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Laboratory-scale assessment of a capillary barrier using fibre
optic distributed temperature sensing (FO-DTS)
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and Barret L. Kurylyk

Abstract: Recent waste rock pile designs have been proposed to incorporate a fine-grained layer to create a capillary barrier to
prevent surface water from draining into the pile interior. This study analyses active fibre optic distributed temperature sensing
(FO-DTS) as a tool to measure the effectiveness a capillary barrier system following an infiltration test. A laboratory waste rock
column was built with anorthosite waste rock overlain by sand. Volumetric water content is calculated during heat cycles lasting
15 min powered at 15 W/m in the column. A new algorithm is employed to circumvent several requirements for soil specific
calibration. The inferred moisture contents were verified by soil moisture probes located adjacent to the cable. The FO-DTS data
indicate, at vertical resolutions up to 2 cm, that water is retained in the sand and does not drain into the anorthosite following
the infiltration test. The coefficient of determination, R2, between the inferred and measured volumetric water content in the
fine cover sand layer is 0.90, while the screened anorthosite maintained an R? of 0.94 with constant moisture content throughout
the test. This study will ultimately help guide future waste rock storage design initiatives incorporating fibre optic sensors,
leading to improved environmental mine waste management.
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Résumé : Des conceptions récentes de pieux de stériles ont été proposées pour incorporer une couche a grain fin afin de créer
une barriére capillaire afin d’empécher I'eau de surface de s’écouler dans I'intérieur du pieu. Cette étude analyse la détection de
température distribuée active par fibres optiques (FO-DTS) en tant qu’outil permettant de mesurer I'efficacité d'un systéme de
barriére capillaire aprés un test d’infiltration. Une colonne de stériles de laboratoire a été construite avec des stériles
d’anorthosite recouverte de sable. La teneur en eau volumétrique est calculée pendant les cycles de chauffage d'une durée de
15 min 4 15W/m dans la colonne. Un nouvel algorithme est utilisé pour contourner plusieurs exigences relatives a I'étalonnage
spécifique au sol. Les teneurs en humidité inférées ont ét€ vérifiées par des sondes d’humidité du sol situées a proximité du cible.
Les données FO-DTS indiquent, a des résolutions verticales allant jusqu’a 2 cm, que 1'eau est retenue dans le sable et ne s’écoule
pas dans I'anorthosite aprés le test d'infiltration. Le coefficient de détermination, R?, entre la teneur en eau volumétrique déduite
et mesurée dans la couche de sable fin est de 0,90, tandis que I'anorthosite tamisée maintient un R? de 0,94 avec une teneur en
humidité constante tout au long de I'essai. Cette étude contribuera en fin de compte a orienter les futures initiatives de
conception de stockage de stériles intégrant des capteurs a fibre optique, permettant ainsi une meilleure gestion des déchets
miniers dans I'environnement. [Traduit par la Rédaction]

Mots-dés : détection de température distribuée (DTS), humidité du sol, fibre optique, stérile, barriére capillaire.

2005; Aubertin 2013; Chi et al. 2013). Waste rock piles generally
exhibit hydrologic heterogeneity, particle segregation, sorting
along slopes, and compacted layers due to machinery traffic
(Bussiére et al. 2003). The net effect of these structures is the
enhancement of water and air flow through the waste rock pile
and the potential generation of acid mine drainage and contami-
nated neutral drainage (see Morin et al. 1991; Herasymuik 1996;

Introduction

Waste rock — extracted coarse-grained rock below the ore cut-
off grade — is stored on the surface of mine sites and exposed to
natural climatic conditions. The most common method to store
this material is through constructed waste rock piles. These piles
can be large, with heights exceeding hundreds of metres and area

covering tens of hectares (Martin et al. 2005; Aubertin 2013). Typ-
ical design and construction methods for waste rock piles may
create favourable conditions for the internal flow of fluids, which
in turn may promote the development of acid mine drainage or
contaminated neutral drainage where water is discharged as con-
taminated leachate from the pile (Morin et al. 1991; Bussiére et al.

Newman et al. 1997; Wilson et al. 2000; Aubertin et al. 2002a,
2002b; Fala et al. 2003, 2005; Martin et al. 2005).

Several modified designs and engineering improvements in and
around waste rock piles have been proposed over the past 25 years
to limit the generation of contaminated leachate. The optimal
design of waste rock piles depends on their specific purpose and
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environmental setting. One potential design improvement is
based on the concept of an inclined cover with a capillary barrier
effect (CCBE) (Aubertin et al. 2002b; Bussiére et al. 2003; Fala et al.
2005; Martin et al. 2005; Aubertin 2013). This type of multi-layered
system consists of a relatively fine-grained moisture-retaining ma-
terial above coarser waste rock to create a capillary break that
limits infiltration into the pile interior (Rasmusson and Erikson
1986; Nicholson et al. 1990; Morel-Seytoux 1992; MEND 1996;
Aubertin et al. 1996; Bussiére and Aubertin 1999).

An effective capillary barrier exists at the interface of the coarse
layer and the overlying fine material, where suction remains
above the water-entry value of the coarse material, preferentially
retaining water in the overlay. When relatively dry, the lower
coarse-grained material has a very low unsaturated hydraulic con-
ductivity, while the fine layer exhibits stronger water-retaining
capabilities and tends to retain moisture (Bussiére et al. 2003;
Aubertin et al. 2009). When the layered system is inclined, it en-
hances water diversion down slope through the fine-grained
layer. Capillary barrier systems are relatively straightforward to
construct and durable, which may decrease the costs compared to
other systems (Bussiére et al. 2003).

To date, there are only a few technological options available for
monitoring soil moisture in industrial settings. Point measure-
ments (e.g., dielectric-permittivity soil moisture sensors) are com-
monly used, but they may cause difficulties during installation
and when extrapolating data across large areas given system het-
erogeneities. Remote sensing techniques overcome some of these
limitations, but may resolve moisture content at resolutions that
are too coarse for research purposes. In many circumstances, a
combination of methods is used to understand the nature and
distribution of soil moisture (e.g., Anterrieu et al. 2010; Dobriyal
et al. 2012).

