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Volume changes occurring in soil–water systems are the result of multi-scale interactions that affect several
processes in the soil–water continuum. For example, the soil's shrinkage/swelling properties result in hori-
zontal and vertical deformations at the soil specimen scale, and lead to cracking which is often responsible
for producing preferential flow paths that impact the hydrologic response at the plot and field scales. In
spite of their significance, a complete understanding of soils' deformations and their corresponding impact
on volume change behavior continues to be a major challenge. This paper presents an approach to quantify
and interpret the role of the pore solution concentration on horizontal deformations of unsaturated soils.
Specifically, a restrained ring method (RRM) is integrated with digital image correlation (DIC) techniques
to relate the internal soil stress (caused due to drying) to the shrinkage strain (deformation) that develops
in the soil specimen. The experimental results are described in the context of the theory of drying while
explicitly considering the effect of changes in the properties of the pore solution (i.e., surface tension, viscosity
and density) induced by the addition of a binary salt (NaCl). The experimental results conform to fundamental
expectations and thereby this approach facilitates a better understanding of volume changes in unsaturated
soils exposed to saline environments.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction and background

Several interconnected processes govern volume changes in
unsaturated soils. In the absence of a complete theoretical and
experimental framework, an explanation of this multi-scale process
has been lacking. This situation has been further exacerbated by
disconnected observations of volume changes in soils at the labo-
ratory and field scales (Abou Najm, 2009; Chertkov, 2008a, b;
Taboada et al., 2008). Depending on scale, volume changes may
manifest as: (1) cracks and fissures (Abou Najm et al., 2010; Bogner
et al., 2008; Kung et al., 2000; Williams et al., 2003) at the field scales,
(2) bulk macroscopic deformations of the soil specimen at the labora-
tory scale (shrinkage, swelling, consolidation), and (3) soil–water
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interaction at the individual particle and aggregate scales resulting
in soil structure changes (Or and Tuller, 1999).

Current methods to assess volume change at the bulk macroscopic
scale include the soil mechanics approach which typically considers
volume change as a function of the externally applied (overburden)
pressure as relevant in geotechnical engineering applications. Thus,
volume change is described as strain that results from a change in
the effective stress (internal and external) level (Fredlund and
Morgenstern, 1977; Fredlund and Rahardjo, 1993; Khalili et al.,
2004; Matyas and Radhakrishna, 1968; Murray, 2002). Another
approach involves monitoring the change in the bulk volume of soil
cores as function of the pore pressure or moisture content assuming
the soil is in equilibrium with its environment. Thus, volume changes
(i.e., shrinkage or swelling) are related to the soil's moisture content
through the development of shrinkage (Braudeau et al., 2004;
Chertkov, 2007; Cornelis et al., 2006; Giraldez et al., 1983; McGarry
and Malafant, 1987; Olsen and Haugen, 1998; Peng et al., 2006) and
swelling (Braudeau and Mohtar, 2006) curves, as well as the soil–
water characteristic curve (Baumgartl and Koeck, 2004; Chertkov,

http://dx.doi.org/10.1016/j.geoderma.2012.04.009
mailto:majdian@aub.edu.lb
mailto:majdi@engr.orst.edu
mailto:majdi@mit.edu
mailto:rmohtar@qf.org.qa
mailto:pietro.lura@empa.ch
mailto:gsant@ucla.edu
http://dx.doi.org/10.1016/j.geoderma.2012.04.009
http://www.sciencedirect.com/science/journal/00167061


32 M. Abou Najm et al. / Geoderma 187–188 (2012) 31–40
2010; Delage, 2007; Fityus and Buzzi, 2009; Giraldez and Sposito,
1983). A third approach describes the shrinkage of a porous medium
(e.g., soil, concrete, etc.) as a drying (moisture loss) problem, wherein
a balance between evaporation and moisture transport towards an
exposed surface dictates volume changes; by considering the exis-
tence of spatial moisture gradients in the material (Coussy et al.,
1998; Roper, 1966; Scherer, 1990).

However, and in spite of multiple approaches, it is yet difficult to
describe: (1) the role of soil structure, texture and pore-fluid proper-
ties, (2) hysteresis observed between shrinkage and swelling and (3)
the effects of the “source-of-stress” such as compaction or overbur-
den pressures on the overall volumetric response. For example, soils
of different textures exhibit different volume change behavior when
the pore-fluid properties or drying regime are altered, suggesting an
interplay between these parameters (Musielak and Mierzwa, 2009;
Péron et al., 2007). This has powerful implications, as soil texture
and pore-fluid properties affect the depth, width, spacing, and
shape of cracks (the manifestation of volume change at the field-
scale) which in turn influence the hydraulic/mechanical properties
of the medium (Dane and Klute, 1977; Jozefaciuk et al., 2006; Lima
and Grismer, 1992; McNeal et al., 1966; Musielak and Mierzwa,
2009; Oster and Schroer, 1979; Péron et al., 2007; Sartori et al.,
1985; Waller and Wallender, 1993).

