o

Article history:
Received 15 June 2017
Received in revised form 28 November
2017
Accepted 14 February 2018
Available online 19 February 2018

Keywords:
Soil-water retention behaviour
Transient effects
Suction stress
Granular soils
Matric suction measurement

a b s t r a c t

In the present study, an experimental setup is presented and employed to examine the influence of rate
of change of saturation on the transient water retention curves of granular soils with a low suction
range. The results are evaluated and compared to existing theoretical approaches to model the non-
equilibrium soil–water retention behaviour as well as to experimental findings from other researchers.
Furthermore, suction stress characteristic curves under non-equilibrium conditions are obtained. Finally,
the importance and the application of the results in hydro-mechanical modelling of unsaturated soils are
discussed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Investigation of the soil-water characteristic curve

The experimental investigation of the soil–water character-
istic curve (SWCC) or water-retention curve (WRC) is of great
importance in soil science, soil mechanics and hydrology. This
relationship between capillary pressure pc or matric suction s and
volumetric water content θ or degree of saturation Sr represents a
key function for the modelling of the hydro-mechanical behaviour
of porous media such as soils in the unsaturated state.

The SWCC is known to experience hysteresis and a multitude
of scanning-paths on drying and wetting cycles between full sat-
uration (Sr = 1) and the so-called irreducible saturation Sirr, as
depicted in Fig. 1. Another phenomenon is the influence of air
entrapment which occurs during an imbibition. The imbibition
paths do not reach full saturation and they will have a difference
∆Sr due to entrapped air.

The hysteresis phenomenon is due to various microscopic ef-
fects during the flow of pore water through the pore space; such as
contact angle changes upon drying and wetting paths, the bottle
neck effect, as well as air entrapment.1 The macroscopic manifes-
tation of these effects is the measurable SWCCwith its highly non-
linear behaviour and ‘‘hydraulicmemory’’, i.e. path-dependence on
hydraulic history.

* Corresponding author.
E-mail address:marius.milatz@tuhh.de (M. Milatz).

Several methods have been developed for the experimental
investigation of the SWCC in the laboratory.2 These methods are
characterised by different ranges and control accuracies of soil
suction and are used for suction control in the measurement of
SWCC or in mechanical testing of unsaturated soils. For the control
of very high suction levels up to severalmegapascals in fine grained
cohesive soils, methods, such as the osmotic technique3 or the
water vapour method, have been developed. In order to control
medium to low suction levels relevant for granular soils, however,
different methods are needed. One example is the axis translation
method,4 where suction s = ua − uw is controlled by independent
application of pore air pressure ua and pore water pressure uw .
Other examples are the vacuum method, where suction is applied
as underpressure, and the hanging water column method, where
suction corresponds to negative pore water pressure and is ap-
plied by a negative water head.2 Besides the control of suction,
in many cases, accurate suction measurements are desirable. For
this purpose, different instruments, such as tensiometers, can be
employed. A benchmark for different measurement and control
methods for suction has been published by Tarantino et al.5 In
most cases, the mentioned methods have been used for the deter-
mination of primary drainage paths of the soil. Generally, SWCC-
measurement is a time consuming task. Therefore, only few data
on the hydraulic response of unsaturated granular soils to higher
order drying–wetting cycles is available.

https://doi.org/10.1016/j.gete.2018.02.003
2352-3808/© 2018 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.gete.2018.02.003
http://www.elsevier.com/locate/gete
http://www.elsevier.com/locate/gete
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gete.2018.02.003&domain=pdf
mailto:marius.milatz@tuhh.de
https://doi.org/10.1016/j.gete.2018.02.003


M. Milatz et al. / Geomechanics for Energy and the Environment 15 (2018) 54–64 55

Fig. 1. Idealised hysteretic soil–water characteristic curve of a sandy soil with
primary drainage, main imbibition, main drainage paths and different scanning
paths.

Fig. 2. Idealised static and dynamic soil–water characteristic curves of a sandy soil
for primary drainage and main imbibition.

1.2. Transient effects and dynamic SWCCs

Different researchers have demonstrated experimentally that
the SWCC obtained under transient conditions differs from an
equilibrium SWCC, measured with one of the methods mentioned
above. By applying sudden large changes in boundary conditions,
many authors showed that ‘‘dynamic’’ SWCCs are obtained. Herein
the primary and main drainage, as well as main wetting paths
deviate from the equilibrium SWCCs as depicted in the schematic
illustration in Fig. 2. A brief review of such studies will be given
below.

For higher flow rates, an overshooting of suction on drainage
paths and an undershooting on wetting paths are found that decay
over time and approach the equilibrium suction. Therefore, from
a macroscopic point of view, the phenomenon of a ‘‘dynamic’’
SWCC appears to be a result of different hydraulic equilibration
processes inside the unsaturated soil. Extensive reviews of this
dynamic effect can be found in Refs. 6, 7.

Among the previously mentioned studies, several key studies,
their test setup, as well as their considered hydraulic paths are
summarised in Table 1. It can be seen that the research on transient

effects in unsaturated flow behaviour and soil-water character-
istics already started with the important work by Topp et al.8
However, mainly the primary hydraulic paths, especially for the
drainage-case, have been studied so far. An exception can be seen
in the recent work by Zhuang16 who also evaluated the transient
effects for scanning drainage paths. Therefore, very limited knowl-
edge on non-equilibrium soil-water retention behaviour during
different cycles of drainage and imbibition, including scanning
paths, is available.

In Ref. 8, the drying SWCC of a sandy soil was determined
under three different conditions: (a) static experiment, i.e. under
equilibriumcondition, (b) steady-state flow, and (c) unsteady-state
flow. They noticed that the steady-state results are rather similar
to those of equilibrium condition, whereas the resulting SWCCs of
unsteady-state flow are different. It was observed that at a certain
matric suction, the higher the flow rate is, the higher the degree of
saturation would be.

