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 Abstract 

There is an increasing need to make the most efficient use of water for irrigation. A good 

approach to make irrigation as efficient as possible is to monitor soil water content (θ) 

using soil moisture sensors. Although, there is a broad range of different sensors and 

technologies, currently, none of them can practically and accurately provide vertical and 

lateral moisture profiles spanning 0-1 m depth and 0.1-1,000 m lateral scales.  In this 

regard, further research to fulfill the intermediate scale and to bridge single-point 

measurement with the broaden scales is still needed. 

This dissertation is based on the use of Fiber Optics with Distributed Temperature Sensing 

(FO-DTS), a novel approach which has been receiving growing interest in the last two 

decades. Specifically, we employ the so called Actively Heated Fiber Optic (AHFO) method, 

in which FO cables are employed as heat probe conductors by applying electricity to the 

stainless steel armoring jacket or an added conductor symmetrically positioned (wrapped) 

about the FO cable. AHFO is based on the classic Heated Pulsed Theory (HPP) which 

usually employs a heat probe conductor that approximates to an infinite line heat source 

which injects heat into the soil. Observation of the timing and magnitude of the thermal 

response to the energy input provide enough information to derive certain specific soil 

thermal characteristics such as the soil heat capacity, soil thermal conductivity or soil 

water content. These parameters can be estimated by capturing the soil thermal response 

(using a thermal sensor) adjacent to the heat source (the heating and the thermal sources 

are mounted together in the so called single heated pulsed probe (SHPP)), or separated at 

a certain distance, r (dual heated pulsed method (DHPP) 

This dissertation aims to test the feasibility of heated fiber optics to implement the HPP 

theory. Specifically, we focus on measuring soil water content (θ) and soil heat capacity (C) 

by employing two types of FO-DTS systems. The first one is located in an agricultural field 

in La Nava de Arévalo (Ávila, Spain) and employ the SHPP theory to estimate θ. The second 

one is developed in the laboratory using the procedures described in the DHPP theory, and 

focuses on estimating both C and θ.  

The SHPP theory can be implemented with actively heated fiber optics (AHFO) to obtain 

distributed measurements of soil water content (θ) by using reported soil thermal 

responses in Distributed Temperature Sensing (DTS) and with a soil-specific calibration 
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relationship.  However, most reported AHFO applications have been calibrated under 

laboratory homogeneous soil conditions, while inexpensive efficient calibration 

procedures useful in heterogeneous soils are lacking. In this PhD thesis, we employ the 

Hydrus 2D/3D code to define these soil-specific calibration curves. The model is then 

validated at a selected FO transect of the DTS installation. The model was able to predict 

the soil thermal response at specific locations of the fiber optic cable once the surrounding 

soil hydraulic and thermal properties were known. Results using electromagnetic moisture 

sensors at the same specific locations demonstrate the feasibility of the model to detect θ 

within an accuracy of 0.001 to 0.022 m3 m-3.  

Implementation of the Dual Heated Pulsed Probe (DPHP) theory for measurement of 

volumetric heat capacity (C) and water content (θ) with Distributed Temperature Sensing 

(DTS) heated fiber optic (FO) systems presents an unprecedented opportunity for 

environmental monitoring. We test the method using different combinations of FO cables 

and heat sources at a range of spacings in a laboratory setting. The amplitude and phase-

shift in the heat signal with distance was found to be a function of the soil volumetric heat 

capacity (referred, here, to as Cs). Estimations of Cs at a range of θ suggest feasibility via 

responsiveness to the changes in θ (we observed a linear relationship in all FO 

combinations), though observed bias with decreasing soil water contents (up to 22%) was 

also reported. Optimization will require further models to account for the finite radius and 

thermal influence of the FO cables, employed here as “needle probes”. Also, consideration 

of the range of soil conditions and cable spacing and jacket configurations, suggested here 

to be valuable subjects of further study and development. 

 

 

 

 



   

 
 

 

Resumen 

Existe una creciente necesidad de hacer el mejor uso del agua para regadío. Una 

alternativa eficiente consiste en la monitorización del contenido volumétrico de agua (θ), 

utilizando sensores de humedad. A pesar de existir una gran diversidad de sensores y 

tecnologías disponibles, actualmente ninguna de ellas permite obtener medidas 

distribuidas en perfiles verticales de un metro y en escalas laterales de 0.1-1,000 m. En 

este sentido, es necesario buscar tecnologías alternativas que sirvan de puente entre las 

medidas puntuales y las escalas intermedias. 

Esta tesis doctoral se basa en el uso de Fibra Óptica (FO) con sistema de medida de 

temperatura distribuida (DTS), una tecnología alternativa de reciente creación que ha 

levantado gran expectación en las últimas dos décadas. Específicamente utilizamos el 

método de fibra calentada, en inglés Actively Heated Fiber Optic (AHFO), en la cual los 

cables de Fibra Óptica se utilizan como sondas de calor mediante la aplicación de corriente 

eléctrica a través de la camisa de acero inoxidable, o de un conductor eléctrico 

simétricamente posicionado, envuelto, alrededor del haz de fibra óptica. El uso de fibra 

calentada se basa en la utilización de la teoría de los pulsos de calor, en inglés Heated 

Pulsed Theory (HPP), por la cual el conductor se aproxima a una fuente de calor lineal e 

infinitesimal que introduce calor en el suelo. Mediante el análisis del tiempo de ocurrencia 

y magnitud de la respuesta térmica ante un pulso de calor, es posible estimar algunas 

propiedades específicas del suelo, tales como el contenido de humedad, calor específico 

(C) y conductividad térmica. Estos parámetros pueden ser estimados utilizando un sensor 

de temperatura adyacente a la sonda de calor [método simple, en inglés single heated 

pulsed probes (SHPP)], ó a una distancia radial r [método doble, en inglés dual heated 

pulsed probes (DHPP)]. 

 Esta tesis doctoral pretende probar la idoneidad de los sistemas de fibra óptica calentada 

para la aplicación de la teoría clásica de sondas calentadas. Para ello, se desarrollarán dos 

sistemas FO-DTS. El primero se sitúa en un campo agrícola de La Nava de Arévalo (Ávila, 

España), en el cual se aplica la teoría SHPP para estimar θ. El segundo sistema se desarrolla 

en laboratorio y emplea la teoría DHPP para medir tanto θ como C. 
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 La teoría SHPP puede ser implementada con fibra óptica calentada para obtener medidas 

distribuidas de θ, mediante la utilización de sistemas FO-DTS y el uso de curvas de 

calibración específicas para cada suelo. Sin embargo, la mayoría de aplicaciones AHFO se 

han desarrollado exclusivamente en laboratorio utilizando medios porosos homogéneos. 

En  esta tesis  se utiliza el programa Hydrus 2D/3D para definir tales curvas de calibración. 