One emerging method to evaluate soil moisture is fibre optic
distributed temperature sensing (FO-DTS). This system records the
thermal response of a medium to natural or engineered thermal
forcing. FO-DTS can measure temperature along a fibre optic cable
at fixed intervals (e.g., 0.5 m) based on the temperature sensitivity
of the backscattering of a light signal (Selker et al. 2006). In the
last 20 years, actively heated FO-DTS techniques, for which the
cable operates as both a heat source and a thermal sensor, have
been developed to measure soil moisture (i.e., Weiss 2003).

The advantages of active FO-DTS is that it is a flexible sensing
apparatus that can be deployed over large areas with relative ease
and for indefinite periods of time. It has been shown to accurately
measure temperature across a fibre optic cable over 30 km (Ciocca
et al. 2012) and help delineate groundwater flow systems (Briggs
et al. 2012). While active FO-DTS has been shown as an effective
method to assess soil moisture, there are only few instances of this
technology being used in applied industry settings (i.e., Weiss
2003; Benitez-Buelga et al. 2014). This technology is presently in
use at an experimental waste rock pile, as part of an ongoing
field-monitoring program conducted by the authors and collabo-
rators (Bréard Lanoix 2017; Martin et al. 2017).

This paper presents a laboratory experiment using active FO-
DTS to measure temporal and spatial variability of aggregate and
soil moisture in a large column. The main objective is to assess the
applicability of active FO-DTS to resolve volumetric water (mois-
ture) content, 6, in a controlled system that encourages the for-
mation of a capillary barrier, much like the conditions created by
a CCBE. This objective is achieved by using a large experimental
column for which environmental conditions are controlled. In
this study, the heating profiles of a fibre optic cable are used
directly to infer volumetric moisture contents rather than the
common approach of integrating the heating profiles to infer
thermal properties of the soil to then estimate the moisture con-
tent through an empirical calibration curve. In other words, the
approach discussed in this paper circumvents the need to deter-
mine the soil-specific thermal properties (i.e., heat capacity, spe-
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cific heat) to estimate # and builds upon earlier studies developing
semi-empirical approaches to evaluate the moisture content
(Sayde et al. 2010). This technique is beneficial when working with
heterogeneous and granular (cohesionless) media where thermal
properties can vary greatly with grain-size distribution and grain
contact with the fibre optic cable.

Methods

Fibre optic distributed temperature sensing (FO-DTS)

FO-DTS uses fibre optic technology with nonelastic Raman
backscattering. In Raman backscattering, a change in the inten-
sity of the reflected light occurs when incident light strikes the
fibre optic glass wall and causes backscattering at two frequen-
cies, which are referred to as Stokes and anti-Stokes (Selker et al.
2006). The intensity of backscatter at the anti-Stokes frequency is
dependent on the temperature of the cable, thus temperature can
be calculated from the ratio of the intensity of the anti-Stokes to
Stokes (Grattan and Sun 2000; Ciocca et al. 2012). The precision of
this measurement is proportional to the square root of the inte-
gration period or the square root of the time in a one-step interval
assuming no errors in temperature drift (Selker et al. 2006; Sayde
et al. 2010; Ciocca et al. 2012).

FO-DTS systems are portable and can be used for various envi-
ronmental and hydrologic applications (e.g., Selker et al. 2006;
Briggs et al. 2012; Bense et al. 2016). The rugged and compact
nature of this tool makes it useful for evaluating soil characteris-
tics in harsh conditions, such as inside a waste rock pile (Broda
et al. 2017). FO-DTS systems are often jacketed with braided steel
cabling and are resistant to heavy strain and weight, but are still
able to monitor rapid thermal responses in the surrounding envi-
ronment.

Resolving volumetric water content with heat

The metal sheath that surrounds fibre optic cables generates
heat when electrical current passes between two points on the
cable. When the cable is buried in a porous medium (e.g., soil or
waste rock), the change in temperature induced by the potential
difference in the fibre optic cable is dependent on the thermal
properties of the material surrounding the cable, including the
porous material and its moisture content. If the thermal proper-
ties of the solid components of the porous media do not change
with time during measurements, any changes in temperature
when electricity is applied should be the result of changes in
moisture content in the medium. As air has a very low thermal
conductivity and density, it is assumed to have negligible effects
on the bulk thermal properties of the medium (de Vries 1963;
Kluitenberg 2002).

Several methods have been proposed to calculate the volumet-
ric moisture content from active FO-DTS data based on classic
equations in the heat diffusion literature. Carslaw and Jaeger
(1959) provide an analytical solution to solve an infinite line heat
source problem in a homogenous and isotropic medium using an
integrated form of Fourier’s law (de Vries 1963; Bristow et al. 1994;
Ciocca et al. 2012; Benitez-Buelga et al. 2014). The change in tem-
perature, AT, in response to a constant heating strength per unit
length of cable, Q (W/m), during a prolonged heating cycle (>10 min)
can be expressed as follows (Blackwell 1954; Li et al. 2016):

(1) ATE) = 4—%‘ Inft) + B

where t is the heating pulse duration (s), Q is the source heating
strength (W/m), A (W/(m-°C)) is the thermal conductivity of the
medium, and constant B is a bulk parameter (°C) that functions as
the intercept when AT is plotted against In(t). For active FO-DTS
moisture analysis, eq. (1) is the most common solution for the
single probe method in which the fibre optic cable metal sheath-
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ing acts as the infinite line source probe with known heating
power and duration (Weiss 2003). Fitting temperature data to the
cooling phase after the heating cycle has been shown to also work
as well for thermally conductive media (see Kluitenberg et al.
1993; Weiss 2003; Ciocca et al. 2012; Benitez-Buelga et al. 2014).