The presence of disconnected pendular rings has been indicated
as one of the possible reasons behind the difference between
equilibrium and transient SWCC curves.8,9 The strong influence of
rate of change of saturation ∂Sr

∂t on the changes in SWCC under
transient conditions has been pointed to by several researchers,
e.g., Vachaud et al.10 and Wanna-Etyem.17 Further, soil type and
consequently pore and grain size distribution are recognised to
influence dynamic effects. However, there is yet not much con-
sensus on the way soil texture and type influence the resulting
dynamic curves. Wanna-Etyem17 investigated the dynamic effects
through several experiments on fine sand, dune sand, loamy sand
and clay loam. It was observed that in the coarse-grained soils,
dynamic effects are more pronounced than in the fine-grained
soils. Wildenschild et al.18 investigated dynamic effects through
single and multi-step outflow experiments. Their investigated soil
types included a sandy soil (88.6% sand, 9.4% silt, 2% clay) and a
fine sandy loam (63.2% sand, 27.5% silt, 9.3% clay). They observed
noticeable dynamic effects in the sandy soil while in the finer
grained soil, they did not observe any dynamic effect. In contrast to
these results, Camps-Roach et al.19 have reported higher dynamic
effects in finer textured soils. The reasons behind this discrepancy
can root in several phenomena which influence dynamic effects.
Having thought of faster possible equilibrium in coarse-grained
soils, Smiles et al.9 stated that the dynamic effects should increase
by a decrease of larger pores within the pore size distribution. On
the other hand, Wildenschild et al.18 pointed to the sudden de-
crease in permeability after the air entry in uniformly grained soils
which can result in the slower arrival at the equilibrium and more
pronounced dynamic effects. Therefore, the value of permeability
at different saturation levels as compared to the permeability in
finer textured soils and the porous structure of soils can play an
important role in the observed dynamic effects. Regardless of the
mechanism (permeability or pore structure) higher water entrap-
ment can lead to more noticeable dynamic effects.

Various mechanisms as a possible cause of dynamic effects
have been discussed by Hassanizadeh et al.6 and Nikooee et al.20
Among all proposed mechanisms, the effect of air entrapment
(especially in the pores adjacent to the boundary of the sample)
can partly be attributed to experimental limitations and artefacts.
In fact, the presence of a highly hydrophilic membrane at the
outlet of an experiment can contribute to highly localised water
drainage nearby and pore water blockage close to the boundary.
Therefore, other mechanisms such as presence of heterogeneities
rather than air entrapment, which are of more relevance to field
conditions, may govern the dynamic effect at larger scales. Camps-
Roach et al.19 have considered pore water and air entrapment as
less important as flow rate dependency of contact angle, with the
latter being of key importance in observed dynamic effects. This
brief discussion of literature reveals the importance of dynamic
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Table 1
Selected previous studies on transient soil–water characteristics from literature.

Reference Test setup Studied hydraulic path

Topp et al.8 Rectangular soil specimen Primary drainage
Smiles et al.9 Horizontal soil column Drying and wetting
Vachaud et al.10 Vertical soil column Primary drainage
Stauffer11 Vertical soil column Primary drainage
Manthey12 Vertical soil column Primary drainage
Bottero et al.13 Vertical soil column Primary/main drainage/main imbibition
Das and Mirzaei14 Vertical soil column Primary drainage
Mirzaei and Das15 Vertical soil column Primary drainage/main imbibition
Zhuang16 ‘‘Small-volume unsaturated sand sample’’ Primary/main/scanning drainage

soil-water characteristic curves in various hydraulic paths includ-
ing scanning curves. However, the governing phenomena, which
influence them, are all yet to be further studied due to our lack of
understanding and comprehensive experimental observations.

1.3. Theoretical framework for dynamic SWCCs

Hassanizadeh and Gray21 used a macro-scale thermodynamic
framework for multiphase porous media consisting of upscaled
balance laws for phases and interfaces as well as second law of
thermodynamics. They proposed the following linearised equation
to provide a relationship among the wetting and nonwetting fluid
phase pressures and capillary pressure:

Dssw

Dt
= −

1
τ

[
(pn − pw) − pc

]
(1)

where pn and pw denote nonwetting and wetting phase pres-
sures, respectively, pc is capillary pressure (matric suction) under
static equilibrium conditions, and τ is a material parameter. Has-
sanizadeh and Gray22 suggested that the material derivative Dssw

Dt

which is based on the solid phase motion can be substituted with
its approximation, the time derivative of degree of saturation ∂Sr

∂t ,
which would result in:(
pn − pw

)
− pc = −τ

∂Sr
∂t

. (2)

According to Eq. (2), the so-called dynamic capillarity coeffi-
cient τ controls the speed of an equilibration process between the
fluid pressure difference (pn − pw) and the static capillary pressure
pc . For static equilibriumwith ∂Sr

∂t = 0, the left-hand side of Eq. (2)
will be zero because the difference in pressures equals the capillary
pressure.

For the coefficient τ , empirical formulae have been presented
in the literature such as that of Stauffer11:

τ =

(
0.1εµ
kλ

)(
Pe
ρg

)2

(3)

where µ specifies the fluid viscosity, ε is porosity, k denotes the
hydraulic conductivity under saturated condition, Pe is the air entry
pressure, and λ represents the Brooks and Corey-parameter also
known as pore size distribution index.23 ρ is the wetting fluid
density and g is gravity.

