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Abstract When aqueous sodium chloride evaporates, crystals can form. Salt crystallisation
can take place within voids resulting in subflorescence which can culminate in surface heave,
or can lead to efflorescence on exposed surfaces. Evaporation can be measured using relative
humidity sensors, and thus salt crystallisation be inferred. A series of laboratory experiments
were conducted using vertical flow columns packed with dry medium-grained sand with their
exposed surfaces subjected to air at low relative humidity while stood in a shallow container
of deionised water or brine. Experiments using deionised water showed that the degree of
saturation above the capillary fringe was initially insufficient for transporting salt to the
surface through diffusion. Nevertheless, repeated tests using concentrated sodium chloride
solution showed that internal changes in relative humidity, and surface heave, were consistent
with the upward migration of salt by autogenous internal ‘wicking’. The results indicate that
relative humidity sensors can be used as a practical way to detect salt crystallisation and the
conditions which promote its transportation.

Keywords Salt migration - Relative humidity - Autogenous wicking - Heave

1 Introduction

The movement of salt in unsaturated granular media is poorly understood. In studies of
desert soils, which are largely unsaturated, salt is considered to move as a result of climatic
or anthropogenic changes to water tables, enabling the capillary rise of saline groundwater
(Stokes et al. 2012). It will be shown, however, that salt crystallisation can extend above
a saline reservoir, travelling up non-porous surfaces through a wicking mechanism, first
described as ‘creep’ by Washburn (1926) and later by Hazlehurst et al. (1935). The process
begins with evaporation causing the brine solution to become supersaturated, followed by
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the nucleation of crystals at the brine meniscus. Further crystals then develop from the
solute films that bound the crystals (Desarnaud and Shahidzadeh-Bonn 2011; Dopfer et al.
2013) releasing water vapour (Mullin 2001; Van Enckevort and Los 2013) and the process is
repeated, leading to the formation of a dendrite of crystallisation. This creates a fine-grained
microporous medium which enhances the upward movement of solute by capillary action,
thus advancing the crystallizing front in the fashion of a wick. If autogenous wicking can
equally occur inside a porous material, it would supplement capillary rise through the initial
pore structure, enhancing the ability of salt to migrate upwards through a column of dry
sand above the water table. Unchecked, this could lead to unexpected subflorescence and
efflorescence which are significant causes of damage in the fields of soil science, building
science and heritage conservation. If salt wicking does take place within dry porous media,
then it should be detectable by measuring changes in the internal relative humidity.

Previous studies of porous media, saturated by imbibition with aqueous sodium chloride,
have largely focussed on the effect it has on drying kinetics (Or et al. 2013; Norouzi Rad et al.
2015). The role of salt efflorescence has also been studied with regard to the transportation
of solute and how this can control the evaporation rate (Eloukabi et al. 2013). Sghaier and
Prat (2009) found that efflorescence could initially increase the evaporation potential by
wicking of solute through porous salt crystals but only if hydraulic connectivity is maintained.
Within indurated granular media, research has focussed on structural deterioration due to
salt crystallisation achieved through the wetting and drying processes with water-soluble
salts including sodium chloride (e.g. Rodriguez-Navarro and Doehne 1999). In some cases,
references to internal relative humidity have been made to understand the stability of water-
soluble minerals and computer models have been used to simulate internal relative humidity
changes (e.g. Castellazzi et al. 2013).

Changes in evaporation rate can be associated with primary and secondary crystallisation
(Desarnaud et al. 2015) and during development of subflorescence Sghaier et al. (2014).

Controlling relative humidity to promote internal solute transport and crystallisation in
porous media is widely practised. However, this is often carried out on the exterior of the
material being studied and the expected internal changes in relative humidity are inferred.
An example is the identification of salt weathering in porous stone which requires either the
measurement of external conditions of ambient relative humidity or the destructive removal
of samples to check for salt contamination (e.g. Colston et al. 2001; Sandrolini and Franzoni
2006). Furthermore in experimental studies, rates of evaporation from porous media contain-
ing solute tend to be estimated by weight loss of water. Relative humidity sensors could easily
be embedded within porous media to check conditions which promote salt transportation and
be used as a remote monitoring system.