Thermal conductivity and diffusivity can be obtained by fitting
a linear regression between the temperature data and the natural
logarithm of the heating duration if the integration period is long.
The thermal conductivity is inferred from the slope of that regres-
sion (i.e., slope = QJ(4wA), see eq. (1)) (Carslaw and Jaeger 1959;
Kluitenberg et al. 1993; Bilskie 1994; Bristow et al. 1994; Weiss
2003). After obtaining A, 6 can be calculated using empirical mod-
els (i.e., Johansen 1975; Coté and Konrad 2005; Lu et al. 2007) or by
calibrating 6-A relationships with in situ probes (Sayde et al. 2010;
Gil-Rodriguez et al. 2013).

A disadvantage of this approach arises when distinguishing
small changes (<0.05) in volumetric water content during a short-
duration heat pulse (Weiss 2003; Perzlmaier et al. 2004). Ciocca
et al. (2012) obtained accurate # values in wet media with a preci-
sion of 0.01-0.035 m3/m? using a time correction applied to this
method. However, to maintain a good relationship in drier media
that are less thermally conductive than those considered by
Ciocca et al. (2012), longer integration periods are required for the
temperature profile to become asymptotic in the thermal re-
sponse analysis. Dong et al. (2017) demonstrated that such a
method results in a weak function of soil moisture by using the
cooling phase of the heating response, and that the approach may
return implausible values for moisture contents if inefficient elec-
tric power is used. As such, this method may be impractical for
resolving relatively rapid changes in 6 due to water movement.

The dual probe heat method is an alternative approach that
resolves volumetric heat capacities as opposed to thermal conduc-
tivity. The method is outlined by Campbell et al. (1991), following
Carslaw and Jaeger (1959). One probe (i.e., a fibre optic cable) is
heated uniformly and the thermal response is measured with a
separate cable. The temperature response recorded by the un-
heated cable is, in part, a function of volumetric moisture con-
tent. The temperature rise, AT, is a function of the volumetric heat
capacity of the material, C (J/(m?3.°C)), and the radial distance, r(m),
between the heating source and the sensing probe (Carslaw and
Jaeger 1959; Campbell et al. 1991; Bristow et al. 1994; Benitez-Buelga et al.
2014)

=_9
R

where q is the heat input per unit of length (J/m) and e is Euler’s
constant (i.e., the base of a natural logarithm). For a porous media,
C is expressed as a volumetrically weighted arithmetic mean of
the heat capacities of the medium constituents (de Vries 1963;
Kluitenberg 2002; Benitez-Buelga et al. 2014)

(3 C=pcs + putud

where p,, and p,, are, respectively, the bulk medium and water
densities (g/m?); and ¢, and c,, are the specific heat capacities of the
solid medium and water, respectively (J/kg-°C). This formulation
ignores the very minor influence of air and water vapor on bulk
heat capacity and assumes that the pore water is entirely unfrozen.

Equations (2) and (3) can be combined to infer moisture con-
tents from the temperature rise due to heating. However, a major
disadvantage of this method is the need for very accurate probe
spacing. Equation (2) shows that small changes in radial distance,
r, can have large impact on estimations of C, and thereby influ-
ence f estimates. In cases where the medium contains coarse and
angular particles, the contact between the fibre optic cable and

n7

the medium and the distance between cables may shift during the
construction, rendering r inaccurate. Another disadvantage of
this approach is that the dry bulk density and heat capacity of the
medium must be known. This again can be problematic when the
material is heterogeneous and coarse-grained.

Sayde et al. (2010) developed a semi-empirical approach to esti-
mate # using active FO-DTS. Instead of deriving thermal proper-
ties of the soil medium, the heating profile is integrated directly
from FO-DTS results and extrapolated from a rating curve to fit
dry and saturated conditions using an empirical model. The cal-
culated error associated with this method is less than 0.05 m3/m?
in wet soil (Sayde et al. 2010). The results can be obtained using a
cumulative temperature rise over time, T, (°C s), in the cable

g
4) Tom= J’AT dt

T

where t,, is the duration of the heating cycle. This method assumes
that the integral rise in temperature for a given heating strength
is solely controlled by the bulk material properties, so the rela-
tionship between T, and 6 holds for a constant heating profile
and fibre optic cable specification (Sayde et al. 2010; Gil-Rodriguez
et al. 2013). The error associated with the changes in temperature
using this method is minimized because the DTS recordings are
based directly on measured temperature and do not rely on ther-
mal properties of the material.

Zubelzu et al. (2019) compared potential (i.e., Farfan et al. 2017),
exponential (i.e., Gil-Rodriguez et al. 2013), and polynomial (i.e.,
Benitez-Buelga et al. 2014) T, ~moisture fitting functions. Their
findings suggest that all curves could present a nonGaussian pat-
tern during the heating phase despite high coefficients of deter-
mination. To reduce this behaviour, the cumulative temperature
profile can be integrated over a long integration period with a low
sampling rate. Cable-specific properties account for little of the
experimental error due to the rapid increase in temperature, and
these properties are obtained with a lower sampling rate during
the initial temperature rise (Sayde et al. 2010; Gil-Rodriguez et al.
2013). When a higher sampling rate is used, the input amperage
can be decreased so that the maximum temperature is easier to
obtain. Dong et al. (2017) showed that this method can yield sim-
ilar results using higher power during a shorter duration and
lower power over a longer integration period. This is useful where
input amperage is limited in low-conductivity media. Striegl and
Loheide (2012) provided a similar method to obtain temperature
token values where the change in temperature is assumed con-
stant and averaged over a period of 380-580 s. The token values
were then related to nearby moisture sensor values to generate a
temperature-moisture curve that was calibrated to collect soil
moisture data.