Several studies have investigated the functional relationship of
the dynamic capillarity coefficient and considered it to be com-
plicated, and potentially hysteretic, i.e. being a function of satura-
tion and matric suction both.24,25 Furthermore, various functional
dependencies have been proposed for this coefficient. Some have
proposed it to be dependent also on other variables than simply
saturation and suction, for instance on the rate of change of satu-
ration, and specific fluid–fluid interfacial area.25

In order to investigate in more detail the whole representation
of dynamic soil-water characteristic curves, a setup is needed for
measuring water retention properties during different hysteretic
cycles and in a systematic way for various flow rates. Such a device

can later also facilitate studying the effect of soil type on dynamic
soil-water characteristic curves. This study, therefore, introduces
an experimental setup for investigating the dynamic soil-water
characteristic curves during different hydraulic cycles. From the
obtained data, the dynamic effect is quantified through calculat-
ing the dynamic capillarity coefficient τ . Furthermore, we discuss
the importance of non-equilibrium effects on hydro-mechanical
behaviour of unsaturated soils through the determination of non-
equilibrium suction stress characteristic curves based on the ob-
tained experimental data.

2. Experimental investigation of transient soil-water charac-
teristic curves

2.1. Experimental method and test setup

With the original focus on the investigation of hysteretic
drying–wetting paths of granular soils, a pore water volume-
controlled experimental method has been developed. Contrary to
conventional methods for the measurement of the SWCC, matric
suction is not controlled but measured. The test is performed by
imposing the pore water volume change while capillary pressure
or matric suction is measured as a response.

An earlier version of the method was presented in Refs. 26, 27
to study the hysteretic SWCC of amedium coarse-grained sand and
then itwas further refined to studyhydro-mechanical coupling and
capillary collapse in sand due to drying and wetting cycles.28

The setup is based on a simple shear apparatus for the inves-
tigation of unsaturated sandy soils presented in Ref. 29. For the
hydraulic tests presented in this contribution, the simple shear
devicewasmodified to be used as an oedometric cell with an either
displacement- or force-controlled axial loading piston, a pore wa-
ter pressure volume controller (manufactured by GDS Instruments
Ltd, London, UK) and a topcap-tensiometer (T5 Laboratory Ten-
siometer, manufactured by UMS GmbH, Munich, Germany). The
latter has been implemented into the loading piston to measure
matric suction in the middle of the cylindrical soil specimen. A
photograph of the setup is shown in Fig. 3. A schematic cross
section, also illustrating the testing procedure and its boundary
conditions, is depicted in Fig. 4.

The loading piston allows to apply axial stress to cylindrical
soil specimens with a diameter of 50 mm and a height of ca.
20 mm. At the same time the porous ceramic tip of the topcap-
tensiometer, installed in themiddle of the loading piston, is pushed
centrically into themiddle of the soil specimen. Due to this position
of the tensiometer tip and the small volume of the soil specimen,
the suction measurement is assumed to be representative. A Lin-
ear Variable Differential Transformer (LVDT) allows to measure
changes of specimen height with an accuracy of ±0.005 mm.
An accurate measurement of specimen height is important for
the knowledge of pore space, needed to calculate the specimen’s
degree of saturation during the whole experiment.

The topcap-tensiometer is used to measure the capillary pres-
sure inside the specimen. In order to prevent the build-up of excess
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Fig. 3. The setup for the investigation of hysteretic soil–water retention curves of
granular soils: ① T5 laboratory tensiometer, ② Loading piston with pointy ceramic
tensiometer tip, ③ LVDT, ④ Cylindrical sand specimen in aluminium ring and latex
membrane, ⑤ Membrane holder (for specimen preparation only).

Fig. 4. Schematic cross section of the test setup and applied mechanical and
hydraulic boundary conditions.

pore air pressure, the loading piston is equippedwith air vents (see
Fig. 4). Therefore, in the current test setup, the specimen top is sub-
jected to atmospheric air pressure uatm, and capillary pressure or
matric suction, asmeasured by the topcap-tensiometer, is assumed
to be equal to negative pore water pressure, i.e. pc = s = −uw

with ua = uatm = 0. In a possible enhanced setup for future tests,
the non-wetting phase pressure could also be measured. For this
purpose a second pressure transducer, e.g. using a hydrophobic
membrane, could be used.

To change the saturation of the initially fully saturated sand
specimen, a pore water pressure volume controller (manufactured
by GDS Instruments Ltd, London, UK) is used as a pump. The
computer-controlled device, which is usually used for triaxial test-
ing, allows to draw water out of, and inject it back into, the speci-
men with a resolution of 1 mm3. The pressure volume controller is
filled with de-aired water and the water supply tube is connected
to the specimen base pedestal, from where the water is forced
through a porous stone filter, covered by a hydrophilic 0.8-µm
microporous membrane.30 The membrane (manufactured by PALL
Corp., USA) has an average air entry value of 83 kPa and prevents
the breakthrough of air into the dewatering system. At the same
time it guarantees a high flow rate due to its nominal permeability
of 1.2 · 10−6 m/s and its negligible average thickness of 0.23 mm.
According to the manufacturer, the water flow is in the range of
88.2 – 352.8 ml/(min · cm2) at a water pressure of 70 kPa. The
applied volume change ∆Vw (negative for specimen drainage) is

Fig. 5. Response- and accuracy-check of the topcap-tensiometer after its prepara-
tion and filling with de-ionised de-aired water.

measured by the pressure volume controller and logged by the
control computer and is used for the calculation of degree of
saturation according to Eq. (4). The calculation of Sr takes into
account the change of the specimen void ratio e due to changes
in specimen height, i.e. specimen volume V .