Aside from agricultural studies, documented evidence describing the use of relative humid-
ity sensors to directly or indirectly monitor changes in porous media are rare. Mohamad et al.
(2000) measured relative humidity changes to determine solute dispersion through fine gran-
ular media and Likos and Lu (2003) devised a practical method to infer suction in fine-grained
soils. More research is therefore required to demonstrate the benefits of in situ relative humid-
ity measurement in porous media.

A series of experiments have been performed using vertical flow columns packed with dry
sand, and standing in a container of brine, in order to investigate the salt transport mechanism
above the saturated capillary fringe. This paper explores the use of buried relative humidity
sensors to indicate the presence of salt. To check whether salt migration was occurring through
autogenous wicking in dry soil, or by fluid transport within interconnected pore spaces in
the saturated capillary fringe, the fluid distribution was first examined using deionised water
as the wetting medium. Experiments were conducted at constant temperature, with a static
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Fig. 1 Grading curve for Fraction D sand

groundwater level and with a low relative humidity airstream at the surface to promote
evaporation flux.

2 Method and Materials
2.1 Solute

The groundwater saline concentration was 350g of sodium chloride reagent (Sigma
Aldrich™ > 99.8 % purity) dissolved into one litre of deionised water. This relates to 5.98
moles NaCl per one litre of water where 6.2 moles is the concentration at saturation.

2.2 Granular Medium

The granular medium used in the flow column experiments was a subrounded, natural silica
sand supplied by the David Ball Group (Cambridge, UK). The grading curve in Fig. 1 shows
that Fraction D is a well sorted or poorly graded sand as defined by the relationships between
the coefficient of uniformity (C,) and the coefficient of curvature (C.). The sand was washed
and air-dried prior to use.

The particle size range chosen was found to retain a saturated capillary fringe height of
105 mm at 20 °C and should sustain a saturated capillary fringe height of about 102mm for
water and 63 mm for 6 M sodium chloride brine at 35 °C, as explained below. This estimate
was based upon an equivalent capillary tube using the Young—Laplace equation:

2T.Cost
he= ——— (1)
Pw-&.T
where /. is the capillary height, T is the surface tension, 6 is the equilibrium or static contact
angle between substrate and fluid, py is the density of the fluid, g is the acceleration due to
gravity and r is the equivalent pore radius. This equivalent radius was estimated by separate
capillary rise experiments in the same sand but with pure water.
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Water content measurements in separate columns of Fraction D sand, which had been
allowed to achieve a stable capillary rise of pure water at 20°C, were obtained by weighing
soil slices taken at 30 mm intervals at the end of the experiment. The saturated capillary
height of pure water was thereby estimated to be 105 mm (415 mm). This corresponds to
an equivalent pore diameter in equation 1 of between 0.25 and 0.33 mm. The effective pore
diameter of soil is often assumed to be the diameter of particles representing the 10 % fine
fraction (or D1g) (Terzaghi and Peck 1964). The D¢ value for Fraction D sand based upon
sieve analysis (shown in Fig. 1) is approximately 0.19 mm, which is seen to slightly under-
predict the Young-Laplace pore diameter in this case.

To estimate the capillary height of pure water at 35°C, the value for surface tension has
been taken as 70.41 mN/m (Vargaftik et al. 1983) and density of 0.994 g/cm® (Tanaka et al.
2001). Culligan et al. (2005) reported a contact angle of water in dry silica sand as high as 58°
noting that this challenged the usual assumption of wettability. Without published values at
35 °C, a contact of 0° has been considered which will, in any case, overestimate the capillary
height. Using equation 1, the capillary height of water at 35°C is estimated as 102 mm
(£ 15 mm).

The justification of values used to transform the capillary height from water to brine are
based upon published data and independent tests of surface tension and contact angle. Sadeghi
et al. (2010) measured the surface tension of brine at sodium chloride concentrations up to
3M and at temperatures between 30 and 60 °C and showed a reduction of 0.2 mN/m per 1 °C.
These values matched independent checks of surface tension using 5M sodium chloride at
25 and 30 °C. Ozdemir et al. (2009) measured the surface tension of 6M brine as 81 mN/m
at 20 °C and so a value of 78 mN/m should be appropriate at 35 °C.