This paper assesses the role of fluid-properties and the impact of
salt concentration on soil specimen deformations. It describes the re-
sults of a series of interconnected experiments which relate the salt
(i.e., NaCl) concentration and pore solution properties to the stress
and strain developed during drying. The experimental results are
interpreted in the context of traditional concepts of drying to describe
the macroscopic effects of salinity and pore solution properties on the
horizontal deformation of a soil specimen and its impact on the
volume change response.

2. Materials and experimental methods

A Chalmers silty‐clay loam soil was selected for evaluation in this
study. The soil was obtained from the Agronomy Center for Research
& Education (ACRE) at Purdue University (Location: Latitude 40°29′
38″N and Longitude 86°59′35″W). Several types of analyses were per-
formed on the Chalmers soil. Soil water characteristic curves (SWCC)
were obtained for specimens saturated using: (a) deionized (DI)
Fig. 1. (a) Soil moisture curve for the Chalmers silty-clay loam as a function of the pressur
particle size distribution of the Chalmers silty-clay loam.
water and (b) 0.60 M (molar) NaCl solution to determine the influ-
ence of the solution composition on water retention (Fig. 1a). For
each soil, five points on the SWCC were obtained using the pressure
plate method at suction values of 10, 33, 100, 500, and 1500 kPa. As-
suming θ1500 kPa is the residual volumetric water content, the three
parameters of the van Genuchten model were derived using the
RETC formulation (van Genuchten et al., 1991). In addition, a laser-
diffraction based particle size analysis of the soil was performed
using water and ultra-sonication to disperse the soil particles. The
measured particle size distribution is presented in Fig. 1(b). Ranges
of 3.0–5.9 for the COLE index and 4.23–14.11 μm/s for the saturated
hydraulic conductivity were reported by the Web Soil Survey of the
United States Department of Agriculture (USDA).

To determine the influence of solution salinity on stress and strain
development, the Chalmers soil was saturated to ≈36% gravimetric
water content using: (1) DI‐water, (2) 0.08 mol/kg (M) NaCl solution
and (3) 0.60 mol/kg (M) NaCl solution before being dried under lab-
oratory conditions at T=23±2 °C and RH=50±10%. The solution
concentrations were chosen to correspond to the approximate limits
imposed by pure water and typical sea-water (3.5% NaCl by mass).
The air-dry soil was sieved using a standard #4 sieve (4.75 mm)
and then mixed with the appropriate solution to achieve a gravimet-
ric moisture content of ≈36% by mass. The mixture was then left to
stand in a sealed condition for 24 h to equilibrate the specimen. This
step ensured a homogenous (uniform) distribution of water through
the sample, and accounted for the structural rearrangement of the
soil, which may occur due to interactions with the salt solution.

The soil thus prepared was then placed in six layers and com-
pacted uniformly using a 12 cm long stainless steel rod at 100 strikes
per layer from a uniform height. Details of the procedure and experi-
mental setup are described elsewhere (Abou Najm et al., 2009). The
soil was placed outside the inner instrumented ring, and inside the
confining outer ring. Both rings were lightly oiled to prevent adhesion
and minimize friction between the ring and the soil specimen. In
addition, the mass of the entire setup was recorded continuously
from the start of the experiment using an electronic balance interfaced
to a personal computer to determine the change in the gravimetric
moisture content of the soil sample as a function of the drying time.
The specimen was left to dry symmetrically (i.e., from top and bottom)
under room conditions (T=23±2 °C) until cracking occurred. At this
time, the experiment was stopped and the soil sample was removed
e for soil samples saturated with solutions of varying NaCl concentrations and (b) the
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and oven-dried to determine its gravimetric moisture content. This
information was used to correlate the magnitude of the internal stress
(PISoil) developed at the interface between the soil and the inner ring
to the gravimetric moisture content of the soil specimen. Here, while
the restrained ring method (Abou Najm et al., 2009; Hossain and
Weiss, 2004) was used to measure restrained shrinkage stresses, a dig-
ital camera was placed on top of the soil specimen to determine the
magnitude of (shrinkage) strain that developed under restrained
conditions.