Sr = 1 +
∆Vw

e
1+eV

. (4)

The computer control of the pressure volume controller allows
to program the applied porewater volume changewithmathemat-
ical functions. Either a sudden (sawtooth-function), a linear, a tri-
angular or a sinusoidal change of porewater volume can be applied
over time leading to corresponding flow rates of pore water qw(t).
Therefore, the setup is suited well to investigate the hysteretic
nature of the SWCC for arbitrary hydraulic paths and additionally
investigate transient effects by systematically applying different
flow rates qw(t) or rates of change of degree of saturation ∂Sr

∂t . Due
to the phenomenon of cavitation of the water either inside the
tensiometer or inside the volume pressure controller occurring at
suctions of around 1 atmosphere (≈ 100 kPa), the application of
the presented method is limited to granular soils with a typical
range of matric suction below 100 kPa.

2.2. Testing procedure and specimen preparation

Before a planned test series, the topcap-tensiometer is prepared
for measurement. The tensiometer-corpus, including the pressure
transducer, the steel topcap and the porous ceramic tip are filled
with de-ionised de-aired water and are carefully assembled. In
order to ensure a bubble-free filling of the tensiometer with water
and correct sensor measurements, the tensiometer is checked for
its response to an applied suction and for accuracy. For this pur-
pose, the ceramic tip of the topcap tensiometer is connected to a
water reservoir, in which a negative water pressure is appliedwith
a vacuum control device (VS-pro, manufactured by UMS GmbH,
Munich, Germany). The result of such a response- and accuracy-
check is depicted in Fig. 5.

The results show a very small response time for the tensiometer
and a very good accuracy for the applied suctions up to 10 kPa.
For higher suctions, slight deviations occur between applied and
measured suction,which canbeneglected for the tested sandy soils
with a low relevant suction domain.
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Table 2
Basic soil properties of the two investigated sands.

CTB-sand

ρs [kg/m3] emin [–] emax [–] d10 [mm] dmax [mm] Cu [–] kw [m/s]

2650 0.41 0.86 0.16 2.00 2.4 2.6 · 10−4

ISS0-sand

ρs [kg/m3] emin [–] emax [–] d10 [mm] dmax [mm] Cu [–] kw [m/s]

2650 0.60 1.02 0.11 0.48 1.7 1.2 · 10−4

ρs: grain density.
emin/emax: minimum/maximum void ratio.
d10: grain diameter at 10% passing.
dmax: maximum grain diameter.
Cu: uniformity index.
kw: hydraulic conductivity (Hazen formula).

Before each test, the base pedestal is assembled in a bath of de-
aired and de-ionised water. The assembly consists of the connec-
tion of the dewatering tubes leading to the water pressure volume
controller, also filled with de-aired de-ionised water, the clamping
of the microporous filter membrane as well as the tightening of a
latex membrane over the specimen-containing aluminium cylin-
der. The latex membrane is held in position by membrane holders
which are removed after docking of the loading piston to the spec-
imen top. The main purpose of the latex membrane is to seal the
specimen in the modular specimen holder and prevent a leakage
of pore water. Furthermore, it helps to reduce evaporation which
is generally assumed to be negligible due to the narrow geometry
of the air vents in the loading topcap. All tube connections as well
as the porous sinter metal filter underneath the filter membrane
are flushed with de-aired water in order to avoid the entrapment
of air bubbles in the dewatering system.

Finally, the sand specimen is prepared by carefully pouring dry
sand into the partially water-filled aluminium ring. During this
procedure, care is taken that the water level is always on top of the
sand surface to avoid occluded air bubbles. The sand is compacted
to the desired initial specimen height by mixing with a small stick.
After specimen preparation, the water-saturated base pedestal is
placed in the testing device, then fixed and the loading piston is
docked to the specimen top in a load-controlled procedure. During
the docking, the ceramic tip of the topcap-tensiometer is carefully
driven into the sand specimen. The docking procedure is finished
when the axial load cell measures a docking force of 0.02 kN,
corresponding to an initial axial stress of 10 kPa. This axial stress is
kept constant until the subsequent testing steps are started. After
the application of the docking stress, the membrane holders are
dismounted and the latex membrane is rolled over the loading-
piston and fixed with a rubber band.

The testing procedure generally consists of two stages. In the
first stage, the initially water-saturated soil specimen is consol-
idated under an arbitrary axial stress σ , applied by the loading
piston and kept constant throughout the whole experiment. After
applying the selected stress, we wait until all settlements of the
specimen top and possible excess pore water pressures, measured
by the tensiometer in the middle of the specimen, have vanished.
The second stage includes the hydraulic testing of the specimen
and may be subdivided into further substages with different ap-
plied hydraulic paths. In order to avoid problems with a loss of
hydraulic contact between the tensiometer and the pore water
within the sand specimen, the lowest applied degree of saturation
is limited to remain above Sr = 0.3 in the hydraulic test stages.

During the whole test, the axial displacement of the specimen
top, i.e. the current specimen height, is exactly known. However,
slight differences might occur in initial specimen height due to
deviations resulting from specimen preparation. From the current
specimen height, the updated void ratio as well as the updated
degree of saturation are calculated for all test steps.

Fig. 6. Grain size distribution curves of the two investigated sands.

The tests presented in this contribution aim at the investigation
of the influence of different rates of change of degree of saturation
∂Sr
∂t on the obtained hydraulic paths of the SWCC. For this pur-
pose, constant inflow or outflow rates qw are applied during the
hydraulic stages by using the water pressure volume controller,
which allows the evaluation of s-Sr data with also constant values
of ∂Sr

∂t . However, the values of ∂Sr
∂t have to be seen as average values

for the individual hydraulic test stages because, technically speak-
ing, they are only constant for the assumption of an unchanged
void ratio. As the observed changes in void ratio are generally
small, this assumption seems to be valid.