Sghaier et al. (2006) measured the static contact angle of aqueous sodium chloride at
20°C and at various concentrations by the sessile drop method on chemically cleaned glass
microscope slides. Independent tests to measure the dynamic contact angle at 25, 30 and
35°C in 5M sodium chloride solution were carried out on chemically cleaned glass plate
using the Wilhemy balance method. The Wilhemy balance is an indirect force measurement
of the effects of fluid on a vertically inserted glass plate. As the plate remains in contact with
the fluid at constant concentration, this allows better temperature control than the sessile drop
method. At an insertion rate of 0.1 mm/s to a depth of 5mm, no temperature effects were
found on the advancing contact angle. This would suggest that the static contact angle of 50°,
extrapolated from the data presented by Sghaier et al. (2006), for 6 M aqueous sodium chloride
could also be applied at 35 °C. Laboratory analysis with a 5M solution of sodium chloride
between 25 and 35 °C showed the density of aqueous sodium chloride to reduce by 0.01 g/cm?
over a 15 °C increment. A value of 1.182 g/cm? has been taken as the density of 6 M sodium
chloride at 35 °C. Using these values, the estimated height of the saturated capillary zone
of brine in Fraction D sand, in the absence of evaporative internal salt crystallization, is
63 mm £ 10 mm.

2.3 Relative Humidity Sensors

Combined relative humidity (RH) and temperature chips were used in the flow column
experiments to measure the conditions inside the soil above the estimated height of the
saturated capillary fringe. The sensors were manufactured by Sensirion© (Switzerland) of
type SHT71 which have an accuracy of & 3 % RH between 20 and 80 °C and overall dimension
of 20 x 5 x 3mm. The chips sensing element (6 x4 mm) comprises a capacitive sensor
for measuring relative humidity and a band-gap sensor for temperature measurement, both
coupled to a 14 bit analogue to digital converter. Each sensor is supplied pre-calibrated by the
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manufacturer with calibration coefficients programmed into the memory on the chip. This
reduces the need for re-calibration. For measurements in soil, the exposed circuits on the chip
were protected against potential water immersion using silicone conforming cement to the
recommendations of the manufacturer but leaving the 2.1 x 0.4 mm cavity on the sensing
chip exposed. The sensors were connected to an evaluation kit (EK-H4) made by Sensirion©
which included a four-channel multiplexer and logger. The connection between the sensors’
4 pin legs and the cable to the multiplexer was also sealed using silicone cement protected by
heat shrink. Trial tests close to the surface of 6 M brine and placed within a stream of water
mist gave relative humidity measurements of 74 and 100 % respectively, as they should.

2.4 Time Domain Reflectometer

The presence of polarising fluids within the sand was sensed using time domain reflectometry
(TDR) with three-rod probes. TDR is a common method for measuring changes in dielectric
constant utilising the technique of electromagnetic wave propagation through solid metal rods
acting as wave guides. The waves travel to the end of the waveguide and are reflected back.
The additional delay before the electromagnetic wave returns depends upon the dielectric
contrast at the end of the wave guide, and this is sampled in TDR measurement. A Campbell
Scientific® TDR100 (Logan, Utah, USA) was used in the flow column experiments, which
combines a fast time pulse generator with a pulse length of 14 s and a timed response (pulse
generator and sampling circuit) of less than 300 ps. The system allows the user to select
the waveform sampling resolution, which depends on the cable length and average velocity
along with the length of conductor to be sampled and the signal resolution, soil properties and
length of the probes. The TDR100 is connected to a multiplexer (SDMX50), also supplied
by Campbell Scientific®, allowing up to eight separate measurements.

Three-rod probes of 50 mm length, 1.44 mm diameter and composed of 316 grade stainless
steel were fabricated in-house according to the method described by Robinson et al. 2003.
The probes were then calibrated to measure the offset caused by differences in dielectric
constant between the coaxial cable and the junction of the probes. An empirical relationship
between dielectric constant and volumetric water constant was obtained by inserting the
probes horizontally into Fraction D sand which was then compacted to a porosity of 0.4 and
saturated with deionised water before being allowed to drain naturally.

2.5 Proximity Sensor

To measure changes in the surface height at the top of the column, without contact to the
surface which might alter water vapour and salt movement, a laser proximity sensor (Baumer
OADM 1216430/S35A) with a 10 mm maximum sensing range was used. Readings were
made using a National Instruments™ logging unit.