El modelo propuesto es validado en un segmento de cable enterrado en una instalación de 

fibra óptica y es capaz de predecir la respuesta térmica del suelo en puntos concretos de la 

instalación una vez que las propiedades físicas y térmicas de éste son definidas. La 

exactitud de la metodología para predecir θ frente a medidas puntuales tomadas con 

sensores de humedad comerciales fue de 0.001 a 0.022 m3 m-3 

 La implementación de la teoría DHPP con AHFO para medir C y θ suponen una 

oportunidad sin precedentes para aplicaciones medioambientales. En esta tesis se 

emplean diferentes combinaciones de cables y fuentes emisoras de calor, que se colocan 

en paralelo y utilizan un rango variado de espaciamientos, todo ello en el laboratorio. La 

amplitud de la señal y el tiempo de llegada se han observado como funciones del calor 

específico del suelo. Medidas de C, utilizando esta metodología y ante un rango variado de 

contenidos de humedad, sugirieron la idoneidad del método, aunque también se 

observaron importantes errores en contenidos bajos de humedad de hasta un 22%. La 

mejora del método requerirá otros modelos más precisos que tengan en cuenta el 

diámetro del cable, así como la posible influencia térmica del mismo.  
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1. Introduction 

Production of irrigated crops to meet the current population´s food demands is 

threatening water resources.  Increasing calls towards more sustainable agricultural 

practices have led governments to review old irrigation practices and to control the use 

and threats to the quality of water resources. In this sense, efficient irrigation scheduling 

combined with the use of modern water-saving technologies has been seen to be a key to 

sustain high crop yields in water-scarce environments.  

Water-saving irrigation practices focus on applying only the exact amount of water 

required to meet crop water requirements. In order to do this, irrigators have to deal with 

different variables such as the weather conditions, the specific crop´s phenologycal stage, 

the heterogeneous ability of soil to retain or release water, and the network´s efficiency to 

deliver water.  

A conventional approach to define the specific crop water requirements is to define a 

water balance model in which the irrigation needs are computed together with all other 

water inputs (initial soil water content and rainfall ) so as to meet the water needs created 

at the continuum soil-plant-atmosphere (evapotranspiration, runoff and drainage). The 

overall efficiency and the accuracy to determine the exact irrigation needs will depend, 

therefore, on the ability to monitor all water input/outs. In this sense, the use of 

technology can actively help to readjust the water model and to cope with better irrigation 

practices.  

Recent approaches to improved efficiency of irrigation practices rely on continuous 

monitoring of soil water content (θ), in which the readily available water (RAW) — 

available water range between field capacity (FC) and permanent wilting point (PWP) — 

can be more precisely defined and tracked in time. Continuous monitoring of θ helps to 

define suitable irrigation frequencies and irrigation lengths so as to minimize water losses.  

Although there are a great variety of methods to measure θ, the need to understand 

hydrological dynamics at precisely scales of 0.1 m to 1,000 m, to maximize water efficiency 

and to reduce costs represents an outstanding scientific and technological challenge. Fiber 

optics Distributed Temperature sensing is a recent technology that has broad 

environmental sensing applications, and recently has been recognized for its ability to 
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obtain distributed estimates of soil moisture at high spatial and temporal resolution, with 

obvious application to improve in irrigation (Dunn-Steel et al., 2010; Sayde et al., 2010).  

1.1 Measuring Soil Water Content 

The soil water content describes the quantity of water that is present in the soil. It takes 

part of the water cycle and its study is of vital importance to understand most of the 

existing natural processes.  

From centuries great efforts have been dedicated to define standard methods to 

determine θ. Although there are some direct methodologies such as the gravimetric 

sampling, most of them are indirect and focus on measuring other physical properties that 

are empirical or theoretically related with θ (Yoder et al., 1998).  In this section, a review 

of the different methodologies will be presented and the main advantages and 

disadvantages will be briefly discussed.   

1.1.1 Direct measurements 

Gravimetric sampling can be considered the “traditional” way of measuring θ in which 

measurements are obtained using soil samples which are afterwards taken to the oven in 

order to derive the amount of water held in the soil relative to a known sample volume.  

Here, soil moisture content can be expressed as a volumetric fraction (θ)—the ratio of the 

volume of water to the total sample volume— or as a gravimetric proportion (θg) in which 

the ratio is given by the weight of water—difference between the original sample weight 

in the field and the oven dried status—to the original sample weight. Although gravimetric 

determination is the preferred reference method to calibrate other techniques (Bittelli, 

2012), it is typically not used in irrigation programming due to its destructive and time-

consuming character which makes it inappropriate for continuous monitoring in the field 

and inapplicable for automatic control (e.g., Zazueta et al., 1994).  

1.1.2 Indirect measurements 

Direct Current Resistivity (DC) 

Within all indirect methods, DC is the oldest, having been described in the literature for 

more than century (Whitney et al., 1897; Briggs, 1899). The physical property to be 

measured is the soil resistivity or soil conductivity which is primarily affected by θ, salinity 

and temperature. By inserting a pair of electrodes into the soil and applying direct current, 
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θ can be interfered from recorded changes in voltage.  Although it is inexpensive and can 

provide precise measurements, it can be highly affected by soil salinity (Artiola et al., 

2004), and can be compromised by polarization of the probes. 

Neutron scattering  

The Neutron scattering based probe is an indirect method which has also been widely 

used (Evett and Steiner, 1995). The physical principle behind falls on the emission of 

energized neutrons from a radioactive source that is directed through an access tube 

typically made of Aluminum. While neutrons are travelling downwards into the soil they 

collide with hydrogen atoms making them to lose energy in the so called thermalization 

process (Bittelli, 2012).  By counting the flux of returning thermalized neutrons to the 

source, the density of Hydrogen molecules in the soil can be derived and, hence, θ. 

Although some authors argue that neutron probes can be the the most precise technique 

for measuring θ (Evett, 2008), the fact that they employ radioactive sources constrains 

further outdoor applications to only those which are always under direct human control 

(Robinson et al., 2007).  

Electromagnetic (EM) 

Among all indirect techniques, Electromagnetic (EM) is the technology which has probably 

been more frequently employed in the last 30 years (Calamita et al., 2012) (Figure 1.1). EM 

devices focus on measuring either the velocity of propagation or the frequency of an 

electromagnetic wave through the porous media as a function of the soil dielectric 

permittivity (є0) (. Because soil water dielectric permittivity (є0=80) is much greater than 

the air and mineral soil fractions (є0=1 and  є0 =2-5, respectively), the soil bulk dielectric 

permittivity will be primarily a function of θ (Muñoz-Carpena, 2004).  Most of the existing 

EM based devices derive θ from an empirical relationship described in Topp et al. (1980).  
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Figure 1.1 Example of different electromagnetic probes: 5TM ECH2O (Decagon, USA) (left); Diviner (Delta-

T Devices Ltd, UK) (center) and EnviroSCAN (Sentek Technologies, Australia) (right). Also, detail of the 

plastic access tube (center).  