2.1. Shrinkage calculation using digital image correlation methods

Using a tripod, a digital camera (Canon Powershot 3SIS) was
installed above the soil specimen during the restrained ring experi-
ments. The camera utilized was provided with an intervalometer
which enabled acquisition of time-lapsed images of the soil specimen
at 15 minute intervals. The time-lapsed images were processed in
Adobe Photoshop using digital image correlation (DIC) principles to
determine the two-dimensional strain developed in the specimen
along the xy (i.e., horizontal) plane. This was achieved by measuring
the change in the area of the soil specimen with increasing moisture
loss until cracking occurred, after which image-acquisition was
stopped. As such, a maximum delay of 15 min could be expected in
the detection of the time of (macroscopic) cracking.

In the first step (Fig. 2) of the analysis, a calibration of image-pixel
size was performed as follows: (1) Using the magnetic lasso tool in
Adobe Photoshop, the inside perimeter of the outer confining ring
was traced and saved as a new layer, (2) for consistency, the selec-
tion's color threshold level was set to 128 (in 256 color-mode) so
that the selection file can only have pixel values of 0 or 1 and (3) by
knowing the inner diameter of the outside ring (ROSoil), the image-
pixel area (APIXEL) was obtained by dividing the total internal area
Fig. 2. The procedure for shrinkage calculation using digital image correlation methods: S
calibration and Step 2 involves the selection of the outer perimeter of the soil specimen to
of the specimen by the total number of white pixels. For this setup,
with ROSoil=5.30 cm, the average pixel area is around 0.031 mm2.
Knowing the image-pixel area, the second step is to calculate the
soil shrinkage area by multiplying the number of pixels inside the
soil specimen by the pixel area.

After some drying had occurred, the outer perimeter of the speci-
men was traced and saved as an independent layer ‘shrinkage’. In the
presence of discontinuous surface cracks (i.e., cracks that are not con-
tinuous from RISoil to ROSoil), the perimeter of the cracks was also
traced and saved as another layer, ‘cracks’. As before, the selection's
threshold level was set to 128 ensure binary pixel values of 0 or 1. Fi-
nally, the number of pixels (NSH) representing the shrinkage area was
obtained by subtracting: (selected pixels in ‘shrinkage’)−(selected
pixels in ‘cracks’). As such, the shrinking area of the soil specimen
(ASH, Eq. (1)) can be calculated for every digital image to quantify
the temporal (incremental) change in horizontal shrinkage as the
specimen dries. The outer radius of the soil specimen (ROSoil) which
varies as the specimen dries and the strain in the xy direction (εxy)
can then be calculated as shown in Eqs. (2) and (3):

ASH ¼ NSHAPIXEL ð1Þ

ROSoil ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ASH

π

� �s
ð2Þ

εxy ¼ ΔL
L

¼ ROSoil−i−ROSoilð Þ
ROSoil−i−RISoil−ið Þ ð3Þ

where: ROSoil-i is the initial outer radius of the (initially) saturated soil
specimen (5.30 cm). Typically, knowledge of soil's shrinkage and
swelling properties and knowledge of the range of water contents
under consideration would determine whether an independent
tep 1 involves the selection of the inside perimeter of the outside ring for pixel area
calculate the area of the shrinking specimen.

image of Fig.�2
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account of vertical shrinkage is required (using either LVDTs or an
instrumented caliper). For this study, all the experiments were con-
ducted starting with an initial water content around 36% by mass
(around field capacity) and ending at a gravimetric water content in
the range of 22–24% (compared to a wilting point around 15–17%).
Within this range of gravimetric water contents, the specimen is
drier than in the initial shrinkage phase (at saturation) which is dom-
inated by vertical shrinkage (Lura et al., 2007). Thus, an initial exten-
sion of this work to (overall) volume change can be achieved by
assuming isotropic deformations to approximate shrinkage in the
vertical direction from determinations of the (xy) horizontal strain
(Eq. (3)). For the range of water contents relevant to this study, this
approximation is reasonable, since the soil system is mostly past the
air-entry moisture content of around 38% gravimetric (Lura et al.,
2007), and thus for the (ring) geometry evaluated, vertical deforma-
tions will be proportional to horizontal (xy) deformations.

3. Experimental results and discussion

This section presents experimental results which describe the
effects of solution salinity on horizontal deformations as measured
using the RRM and digital image correlation method. The results are
analyzed and qualitatively interpreted using existing concepts of dry-
ing. The authors appreciate that the volumetric response (horizontal
and vertical) of the soil system is influenced by a variety of parame-
ters including soil texture, chemistry, mineralogy, clay content and
spatial scale. However, for the sake of simplicity and to restrict the
complexity of the problem, this paper examines only the effect of
the salt concentration on horizontal deformations.