The relationship between A and 6 for a given system follow a
specific shape with a shallow slope at low water contents and
steeper slope at higher water contents (i.e., Johansen 1975;
Campbell et al. 1991; Lu et al. 2007). The shape of the curve is a
function of several specific parameters of the material. This study
proposes a modified time cumulation approach to relate thermal
conductivity to temperature response to obtain . This modified
approach combines the usefulness of the T, approach (eq. (3)
and surrounding text) with the theoretical rigor of the Blackwell
(1954) approach (eq. (1)). Integrating eq. (1) yields the cumulative
temperature change over the heating period

G T

cum

-_Q _
Toting) — 1) + Br
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Fig. 1. Column helices exposed in upper sand layer, prior to
emplacement of remaining sand layer. Two adjacent fibre optic
cables are tied together 1 cm apart; however, only one cable is used
for the experiment. [Colour online.]

To account for pore and thermal variability, a Kersten number,
Ke (Kersten 1949; Johansen 1975; Halloran et al. 2016) is commonly
used to normalize A (W/(m-"C)) to soil-specific dry and saturated
values

(6) Ke:ﬂ

’\sat - '\dry

The degree of saturation, S,, can then be calculated using one of
many empirical models found in literature. The Lu et al. (2007)
model is used here for its versatility in accurate approximations of
thermal conductivity in a wide range of soils

1

(7) S, = [1 _ MK_Q)_]E

Y

where vy is a soil texture-dependent parameter, with 0.96 and
0.27 as the values for coarse- and fine-textured soils, respectively
(Lu et al. 2007). @ is then calculated from the average porosity of
the material, n

8 6=5n

Experimental setup and measurements

Column and helices

The fibre optic cable was wrapped into three helixes held to-
gether with plastic rod scaffoldings (Fig. 1). The helixes had inter-
nal radii of 0.15, 0.25, and 0.35 m. The cables were bent into a
helical pattern to allow the FO-DTS cable to record temperatures
at a vertical resolution of 0.05, 0.03, 0.02 m in the smallest, inter-
mediate, and largest helices, respectively. The fibre optic cable
passed through two cold and one warm calibration baths (Fig. 2).

The helical coils were placed in a metal cylinder that is 0.80 m in
height and has a radius of 0.80 m. The bottom of the cylinder
contained a cobble layer overlain by a geotextile to promote drain-
age without loss of finer particles. The column includes an out-

Can. Geotech. ]. Vol. 57, 2020

Fig. 2. Fibre optic cable path (dotted lines continue into helical
structures). Red dotred line is heated portion of fibre optic cable
through which 15 Wjm of power was applied. [Colour online.]

DTS | warm Bath

flow drain discharged into tipping bucket lysimeters (1 mm/tip) to
measure effluent discharge rate. Once the cables were placed in
the empty cylinder, 0.50 m of screened anorthosite (<5 mm) was
poured into the column (on the geotextile) via spiral deposition to
limit particle segregation and compacted layering. A homogenous
sand layer (0.20 m thick) was then added on top of the anorthosite
using the same deposition method (Fig. 3). The sand had a maxi-
mum grain size of 0.5 mm and is considered a poorly graded fine
sand (SP), while the screened anorthosite had a maximum grain
size of 10 mm and is considered a well-graded sand with silt and
gravel (SW-SM) according to Unified Soil Classification System
(USCS; ASTM 2017) classification (anorthosite data from Lévesque
2015).

The DTS resolves temperature towithin +1.0 °C in each material
using 20 s dual-ended measurements. To improve the accuracy of
the FO-DTS measurements, data were corrected for temperature
offsets and instrument drift using two reference baths with water
at approximately 0 and 40 °C. Van Essen Micro-Diver pressure
transducers (+0.1 °C accuracy, 0.01 °C resolution) were placed in
the baths to record the calibration temperatures. The warm bath
was kept at constant temperature and well-mixed with an aquar-
ium heater, while the cold bath contained a slush mixture.

A sprinkler affixed 40 cm above the top of the column released
2.6 L/min of water during an infiltration test. Care was taken to
use a sprinkler nozzle that evenly irrigated the top of the column
without water droplets becoming too fine (misty) and to avoid
droplets from adhering to and flowing down the rain jacket sur-
rounding the column. Heterogeneity in spatial results within the
column may nonetheless be caused by uneven irrigation (see Re-
sults section).

Instrumentation

The FO-DTS instrument used in this experiment was an AP Sens-
ing N4388A GeoDTS with a manufacturer spatial resolution of
1.0 m (vertical resolution is higher due to the helixes), sampling
interval of 0.5 m, and a minimum data integration time of 20 s in
dual-ended measurements. The fibre optic cable was the Brugg
BRUsteel LLK-BST 2FG5, which has two fibre optic strands encased
within a galvanized steel tube and wrapped with braided steel
wire and a waterproof nylon jacket.

Four Decagon EC-5 soil moisture sensors were buried in the
sand layer, at 5 and 15 cm depths, and four were buried in the
anorthosite waste rock layer, 30 and 50 cm depths, to compare 6
results with the DTS and parameter -y values with Lu et al. (2007).
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Fig. 3. (a) Experimental column containing (b) fine sand and (c) coarse screened anorthosite. [Colour online.]

The EC-5 sensors have a manufacturer’s stated accuracy of +0.036 in mineral soil (Decagon 2015). The sensor measures the dielectric
constant of the media using the capacitance and frequency of the soil domain. The dielectric permittivity is utilized to determine

the moisture content with the Topp equation (Topp et al. 1980)

1

@ 6=

where mV is the sensor output after 2500 mV excitation.

The probes utilized in the experiment were individually cali-
brated with material-specific calibration curves. The experiment
sensors were calibrated using samples from the column and
yielded an accuracy of +0.066 in the sand and crushed anorthosite,
which revealed that the accuracy of the probes was lower than the
manufacturer’s stated error. Although the crushed anorthosite is
texturally more complex, the EC-5 accuracy in this material was
the same as homogenous sand. This suggests that +0.066 may be
the highest accuracy achievable with the probes used in the ex-
periment.