 (left) 
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Soil matric potential based devices 

Other indirect methods are those based on the direct measurement of the soil matric 

potential. Within this group fall the tensiometers, gypsum blocks or granular matrix 

sensors. Major disadvantage is that specific calibration is required accordingly to each type 

of soil and, mostly that the soil water retention curve is needed a priori. Nevertheless, if 

soil matric potential is desired, such as with stress-sensitive crops, these can be a very 

useful tool in controlling irrigation. This approach is typically less expensive than are EM 

probes, but they tend to be less accurate and some designs have limited durability 

(Muñoz-Carpena, 2004).  

Ground Penetrating Radar (GPR)  

This promising technology has been investigated since the 1980’s and has been an area of 

active developed in recent years (Vereecken et al., 2008; Wagner et al., 2007). It is a non-

contact technique which is based on measuring the travel-time of an electromagnetic 

wave which travels between a radar emitter and receiver antennae. The working principle 

is that the velocity of these EM waves will change with θ as a function of the soil dielectric 

permittivity (Robinson et al., 2003; Knight, 2001). The main advantage of this technique is 

the ability to obtain θ measurements at greater scales than previous described indirect 

methods (from 1 m2 to 10 km2 (Huisman et al., 2003). However, as discussed in Ulaby et al. 

(1996), the fact that is a near surface based approach—shallow measurement capacity 

only limited to the first cm of soil—constrains its use in most soils, and specifically in 

stratified soils.  

Heat pulses 

The quantification of the soil thermal properties provides another indirect approach to 

measure θ. The most common strategy to obtain soil thermal properties is to measure the 

temperature response following a heat pulse of specific duration and intensity.  Observed 

variation in this temperature response can be quantitatively associated with variation in 

the soil thermal properties—soil thermal conductivity and soil heat capacity—which in 

turn have dependence on θ. This method will be further discussed since it is the basis of 

the core development of this dissertation. 
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Emerging approaches 

In the last decades, development of electronics has also led the opportunity to find new 

approaches to improve previously described technologies with better accuracy. Adamo et 

al. (2004) based on the theory of propagation of elastic waves in soils (Biot, 1956) 

described a mathematical model to relate θ with the velocity of propagation of sound 

waves. Michot et al. (2003), based on the long-standing opportunity presented by DC 

resistivity measurement (Briggs, 1988), describes a non-destructive and spatially 

integrated multi-electrode method for measuring soil electrical resistivity and  monitoring 

soil water content in a corn field. Also, Zreda et al. (2008), employing neutron 

thermalization as well-studied in the context of the Neutron Probe, described a new 

promising non-invasive methodology in which a Cosmic-Ray-neutron probe was able to 

obtain accurate measurements of θ at the upper 0.01-0.1 m of soil within radius of 

influence up to 300 m.  

1.1.3 Increasing calls for distributed-measurements systems at intermediate 

scales. 

In irrigation we are seeking to control available θ at about the first meter of soil depending 

on the type of crop and soil (Hong et al., 2013; Bell et al., 2013). Although most of the 

previously described technologies can be installed at such depths, they are point scale 

measurements in which the radius of influence is generally too small to provide 

reasonable understanding of the soil water conditions across an agricultural field. In the 

other hand, GPR-based technologies are able to provide θ measurements at greater scales, 

though the limited resolution at the near surface impedes this technique to obtain analysis 

of the vertical moisture distribution and its associated dynamics within the shallow 

subsurface. Thus, none of the techniques described above can practically and accurately 

provide vertical and lateral moisture profiles spanning 0-1 m depth and 0.1-1,000 m lateral 

scales.  In this regard, further research is still needed so as to fulfill the intermediate scale 

and to bridge single-point measurement with the broaden scales (Bitelli, 2012; Robinson et 

al., 2008; Selker et al., 2006a; Krajewski et al., 2006). 

This dissertation will focus on a novel approach which is receiving growing interest among 

environmental researchers, and is the use of fiber optics (FO) distributed temperature 

sensing (DTS) (Selker et al., 2006a, 2006b; Robinson et al., 2008; Calamita et al., 2012; 

Imhoff et al., 2006; Dunn-Steel et al., 2010; Sayde et al., 2010). This innovative technique 
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offers the potential to obtain distributed temperature measurements along a fiber optic 

cable up to kilometers with a spatial and temporal resolution up to 0. 25 cm and 1 s, 

respectively, though performance intrinsically trades off between resolution in time, 

space, and maximum cable length.  

1.2 Fiber Optic Distributed Temperature Sensing  

1.2.1 Theoretical background 

Distributed Temperature Sensing employs light´s pulses in the infrared spectrum 

propagating in a fiber optic cable. While the majority of light is transmitted, some photons 

collide with constituents of the glass and transfer their energy to the lattice structures. 

This energy is typically re-emitted and referred to as backscattered light. From that 

backscattered light, a small portion will return to the original source either at the same or 

slightly different wavelength from the original light (Figure 1.2). Employing  the light´s 

velocity of transmission through the glass, typically around 0,2 m/ns (Tyler et al., 2009), 

with the assumption that the absorption and re-emission processes are instantaneous,  

the elapsed time of arrival to the instrument is indicative of the distance between the 

source and the position of the backscattered light.  

 

 

 

 

For our purposes, the inelastic backscattered Raman light is of interest, while elastic 

Rayleigh and Brillouin light are filtered out. From the Raman spectra, two signals of 

wavelengths shifted immediately above and below that of the original light are 

considered.  These are referred to as Stokes (longer wavelength, here 1104 nm) and Anti-

Figure 1.2 Schematic draw of the DTS working principle showing the travelling light pulse and 

resulting backscattered light. 

 (left) 
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Stokes (shorter wavelength, here 1024 nm) backscatter light (Figure 1.3). The intensity of 

the Anti-Stokes is more affected by temperature than that of the Stokes, and so by 

computing the ratio of the two terms one can obtain a temperature-dependent signal 

wherein the value is largely independent of distance from the source.  

 

 

The relationship between temperature and the power of the Stokes/Anti-Stokes band is 

described in Smolen (2003), Hausner et al. (2011) and Van de Giesen et al. (2012). In the 

expression presented in these two last authors: 

                                          ( )
( )

( )

S

aS

T z
P z

Ln C z
P z







 

                                         (1.1)   

              

Where, T(z) is the temperature (K) at a certain location (m) of the cable;    (K) is the energy 

shift of the backscattered Raman photon in relation with the incident photon wavelength; 

Δα (m-1) is the differential attenuation between the Stokes and Anti-Stokes band; 

PS(z)/PaS(z) is the Intensity or power of the Stokes/Anti-Stokes band (dB) and, finally, C is a 

dimensionless calibration parameter relating intensity to temperature sensitivity.  