2.3. Tested material

Two different sands are considered in this study, in order to
investigate their transient hydraulic behaviour. The investigated
sands are a medium coarse-grained sand from the River Elbe in
Hamburg, called CTB-sand,27 and a fine-grained sand, called ISS0-
sand, used for model tests in the soil mechanics laboratory at
Hamburg University of Technology. Selected soil parameters are
summarised in Table 2. The grain size distribution curves of the
two sands are depicted in Fig. 6.

3. Laboratory tests and testing results

3.1. Hydraulic behaviour of medium coarse-grained sand

Thehydraulic tests onCTB-sandwere originally performedwith
the focus on the investigation of the hysteresis phenomenon and
the scanning paths of the SWCC of this medium coarse-grained
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Table 3
Hydraulic boundary conditions for the tests on CTB-sand.

Test Nr. Applied qw [mm3/s] Corresponding ∂Sr
∂t [1/s]

1 1.00 ∓7.29 · 10−5

2 10.0 ∓7.41 · 10−4

sand.26,31 With the presented setup, different hydraulic histories
in the form of varying drying–wetting paths were applied to the
soil specimens. One of the test series, reported in this contribution,
focuses on the influence of different flow rates on the measured
hydraulic paths.

In the consolidation stage, the two sand specimens are loaded to
an axial stress of 50 kPa, which is kept constant for the subsequent
hydraulic test stages. A void ratio of e0 = 0.58 is reached for
both specimens at the beginning of the hydraulic test stages, which
allows to assume equal starting conditions for the two specimens
with respect to density. The hydraulic stages start with a primary
drainage of the initially saturated sand, where Sr is reduced to 0.3.
In the next step, two wetting–drying cycles with 0.3 ≤ Sr ≤ 1.0
are followed by flushing the same pore water volume into and out
of the specimen that has been removed in the primary drainage
step. This procedure leads to a first imbibition path, followed by a
main drying path and another imbibition path as well as one final
main drying path. The hydraulic boundary conditions for the two
specimens (the applied flow rates and the corresponding rates of
degree of saturation change) are compared in Table 3.

To compare the applied flow rates to real flow events, they
can be transformed into equivalent rainfall intensities of 44 and
440 mm/d. While the low value is realistic for a light rain event,
the high value corresponds to heavy rain. It has to be empha-
sised however, that under natural conditions, very high rainfall
intensities frequently only appear as peak values without being
constant over a longperiod of time as in our experiments. However,
besides the interpretation as a rainfall event, the applied higher
flow rates could also represent the infiltration or exfiltration rate
due to a quick flooding of the soil surface or a sudden lowering of
the groundwater table.

The paths of s and Sr versus time, obtained from the two tests
are shown in Fig. 7. The measured data are combined to construct
SWCCs, shown in Fig. 8. For this data evaluation, a homogeneous
distribution of s and Sr within the specimen volume is assumed,
whichmay, however, be justified due to the small specimen height
of only 20 mm.

The measured SWCCs show the typical hysteretic behaviour
resulting from repeated drying and wetting. The applied pore wa-
ter volume change does not consider the effect of air entrapment,
when Sr is cycled between 0.3 and 1.0. Due to the occluded air after
a first drainage, the pore water rises into the air vent holes in the
topcap over the top of the sand specimen during the consecutive
imbibition which can be noticed from the negative suction values
measured by the tensiometer in Fig. 8. The negative suction values
evolve linearly with increasing degree of saturation and represent
a hydrostatic pore water pressure head on top of the specimen.
However, the typical curve of the SWCC with a large slope ∂s

∂Sr
around s = 0 during imbibition is very well captured by the data
despite the enforced over-saturation.

After the first imbibition path, air entrapment (∆Sr ) can be
derived from the curve of suction response and the point where
suction becomes negative. The full degree of saturation is not
reached again with the ‘‘real’’ Sr remaining at about 0.86 to 0.835.
The amount of air entrapment ∆Sr increases from about 0.14 to
0.165 after the first wetting–drying cycle. In the second cycle of
wetting and drying, it is slightly increased again for both speci-
mens. It can be noticed that the two curves almost coincide despite
the difference in the applied flow rates. This may indicate that the

Fig. 7. Paths of measured matric suction s and degree of saturation Sr calculated
from the applied pore water volume change for the two tests on coarse-grained
CTB-sand. Note the difference in time scales.

Fig. 8. Measured SWCCs of coarse-grained CTB-sand for the two varied flow rates.

flow rate has no significant effect on the obtained SWCCs of the
medium coarse-grained CTB-sand. As the curves lie very close to
each other with some overlap, we conclude the value of the τ -
parameter for this soil type to be negligibly small.
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Table 4
Testing stages and hydraulic boundary conditions for the tests on fine-grained
ISS0-sand.

Test Nr. Test stage Applied qw [mm3/s] Corresponding ∂Sr
∂t [1/s]

1 1: PD 0.25 −1.45 · 10−5

2: I 0.25 +1.45 · 10−5

3: CDW 0.25 ∓1.45 · 10−5

4: CDW 1.00 ∓5.79 · 10−5

5: CDW 2.50 ∓1.45 · 10−4

2 1: PD 5.0 −2.90 · 10−4

2: I 5.0 +2.90 · 10−4

3: CDW 5.0 ∓2.90 · 10−4

4: CDW 7.5 ∓4.35 · 10−4

5: CDW 10.0 ∓5.80 · 10−4

PD: Primary drainage, I: Imbibition, CDW: Cyclic drying–wetting.

