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The water retention curve is fundamental for a comprehensive description of the hydro-mechanical
behaviour of unsaturated soils. The water retention testing system developed at Durham University allows
direct and continuous measurement of suction using a high capacity tensiometer, water content determined
from mass readings of a digital balance and measurements of volume change. The system was modified to
accommodate an additional tensiometer to measure suction at the top besides the existing one at the bottom
of the soil specimen. Soil specimens were subjected to drying and wetting following two procedures:
discrete measurements carried out in stages to ensure equalisation and continuous measurement at different
rates. All suctions measured during continuous and discrete measurements were very close at high
saturation degrees. At lower saturation degrees, the suction values from the top and bottom of the specimen
deviated from suctions observed in discrete measurements. This deviation in suction values was more
evident in accelerated drying and wetting patterns. This can be explained by the fact that water permeability

reduces with the decrease in saturation levels.

1 Introduction

The relationship between the amount of water stored in
soil pores and suction, known as Soil Water Retention
Curve (SWRO), is essential to understand the hydro-
mechanical behaviour of soils under unsaturated
conditions. It has been commonly used to estimate
various properties of unsaturated soils such as shear
strength and permeability [1, 2]. The dependency of the
SWRC on soil density and its hysteretic nature observed
along drying and wetting paths have been of great
interest in the field of laboratory testing of unsaturated
soils [3, 4].

Many devices have been developed to measure the
water retention behaviour of soils at laboratory scales. A
key consideration in the laboratory determination of the
SWRC is how to control or measure soil suction. The
most common suction-controlled techniques used for
water retention testing are axis translation, vapour
equilibrium and osmotic suction [5, 6]. All these
techniques suffer from the long testing time that is
required to ensure water equalisation is achieved across
soil specimens upon imposed suction levels. Following
the development of advanced suction probes, several
attempts have been made to measure rather than control
suction for water retention testing, thereby using them as
an alternative technique to determine the SWRC [7-9].
The water retention testing system developed at Durham
University allows measurements of volume change of a
soil specimen and uses a high capacity tensiometer and a
digital balance to measure soil suction and water content
[10, 11]. The high capacity tensiometer provides rapid
and direct measurements of suction while the soil
specimen is subjected to water evaporation or continuous
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wetting through water droplets, thereby allowing the
SWRC to be obtained much faster and more
representative of the natural mechanism (true drying)
than other standard methods. However, the accuracy of
measurements during continuous drying and wetting and
the state of equilibrium of water and suction within the
soil specimen have not been fully addressed and need
further investigations.