Thus, in a known section of cable at a reference controlled temperature, the observed 

temperature at the DTS instrument would comprise three components; 1) temperature of 

Figure 1.3 Spectra of the DTS reported Backscattered light  

 (left) 
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the reference section 2) linear drift due to differential attenuation and 3) the actual 

measured temperature relative to the reference section (Figure 1.4)  

 

 

 

 

Although instruments provide for internal calibration, external to the machine calibrations 

can be corrupted by connector defects, fiber imperfections, sharp bending or fiber splices 

which actually lead to differential losses according to frequency, causing off-sets in 

apparent temperature, as computed with equation (1.1) (Figure 1.5).  Such errors can be 

largely corrected through use of measurements of the fiber temperature by an external 

device (thermal sensor) and the DTS in controlled conditions (Smolen, 2003; Selker et al., 

2006a; Tyler et al., 2009; van de Giesen et al., 2012). Known temperatures are often 

obtained with insulated containers that house many meters of fiber held at constant 

temperature by being filled with wet ice or continuously circulating water. Also, it is 

frequently assumed that attenuation is constant along a fiber; if it varies with length or 

temperature, more sophisticated calibration methods may be employed (e.g., Hausner et 

al., 2011; Van de Giesen et al., 2012) 

Figure 1.4 DTS temperature measurement relative to a constant reference temperature   
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1.2.2 Environmental Applications. 

According to Tyler et al. (2009) first DTS systems were described in the 80´s as medium to 

monitor certain industrial applications such as fire monitoring, pipeline conduction or oil-

well inspection (Hurting et al., 1994). It has not been until this last decade, however, that 

DTS systems has been applied to environmental science (Selker et al., 2006a and 2006b); 

the fact that these cables can be deployed for outdoor long term conditions, combined 

with the ability to obtain distributed temperature measurements at high spatial and 

temporal resolution, has led researches to develop a successful variety of environmental 

applications i.e. monitoring of water stream temperatures, lake temperature profile 

distribution, hyporheic fluxes and stream dynamics (Selker et al., 2006b Lowry et al., 2007; 

Vercauteren et al., 2011; Briggs et al., 2012); temperature-based processes in glaciers and 

snowpack (Tyler et al., 2009; Curtis et al., 2011;); surface ground temperature in forest  

(Lutz et al., 2012); 2-D atmospheric surface fluxes (Thomas et al., 2011); or urban landfills 

and  sewer systems (Weiss, 2003;  Hoes et al., 2009; Schilperoort et al., 2009).  

Thus far we have considered applications where the DTS reports the temperature of its 

surroundings, but also fiber optic cables can be heated in order to analyze the thermal 

characteristics of the environment surrounding the cable through observation of the 

timing and magnitude of the thermal response to the energy input. Categorically this is 

referred to as the Actively Heated Fiber Optics method (AHFO). Here, heat is uniformly 

Figure 1.5 Schematic diagram showing typical sources of light losses i.e. connectors, fiber damages, 

fusion splices or sharp bending 

 (left) 
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applied by electrical resistance to the stainless steel armoring jacket or an added 

conductor symmetrically positioned (wrapped) about the fiber optic cable. Main 

applications of the AHFO methods are the estimation of soil thermal properties (Weiss, 

2003; Ciocca et al., 2012), water movement trough the porous medium (Aufleger et al., 

2005; Perzlmaier et al., 2004, 2006) or the estimation of soil water content (Weiss, 2003; 

Sayde et al., 2010; Gil et al., 2013) 

1.2.3 Fiber optic DTS installations 

1.2.3.1 Fiber optic cables 

The use of fiber optics in different fields such as the communications, oil industry and 

environmental science has forced manufactures to develop a wide variety of cables 

accordingly to each specific necessity. Typically, a FO cable comprises one or multiple 

fibers encased in different coats that provide flexibility and protection. Optic fibers are 

made of glass and are classified broadly as being either single-mode or multi-mode. For 

high-resolution Raman scattering based measurements, a multimode fiber is generally 

preferred due to its greater numerical aperture which leads to greater angle of acceptance 

of light, meaning it is possible to both inject more light and recapture a greater fraction of 

the backscattered light, thus providing a better signal to noise ratio. Moreover, by having 

six times greater diameter as compared to single-mode, all the connections and fusion 

splices are more easily developed i.e. greater diameter requires less precision.  

The jacketing material should be selected accordingly to each specific application. Thus, a 

careful selection of the cable characteristics is suggested in order to address all possible 

environmental constraints i.e. presence of water, tensile stress, crushing forces, or need 

for electrical supply (Figure 1.6).   

 

 Figure 1.6 Draw of a typical 3.8 mm FO cable mounting up to 4 multimode fibers. (“Brusteel,” Brugg 

Cable, Brugg, Switzerland) ensuring protection against water, crushing, abrasion, and tension. 
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1.2.3.2 Connections and fusion splices 

Connectors are critical elements in DTS systems due to the fact that they are the first 

element to transmit and receive the light pulse and the backscattered light. Connectors 

must be checked periodically in order to ensure perfect working conditions. They must be 

free of any contamination and held in good physical contact in order to assure that 

intensity is purely a function of the cable optics rather than the connector conditions. 

According to Berdinskikh et al. (2003), a 1-micrometer dust particle on a single-mode fiber 

core can lead to 0.05 dB loss in the light signal. Unfortunately, even under ideal conditions 

with a clean connector, under changing thermal conditions the plastics employed in these 

connectors can subtly deform, leading to slight changes in optical transmission efficiency.  

For this reason, if connectors are employed, it is essential to also install reference baths 

beyond the connector (i.e., on the cable for which precise temperature measurements are 

required) to correct for any errors due to changing optical efficiency of the connector. 

Fusion splices are a preferred approach to joining fiber optics, and are frequent required in 

DTS installations to solve critical fiber damages, fiber breaks or when the circumstances 

require it (see APPENDIX.I). Splices are delicate operations which require a splice suited to 

the specific fiber employed, and skillful operators to prepare the fiber and carry out the 

protection of the splice once completed.  Basically, it takes 3 steps: (1) preparation of the 

cable (stripping, cleaning and cleaving), (2) alignment and fusion and, finally, (3) 

protection.  

In the first step the coating of the cable need to be totally removed (just the fiber) by 

means of specifically designed fiber optic stripper. Then, all remaining particles and 

possible dirtiness are removed using alcohol-based damped wipes. Finally, fiber cores are 

cleaved using special devices ensuring a flat cut perpendicular to the horizontal fiber axis.  

In the second stage the two cleaved fibers must be perfectly aligned before being fused. In 

order to do that, an automatic procedure in the splicer ensures perfect core alignment in 

the XOY plane (Figure 1.7). Generally alignment can be monitored with installed micro-

cameras. The fusion splice is developed using electric arc or CO2 lasers. 