2.6 Flow Column

The flow columns used in the experiments were 300 mm high x 100 mm internal diameter
x 5mm wall thickness and composed of transparent cast acrylic. A 50mm long x 140 mm
OD section of acrylic tube referred to as the ‘top cap’ was mounted on a stainless steel flange
of the same outer diameter and an internal diameter of 100mm. The flange was attached
to the flow column by placing screws through the column walls. A clear acrylic disc of
140 mm outer diameter was attached to the top of the top cap with an air diffuser placed at the
centre—the diffuser would allow low humidity air to be distributed evenly at the top of the
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column. An outlet for air was placed at the base of the top cap. A plastic 105 wm microporous
filter (SPC Technologies Ltd, UK) of 4 mm thickness and 100 mm outer diameter was placed
above the base, inside the flow column, by wall mounted supports. Holes drilled into the
walls at and below the filter allowed air to escape when the column was stood in a container
of water or solute acting as the groundwater. Sensors were sealed into ‘T’-shaped sockets so
that they could be mounted at the side of the column and be embedded in the sand. Holes
to accommodate the sockets were cut through the flow column walls and were 18 mm in
diameter with a 25-mm countersink on the outside of the column to fit the sockets and ensure
a good seal. Sensor positions were chosen so that they were located above the estimated top
of the saturated capillary fringe to measure changes in the unsaturated part of the column.

The height of the filter (and thus the base of the sand) in the flow column was adjusted
so the saturated capillary fringe height of both water and brine would be approximately the
same. The layout of the flow column for capillary rise experiments is presented in Fig. 2a for
deionised water and Fig. 2b for 6 M brine. For the experiment with deionised water as the
groundwater, dual sensors comprising relative humidity chips and TDR probes sensors were
placed into the wall of the flow column at depths of 15, 35, 70, 100 and 130 mm below the
top of the column (see Fig. 3a). For the experiment using brine as the groundwater, relative
humidity sensors were placed at 35, 100 and 130 mm depth (see Fig. 3b). A further sensor
was placed at 15 mm depth in some of the tests. An actual instrumented column test is shown
in Fig. 3c.

The setup of both columns was the same. Sand was added in layers with the column on a
vibratory table so that the sensors were completely embedded, and to ensure an even packing.
Two tests were carried out using deionised water, and four using 6 M brine. Differences in
packing density for each experiment are presented in Table 1. The top cap was attached to
the top of the column, and low humidity air was allowed to flow over the top surface of the
sand at a rate of 10LL/min and exit just below the top cap. The columns were then placed in
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Table 1 Properties of each test for deionised water and brine as the wetting medium

Groundwater medium Deionised water 6M NaCl brine

Experiment (A) (B) 1 2 3 4
Dry density (g/cm3) 1.68 1.68 1.7 1.68 1.68 1.71
Porosity (—) 0.37 0.37 0.36 0.37 0.37 0.35
Air flow relative humidity (%) 10 1 1 1 1 1
Groundwater level (mm)? 270 270 220 225 228 232
Estimated capillary height (mm)? 168 168 157 162 165 169
Monitoring period (h) 300 300 97 278 326 83

4 Below top of column

a shallow container of either deionised water or 6M brine acting as groundwater, and placed
in an incubator kept at constant 35 °C (£ 0.5°C) temperature. To prevent the groundwater
from evaporating, a thin layer of olive oil was placed between the outside wall of the flow
column and the exposed groundwater in the container. The groundwater level was maintained
in each case using a peristaltic pump connected to a tank containing the same fluid at the
beginning of the experiment. The groundwater level for the experiments with water was kept
the same, but for those with brine groundwater the level was slightly changed to increase the
unsaturated zone above the saturated capillary fringe. As an added precaution, a torsional
induction sensor was placed beneath the base of the sand in the brine groundwater to monitor
the concentration of the solute by means of electrical conductivity.
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3 Results and Discussion

The upward movement of water into dry sand is governed by adhesive and cohesive mole-
cular forces creating surface tension. Air in the pores is displaced by water rising through
the soil to create a capillary fringe. The top of the capillary fringe marks the point where
the interfacial forces acting between air—water and water—solid interfaces are in equilibrium
with the weight of fluid in the saturated zone below. However, any tendency for evapo-
ration may influence the geometry of the capillary fringe, and especially the unsaturated
vadose zone above it; Yang et al. (2004) therefore suggest that standard values may best
be achieved by covering the column surface to prevent evaporation. This would, however,
create a top boundary condition unrepresentative of the conditions that promote efflores-
cence, which was the practical focus of this investigation. In this experiment, the surface
was not covered and instead air of low relative humidity was allowed to pass over the sur-
face.