Fig. 3 illustrates (using calculated and previously published data-
sets) the change in water activity, surface tension, viscosity, and
density for solutions containing different amounts of NaCl. It should
be noted that some of these relationships are solute dependent. For
example, as opposed to NaCl, certain solution properties such as
surface tension can follow different trends when other solutes (e.g.,
KOH) are used (Li and Lu, 2001).

3.1. Rate of drying: experimental observations and correlation to theory

Fig. 4(a) shows the influence of solution salinity on the measured
rate of moisture loss from the soil specimen. It is evident that an
Fig. 3. (a) The calculated water activity and interfacial liquid–vapor surface tension as a
calculated using Pitzer's equations (Pitzer, 1979) and (b) the solution viscosity and density
increase in the salinity of the solution acts to decrease the rate of
evaporation. Conceptually, the rate of evaporation (MRW, kg/s.m2)
of a liquid from an exposed surface can be expressed as a function
of the difference between the equilibrium vapor pressure of the evap-
orating liquid and the ambient vapor pressure as shown in Eq. (4)
(Kays et al., 2005; Lura et al., 2007):

MRW ¼ K pL−pAð Þ ð4Þ

where: K is a constant known as the evaporation coefficient that
depends on the geometry of the evaporation setup, the properties of
the liquid and vapor phase and the flowing air velocity, pL is the
vapor pressure of the evaporating liquid (kPa) and pA is the ambient
vapor pressure (kPa).

Since the vapor pressure of the liquid phase and the ambient air
are proportional to the saturation pressure at a specific temperature,
psat (kPa) for a porous medium which contains curved air–liquid
menisci, Eq. (4) can be formulated as shown in Eq. (5) (Lura et al.,
2003, 2007; Sant et al., 2011):

MRW¼ Kpsat aW � RHð Þ¼ KpsataW 1� RHKð Þ ð5Þ

where: aW is the activity of the water component contained in the
liquid phase (a value between 0 and 1, fraction) and RH is the equilib-
rium relative humidity of the environment. Eq. (5) suggests that
evaporation will continue so long as aW>RH and that a reduction in
the water activity of the liquid phase would correspondingly reduce
the rate of evaporation. In fact, the equilibrium partial vapor pressure
of water vapor (i.e., approximated as the relative humidity; RH)
includes contributions of: (1) the water activity (aW) of the solution
as described using mixing rules (e.g., Raoult's law), and (2) the curva-
ture (radius) of the interfacial liquid–vapor meniscus (the Kelvin
effect; RHK) through the Kelvin–Laplace equation. Mathematically,
this can be generalized as RH=aW·(RHK) (Lura et al., 2003 and
Sant et al., 2011). For pure, bulk water; aW=1 and RHK is equivalent
to the equilibrium RH. In the case of salt solutions or water contained
in the pore spaces of an unsaturated porous medium; aW and RHK

have values less than unity. Assuming similar evaporation conditions
and soil (pore) structure for the different soil/salt treatments, the
contribution of the meniscus (RHK) is assumed similar and the
major change in the bulk response is attributable to the water activity
function of NaCl concentration (Pruppacher and Klett, 1997). The water activity was
as a function of the NaCl concentration (Dougherty, 2001; Kestin et al., 1981).

image of Fig.�3


Fig. 4. (a) The decrease in the measured soil moisture content as a function of time due to drying and (b) the change in the NaCl concentration calculated using Eq. (7) and the water
activity of the pore solution as a function of drying time. It is noted that the water activity decreases with increasing NaCl concentration.
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alteration. The influence of water activity change on the RHK contri-
bution (and negative pressure) for NaCl systems is shown in Fig. 5.

This explains the experimental results shown in Fig. 4(a) wherein
keeping all other parameters (soil structure, environmental condi-
tions) unchanged, a reduction in the water activity due to salt addi-
tion would reduce the driving force for evaporation. Obviously, this
is an approximation as the soil's structure in swelling soils is in con-
tinuous change, as estimated by the shrinkage curve. Finally, the
rate of fluid‐flow to the evaporation surface can be described using
Darcy's law as shown in Eq. (6.a) and (6.b) for saturated and unsatu-
rated soils, respectively (Brinker and Scherer, 1990; Hu et al., 2007;
Selker et al., 1999; Sumner, 2000):