Finally, the new spliced section need to be recoated by applying heat to a hermetically 

sealing plastic heat-shrink sleeve that fully encloses the stripped fiber, as well as providing 

a stiffness to preclude mechanical disturbance of the splice (Figure 1.7).   
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1.2.3.3 Fiber deployment 

DTS installation can either follow a single or double ended configuration (Figure 1.8). In 

the first approach the fiber optic cable is connected to the instrument box using only one 

channel—the laser pulse travels outwards along the cable to be disappeared at the far 

end. Generally, two or more reference temperature baths are used to calibrate for 

temperature offset and differential attenuation.  

 

 

 

 

 

Figure 1.8 Detail of a single (top) and double ended installation (bottom)  

 

Figure 1.7 Detail of a fusion splicer (left) and a cleaver instrument (right). Both from Fujikura 

Europe Ltd, Surrey, UK 
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Deployment of the fiber in a double ended configuration uses 2 channels of the DTS to 

connect the beginning and far end of the FO cable (Figure 1.8). Thus, the laser pulse travels 

alternatively from one channel to the other to make the output temperature trace to be 

doubled in a symmetrical way i.e. two temperature readings per point location. Double 

ended measurements are not merely an average of both channels reading, rather the two 

temperature traces are combined so as to integrate the differential loss term over the 

whole fiber length. By doing this, differential loss becomes an offset term rather than a 

length dependent term (in appendix C2, Smolen, 2003). 
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1.3 Heat conduction in soils 

As this dissertation is based on heated FO-DTS systems, it is important to understand the 

heat transfer processes that occur between the emitter and the surrounding soil.  In the 

active method, heat is delivered by electrical resistance—in our study by applying 

electricity to the stainless steel sheath of the fiber optic cable.  

Heat conduction in soils represents the energy transference between adjacent bodies 

through collisions between neighboring atoms. The way in which heat is transmitted and 

stored depend on the soil thermal properties, which may be parameterized as soil thermal 

conductivity λ (W m-1 K-1), soil volumetric heat capacity C (MJ m-3 K-1), and the ratio 

between them (λ/C)—soil thermal diffusitivity α (m2 s-1) (Bristow, 2002).  

1.3.1 Soil Heat capacity 

Soil heat capacity is defined as the quantity of heat required to change the temperature of 

a system per unit of mass.  It can be reported as a specific heat capacity, c (KJ Kg oC-1), or 

volumetric heat capacity C (MJ m-3 oC-1), related via the soil dry bulk density, ρb (Mg m-3). 

As soil systems are made up of diverse constituents—mineral, organic, water and air—the 

energy required to change the temperature of such system will depend on the proportion 

and nature of each of these constituents. In this sense it is common to express soil 

volumetric heat capacity as the weighted sum of the volumetric heat capacities of these 

components (de Vries, 1963)  

                  
 
   

 
                                                                                                 (1.2) 

Here Xi is the constituent volume fraction, and Ci represent the constituent volumetric heat 

capacity, ci the specific heat capacity and ρi (Mg m-3) the density of the n identified soil 

constituents. According to Kluitenberg (2002), a more practical expression is to express 

equation (1.2) using    
       

  
, where ϕi is the mass fraction, defined on a dry-mass basis, 

and ρi the density of each constituent. Including only the four major constituents 

previously discussed, equation (1.2) may be written as: 

                                                                             (1.3) 

Where the subscripts “o”, “m”, “w” and “a” are organic, mineral, water and air, 

respectively, and θg is the gravimetric soil water content. Further simplifying by combining 
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the mineral and organic fractions as the soil’s solid phase with specific heat capacity, cs, 

and by using θ as the volumetric soil water content, yields: 

      cs       cw    g                                                                  (1.4) 

This combined approach is in keeping with the specificity of the soil characterization 

typically available, and has been shown to provide good results, in part due to the fact that 

there is generally a modest variation of cm and co among soils (Kluitenberg, 2002).  

An immediate application due to the strong dependence of C with θ (e.g., de Vries, 1963) 

is to estimate soil moisture by measuring basic soil properties such as the soil bulk density 

and using published values of most common soils´ specific heat capacities (Campbell, 

1991; Tarara et al., 1997; Song et al., 1998; Kluitenberg, 2002) (Figure 1.9).  
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Figure 1.9 typical linear relationships between C to θ according to equation (1.4) 
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1.3.2 Soil thermal conductivity  

The soil thermal conductivity represents the soil´s ability to transfer heat by conduction 

(Bristow, 2002). Formulation of the heat conduction theory was first described in Fourier 

(1955) stating that the heat flux density resulting from thermal conduction is proportional 

to the magnitude of the temperature gradient and opposite to its sign. The differential 

form of this empirical relationship is 

  = -λ·                (1.5) 

In which    is the local heat flux density (W m-2) and     is the temperature gradient (K m-

1). The minus sign states that conduction of heat takes place in the direction of the 

decreasing temperature.  

Unlike soil volumetric heat capacity, thermal conductivity is not a function that can be 

easily expressed as the weighted sum of the thermal conductivities of the diverse soil 

constituents (Bristow, 2002). The matter of defining a global unique representative value 

of thermal conductivity is a challenging task. Apart of being influenced by the proportion 

and the shape of the different soil components, it is also significantly influenced by the soil 

bulk density, grain to grain contact, temperature, and especially, θ. (Shiozawa and 

Campbell, 1990). By plotting thermal conductivity as a function of the soil water status , 

λ(θ), we can observe that it takes the shape of a sigmoid function in which three different 

section can be easily distinguished (Figure 1.10): A first air-controlled phase at small values 

of θ in which soil thermal conductivity is dominated by the low capacity of air to transmit 

heat (λair= 0.024 W m-1 K-1). A second water-controlled phase in which λ rapidly increment 

as soil pores fill with water and θ increases, and last, a third soil-controlled phase in which 

the λ rise with respect to θ moderates. 



Implementation of the heated pulsed theory using actively heated fiber optics: Measurements of soil 
volumetric water content and soil volumetric heat capacity 

18 
 

 

 

Existing models to derive λ include both steady-state (Pratt, 1969) and transient methods 

(Carslaw and Jaeger, 1969), employing from laboratory or field-based empirical 

approaches (McInnes, 1982; Campbell, 1985), to more analytically-based relationships 

(Kluitenberg et al., 1993; Bristow et al., 1994).  

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Soil thermal conductivity function for a sandy-loamy soil 
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1.3.3 Transient-state methods 

Transient state methods solve Fourier’s heat conduction equation by approximating the 

heat source to an infinite line source which introduces heat energy to a homogeneous 

isotropic medium. Expressing the heat conduction equation in radial coordinates for an 

instantaneous heat pulse:  

  

  
   

   

   
  

 

 
 

  

  
                                                                                                             (1.6) 

Where T is Temperature (oC), t is time (s), r is radial distance (m), and α is thermal 

diffusivity (m2 s-1)  

This second order differential equation was solved by Carslaw and Jaeger (1959), for an 

instantaneous heat pulse applied to an infinite line source. 