3.1 Experiments Using Deionised Water at the Base

How the relative humidity of the airstream influences the distribution of water above the
capillary fringe was first examined in the two experiments where deionised water had been
maintained to a level 30mm above the base of the column. Figure 4 presents the change
in dielectric constant (measured using TDR) at time intervals 24, 98, 135 and 300h for
experiment (A) which was exposed to 10 % relative humidity at the surface and experiment
(B) where 1 % relative humidity at the surface was maintained. In both experiments, dielec-
tric constant is shown to increase downwards towards the estimated level of the saturated
capillary fringe. The natural range of mineral soil lies between a relative permittivity of 2
and 5 and values above this must contain water. Figure 4 shows that the change in rela-
tive humidity at the surface appears to have an effect on the dielectric constant above the
capillary fringe. To convert dielectric constant to fluid saturation, it is necessary to first deter-
mine the volumetric water content relationship (which is unique to each probe) and take into
account the sample porosity. Figure 5 presents the same data as in Fig. 4 but converted to
degree of saturation. At a sensor elevation of 130 mm, the saturation is 0.6 where the relative
humidity is at 10 % at the surface, compared to 0.3 where relative humidity at the surface is
1%.

The internal distribution of relative humidity within the soil above the capillary fringe
can be measured using the soil-embedded relative humidity sensors. Figure 6 presents the
change in relative humidity at each of five sensor elevations beneath the surface. The data
are shown using a 10 % relative humidity air stream at the surface. It can be seen that the
relative humidity rapidly increases up to around 98h before reaching an equilibrium state.
At this point, the relative humidity remains close to 98 % for the duration of the experiment.
The sensor cannot operate when immersed in water so it is known that fluid does not reach
the lowest sensor elevation. At 70 mm below the surface of the column, the relative humidity
remains at 96 % but reduces towards the surface.

The significantly lower relative humidity shown by sensors at 35 and 15 mm below the top
of the column is influenced by the incoming air flow. The water vapour in the sand column
diffuses upwards according to the humidity gradient and is then removed at the surface by
the airflow.

Knowing the effect on saturation as a result of changing the relative humidity of the air
stream at the surface, the distribution of fluid in the pore space can now be examined. This will
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establish whether salt dissolved within the groundwater could reach the surface of column
by diffusion.

By combining the data from Figs. 5 and 6 for experiment (A), the relationship between
fluid saturation and relative humidity can be established. Figure 7 presents the fluid saturation
distribution versus relative humidity above the capillary fringe. Limits have been added at
0.95 and 0.15 saturation which were suggested by Robert and Soga (2010) to mark different
moisture regimes in sand with a similar grading: zone I1I which is saturated except for possible
air bubbles; zone II with a funicular regime of water intercalated with air; and zone I with
isolated fluid droplets. A cartoon added at the top of the figure depicts the possible fluid
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distribution for each zone. The saturation drops below 0.1, and the relative humidity falls
below 50 %, for the higher sensors within 35mm of the top of the column.

Fluid held in funicular formation between soil pores would retain the capacity to transport
salts by diffusion, but isolated pendular droplets of fluid would not. Reduction of relative
humidity at the surface to 1 % would reduce the internal fluid distribution further. The flow
column experiments have thus shown that using low relative humidity air at the surface of
the column of sand precludes the possibility of interconnecting fluid existing far above the
capillary fringe.
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3.2 Experiments Using 6 M Brine at the Base

Figure 8 presents the surface movement (heave) resulting from subflorescence, for each of
the four experiments where brine is used as groundwater. A stream of 1 % relative humidity
air at 10 L/min was maintained at the surface. The differences between experiments can be
attributed to the formation of salt dendrites which arise through a percolation process which
is inherently heterogeneous (Hird and Bolton 2014, 2016). Salt efflorescence was recorded
by visual observation. The point when salt heave begins and the later visual observation of
salt at the surface provide convenient time markers to analyse changes in internal relative
humidity. These time markers are referenced in Fig. 8.