In this paper, the current version of the water
retention system developed at Durham University is
described. The device has been recently modified to
accommodate an additional tensiometer to measure
suction levels at the top besides the existing one that
measures suction at the bottom of the soil specimen. This
allows the suction gradient generated along the height of
the specimen to be detected. The wetting capability of
the system has also been improved to allow sprinkling of
water at multiple locations on the specimen surface. The
modified water retention system is currently employed
by the “Transport Africa” project where the water
retention behaviours of naturally occurring soils,
consisting different percentages of fine fractions, from
subgrades of roads and railway embankments are being
studied under cycles of drying and wetting. The research
presented in this paper aims at studying the significance
of lack of suction equalisation and the effect of rates of
drying and wetting on the measurements of the water
retention curves of a subgrade soil subjected to
continuous drying and wetting.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Water retention testing system 3 Testing procedure
Figure 1 shows a sketch of the water retention device The soil used in this study was taken from the subgrade
used in this study. The device allows continuous of a low volume road constructed in the North East of
measurements of suction, water content and volume Tanzania. It is a clayey silt consisting of 43% clay, 44%
changes of a soil specimen subjected to cycles of drying silt and 15% sand. The plasticity index and specific
and wetting. The specimen is placed on the plate of a gravity of the soil are 16.5% and 2.66, respectively. The
cube shaped frame while enclosed in a shroud. The oven dried powdered soil was mixed with water and kept
suction is measured using high capacity tensiometers for at least 24 hours in a closed plastic bag to ensure
capable of measuring suction up to 2 MPa [8, 12], which water equalisation. The cylindrical specimen, having a
satisfies most of the suction range that is encountered in diameter of 100 mm and a height of 25 mm, was then
many practical geotechnical problems. Two tensiometers statically compacted at a dry density of 1350 Mg/m® and
are mounted in the centre, one at the top and the other at moisture content of 35% i.e. just wet of optimum (S, >
the bottom of the specimen, while supported carefully to 95%). The ratio between the surface area exposed to the
ensure decent contacts between the soil and the sensing atmosphere and the volume of the specimen was equal to
face of the tensiometers. The area covered by the 0.075 mm™. [12] reported that no significant water
tensiometer placed on the top is 3.14 cm” which is very gradient across the soil specimens prepared with similar
small compared to the area of the top surface of the ratios was observed during drying. To maintain constant
specimen (78.5 cm?®). The frame accommodates six evaporation rates during testing, all measurements were
displacement transducers to measure axial and radial conducted in a temperature-controlled room with
deformations, thereby monitoring volume changes of the temperature (7) of 21+£0.5°C and relative humidity (RH)
specimen. All instruments are connected to a data logger of 34%.
that sits inside the frame and communicates with a real- The water retention tests were carried out while the
time data acquisition system remotely. The frame soil specimens were subjected to drying and wetting
housing the specimen along with all instruments are following two procedures: 1) discrete measurements
placed on a precise digital balance which allows carried out in stages to ensure equalisation, the drying
determining water content changes of the specimen from and wetting tests with discrete measurements are titled as
mass readings. The cables connecting different “DS” and “WS”, respectively; 2) continuous
instruments to the data logger are supported cautiously to measurements with drying and wetting with no pauses,
minimize the influence of stiffness or movement of the carried out at different rates to study the effect of the
cables on the mass measurements. To improve the imposed rates on the measurement of the water retention
wetting part of the system, a stand is placed adjacent to curves of the tested soil. For discrete measurements, the
the frame which holds water pipes and allows sprinkling drying path was carried out by keeping the specimen
of water droplets onto the top surface of the specimen at exposed to atmosphere in a temperature and relative
a controlled rate. humidity controlled room whereas the wetting path was
Drying paths are applied while the soil specimen is imposed in a relative humidity controlled chamber (RH >
exposed to the atmosphere. The water evaporates from 95%). The hydraulic boundary conditions were kept
the top and lateral surfaces of the specimen while the similar to the continuous measurements where the
evaporation rate can be controlled by adjusting the specimen was exposed to the atmosphere from the top
exposure of the holes punched in the shroud. Wetting and lateral surfaces. The drying and wetting tests with
paths are imposed by sprinkling water on the top surface continuous measurements are titled as “DC” and “WC”,
of the specimen at controlled rates regulated by solenoid respectively. The rate of drying was accelerated from
valves. The current setup of the wetting system consists DCO1 to DCO3 and the rates of wetting from WCO1 to
of four nozzles that allow water drops to be injected at WCO03. The description of the tests performed is
four locations on the top surface of the specimen, each presented in Table 1. The rate of drying and wetting is
having a distance of about 25 mm from the centre. shown in terms of Aw/h where Aw is changes in the
gravimetric water content and h is the elapsed time
Displacement (hours).

Water lin&s ” sensor

Table 1. The description of the tests carried out.