                   
   

   
                                                                                                     (1.7) 

Where ΔT is Temperature change (oC) and Q is the source strength (m2 oC) defined as the 

heat input per unit of length   
 

  
 (J m-1), and    the volumetric heat capacity of the 

medium (MJ m-3 oC -1). 

Taking into account that instantaneous releases of heat are not feasible in practice, a more 

realistic approach to equation (1.7) is a heat pulse of short duration t (de Vries , 1952; 

Campbell et al., 1991; Shiozawa et al., 1990; Kluitenberg et al., 1993; Bristow, 1986). The 

temperature rise (T-T0), at a radial distance (r) from the infinite heat line source, embebed 

in an homogeneous and isotropic medium is: 

     
  

   
    

   

   
                                                                                                                 (1.8) 

        For   0 < t ≤ t0 

And, 

     
  

   
     

   

   
     

   

        
                                                                                     (1.9) 

For  t > t0   

Where Ei is the exponential integral and     
  

  
  is the source strength per unit of length 

and time (m2 oC s-1).  
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Equation (1.8) and (1.9) can be simplified by expressing thermal diffusivity as α=λ/ρc, and 

by approximating the exponential integral Ei to an infinite series of the form (Shiozawa and 

Campbell, 1990) 

         
 

 
           

 

 
              

  

 
                                               (1.10) 

Where   is the Euler´s constant   = 0,5772, and    
  

   
; 

For      in the infinite series, all the terms after the logarithmic expression can be 

neglected and equation (1.8) and (1.9) can be written as: 

     
  

   
                                                                                                                    (1.11) 

For   0 < t ≤ t0 

     
  

   
                                 (1.12) 

            For    t > t0 

It must be noted that at small values of t, the parameter   
  

   
, do not satisfy x     , 

and hence equations (1.11) and (1.12) might have errors. Shiozawa and Campbell, 1990) 

introduced a correction term (t´) to account for the earliest stages of the heat pulse where 

the probe contact and the surface resistance might play an important role.  

 

     
  

   
                                        (1.13) 

For   0 < t ≤ t0 

     
  

   
                                        (1.14) 

        For    t > t0 

Main application of transient state methods is the implementation of the single (SHPP) and 

the dual heated pulsed probe (DHPP) which will be next presented. 

1.3.3.1 Heated Single probe method 

The theory of the infinite line heat source provides foundations to the widely used single 

probe technique in which the infinite line source is substituted for a cylindrical metal 

probe that is heated during a heat pulse of duration t at a known power rate (De Vries, 

1952). Typical SHPP apparatus consist on a thin needle metal probe in which the heat 
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source and the thermistor and mounted together. By locating a thermocouple adjacent to 

the heating source, the soil temperature response can be monitored and λ can be derived 

from the slope and intercept of the obtained fitted curve using equations (1.11) and (1.12) 

(Figure 1.11).  

 

 

 

As soil thermal conductivity is heavily affected by the soil water fraction, some authors 

have developed empirical relationships relating θ to measured values of λ. Perzlmaier et 

al., (2004) described a methodology in which λ was obtained by looking at the structural 

composition of the mixture: 

                                               (1.15)  

In which є is the porosity of the soil, given as the total degree of saturation, and  λeff, λfl, λs 

are the thermal conductivities of the effective mixture, fluid phase and solid phased, 

respectively. Based on the same idea (Zenher and Schlünder, 1970) developed a similar 

Figure 1.11 Expected thermal response captured by the thermistor during the heating and cooling 

phases (top), and expected results using equation 1.11 (only heating period) as  function of Ln(t) 

(bottom) 

 (left) 
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expression in which the shape of the constituents was also included. Also, Lu et al. (2007) 

using the Kersten number (Johansen, 1975), described soil thermal conductivity as: 

                                   (1.16) 

 

    
        

 

    
             

              (1.17)  

In which, ke is the Kersten number, α´ is a empirical parameter that depends upon texture, 

θsat is the soil volumetric water contenet in saturation (m3 m-3), and λsat and λdry (W m-1 K-1) 

are the thermal conductivity at saturated and dry conditions, respectively. 

1.3.3.2 Dual heated pulsed probes 

Based on the same physical principle as the SHPP theory, one or multiple thermocouples 

can be located at a distance r to the heating source as the so called dual heated pulsed 

probe (DHPP). The DHPP method is generally implemented by inserting a pair of parallel 

needles separated by a distance r (measured center-to-center), in which the temperature 

response from heating one of the needles (via an electrical resistance) is obtained at the 

second needle (typically via a thermocouple). The DPHP interpretation employs the time 

and magnitude of arrival of the maximum temperature increase at the thermocouple to 

derive soil volumetric heat capacity and soil thermal diffusivity.  

Setting the derivative of equation (1.7) with respect to time to zero one can directly solve 

for the time of the maximum temperature increase at a fixed distance r to the line source, 

yielding           . Putting this result back into equation (1.7) we obtain an expression 

for the maximum temperature rise as a function of the volumetric heat capacity.  

      
 

    
 

 

     
                                                                        (1.18) 

Although the infinite line solution is the general preferred method and it is frequently 

considered appropriate to derive C and θ, DPHP sensors using this configuration do not 

meet the idealized geometry and heating characteristics embodied in the infinite line heat 

source theory. Rather, they have non-zero radius, finite length, non-instantaneous heat 

pulse and heat capacity differing from that of the soil.  These aspects might lead to bias 

estimates of C when employing equation (1.7)(Tarara and Ham, 1997; Song et al., 1998; 

Bristow et al., 2001; Basinger et al., 2003; Ochsner et al., 2003; Ham and Benson, 2004).  
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Further models using more precise geometric descriptions are (de Vries, 1952; Carslaw and 

Jeager, 1956) for a cylindrical conductor of finite length or finite probe radius. Also, a 

model to account for the finite duration of the heat release is Knight and Kluitenberg 

(2004) which derives from the solution for a finite heat pulse and introduced a correction 

factor, ε´, defined as the ratio to/tm, in which to is the duration of the heat pulse and tm is 

the elapsed time from the beginning of the heat pulse to the occurrence of the maximum 

temperature rise. 

   
 

         
   

   

 
 
 

 
    

 

 
 

  

 
 

 

 
 

   

 
                                                   (1.19)       

A recent model to account for the finite radius and the thermal influence of the probe 

conductors is Knight et al. (2012) which developed a semi-analytical solution (referred to 

as ICPC solution) in which the probes are considered perfect cylindrical conductors of 

infinite length. This approach is especially suitable for those geometrical configurations in 

which the probe´s radius (a) and the probe spacing (r) satisfy that a/r ≤ 0.11. Also 

remarkable is the model of Knight et al. (2007) which suggests that the effective outer 

boundary around the heat emitter approximates better the shape of a family of ellipses 

rather than a symmetrical heat distribution i.e. a circle. 