Calibration and determination of parameters

Endmembers of T_,, were measured independently of the in-
filtration test. Dry T, values were obtained before water was
added into the column. Dry measurements were taken for 10 cycles
to ensure the power supply provided consistent heating
under dry conditions. Consecutive measurements were repeated
after the infiltration test, at saturation, to ensure the power was
sufficient to allow the DTS to record changes in temperature
when wet. The material in the column was saturated upwards
with a Mariotte bottle to ensure most of the voids were filled with

(—3.3325 x 10~ °)(mV?) + (7.0218 x 10~%)(mV?) — (5.11647 x 107*)(mV) + 1.30746

water. Near-saturation conditions were expected using a low hy-
draulic gradient to ensure that the upward movement of finer
particles had negligible influence on homogeneity.

The EC-5 soil moisture sensors essentially measure porosity un-
der saturated conditions, assuming all pores are filled with water.
The volumetric water content at saturation measured by the EC-5
sensors was 0.44 and 0.26, respectively, for the sand and an-
orthosite. Porosity was calculated from column samples and
yielded porosity of 0.42 and 0.27, respectively, for the sand and
anorthosite. The obtained y was 0.26 and 0.92 for the cover sand
and (screened) anorthosite, respectively, which is close to the sug-
gested values provided by Lu et al. (2007). The B term in eq. (5) is
calculated as the intercept in each heating cycle between AT and

In(t).

Heated fibre optic measurements

Figure 4 presents the vertical temperature profile obtained dur-
ing a typical heating cycle for a dual-ended FO-DTS configuration,
in which the end of the fibre optic cable returns to the DTS and
measurements are collected through both ends of this cable. Dual-
ended measurements integrate temperature readings averaged
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Fig. 4. (a) Temperature profile along depth of column, as measured in the outer helix through time. Rain infiltration starts at 15:00. Change
in temperature due to heating for (b) dry, (c) wet, and (d) saturated conditions in sand and anorthosite, measured in outer helix. (Note: saturated

conditions are not represented in Fig. 4a.) [Colour online.]
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from both ends of the cable, decreasing the chance for signal loss
in longer fibre optic cables.

A heating cycle is 1 h long; for the first 15 min the cable was
actively heated by applying an electrical current across the cable
followed by 45 min of no heating during which the system cools.
A DC power supply with a voltage regulator to maintain 15 W/m
was used throughout the heating cycles and adapted to changing
resistance in the cable due to heating. The resistance of the cable
was 17 () at room temperature, and the length of heated cable was
46 m. The power used in this experiment is higher than in previ-
ous published studies (Sayde et al. 2010; Striegl and Loheide 2012;
Benitez-Buelga et al. 2014) because the temperature response in
the thermally low-conductive screened anorthosite was not suffi-
cient at lower electrical power. Higher power settings also en-
abled measurement of smaller changes at low volumetric soil
moisture levels (<0.06%) as the uncertainty in the 6 error analysis
is inversely proportional to the value of § (Weiss 2003).

Resulis

Fifteen minute heating cycles were performed every hour
(Fig. 4a) for 190 cycles or 7.9 days. The change in temperature
during the first cycle is shown in Fig. 4b. In dry conditions, the
sand reached a AT of 35 °C during heating, while the anorthosite
had a AT of 20 °C. The sprinkler was turned on at the start of the

0
9 12 15 0 3 6 9 12 15

Time (min)

fourth cycle for 15 min to apply water to the experimental column
Thirty-nine liters of water, equivalent to 19.4 mm of rain, were
applied across 15 min to simulate a short, but intense precipita-
tion event. Within 1 h after the onset of infiltration, the temper-
ature of the sand layer decreased by 21 °C (AT decrease from 35 to
14 °C) during the heating phase (Fig. 4c). The anorthosite unit did
not exhibit a change in temperature, maintaining a temperature
of 45 °C during the infiltration period. When the sand and waste
rock were highly saturated, the AT of both materials was reduced
to 10 °C (Fig. 4d).

The relationship between T, and 6 assumes that the overall
density and texture of the material remain constant. Using the
relationship defined by Lu et al. (2007) with specific parameters
obtained here (see “Experimental setup and measurements sec-
tion), the variation of § with depth within the column was calcu-
lated. Figure 5 shows 1 week of results after a 15 min wetting test
(equivalent to 19.4 mm of rain). The test starts with three heating
cycles prior to wetting to establish baseline conditions, and the
infiltration event occurs during the fourth heating cycle. Volu-
metric water content (VWC) increases in the cover sand layer
during the fourth cycle in the top 10 cm of the column. During
infiltration, the highest 6 in the sand was obtained in the interior
helix and the lowest # was in the exterior helix. Once the infiltra-
tion event ended, the exterior helix recorded the highest moisture
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Fig. 5. Volumetric water content calculated over time from FO-DTS
set up in the (35 cm radius, 2 cm resolution), middle (25 cm radius,
3 cm resolution), and interior helix (15 cm radius helix, 5 cm
resolution). [Colour online.]
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content value post-infiltration in the sand (0.42 m3m?), while the
interior recorded the lowest (0.36 m? m?3). The highest volumetric
water content was measured in the lower section of the sand layer
following the infiltration test, as expected in a capillary barrier
system. There was no corresponding increase in moisture in the
anorthosite layer (Fig. 5).

Over the course of the week, the value of 6 in the upper sand
layer decreased slowly, while the # remained effectively un-
changed in the anorthosite unit. By the end of the test, the  near
the interior helix in the upper sand layer approached antecedent
residual # values (0.09 m3/m?3). No discharge was recorded from
the column’s outflow drain over the course of the experiment.

The coefficient of determination, R2, between the active FO-DTS
measurements and the EC-5 soil moisture probes in the cover
sand layer is 0.90, with a root mean square error (RMSE) of 0.06.
The DTS-based measurements are more sensitive to small changes
in § than the four EC-5 soil moisture probes in the sand. For
example, the comparison between the DTS and probe values at
around #=0.20 is poor as changes in DTS readings do not correlate
to changes recorded by the moisture probe (Fig. 6). Higher f values
tend to produce larger variations as the uncertainty in the mea-
surements is proportional to the degree of saturation.