3.2. Hydraulic behaviour of fine-grained sand

Two test series have been performed on the fine-grained ISS0-
sand. For both specimens a void ratio of e0 = 0.8 (medium dense
packing) could be realised by careful preparation and similarly
achieved compaction during the consolidation stage. In the con-
solidation stage, an axial stress of only 25 kPa is applied and kept
constant throughout the whole experiment. The applied hydraulic
paths consist of a primary drainage starting from Sr = 1, a
following imbibition and different drying–wetting cycles. During
all hydraulic stages, no significant change in the initial void ratio
due to specimen volume change occurred.

The focus of the test series is placed on the flow rate effects.
For both tests presented in this contribution, the primary drainage,
the consecutive imbibition and first two drying–wetting cycles are
performed with constant flow rate. Afterwards, two hydraulic test
stages eachwith two drying–wetting cycleswith an increased flow
rate are applied. In the primary drainage path, the specimens are
drained from Sr = 1 to Sr = 0.4. In the subsequent imbibition
step, Sr is increased only to 0.8, in order to consider the effect of
air entrapment without an over-saturation of the specimen. In the
cyclic test stages, the upper limit of Sr = 0.8 is also taken into
account and Sr is cycled between 0.8 and 0.5 in test 1 and between
0.8 and 0.6 in test 2. The applied boundary conditions of the two
tests on ISS0-sand are compared for every test stage in Table 4.

The applied flow rates in ascending order reported in Table 4
correspond to rainfall intensities of 11, 44, 110, 220, 330 and
440 mm/d.

The time-series of obtained matric suction and degree of sat-
uration for various stages of test 1 on ISS0-sand are depicted in
Fig. 9. The transient SWCCs, obtained by combining the measured
data of s and Sr , are depicted in Fig. 10. The data measured in the
transient test is plotted together with data from an evaporation
test using the HYPROP-laboratory test device (UMS GmbH/METER
Group AG). In the HYPROP test, a cylindrical specimen with a
diameter of 8 cm and a height of 5 cm and an initial void ratio of
e0 = 0.8 was subjected to free evaporation from its top surface,
while suction was measured with two embedded tensiometers at
different heights.32,33 The degree of saturation is calculated over
time from the mass loss of evaporated pore water measured with
a laboratory balance. Due to the slow evaporation process, an
equilibrium primary drainage path is obtained.

After the initial primary drainage, the following imbibition and
first double drying–wetting path with a very slow flow rate of
qw,1 = 0.25 mm3/s, the flow rate is increased for the subsequent
cyclic drying–wetting paths. The data, shown in Fig. 9, shows an
increase in magnitude of suction response for higher flow rates.

A good agreement between the two primary drainage curves
obtained for transient and equilibrium conditions (evaporation
method) is obtained in the s-Sr -plane shown in Fig. 10. Without

Fig. 9. Paths of measured matric suction s and degree of saturation Sr calculated
from the applied pore water volume change for the first test on fine-grained ISS0-
sand. The initial void ratio of each hydraulic test stage is e0 = 0.8.

Fig. 10. Obtained transient SWCC for the first test on fine-grained ISS0-sand plotted
together with an equilibrium primary drainage path from an evaporation test.

regard to the overshooting of suction around the air entry value
from the transient test, the two primary drainage paths seem to
be quite identical. From this it may be deduced that the transient
curvewith a flow rate of qw,1 = 0.25mm3/s corresponds to a static
curve.

After the primary drainage and consecutive imbibition, the
second main drainage path drifts to higher suctions and therefore
crosses the primary drainage path. Normally, it would be expected
that the second drainage path led asymptotically into the pri-
mary drainage path. This is a rather non-typical behaviour that
cannot be explained by different flow rates because all described
hydraulic paths are obtained for the same flow rate qw,1 = 0.25
mm3/s. An attempt to explain this behaviour could be a developing
inhomogeneity in the distribution of degree of saturation inside
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the specimen right after air entrapment. This would lead to a
difference in local and global degree of saturation calculated from
the pore water outflow. This effect would also cause the measured
local suction values not to fit together with the calculated global
degree of saturation. This phenomenon may also be accompanied
by redistribution effects of pore water inside the specimen that
promote an additional drift in the measured suction values visible
in Fig. 9 after the first imbibition.

For the consecutive scanning drying curves with higher flow
rates a drift farther in the direction of higher suction values can
be noticed, which may reflect the transient effects that obviously
also influence the scanning behaviour. However, the transient
behaviour cannot be further described because all measured tran-
sient scanning curves start from a different hydraulic history of s
and Sr and represent non-equilibrium curves. For an evaluation
of the τ -parameter for the scanning curves according to Eq. (2),
equilibrium-data with the same starting point within the s-Sr -
planewould be needed. After the primary drainage and imbibition,
the consecutive wetting curves show the typical behaviour of hy-
draulic history by running again into the previous main imbibition
path.

Other evidence of non-equilibrium effects can be noticed from
the s- and Sr -data close to the end of the test in Fig. 9. After the
end of the last imbibition, the measurement of matric suction
is continued for some time, showing an asymptotic increase of
about 1 kPa, while the global degree of saturation remains at the
applied value of 0.8. This may be an indication of redistribution
effects within the specimen, leading to a drift towards the internal
equilibrium suction and true equilibrium distribution of degree of
saturation. In the applied test method, matric suction and degree
of saturation are obtained as averaged values. Therefore, a possible
redistribution of pore water over time and a change within a
saturation distribution inside of the porous network can of course
only be assumed.

The second test on ISS0-sand incorporates the same initial
conditionswith e0 = 0.8 and Sr = 1. However, in the hydraulic test
stages another concept is followed by applying generally higher
flow rates compared to test 1. The measured data of Sr and s for
test 2 are represented in Fig. 11. The SWCC from combined s-Sr -
data is shown in Fig. 12.

Unlike the suction data from the first test, the cyclic drying–
wetting paths from the second test with flow rates of qw,1 =

5mm3/s, qw,2 = 7.5mm3/s and qw,3 = 10mm3/s show only slight
differences when compared to each other.