Title Hydraulic path Continuity Rate (%Aw/h)
DS Drying Staged -0.04 (average)
DCO01 Drying Continuous -0.10
- L DCO02 Drying Continuous -0.13
E* ] Data logger — :ﬁ
- DCO03 Drying Continuous -0.21
|0 baiance ONIOFF i WS Wetting Staged 0.025 (average)
| | WCO01 Wetting Continuous 0.05
WC02 Wetting Continuous 0.07
Fig. 1. Water retention system developed at Durham University WC03 Wett Conti 0.10
(Modified after Toll et al. 2015). etting ontinuous :
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Figure 2 shows changes in suction (s) and
gravimetric water content (w) with the elapsed time for
the two procedures: the continuous drying test (DCO1)
followed by the continuous wetting test (WCO1), and the
staged drying test (DS) followed by the staged wetting
test (WS). DS and WS were carried out by halting the
tests at different periods, wrapping the specimens in
plastic bags and keeping in a RH controlled chamber for
at least 24h. The suction measured after the equalisation
periods was constant so ensuring equilibrium was
achieved and the data points (DS and WS) present
suction and water content at hydraulic equilibrium. The
specimens from DCO1 and DS were dried to the water
content of 29.1% (s = 986 kPa for DCO1 and s = 1073
kPa for DS). The specimens were then wetted until
suction reached 15 kPa (w = 33.7%) for WCO1 and 43
kPa (w = 31.8%) for WC. The duration of the drying and
wetting tests with the discrete measurements (DS-WS)
was about two times longer than the slowest tests with
the continuous measurements (DCO1-WCO01). It has to
be pointed out that the two procedures used hereby
measure SWRCs considerably quicker than the other
standard techniques that control suction during water
retention testing.
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Fig. 2. Measurements of suction and gravimetric water content
for DCO1 followed by WCO01 and for DS followed by WS.

Figure 3 shows the variations of the gravimetric
water content (Aw) with the elapsed time for the tests
with continuous measurements. The fairly straight lines
imply the water evaporation and sprinkling took place at
constant rates along the entire drying and wetting paths.
The drying tests were performed at three different rates.
The fastest drying test, DC03, was performed within 254
(Aw = -0.21%/h) which was about two times faster than
the slowest drying test DCO1 (Aw = -0.10%/h). The
wetting tests were also performed at three different rates.
Since water was sprinkled only on four locations on the
top of the specimen, hydraulic equalisation for wetting
was expected to take longer than the drying paths in
which the water could evaporate uniformly from the top
and lateral surfaces. Hence, the wetting tests were

performed at rates lower than the rates of drying tests.
The fastest and slowest wetting tests, WC03 and WCO1,
were performed at the rate of Aw = 0.10%/h and
0.05%/h, respectively.

| — DCO1 ---- DCO3 —  WC02
— - DC02 — WC0l - - WCO03

Aw =0.07%/h
Aw =0.10%/h, - -
e

Aw =0.05%/h
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time (hour)

water content changes, Aw (%)
<

6 1 Aw= -Oél‘%/h Aw =-0.10%/h

Aw =-0.13%/h

Fig. 3. Variation of water content for tests with continuous
measurements performed at different drying and wetting rates.

4 Results and discussion

The discrete measurements carried out in stages (DS and
WS) represent suction and water content values at
hydraulic equilibrium, however, the state of equilibrium
for the SWRCs obtained from the continuous
measurements needs to be assessed due to continuous
variations of water content. In the following section, the
SWRCs obtained from continuous drying and wetting
tests are compared with the SWRCs obtained at
equilibrium (from discrete measurements) and the effect
of the rate of drying and wetting on the measurements is
discussed.

4.1 Rate effect on drying water retention curves

Figure 4 compares the drying SWRCs obtained from
DCO1 to DCO3 with the drying SWRC obtained from DS
in terms of volumetric water content (6,,) and suction
(s). The SWRCs from continuous drying are plotted
against two suction values measured at the top and
bottom of the specimens. The water retention model
proposed by [13] (VG model) was used to simulate the
soil water retention data points obtained from the
discrete measurements (DS):

evw — 95 ;
[1 +(as)" ]

where 6, = 48 is saturated volumetric water content; & =
0.007, n = 1.08, and m = 1-1/n are model parameters.
The air entry value was found to be about 140 kPa.
Figure 4 shows also the curve predicted by the model

1)
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which fits the data points well. The predicted curve
facilitates the comparison between the SWRC from DS
(at equilibrium) and the SWRCs obtained from the
continuous measurements.
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Fig. 4. The drying soil water retention curves obtained by
continuous and discrete measurements.