The EC-5 moisture probes recorded f increases in water content
in less than 5 min after the onset of the infiltration event. Quick
increases in # values could not be recorded during the early part of
the 15 min infiltration test, so no # values in the 0.05-0.20 range
were observed in the sand layer. The error associated with calcu-
lating # should increase with 6. However, results obtained here
indicate that the largest uncertainty exists around 0.20 for this
infiltration test (Fig. 6).

Comparison of volumetric water content values during the in-
filtration test measured by the active FO-DTS and moisture probes
yielded a value of approximately 0.15 and a mean absolute error
(MAE) of 0.07 in the anorthosite waste rock. Using both the 6 values
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during the infiltration test and during saturation, a R? of 0.94 was
obtained. It was difficult to assess the accuracy of the active FO-
DTS moisture data in the anorthosite layer because there was only
a small range of # values (e.g., 0.10-0.18). During the entirety of the
infiltration test, the value of # in the anorthosite layer remained
relatively constant (Fig. 5), so only dry, slightly wet, and saturated
values were obtained for that layer.

Discussion

The results obtained from the FO-DTS suggest that water was
confined to the fine sand layer, which may have been caused by
inherent water retention (capillary) capabilities between the sand
and anorthosite (Figs. 4 and 5). The post-infiltration water content
in the sand did not reduce suction, at the interface between the
layers, below the water-entry value of the anorthosite layer.
Thirty-nine litres of water was not sufficient to induce drainage
into the anorthosite layer in an estimated 47 L void space. More
water was not added due to observed ponding on the top of the
sand layer at the given infiltration rate. In earlier tests, 52and 73 L
of water were applied to the column in 20 and 30 min, respec-
tively. These tests were disregarded as there was water ponding on
the surface of the cover sand unit that flowed out towards the
edge of the column. However, the DTS resolved water flowing
through the interface from the sand and into the anorthosite. In
both cases, water discharged from the outflow drain approxi-
mately 35 min after the start of infiltration, but the outflow quan-
tity was too much for the tipping bucket rain gauge to record.

The difference in AT of the anorthosite between dry and satu-
rated conditions was only 5-10 °C. This suggests using a high-
power output was warranted as less power may not have resolved
the difference in dry and saturated conditions in this layer.
Figure 7 shows a two-dimensional (2D) integration of temperature
using all three helices; see Supplementary Material videos S1 and
S2 to view temperature changes during the infiltration test.! Spa-
tial and temporal temperature differences in the sand and an-
orthosite are easily distinguished; however, it is difficult to
quantify the impact of these factors on the irregularities in this
figure. Note that the laboratory environment was humid; a drier
environment may have produced more pronounced decreases of 6
in the upper sand.

The results show that much of water appears to enter the near
the centre of the column during the start of the infiltration test
(Fig. 5). Water then migrates towards the exterior of the column
after the infiltration test as water content was highest in the outer
helix. The outer helix had the smallest vertical resolution that
resolved finer vertical changes in 6. The unevenness in tempera-
ture in the sand layer may have been due to physical phenomena
such as local compaction of the material and the amount of con-
tact between the cable and the medium. It could also have been
due to interpretive methods when designing the helical data in 2D
space. Decisions such as the type of interpolation used (i.e., linear,
spline, cubic) for the figure and how the helical path is repre-
sented in 2D affect each respective helix (i.e., sine, cosine). The
heated profile was not uniform throughout the column. Bends in
the helical structure cause changes in DTS intensity ratio, and
limitations in temperature resolution due to molecular vibrations
causing broadening of Raman peaks, instrument noise due to
transmission loss, and local moisture pockets. Sand particulates
may have moved into the pore spaces of the anorthosite layer
during the compaction and infiltration process. It is likely that the
uneven results were caused by a combination of these factors.

The anorthosite layer was not completely dry before the onset
of the week-long infiltration test due to conditions from previous
experiments. Figure 5 shows pronounced horizontal layering in

'Supplementary data are available with the article through the journal Web site at http:{/nrcresearchpress.com/doi/suppl/10.1139/cgj-2018-0283.
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Fig. 6. Scatterplot comparison of measured moisture, 6, from FO-DTS and EC-5 6 in the (a) sand and (b) anorthosite layer of each helix. [Colour

online.]
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the underlying anorthosite unit (see between depths 22 and
72 cm). This distinctive pattern may be due to density differences
in the anorthosite from layering during the construction phase. It
could also be due to small unwarranted bends in the helical struc-
ture causing interpretive errors during measurement. The spatial
resolution of the DTS system is 1 m; a system with a higher reso-
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lution might be able to better identify whether this patterning is
from bedding or instrument artefact.

Volumetric water content in the anorthosite remained constant
throughout the experiment, but not across the helical path
(Fig. 5). This character may be produced by preferential flow paths
that carried finer particles in clumps and formed layers resistant
to pore water flow. However, irregularities in the helical path and
differences in bulk densities could also contribute to the source of
error. The column was filled by means of spiral deposition to
minimize the degree of horizontal layering, but given the dimen-
sions of the experiment, such irregularities are inevitable. Al-
though the anorthosite is coarser than the sand, it compared
more favourably with the EC-5 sensors than the sand.

Increasing power applied to the cable was effective in reducing
error of the measurements (Sayde et al. 2014; Dong et al. 2017).
However, although the anorthosite had a much lower thermally
conductivity and thus temperature change (AT of 20 °C when dry)
than the sand (AT of 35 °C when dry), it maintained accurate
results (Fig. 6). All three helices exhibited similar temperature and
moisture values where the largest helix had the highest spatial
resolution (Fig. 5). However, given the proximity of the outer helix
to the metal wall of the column, there may have been interference
to the thermal response. The possibility of heat escaping through
the sides of the metal enclosure or ambient air affecting readings
near the column wall were not significant sources of error for the
following reasons:

1. Ambient temperatures near the helices were all within 1.0 °C
of each other, indicating that there was no significant temper-
ature difference between the column wall and centre.