A difference between the first imbibition path and consecutive
cyclic imbibition paths can be noticed which may be due to tran-
sient effects. However, the different cyclic hydraulic paths cannot
be compared easily to each other with focus on the identification
of dynamic effects, because their starting points, i.e. their hydraulic
histories, differ slightly. Therefore, the dynamic effects cannot
be described quantitatively, as already described for test 1. As a
possible consequence of the higher flow rates, a slight settlement
of the sand specimen is measured before the last cyclic drying–
wetting stage, leading to a reduced void ratio of e0 = 0.79.

The hydraulic test stages of the second test series generally
differ from those of the first test series because of the higher
applied flow rates. A comparison of the primary drainage paths of
the tests 1 and 2 on ISS0-sand shows a higher suction response
for the transient test with an initial drainage flow rate of qw,1 =

5 mm3/s in test 2 compared to qw,1 = 0.25 mm3/s in test 1. The
two curves are shown in Fig. 13 and are also compared to the
equilibrium primary drainage path for a void ratio of e0 = 0.8,
measured in the evaporation test mentioned above.

As these drainage paths experience the same initial conditions
with same void ratio and same initial degree of saturation, the
parameter τ may be evaluated. It can be easily computed from the

Fig. 11. Paths of measured matric suction s and degree of saturation Sr calculated
from the applied porewater volume change for the second test on fine-grained ISS0-
sand. The initial void ratio of each hydraulic test stage is e0 = 0.8, except for the
last stage where we have e0 = 0.79.

Fig. 12. Obtained transient SWCC for the second test on fine-grained ISS0-sand.

constant change rates of degree of saturation with time and the
capillary pressure-difference between the primary drainage curves
A and B as well as A and C using Eq. (2). In this evaluation, curve B
is assumed to be equal to an equilibrium curve.

It is interesting to notice that the imbibition paths, also shown
in Fig. 13, reach nearly the same suction value despite their varying
starting points of suction and different flow rates. However, due to
a lack of equilibrium imbibition data, τ cannot be evaluated for the
imbibition paths.

The plots of the τ -parameter for primary drainage as a function
of Sr - and s-values, based on data points shown by red markers in
Fig. 13, are given in Fig. 14.

Despite the scatter of data, a linear relationship between τ and
Sr or s can be fitted through all data points. It is given by Eqs. (5) and
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Fig. 13. Measured transient SWCCs of fine-grained ISS0-sand for primary drainage
with consecutive imbibition (curves A and B) and comparison to an equilibrium
primary drainage path from an evaporation test (curve C) for the calculation of the
τ -parameter according to Eq. (2).

Fig. 14. Calculated τ parameter from test data as a function of Sr (top) and s (bottom)
for the primary drainage path of the two transient SWCCs (curves A and B) and the
equilibrium SWCC (curve C) of fine-grained ISS0-sand.

(6) valid for 0.39 ≤ Sr ≤ 0.86 and 4.83 ≤ s ≤ 6.29. The data show
an increasing τ with decreasing degree of saturation or increasing
matric suction. This is in accordance with some other findings
in the literature. Other studies, such as the work by Bottero et
al.,13 Mirzaei and Das15 and Zhuang,16 also found the τ -parameter
increasing with decreasing Sr .

τ (Sr ) = 5.2812 · 106
− 0.3795 · 106

· Sr [Pa s] (5)

τ (s) = 4.6453 · 106
+ 0.0728 · 106

· s [Pa s]. (6)

Fig. 15. Paths of degree of saturation Sr and calculated suction stressσs = sSe versus
time for the first transient test series on fine-grained ISS0-sand.

Fig. 16. Paths of degree of saturation Sr and calculated suction stressσs = sSe versus
time for the second test series on fine-grained ISS0-sand.

3.3. Hydro-mechanical behaviour of fine-grained sand

Another practical significance of the presented findings can be
seen in the impact of different flow or infiltration rates on the
hydro-mechanical behaviour of unsaturated soils. The mechanical
stress state and strength of unsaturated soils may also be influ-
enced by different flow rates as occurring in nature for rain events
with different rainfall intensities and corresponding infiltration
rates. This would be relevant for the understanding of rainfall-
induced slope failures. The influence of suction and degree of satu-
ration on the effective stress state can be described by the suction
stress concept.34,35 Suction stress σs represents the influence of
suction on the effective stress state and is given by Eq. (7).

σs = sχ, with χ = Se =
Sr − Sirr
1 − Sirr

. (7)

To further emphasise this idea, the data from the hydraulic
element tests on ISS0-sand are evaluated in terms of suction stress
over time for different applied flow rates qw . For the calculation of
σs, a residual saturation Sirr = 0.126 is assumed in the formulation
for effective saturation Se. This value is reached asymptotically by
the equilibrium primary drainage path, depicted in Fig. 13. The
results of suction stress versus time are shown in Figs. 15 and 16.