Since all specimens were prepared at a very high
saturation degree, the suction values measured at the
beginning of the drying tests were low (s < 10 kPa). All
water retention curves are in good agreement at suction
levels lower than 200 kPa (68,, > 45%), with the
exception of the SWRCs of DCO03. The drying curves of
DCO01 to DCO3 deviated from the one of DS as suction
levels exceeded 200 kPa. This deviation is more evident
in the tests carried out at the accelerated drying patterns.
The SWRCs of DC02 and DCO03 underestimated the
suctions at equilibrium.

The drying SWRCs obtained from the suction
measured at the top were found to be above those
obtained from the suction measured at the bottom of the
specimen as shown in Figure 4. This implies that the
suction from the top was greater than the one from the
bottom of the specimens during drying. This can be
explained as the pore water evaporated with faster drying
from the top surface with respect to the core of the
specimen. However, the two drying SWRCs of DCO1
carried out at the decelerated evaporation rate were
found to be very close.

Figure 5 shows the difference in suctions (As)
measured at the bottom Sy, and top s,, of the
specimens. As was negligible at the beginning of the
tests, which confirms the specimens were at hydraulic
equilibrium. As increased as drying progressed and
intensified with the increase in the drying rate. The
increase in the rate accelerated evaporation from the top
surface, and in turn, increased suction gradient along the
height of the specimens from DCOl to DCO03. The
gradual increase in the suction gradient with drying can
be justified by the fact that the water permeability of the

tested soil decreased with the increase in suction. Hence,
the water distribution within the specimen decelerated
with desaturation.
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Fig. 5. Difference in suctions As measured at the top and
bottom of the specimens from DCO1 to DCO3.

At the end of the drying paths, As from DCO03 was
-55 kPa, which was about 2 times greater than the one of
DCO1. A similar sort of suction gradient is also
generated along the radius of the specimen due to
evaporation from the lateral surfaces.

The water permeability of unsaturated soils can be
estimated by using the water permeability of saturated
soils weighted by the relative permeability k,. The
relative permeability is dependent on degree of
saturation S, and can be obtained from the soil water
retention curve [14]:

s 2
[ds, 15
L pr— @)
[as, 1
0

Figure 6 shows the variation of the relative
permeability with the degree of saturation for the tested
soil, which was obtained from equation (2) using the
drying SWRC predicted by the VG model. The
difference between the suction obtained at equilibrium
Sqiserete @nd from continuous measurements S.ouinuous 1S
also plotted in Figure 6. The difference between these
two suction levels increased with desaturation and the
rate of drying. It can be observed that k,, and in turn the
water permeability, decreases significantly as the
saturation level decreases. This can delay the distribution
of water across the specimen and suction equalisation
during continuous drying. As a result, the SWRCs
obtained from continuous drying differed from the
SWRC measured at equilibrium as the degree of
saturation and permeability decreased. This deviation
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intensified with the rate of drying due to faster
evaporation from the specimen surface.
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Fig. 6. Variation of the relative permeability and Sgiscrere -
Scontinuous With degree of saturation.

The results showed that decelerating the drying rate
reduced the suction gradient, hence resulted in obtaining
the SWRC (DCO1) very close to the one measured at
equilibrium. It should be noted that the soil used in this
study has significant clay content (42%) and silt content
(43%). This deviation observed in the drying SWRCs
introduced by hydraulic gradients across the specimen
might be less significant in materials with less fine
fractions and higher permeability as suggested by [12].

4.2 Rate effect on wetting water retention
curves

Figure 7 shows the wetting SWRCs obtained from
continuous measurements (WCO1 to WCO03) and from
discrete measurements (WS). At the beginning of the
wetting paths, the suction values from the top and
bottom of the specimen were almost the same, which
implies that the specimens were at hydraulic equilibrium.
The wetting SWRC of WS was reproduced using the VG
model where 6, =47, o = 0.017, n = 1.72. At the initial
stage of wetting, the increase in the volumetric water
content of the specimens is associated with the delayed
suction response since the two tensiometers provide
local measurements of suction in the centre of the
specimens. All wetting curves obtained from continuous
wetting lay above the SWRC obtained from discrete
measurements. However, the wetting curves of WCO1
were relatively close to the one of WS. The SWRCs of
WCO01 and WS merged as the volumetric water content
increased to the values greater than 43%. When the
specimen was wetted, different suctions were measured
at the top and bottom of the specimens. The water was
sprinkled on the top surface of the specimen so suction
from the top decreased faster than the one from the
bottom of the specimen. Therefore, the SWRC obtained
from the suction measured at the top lay below the
SWRC from the suction measured at the bottom of the

specimen as shown in Figure 7. The difference between
the two curves of WCOI1 carried out at the decelerated
wetting rate was less evident.
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Fig. 7. The wetting soil water retention curves obtained by
continuous and discrete measurements.