2. Seven centimetres of fibreglass insulation was wrapped
around the outer wall of the column to isolate the soil from
the outside environment.

3. The process to calculate T, does not change if the ambient
air and soil temperatures remain above 0 °C.

Like previous studies (e.g., Sayde et al. 2010; Ciocca et al. 2012;
Gil-Rodriguez et al. 2013; Striegl and Loheide 2012; Dong et al.
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Fig. 8. Depth versus volumetric water content in each helix during
dry (circle), wet (star), and saturated (triangle) conditions. [Colour
online.]
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2017), the error associated with measuring 6 increases with 6 mag-
nitude (Fig. 8). The relationship between T, and 6 follows an
exponential function (eq. (7)) where small changes in T, at high
6 affect results more than at low . A potential source of error may
be overheating because the uncertainty along the saturated pro-
file is greater than the dry profile (Fig. 8). However, if an excess of
power is the cause of this error, the result should be proportional
to its magnitude, where the error associated with 6 should appear
largest during dry conditions. Given the mean absolute error of
the DTS compared to the EC-5 sensors (RMSE of 0.06 in the sand
unit and MAE of 0.07 in the anorthosite unit), the agreement of
the results to moisture probes is good. As the moisture sensors
measured f at a single location, the comparison between the sen-
sors and the DTS only exists in eight places within the column
(four in the sand and four in the anorthosite layer). The DTS sys-
tem also has a large spatial average (1 m) that integrates temper-
ature readings from a very large section of soil versus the EC-5’s
precise measurement area.

Note that the EC-5 sensors were not highly accurate for the
materials used in the column. In an independent test, two EC-5
sensors (that were used in this experiment) were placed into a
small container, with 10 cm spacing. The container was filled with
screened anorthosite. The two sensors differ in readings by 0.076
under dry conditions in anorthosite and 0.056 in wet conditions;
no calibration was imparted on these values for the test. This test
provides an assessment of the potential error in sensor measure-
ments. Dong et al. (2017) investigated the relationship between
EC-5 readings to measurement depth and orientation. Their study
concludes a bias in the EC-5 sensors regarding proximity and ori-
entation to the surface of the medium against DTS readings. The
difference in measurement volume between the EC-5 and DTS can
also be attributed to contact resistance to the medium, which
could allow air to act as an isolating layer that exists in the soil’s
macropores.

In a water balance exercise for the infiltration period, 39 L of
water was estimated to have been infiltrated into the sand layer of
the column. The volume of water added during the infiltration
test estimated by spatially integrating values obtained by the
three helices is 32.6 L. Thus, the FO-DTS method underestimates
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the amount of infiltrated water by 16% in the column. The capacity
of the sand to hold the water, assuming homogenous porosity and
no change in pore fraction due to infiltration, is 47.3 L. There are
methodological variables that may explain the difference be-
tween the infiltration volume and measured soil moisture in the
sand layer. The measurement of infiltration water may be overes-
timated. Small amounts of water may have infiltrated into the
anorthosite, although not enough to be observed with the DTS.
Furthermore, some water may have flowed preferentially along
the column walls or in macropores (without being detected). The
interior helix in Fig. 5 has low vertical resolution and showed that
water may have penetrated the sand-anorthosite interface, but it
is difficult to quantify the actual impact of the low-resolution
reading and seepage.

With each consecutive hourly heating cycle (15 min of active
heating followed by 45 min of cooling), the ambient temperature
within the column increased by nearly 1°C. However, the increase
in temperature during each heating phase remained constant.
Weiss (2003) and Sayde et al. (2010) showed that heating cycles do
not affect soil compaction. Similarly, the experiment described
herein showed no changes in T, between cycles indicating that
there were not any significant distortions affecting the soil due to
cumulative heating effects.

The purpose of using a long integration period is to decrease
error of the initial temperature rise in case it is influenced by
characteristics of the cabling (a concern for thicker cables) rather
than the soil medium. There are few studies detailing the relation-
ship between hollow gauged wires and resistive heating under
electrical load. In past studies, researchers did not integrate the
initial phase in case the cable material was a unique variable in
the integration step (Striegl and Loheide 2012; Broda et al. 2013). A
long integration period reduces this error of the initial tempera-
ture rise as it becomes only a small part of the total temperature
integration period.

Researchers have noted that using an asymptotic relationship
during heating cycles offers the advantage of not needing to ac-
count for the effects of the confining fibre optic cable material if
the heating cycle is long enough (Ciocca et al. 2012). Tests de-
scribed herein show that longer integration times are needed for
low-conductivity materials (i.e., crushed anorthosite). However,
longer integration periods may mask quicker changes in water
content that could take place in short periods of time. With the AT
and power settings used herein, the impact of a long integration
period using a time cumulating approach also does not seem to be
due to instrument fatigue; however, this should be considered on
an individual case basis. The temperature of the fibre optic cable
in the experimental medium should be within manufacturer’s
guidelines, and one should also ensure the temperature at the
fibre optic and heating cable connection is also within limits.
Temperature readings at the connection may not be accurate, so
the data should not be integrated from within the spatial averag-
ing distance of the connection.