The variation in relative humidity over the course of up to 300 h, measured at each sensor
elevation of 130, 100 and 35 mm below the top of the flow column, is presented for each
experiment in Figs. 9, 10, 11 and 12. Relative humidity at 15mm below the top of the
column was measured in two experiments only because the socket was used for other sensors
associated with a wider investigation of salt migration (see Hird and Bolton 2016).

Relative humidity above an aqueous sodium chloride solution is lower than that above
water. When sodium chloride crystals can steal sufficient water vapour and return to an
aqueous phase, the relative humidity of the surrounding air is referred to as the deliquescent
relative humidity (DRH) which varies between 74 and 77 % (Langlet et al. 2013). The relative
humidity at the point of salt crystal desiccation is referred to as the efflorescent relative
humidity (ERH) which ranges between 41 and 56 % depending on the salt particle size (Gao
et al. 2007). These approximate boundaries have been placed on Figs. 9, 10, 11 and 12;
between them, salt crystals can coexist with the humid air. Markers representing the start of
salt heave and efflorescence have also been shown on the figures as (H) and (E), respectively.
The data show that the relative humidity closest to the capillary fringe lies between the ERH
and DRH and only in elevations closer to the top of the column do they show higher relative
humidity. In experiments 2 and 3, where the relative humidity sensor lies at 15 mm depth,
there is a gradual increase in relative humidity above that sensor, notwithstanding the nearly
dry air stream maintained across the sand surface. It is expected that the same phenomenon
also occurs in experiments 1 and 4 which show a similar relative humidity increase in the
sensor at 35 mm depth, but at earlier times. The rise of relative humidity close to the surface
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Fig. 10 Relative humidity distribution and evolution according to sensor elevation for experiment 2 showing
approximate time of heave (H) and efflorescence (E)

occurs prior to the onset of salt heave, though once subflorescence has commenced the relative
humidity increase is rapid. This result concurs with similar claims made by Sghaier et al.
(2014).

At a sensor depth of 130 mm, closest to the capillary fringe, the relative humidity remains
stable at between 67 and 72 %. This suggests that no general rise in solute level takes place,
as otherwise the relative humidity would be close to 75 %. In addition, the relative humidity
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Fig. 11 Relative humidity distribution and evolution according to sensor elevation for experiment 3 showing
approximate time of heave (H) and efflorescence (E)
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Fig. 12 Relative humidity distribution and evolution according to sensor elevation for experiment 4 showing
approximate time of heave (H) and efflorescence (E)

sensor continued to operate normally, suggesting that no solute came in contact with its
sensing element. The upward trend in relative humidity towards the top of the sand column
is, however, consistent with the extension of occasional dendrites which form at the saturated
capillary zone and grow upwards and outwards like the trunk and branches on a tree. Each
dendrite would be able to conduct solute upwards by capillary action and release water vapour
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which can be measured by the RH sensors, but the saturation ratio of the sand between
dendrites would remain low.

Compared to the isochronal plot for deionised water, the higher relative humidity close
to the sand surface can only suggest the presence of salt dendrites which have overcome the
drying effect of the airflow at the top of the column, whereas deionised water could not.

4 Conclusion

Tests with deionised water using TDR probes and relative humidity sensors showed that the
initial fluid distribution above the saturated capillary fringe would be insufficient to allow salt
diffusion to the top of the column. However, experiments using sensors placed within dry sand
in flow columns, aerated at the surface with low humidity air and held at 35 °C, demonstrate
upward salt migration from a saturated capillary fringe towards the top of the column. Taken
together, these findings show that the brine capillary fringe cannot rise uniformly far enough
through dry sand to reach the surface and that observed salt transportation must be through
occasional dendrites of salt crystallisation providing additional internal wicks. Measurements
of changes in relative humidity coupled with surface displacement show the presence of salt
as it migrates beyond the saturated capillary fringe to the surface. Salt is shown to effloresce
at the top of the column once the internal salt wicks reach the surface, raising the relative
humidity in the neighbouring pores to the point of deliquescence at which crystals and
solute can coexist. The experiments have therefore shown that the self-generating wick of
salt crystals observed on non-porous surfaces must also occur in porous media, as inferred
indirectly through the measurement of water vapour release.
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