A major source of uncertainty in all kind of DPHP models is to assigning the appropriate 

value of the radial distance r.  Campbell et al. (1991) and Ham and Benson (2004) point out 

that a 2% error in r leads to a 4% error in the C estimates. The matter of physically 

establishing the prescribed probe spacing, and the value of r that best represents that 

geometry, is a fundamental issue to be addressed. A common approach to account for the 

probe finite dimensions is to calibrate for the apparent probe spacing (rapp) in a medium of 

known heat capacity (Tarara and Ham, 1997; Song et al., 1998; Bristow et al., 2001; 

Basinger et al., 2003;  Ochsner et al., 2003;  Ham and Benson (2004). An experimental 

approach can be used, for instance, if the sensors can be immersed in mediums of known 

properties, such as water immobilized with agar, to infer r from equation (1.18) as the 

apparent probe spacing, rapp. Then, special attention must be paid when inserting the 

needles into the soil since deflection might occur due to the reduced probe thickness 

(Kluitenberg et al., 2010).  
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1.4 State of the art of AHFO applications to estimate Soil 

Water Content  

As it has been discussed in the Introduction section, there is a constant need to make the 

most effective use of water resources so as to meet the actual population´s food demands 

and to cope with more sustainable water practices. As discussed in section 1.1.3 there is 

also an increasing demand for accurate soil water sensors capable of measuring θ at scales 

of 0.1-1,000 m. Heated fiber optics combines the used of already proved heated pulsed 

theories (see section 1.3) with promising Fiber Optics DTS systems (section 1.2). Although 

the future is encouraging, the actual stage of development is still challenging and only a 

few applications have been implemented. 

1.4.1 In the SHPP context  

AHFO applications using this configuration employ the resistance of the stainless steel 

armoring jacket (or an added conductor symmetrically positioned (wrapped) about the FO 

cable) to apply heat pulse of duration t at a known power rate. The DTS-captured soil 

thermal response—mainly expressed trough calculation of the soil thermal conductivity λ 

(W m-1 K-1) or the cumulative temperature increase (Tcum) (oC s-1)—is employed in the 

AHFO method as an intermediate variable to derive θ (Weiss, 2003; Aufleger et al., 2005; 

Ciocca et al., 2012); Perzlmaier et al., 2004, 2006; Weiss, 2003; Sayde et al., 2010; Gil et al., 

2013). Nevertheless, as these two variables highly depend on the soil type i.e. dry bulk 

density, textural composition, particle shape, and moistly, θ (Shiozawa and Cambell, 1990), 

previous specific soil calibrations routines are always required. 

1.4.1.1 Measurements of θ via λ estimation 

As previously discussed in section 1.3.3.1, measurements of λ can be correlated with θ by 

applying already proven empirical relationships of the form θ to λ (e.g., from the HPP 

theory, Johansen, 1975; Chung and Horton, 1987; Bristow et al., 1993; Lu et al., 2007) or 

calibration routines relating λ to independent measurements of θ. Although AHFO 

applications using this approach have reported feasibility, some authors have suggested 

that the accuracy of actual DTS instrumentation to detect temperature changes constrains 

its use beyond the scope of the qualitative measurements i.e. dry, wet and saturation 

(e.g., Weiss, 2003; Perzlmaier et al., 2004). In this sense, and as stated by Weiss (2003) and 

Sayde et al. (2010), advances in the signal-to-noise ratio of DTS systems are the key to 

improvement of the approach via λ estimation. 
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Intermediate calculations of λ based on the HPP theory are also expected to provide 

another source of uncertainty when employing equation 1.11 and 1.12 at the early time 

data of the heating and cooling phase. During that time, approximations of the infinite line 

solution to a cylindrical probe of finite radius and the effect of the contact resistance 

between the probe and the surrounding soil have reported important deviations in the 

actual probe temperature (Bristow, 2002). In order to account for such errors, a time 

correction factor at the early time data is needed (de Vries, 1952; Shiozawa and Cambell, 

1990). AHFO applications to measure θ using this approach will therefore require 

additional analysis to incorporate such temporal corrections at the overall calibration 

process (e.g., Ciocca et al., 2012). At the same time, the influence of the thermal 

characteristics of the probe (which are different than the soil, and are heterogeneous from 

the fiber at the core, to the metal mechanical protection and outermost plastic jacket) to 

derive λ in equation 1.11 and 1.12 need to be further analyzed. 

1.4.1.2 Measurements of θ via Tcum estimation 

An alternative approach to avoid intermediate calculation of λ was provided by Sayde et 

al. (2010) in which θ was interfered from a fitting equation that relates direct DTS 

measurements— cumulative temperature increase (Tcum)—to independent measurements 

of soil water content. Here, the cumulative DTS-reported temperature increase for each 

location (z) along the fiber is correlated with a previously defined calibration curve Tcum-θ:  

0

( ) ( )

t

cumT z T z dt 
                        (2.1) 

Where t is the integration time and ΔT is the observed DTS temperature change. The 

function Tcum embodies the key feature of a single-probe heat pulse method, that being 

that since both heat capacity and thermal conductivity increase with water content, 

without appealing to these intermediate parameters, Tcum can be seen to be a highly-

sensitive 1-1 function of θ since the rate of heat exchange and the resulting integral also 

changes with water content. 

One can further appreciate the accuracy obtained through use of Tcum by recognizing that 

it represents an integration of the data, rather than fitting a slope to the obtained data set 

(equivalent to computing the derivative of the data, as employed by Perzlmaier et al. 
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(2004)).  This integration averages noise over the entire reading times, especially useful 

with DTS having low sampling rates.  

Although measurements of θ via Tcum have been reported to have better accuracy than 

previous studies using the SHPP theory (Sayde et al., 2010; Gil-Rodríguez et al., 2013), 

major limitations are found in the calibration process. While calibrations via λ estimations 

were obtained by using empirical relationships or relative simple calibration routines λ–θ, 

in this approach, the process was required extensive laboratory experimentation for a 

single soil. This approach is costly and time consuming, and require large containers filled 

with packed soils of controlled soil bulk density and textural composition in which the 

entire DTS FO set up need to be also incorporated. Calibrations using repacked soil 

columns are also susceptible to having additional errors due to disturbance of the soil 

structure, (grain to grain contacts or effect on water bridges), affecting the soil thermal 

properties of the original soil. Further AHFO applications based on the SHPP theory 

certainly require another strategy for calibration and, especially, in order to address the 

fundamental issue of large scale calibration.  