The time series of calculated suction stress for the two tests
on ISS0-sand also show the effect of hysteresis. For the higher



M. Milatz et al. / Geomechanics for Energy and the Environment 15 (2018) 54–64 63

Fig. 17. Suction stress characteristic curves obtained from the first transient test
series and from the equilibrium primary drainage path from the evaporation test
on fine-grained ISS0-sand.

flow rates in test 2, the difference in suction stress for cyclic
drying–wetting paths ∆σs is higher as compared to test 1, with
∆σs,test2 ≈ 3.45 kPa, i.e. 63.6% of σs,max,test2, as compared to
∆σs,test1 ≈ 1.95 kPa, i.e. 40.6% of σs,max,test1 in Figs. 15 and 16. Here,
σs,max indicates the maximum value of suction stress obtained for
primary drainage in each test. This difference in the suction stress
response of the two tests is an indication of a higher reduction of
suction stress for higher flow rates. Additionally, in test 2 suction
stress is reduced to approximately 0 kPa for the imbibition paths,
which could represent an explanation for the observed settlements
of the specimen before the last cycle (the reduction of void ratio
from0.80 to 0.79). This represents a link between the hydraulic and
mechanical behaviours of unsaturated soil where changes in s and
Sr may provoke capillary collapse.28,36 Also, the above-mentioned
effect of possible water redistribution is visible within the drift of
suction stress at constant Sr = 0.8 for the last cycle in Fig. 15. This
effect leads to generally lower suction stress for transient paths
with an asymptotic drift to higher equilibrium suction stress at
∂Sr
∂t = 0.

The above-mentioned hysteretic effect in suction stress be-
comes especially clear when suction stress is plotted versusmatric
suction in Figs. 17 and 18. These ‘‘suction stress characteristic
curves’’ generally reveal higher suction stress levels for drying
paths compared to wetting paths due to hysteresis of the SWCC.
However, the development of suction stress on drying andwetting
is non-linear with increasing or decreasing suction. Furthermore,
the influence of dynamic effects can be seen especially within
the results of the second test series in Fig. 18, when the tran-
sient suction stress curve for primary drainage is compared to
the equilibrium curve. This transient suction stress response is
generally higher than in the equilibrium state. Due to the low flow
rate in the first transient test series the transient and equilibrium
suction stress responses, shown in Fig. 17, are nearly identical, if
the overshooting of suction stress around the air entry suction in
the transient test is neglected.

Under natural conditions, cyclic wetting and drying paths with
varying flow rates can occur for wet and dry weather periods with
different intensities of rainfall and evaporation at the soil surface.
Although the evaluated suction stress levels of the investigated
ISS0-sand only account for a few kilopascals, their variability as
a function of hydraulic history and flow rate may be significant
for slope stability. Especially cyclic changes in suction stress and
higher changes at higher flow rates may promote slope failure

Fig. 18. Suction stress characteristic curves obtained from the second transient test
series and from the equilibrium primary drainage path from the evaporation test
on fine-grained ISS0-sand.

due to a loss of soil strength and redistribution of soil grains
due to capillary collapse. However, this hypothesis needs further
experimental testing.

4. Discussion and outlook

In this contribution, an experimental method for the investi-
gation of arbitrary hydraulic paths of the SWCC of granular soils
has been presented. The method is based on the direct application
of flow rates of pore water and the measurement of the resulting
suction response. The corresponding experiments, referred to as
‘‘hydraulic element tests’’, allow us to investigate the hysteretic
nature of the SWCC upon cyclic drying–wetting paths as well as
the influence of dynamic effects.

The main assumption of the hydraulic element test is a homo-
geneous distribution of capillary pressure or matric suction as well
as degree of saturation within a small representative soil volume.
This assumption may be justified because small specimens with a
height of only 20 mm are tested with a centred suction measure-
ment at the middle height of the specimens. However, deviations
from a homogeneous distribution of capillary pressure and degree
of saturation over the specimen may occur during an experiment
due to boundary effects at the sidewalls of the specimen, as a result
of increasing air entrapment or due to gravity. These effects may
also lead to the observed indication of a redistribution of the water
phase inside the specimen.

The principal findings of the presented research are the ob-
served differences between the medium coarse-grained and the
fine-grained sand with no significant dynamic effects in the tran-
sient drying–wetting paths of the coarse-grained sand.Mirzaei and
Das15 also show that the dynamic effects are more pronounced
for finer-grained sands based on their column experiments. The
results of Zhuang16 show significant dynamic effects for main
and scanning drainage of a fine-grained sand with a grain size
distribution very similar to ISS0-sand used in this study. Her results
also indicate a dependence of τ on Sr and an influence of hysteresis
with determined values of 5 · 104

≤ τ ≤ 3 · 106 Pa s. The
order of magnitude of the τ -parameter for primary drainage found
in this study is between 4.5 · 106 and 5.5 · 106 Pa s, which is
in good agreement with the findings of Zhuang.16 Despite some
aberrations in the measured suction data from test series 1, the
hydraulic element tests on the fine-grained ISS0-sand indicated
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dynamic effects for all hydraulic paths of the SWCC, which rep-
resents another important finding. Also the scanning paths, only
scarcely investigated in literature so far, appeared to be influenced
by rate of change of degree of saturation with time. However, the
value of τ could not be evaluated due to lack of corresponding
equilibrium data for higher-order scanning paths.

To the best of our knowledge, this paper presents, for the
first time, the experimental evidences of the influence of non-
equilibrium retention behaviour of soil on its suction stress state.
Due to difference in distributions of water inside the soil porous
network at different water flow rates, one can expect different
states of intergranular stress, i.e. different states of suction stress
and alternatively effective stress. Nikooee et al.20 have presented
a formulation for the effective stress which accounts for the non-
equilibriumeffect (τ -term). However, still further non-equilibrium
hydraulic as well as mechanical tests on unsaturated soils are
needed to elucidate the role that non-equilibrium suction stress
plays in the hydro-mechanical behaviour of unsaturated soils.

Further studies have been considered to employ the introduced
experimental setup in order to obtain more data for the investi-
gation of the transient soil–water characteristic curves as well as
suction stress characteristic curves.

Last but not the least, an ongoing study has been considered
by the authors where the same setup will be placed in a micro
CT scanner to investigate the water distribution, homogeneity
of saturation throughout the sample and trapped air and water
clusters at different hydraulic states and their influence on the soil
hydro-mechanical behaviour.
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