Figure 8 shows the difference in suction values
measured at the top and bottom of the specimen (As) for
WCO01 to WCO03 during the wetting process. At the
beginning of the wetting paths, As is negligible as the
specimens were at hydraulic equilibrium. Once the
wetting stage was started, the suction values differed
immediately which was more evident as the wetting rate
increased. The increase in the rate of wetting and the low
permeability of the tested soil at high suction levels
(lower saturation degrees) caused faster saturation of the
top surface than the core and a greater suction gradient
along the height of the specimen. As shown in Figure 8§,
As dissipated gradually with the decrease in the suction
levels, owing to the increase in the water permeability
and faster distribution of water across the specimen as
the wetting stage progressed and the degree of saturation
increased.

Figure 9 shows the difference between suctions
obtained from discrete and continuous measurements
Saiscrete = Sconinuous aNd the relative permeability with the
degree of saturation. The difference between the two
suction values was greater at lower saturation degrees.
This can be explained by the low value of permeability
k. at high suction levels. The distribution of water
decelerated due to the low permeability; hence a greater
suction gradient was generated across the specimen
during continuous wetting. At the accelerated wetting
patterns, the suction gradient increased, therefore, the
SWRCs of WCO02 and WCO03 differed from the one of
WS and distinctly overestimated the suction at
equilibrium. However, the SWRC of WCOI carried out
at the decelerated rate of wetting closely resembled the
SWRC obtained from the discrete measurements. &, (and
in turn the water permeability) increased as wetting
progressed, thereby leading to faster distribution of water
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and dissipation of suction gradient across the specimen.
The difference between the wetting SWRCs obtained
from continuous and discrete measurements reduced
when saturation degrees and water permeability
increased.
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Fig. 8. Difference in suctions As measured at the top and
bottom of the specimens from WCO01 to WCO03.
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Data presented hereby suggests that sprinkling water
on the top surface of the specimen at the decelerated
wetting rate can help to obtain the wetting water
retention curves close to the curves obtained at the
equilibrium condition. Further improvements can be
made by increasing the number of nozzles to sprinkle
water over the top surface of the specimen in more
homogenised wetting patterns.

5 Conclusion

This paper describes the water retention testing system
developed at Durham University which has been
modified to allow suction measurements on the top in
addition to the bottom of the specimen to measure
suction gradient along the height, and sprinkling water at
multiple locations on the specimen surface. Water
retention tests were carried out at different rates of
drying and wetting to study the effect of the imposed
rates on the measurement of the SWRCs. The SWRCs
obtained were compared to the SWRCs obtained from
staged drying and wetting in which suction was
measured at hydraulic equilibrium.

The results showed that the rates of drying and
wetting can influence the measurements of SWRCs of
the tested soil at lower degree of saturations. The suction
gradient across the specimen was also found to be
dependent on the degree of saturation and the imposed
rates. The water permeability of the tested soils
decreased significantly with the decrease in the degree of
saturation. This delayed the distribution of the water,
leading to a greater suction gradient across the specimen.
Consequently, the SWRCs from continuous drying and
wetting at lower saturation degrees deviated from the
SWRC obtained at equilibrium. At accelerated drying
and wetting patterns, the suction gradient was increased
so this deviation was more evident. The SWRCs
obtained from continuous drying and wetting carried out
at decelerated rates closely resemble the SWRC obtained
by the discrete measurements indicating that the
accuracy of the measurements can be improved and
suction values very close to the suctions at equilibrium
can be measured.
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