JS ¼ φ
D
η
∇PS ¼ φ

MRW

ρ
ð6:aÞ

JS ¼ φ
D
η
∇PS

L
Le

� �2
ð6:bÞ

where: JS (m/s) is the flux of liquid being transported to the solid sur-
face which is proportional to the rate of evaporation of the liquid
Fig. 5. The influence of the water activity on the negative pressure developed as a function o
pressure decreases as the NaCl concentration increases (i.e., the water activity decreases).
from the surface, η is the viscosity of the liquid (Pa.s), D is the intrin-
sic permeability of the porous medium (m2), and∇PS is the pressure
gradient that exists from the interior to the (evaporating) surface of
the medium and drives fluid-flow (Pa/m), ϕ is the porosity at the
specimen surface fromwhich evaporation can occur, (Le/L) is the tor-
tuosity; i.e., the ratio of the actual flow length (Le) to the shortest
flow length (L) (Selker et al., 1999; Sumner, 2000), and ρ is the den-
sity of the liquid phase (kg/m3). A finite evaporation rate ensures
that liquid flows in the direction of highest pressure; that is from
the interior to the surface of the body from where evaporation oc-
curs. Eq. (6) then suggests that an increase of the viscosity and/or
the density of the liquid would act to reduce fluid-flow to the evap-
oration surface. Since the addition of sodium chloride elevates both
the viscosity and density of the pore-fluid (Fig. 3), this is another
component which ensures saline solutions contained in soil speci-
mens would show slower evaporation than pure water. This, howev-
er, becomes more complicated when the soil desaturates (Eq. (6.b))
as aspects related to an increase in the tortuosity of fluid pathways
and a reduction in porosity can additionally act to impede fluid
movement through the system.
f the ambient equilibrium RH calculated using Equation 9(c). The trend shows that the

image of Fig.�4
image of Fig.�5
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Fig. 4(b) shows the increase in the average solution concentration
(calculated using Eq. (7)) that occurs as the soil dries and the salt
content increases with continuing moisture loss.

CðtÞ ¼ MCðiÞ
MCðtÞ

� �
CðiÞ ð7Þ

where: C(t) is the calculated (average) concentration (mol/kg) of the
solution at time t (hours), MC(i) is the measured initial gravimetric
moisture content of the soil specimen (unitless), MC(t) is themeasured
gravimetric moisture content (unitless) of the soil specimens at any
time t (hours) and C(i) is themeasured initial concentration of the solu-
tion (mol/kg). Though this calculation may suggest a uniform salt con-
centration (in solution) throughout the specimen, in fact, this is a
departure from reality, as the solution is most dilute in the center of
the specimen (assuming symmetric drying) and most concentrated at
surfaces from where water evaporates — hence being described as an
“average concentration”. This is important as the concentration gradi-
ent that develops acts to ensure the diffusion of ions from the surface
of the specimen to the centre and augment the flow of water towards
the evaporation surface (Scherer, 1990).

Fig. 4(b) also shows the correspondent decrease in the (calculated,
average) water activity (determined from correlation to Fig. 3a)
which acts to suppress evaporation in saline solutions. Here it should
be noted that the 0.08 M NaCl and DI-water systems show small
differences in the evaporation rate, in spite of a difference in the
calculated water activity. This can be explained by considering that
while the addition of a small quantity of salt does indeed (very
slightly) depress the water activity, dominantly, at low salt
concentrations soil structure (meniscus, RHK) effects rather than the
water activity control the moisture-loss response. However, the influ-
ence of water activity (and solution viscosity, density) is much more
clearly noted at higher salt concentrations (0.60 M NaCl) wherein
evaporation is clearly reduced. Especially at higher salt contents
(0.60 M NaCl) the evaporation curve deviates from linearity, likely
due to a progressive (non-linear) decrease in the water activity and
increase in the solution viscosity with an increasing (salt) concentra-
tion in solution. A possible additional mechanism which produces
this response may be the crystallization of salt in pores at the evapo-
ration surface, which may contribute to reducing immediate surface
porosity and obstruct water loss (Coussy, 2006; Rodriguez-Navarro
and Doenhe, 1999; Scherer, 1999). Each of these aspects is important
Fig. 6. (a) The measured internal stress developed in the specimen as a function of time caused
as the systematic depression produced in the water activity with
increasing drying has implications on the driving forces of deforma-
tions (negative pressures, Fig. 5) and will be discussed in further
detail below.
3.2. Drying stress and strain: experimental observations and correlation
to theory