Several other models also follow this trend when relating A and
0 (e.g., Johansen 1975; Chung and Horton 1987; Cote and Konrad
2005; Sayde et al. 2014; Barry-Macaulay et al. 2015). The Lu et al.
(2007) model relates A and @ for a wide range of soils; this tech-
nique is considered here to be the most appropriate for screened
anorthosite as the majority of other models target for quartz sand
or loam layers. With the calibrated y parameters, the methods
presented in this study yielded 6 with errors of 0.06 in the sand
and 0.07 in the anorthosite. Although earlier methods have ob-
tained more precise moisture estimations in different materials
(see He et al. (2018) for a record of moisture estimations using
DTS), the purpose of this paper is to highlight the potential to use
DTS as a standalone measurement tool without using an empiri-
cally calibrated soil moisture response curve.
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Recommendations and conclusion

By using the active FO-DTS method to measure soil moisture,
the authors were able to vertically delineate # during an infiltra-
tion test. Over the course of 1 week, the feasibility of using a fibre
optic helical network to observe a system that favours the forma-
tion of a capillary barrier was tested. This is the first study that
does not use an empirically derived calibration curve to obtain
soil-specific moisture contents. This is ideal for coarse and heter-
ogenous materials where thermal properties are not easily de-
rived. This active FO-DTS method utilizes the relationships
between T, and Ke and between Ke and 6 in the Lu et al. (2007)
model of saturation. Using T, offers advantages over other
methods that involve thermal properties of the medium, because
the precision of this calculation is solely a function of tempera-
ture measured from the DTS and does not rely on inferring prop-
erties for site-specific soils. All soils follow the same general shape
regarding time integration of temperature, T, and 6, so site-
specific calibration curves can be adjusted from this general
model. Comparison of § is completed with eight EC-5 probes with
satisfactory agreement — R? value of 0.90 in the sand and 0.94 in
the anorthosite. One hour measurements indicate that the sand
layer could retain and hold 39 L of infiltration (at 2.6 Limin). The
FO-DTS measured a slow drying—evaporation event following the
infiltration event in each of the helices.

Results presented herein demonstrate that FO-DTS can contin-
uously resolve changes in 6, even across fine boundaries created
by a capillary break. Calibrating active FO-DTS data through T_,,
presents some challenges even in laboratory conditions as meth-
ods rely on models that fit data to characteristic shapes based on
behaviour of a selection of soil types. A prominent difficulty in
using this method for consecutive cycles comes from the reliabil-
ity of the power source. The resistance, and thus power require-
ment, of a metal wire depend on the temperature of the wire. It is
thus necessary that the power supply be maintained regardless of
temperature, especially if the experiment will be duplicated in
field conditions where the ambient temperature can change diur-
nally and seasonally. Balancing the right amount of power to the
soil properties is a challenge. This challenge was overcome by
applying sufficient power to enable the lowest conductivity mate-
rial (crushed anorthosite) to maintain a constant AT of 10 °C.
However, this approach was compromised where such power
made it difficult for the sand unit to return to its initial ambient
temperature following several consecutive heating cycles. Each
succeeding heating cycle raised the ambient temperature in the
sand by nearly 1 °C. Also, due to the long heating cycles, the
methods presented herein were not able to resolve rapid changes
in 0 in the sand layer as water migrated to the bottom of the sand
within 5 min from the onset of infiltration. Future experiments in
thermally conductive materials should use shorter heating peri-
ods with a higher sampling rate. However, quicker sampling rates
decrease the accuracy of the measurement, so integration time
and sampling rate should be managed based on the DTS system
specification.

Longer tests would also need to account for hysteresis caused by
repeated heating and drying cycles. This phenomenon along with
soil healing adds to complexity during cable installation. Vibra-
tory compaction methods can cause lateral soil displacement and
create low hydraulic conductivity zones (Sourbeer and Loheide
2015). This can be problematic where heavy machinery is com-
monly used during the construction process for large active DTS
experiments. New methods are needed to estimate contact resis-
tance and account for long-term soil moisture calculations in fine
materials.

The resistance of the fibre optic cable is an important factor
when creating a DTS protocol. Low-resistance cables can be diffi-
cult to heat due to their low electrical resistance. In contrast,
resistive cables require more voltage to generate and sustain
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power. Generating constant voltage is critical and a voltage and
power regulator may be needed to account for changes in the
resistance of the cable during heating cycles. Deciding on the type
of fibre optic cable may be difficult if the thermal properties of the
medium are not known. Further assessment will be required to
understand how hysteresis will affect soil conditions during re-
peated cycles in field conditions where diurnal and seasonal
changes can influence results. A future endeavor for this method
is to detect water flux in transient environments. As T, is a
function of flow around DTS cables, a high-density DTS network
could be able to detect rapid changes in high-intensity environ-
ments.

This study encourages future field work where FO-DTS can be
used as a new tool to observe the internal hydrogeology of poten-
tial capillary action, e.g., CCBE waste rock pile covers. The helical
design is ideal for laboratory-scale experiments where vertical
resolution is more important than horizontal; however, this may
not the case for large field experiments. The most important lo-
cations to measure moisture in a water-retaining portion of the
waste rock pile is immediately above and below the cover. Waste
rock piles have a flat rectangular top; thus, an ideal shape to
install a fibre optic system would be in a grid pattern for low-
powered tests or a stripe-like pattern for high-powered tests.
These patterns would ideally be placed above and below the cap-
illary barrier as one single, continuous cable, although two cables
may be used if the resistance of the cable is too high due to the
length of cable (Martin et al. 2017).

Independent soil moisture values must be taken at the field site
if the compaction of the soil differs from laboratory settings. Site-
specific T, values at dry and saturated conditions may be re-
quired as well if the material is not homogenous and well-graded.
Saturated values could be taken after a large infiltration event in
the field, while dry values can be taken in a controlled area pos-
sibly close to the surface of the waste rock pile. This method is also
limited to temperatures above 0 °C as below-freezing conditions
could create complications regarding melting ice and the latent
heat effect.

This experiment preceded a mesoscale test on an experimental
waste rock pile. The engineered structure was designed based on
numerical simulations to assess control approaches to water
drainage in waste rock piles (see Martin et al. 2017). Knowledge of
FO-DTS behaviour from this experiment will be transferred to this
large field project. More than 1 km of fibre optic cable was in-
stalled in the cover, waste, and bottom layer of the pile to observe
the efficiency of the flow control layer (FCL). This FCL was inclined
at 5° to promote waterflow downslope to the toe of the pile where
it is expected to drain. FO-DTS provides insight on the perfor-
mance of the top FCL by providing information on the water
content in the pile to observe if water is diverted to the toe or if it
infiltrates into the waste rock.
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