Fig. 6(a) shows the measured internal (drying) stress as a function
of time for solutions of different salinities. First, a period of expansion
is noted, when a negative (i.e., compressive, expansion driven) stress
develops. This likely occurs due to the rearrangement of the soil and
the release of consolidation pressures that are applied during speci-
men preparation. It should be noted that the DIC procedure as imple-
mented can only quantify 2D-horizontal (shrinkage) strains and it
cannot quantify any initial (vertical or horizontal) expansions that
may occur at the inner or outer boundary of the ring specimen
while the soil and rings are in proximate contact. However, as the
soil dries, the drying stress overwhelms the expansion stress until a
net tensile (i.e., shrinkage driven) internal stress develops as the
soil specimen retracts away from the outer ring boundary. This tran-
sition occurs at gravimetric moisture contents around 0.31–0.33 (by
mass), depending on the salinity of the pore-fluid (Fig. 6b). The
delay noted in this transition (Fig. 6a) is caused by the altered prop-
erties of saline solutions which ensure retarded evaporation/shrink-
age stress development. Critically, the temporal stress-and-strain
response indicates that the rate of stress/strain development
decreases with increasing salinity, similar to evaporation. In addi-
tion, as noted in Fig. 6(b), the drying stress developed at equal
moisture contents also appears to slightly decrease with an in-
creasing salt concentration.

Fig. 7 shows the measured 2D-(shrinkage) strain as a function of
time and the gravimetric moisture content for soil specimens saturat-
ed with solutions of different salinities. On a temporal scale (Fig. 7a),
it is noted that as the salinity increases, similar to the drying stress
response, the rate of shrinkage decreases. For example, while the
DI-water and 0.08 M NaCl specimens show a small difference in
shrinkage, the 0.60 M NaCl system shows a considerable increase in
the time required to cause equivalent shrinkage. Finally, though to a
lesser extent, a similar response is noted for the shrinkage–moisture
content (Fig. 7b) relationship wherein the strain developed at equal
due to drying and (b) the measured internal stress as a function of the moisture content.

image of Fig.�6


Fig. 7. (a) The measured shrinkage strain as a function of time caused due to drying and (b) the measured strain as a function of the moisture content of the soil specimen. Note that
the shrinkage strain is the horizontal, two-dimensional strain measured using DIC. The current procedure did not measure vertical shrinkage independently. Thus the initial expan-
sion detected by the strain gages (Fig. 6) is likely manifested in the vertical direction and was not detected by the DIC technique as applied in this study.

37M. Abou Najm et al. / Geoderma 187–188 (2012) 31–40
(gravimetric) moisture contents decreases with increasing solution
salinity.

The drying stress/strain results are better considered by interrelat-
ing the pore solution parameters to stress/strain development during
drying. As evaporation progresses from the soil surface, suction forces
draw liquid from the interior of the body to the surface to satisfy the
evaporation demand. As long as the transport of liquid to the surface
is sufficient to satisfy the evaporation demand, air–liquid menisci
exist at the surface of the body and only moderate stresses develop.
However, when the internal-transport of water is insufficient to satis-
fy evaporation, liquid–vapor menisci penetrate into the pores at the
surface and begin to exert a growing shrinkage stress on the pore
walls. In plastic systems, the point at which this occurs is known as
the critical point or air-entry value; when the risk of plastic shrinkage
cracking is highest (Simpkins et al., 1986, 1989). At the pore-scale,
the magnitude of the negative pressure that develops due to moisture
loss (drying) in the plastic/hardened state (for frictional/cohesive
materials) can be calculated using the Young–Laplace relation as
shown in Eq. (8) as a function of the solution's surface tension and
the meniscus radius:

PT ¼ 2γcosðθÞ
rM

ð8Þ

where: PT is the total pressure (when the liquid is in tension, as
during drying, this corresponds to negative pressure) that develops
(MPa), γ is the liquid–vapor surface tension of the liquid (N/m), θ is
the solid–liquid contact angle (assumed to be similar for all systems
independent of the salt concentration, degrees) and rM is the radius
of the meniscus that exists at the liquid–vapor interface (negative
when the center of curvature is in the vapor phase (Scherer, 1990),
m). Conventionally, Eq. (8) describes the capillary pressure that
develops as a function of the solution's surface tension and the inter-
facial meniscus radius. The presence of a solute is expected to alter
the surface tension and hence the pressure that develops. Therefore
for the sake of clarity and to establish equivalence to Eq. (9), the
term total pressure is used. It should be noted that for the case of
pure water (unadulterated by a solute) the total pressure (PT) and
the capillary pressure (PCAP) are equivalent.

The capillary pressure developed can also be represented using
Kelvin's equation as a function of the relative humidity (RH) of the
environment (for specimens at equilibrium with or exposed to the
external environment) or the internal relative humidity (for progres-
sively drying specimens) and the correspondent water activity of the
solution, as shown in Eq. (9). In each of these cases, the pressure
developed is negative, implying that the liquid is in tension and
causes a compressive (shrinkage inducing) stress on the pore-walls.

PT ¼ PCAP−POSM ð9aÞ

PT ¼ ln RHð ÞRT
VM

− ln aWð ÞRT
VM

ð9bÞ

PT ¼
ln
�
RH

aW

. �
RT

VM
ð9cÞ

where: R is the gas constant (8.314 J/K.mol), T is the thermodynamic
temperature (298.15 K) and VM is the molar volume of the liquid
phase (assumed to be water; 18.02 cm3/mol). It should be noted
that the total pressure (PT) developed is a combination of the matric
and osmotic suction contributions (Eq. (9)) (Dao et al., 2008; Lura
and Lothenbach, 2010; Lura et al., 2003), where the matric compo-
nent (capillary pressure, PCAP, MPa) is linked to the effects of drying
(Kelvin effect), while the osmotic contribution (POSM, MPa) is a func-
tion of the ion concentration of the solution (Raoult effect). First, it is
important to indicate that the osmotic pressure is not a pressure in the
mechanical sense; rather it is a description of the decrease in the chem-
ical potential of water due to the presence of dissolved salts compared
to pure water. Thus, it is a quantification of the potential that would
drive osmotic action under conditions of chemical inequilibrium
(Robinson and Stokes, 2002). Second, under conditions of partial satu-
ration, as applicable in this study, the effective shrinkage inducing stress
acting on the solid (soil) phase is calculated bymultiplying the capillary
pressure by the degree of fluid saturation to account for the reduced
contact area (volume) of solid–liquid surfaces. As such, if the addition
of salts acts to maintain a higher degree of fluid saturation (by limiting
evaporation) this is a factor which requires consideration in shrinkage
stress calculations. However, given the small difference in the degree
of saturation (moisture content) in saline and non-saline soils evaluated
in this study (Fig. 4a), for the most part, this is a second order effect
which can be neglected at a first approximation (Bentz et al., 1998).

image of Fig.�7
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A combined examination of Eqs. (8) and (9) describes their rele-
vance in the case of specific boundary conditions to which the speci-
men is exposed (i.e., sealed or open to the environment). In the case
of drying conditions, as were imposed in this study, Eq. (9) is of rele-
vance as it describes the negative pressure as a function of the exter-
nal RH (to which the specimen is exposed and will eventually
equilibrate) and the activity of the pore solution. In this case, it
must be noted that until the specimen's moisture level equilibrates
with the external environment, the water activity decreases continu-
ously due to drying and the corresponding increase in the (salt)
concentration of the pore solution before attaining a static level.
Depending on the specific impact of the solute on the pore solution
properties, this suggests that: (1) a depression in the surface tension
with salt addition (for sealed conditions) and (2) a depression of the
water activity with salt addition (for drying conditions) would both
reduce the magnitude of the negative pressure (i.e., shrinkage induc-
ing stresses) developed in an unsaturated soil system.

As such, once the total pressure described by Eq. (9c) is known;
this can be substituted into Eq. (8) to determine the size of pores
that empty for a given value of the solution's surface tension (which
changes with the salt concentration). This information suggests that
as the solution's surface tension changes (non-linearly with the
water activity), the size (radius) of pores that are empty at a given
RH level (moisture content) changes accordingly. This is an important
point as it indicates that, while Eq. (9) can describe the suction stress
developed, Eq. (8) describes the pore structural effect in terms of the
size of pores that may be empty or yet remain saturated. For example:
at equal RHs and at equilibrium, the size of pores that are empty in a
specimen with pure water solution (lower surface tension) is smaller
as compared to a specimen with saturated NaCl solution (higher sur-
face tension) as there is lesser resistance to evaporation of a solution
which has a lower surface tension. This may indicate a slightly higher
fluid saturation level for NaCl containing soils at equal RHs as com-
pared to non-saline soils.

In summary, the above discussion describes the influence of the
solution properties on the macroscopic rate and magnitude of the
stress/strain response in two ways. First, the reduction in the water
activity and the increase in the solution viscosity and density retard
evaporation and the rates of stress/strain development. Second, by
reducing the water activity and the shrinkage inducing stresses (i.e.,
negative pressure, Fig. 5), the addition of NaCl ensures that a slightly
smaller stress develops in saline systems as compared to non-saline
systems at equal moisture contents. A proportionality between
stress-and-strain indicates that a reduction in the negative pressure
developed by the addition of salts (NaCl) would decrease shrinkage
assuming that the mechanical properties remain independent of
changes in the salinity level. It should be noted, however, that these
inferences assume that the equilibration period of 24 h ensures that
salt–clay interactions have already occurred and their effect does
not influence the drying response through changes in the elastic
properties or prevalent saturation level. However, more research is
needed to understand the kinetics of salt–soil structure interaction
during drying in more detail.

Moreover, if the bulk modulus of the soil is assumed not to vary
considerably with changes in the degree of saturation (i.e., bulk den-
sity and porosity vary to a limited extent during volume change
(Smith et al., 1995)), it can be inferred that the deformation of the
body is controlled by the rate of evaporation of the liquid and the
shrinkage stress developed which are directly related to the water
activity, viscosity and density of the solution. Overall, it may be
expected that soils doped with NaCl (i.e., saline soils) would be
expected to shrink less than comparable non-saline soils as the reduc-
tion in the shrinkage inducing stress developed due to water activity
depression outweighs surface tension effects which act to elevate the
fluid saturation level of the porous body (Figs. 6 and 7). On a closing
note, while the earlier observation of decreased internal drying stress
at equivalent gravimetric moisture contents largely explains the
strain-gravimetric moisture content relationship (Fig. 7b), this point
may be complicated by the fact that the stiffness of soils has been
observed to increase as the salinity level increases (Reeve et al.,
1954). While this does explain why more-saline soils fail at a higher
internal stress (Fig. 6b), it also suggests that the bulk modulus of
the different soil specimens at equivalent gravimetric moisture con-
tents may not be strictly the same. As such, a two-part effect related
to: (1) a reduction in the shrinkage inducing stresses (due to water
activity effects) and (2) an increase in the stiffness of the soil with
increasing solution salinity (and decreasing moisture content)
(Towner, 1987) may both act to induce a reduction in stress-and-
strain development at equivalent moisture levels (refer to Figs. 6b/7b)
in saline soil systems.

3.3. A consideration of parameters that produce experimental variability

Expectedly, great care was taken to ensure uniform sample prep-
aration and conditioning for all the experiments. As indicated earlier,
the samples were dried under laboratory conditions (T=23±2 °C
and RH=50±10%). This fluctuation in the environmental conditions
would, in-turn, induce some variability in the results. To better quan-
tify the impact of experimental conditions on the validity of results,
the coefficient of variation (CV; ratio of standard deviation to the
mean) was determined for the drying (ring) stress and DIC strain
parameters for each 0.5% decrement in the gravimetric water content.
Unsurprisingly, a high CV (>1) was observed for strain results at high
water contents (the beginning of the experiments) which systemati-
cally reduced to a CVb0.10 at a water content around 22% (CV=0.02
for DI-water and CV=0.09 for the high salinity case). Similarly, high
CV (>1) was observed for drying stress results at high gravimetric
water contents (the beginning of the experiments) which then sys-
tematically reduced to CVb0.15 at a water content around 22%
(CV=0.04 for DI-water and CV=0.15 for the high salinity case).
This quantification demonstrates that slight variations in experimen-
tal conditions and material heterogeneity do induce some variability
in the results when the sample is wet and the consolidation pressure
is being progressively released. However, a statistical treatment of the
datasets performed at later time scales (though performed for a limited
dataset) does support the validity of the results and the experimental
approach of assessment (Dixon, 1986). In light of this argument, the ex-
perimental results presented represent (valid) median values of stress-
and-strain plotted against moisture content/drying time as applicable
to the NaCl treatment (Dixon, 1986).

4. Summary and conclusions

This paper investigates the influence of pore solution properties
on the horizontal deformation response of soil systems at the labora-
tory scale. Restrained ring and DIC-based sensing methods are used to
quantify and describe drying stress/strain evolution in unsaturated
soils. The results are interpreted while explicitly considering the
impact of the pore solution concentration and properties on the
stress/strain developed during drying.

The results indicate that the solution concentration (salinity)
directly influences a range of parameters ranging from the evapora-
tion and shrinkage rate, to the internal stress that develops at specific
gravimetric moisture contents. By increasing the NaCl concentration
of the pore-fluids, the rate of evaporation, shrinkage and drying stress
development are all decreased. Moreover, the shrinkage and internal
stress developed at equivalent gravimetric moisture contents is also
decreased. This outcome conforms within interpretations of tradi-
tional drying theories and their correlation to the reduction in the
water activity and increase in the surface tension, viscosity and
density produced by the addition of NaCl to the pore-fluid. Broadly,
and in conjunction with each other, the alteration of the solution
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properties ensures a reduced evaporation rate and also acts to
decrease the shrinkage stress (and strain) developed in the soil.

An important extension to this work would be studying the effect
of salinity on soil structure. This is a fundamental component for the
extension of the results of this work to the field‐scale, particularly as
it relates to cracking. While this work suggests that soils containing a
high amount of salts may need longer drying periods to crack and
may be able to remain uncracked (as compared to non-saline soils)
when drying periods are short, the complexity of the soil behavior
at the field-scale, structural changes and other processes will influ-
ence the overall shrinkage and cracking behavior.
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