1.4.2 In the DHPP context 

Implementation of the DPHP method with AHFO presents an unprecedented opportunity 

for environmental monitoring, and especially if soil water content can effectively be 

derived employing this approach. Reported AHFO applications to monitor θ exclusively 

follow the single probe Heated pulse method (SHPP) and have only reported successful 

applications under homogenous soil conditions. Major limitation is that soil specific 

calibration routines are always required and, therefore, its use in heterogeneous soil 

conditions remains challenging. The use of heated fiber optic as proposed in this study 

may minimize, or even to avoid, such calibration problems since the method is based on 

the linearity of the response to change in heat capacity due to change in water content.   

To our knowledge, to date no attempt to test the feasibility of heated fiber optics using 

dual needle configurations have been developed. 
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1.5 Numerical methods applied to heat transmission in soils 

Development of computers in the mid 20th century has brought the opportunity to 

develop better numerical-based solutions to solve traditional mathematical problems. 

Nowadays numerical methods are used in a great variety of physical applications in which 

soil heat transference is included.  

Iterative methods are common numerical solutions in which the approach to complex 

mathematical problems is reached by developing consecutive solutions or iterations i.e. 

the solution obtained will be the starting point of a following iteration. By starting with an 

initial guess, the computer will seek for alternative solutions—all of them within the limits 

of the boundary conditions imposed—that step by step reduces the level of uncertainty of 

the previous obtained solution.  When the solution fulfills the uncertainty criteria imposed 

at the beginning, the process will stop and (n) iterations will have been committed. 

Available heat transfer based numerical models are FROST 3D (Simmakers, Ltd), DEFORM-

HT (Scientific Forming Technologies Corporation), COMSOL (COMSOL Inc), ANSYS (ANSYS, 

Inc) and Hydrus 2D/3D (PC-Progress s.r.o), among many others. 

Most of the existing bibliography relates to soil-atmosphere heat exchange applications 

(e.g., Huang et al., 2011; Cichota et al., 2004), or industrial and engineering applications for 

soil heat exchangers (e.g., Lee et al., 2010). Applied to heated probes in the soil, Saito et al. 

(2007) presented a model to simulate a multifunctional device similar to Mori et al. (2003). 

The author used Hydrus 2D/3D to investigate different aspects of the heated probe theory 

such us the probe diameter, the needle spacing or the power intensity. Also, Kamei et al. 

(2009) describes a new designed ring-shape probe in which inverse modeling was applied 

to demonstrate its high sensitivity to soil water content.  
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2. Objectives  

This dissertation is based on the assumption that the classic SHPP and DHPP theory can be 

successfully implemented with heated fiber optics. In this regard, we aim to explore the 

feasibility of the method using AHFO in a real agricultural context. At the same time we 

want to explore the feasibility of AHFO using an alternative FO configuration i.e. dual 

needle probes apparatus.  

The main objectives of the thesis are as follow: 

(1) To define a calibration procedure relating θ to the DTS-captured soil thermal 

response—cumulative temperature increase (Tcum)—using numerical modeling in 

place of physical experimentation. 

 

We validate the model in an outdoor heated fiber optic DTS installation in Spain. We select 

a 6 m transect of the FO deployment and collect soil samples at two specific locations in 

order to define the soil thermal and hydraulic properties. Validation of the model to 

estimate θ is obtained by using reference moisture probes and independent DTS 

measurements at two specific locations of the FO transect. 

 

(2) To test the feasibility of heated fiber optics to estimate soil volumetric heat 

capacity and soil volumetric water content as described in the classic DPHP theory 

(Campbell et al., 1991; Bristow et al., 1993).  

 

We present an AHFO set up in which several fiber optic cables of different diameters and 

with various protective sheathings are located in parallel in a long plastic box filled with 

loamy sand. We created different combinations of cables and spacings by applying 

electricity to one of the cables (heat emitter), and then monitor the thermal response at 

the cables collocated on both sides (thermal sensors). The feasibility of the method to 

detect changes in C is tested at a range of different soil water content measurements (θ= 

0.34 to θ=0.09 m3 m-3), using lab-calibrated moisture probes installed at the cables ´depth. 
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3. Materials and methods 

3.1 AHFO in the single-HPP 

In this section we present the materials and methods employed to calibrate a section of an 

AHFO installation using numerical methods. We first describe the model (the Hydrus 

2D/3D code) and the parameters required (soil thermal and hydraulic properties), and 

then, we show the validation at two specific locations of the FO deployment.     

3.1.1 Calibration using Hydrus 2D/3D 

The Hydrus 2D/3D program employs the finite element method to model water, heat, and 

solute movement in soils. It solves the Richards equation for water movement and here 

we selected to employ the Van Genuchten-Mualem model to describe soil hydraulic 

properties (Van Genuchten, 1980).  

         
   

     

          
      

                                

                            (3.1)                           

Where, θs is the soil water content at saturation, θr is residual water content and α, m, and 

n are empirical shape parameters. Also, n is associated with the width of the pore size 

distribution, and m is typically fixed to the value         following the Mualem 

model (Simunek, 2006). 

Also given by the van Genuchten model, the unsaturated soil hydraulic conductivity K(θ) 

employs the same parameters: 

                       
    

     
 

 

        
    

     
 

   

 

 

 

 

                                           

Where, Ks is the saturated hydraulic conductivity (LT-1) and   is an empirical defined factor 

that accounts for the pore connectivity and it is generally computed as 0.5. This 

relationship can more compactly be expressed in terms of the degree of saturation, Se , 

which is given by    
    

     
. 

The heat transport equation employed in Hydrus 2D/3D is found in Simunek (2006), who 

implemented the strategy of Sophocleous (1979). 
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                                     (3.3)                      

Where,        is the soil thermal conductivity, and   is the volumetric heat capacity (MJ m-

3 K-1). The first term on the right side of the equation accounts for heat conduction whilst 

the second accounts for the advective heat transport. 

The model was defined using a 0.25 m by 0.25 m 2D rectangular domain with the fiber 

optic cable located in the center of the X-Z plane (Figure 3.1). Here, we assume 

homogenous conditions along the direction of the cable, reducing the problem to varying 

along two spatial dimensions. The materials included in the modeled system were stainless 

steel, nylon and the surrounding soil. The exterior of the capillary tube within the FO cable 

(the fiber glass and the filling gel) was modeled as the inner boundary of the domain. One 

observation point located at the exterior helical steel layer material was used to capture 

the Hydrus 2D/3D thermal response of the fiber optic and to compute Tcum (Figure 3.1). 

 

 

 

 

Figure 3.1 Finite mesh in the XZ rectangular domain (left) and close up of the finite mesh including the soil 

and cable materials (right). Also, boundary conditions: constant soil water content and third type heat 

transport to the outer nodes of the soil material (left), and constant water flow and third type heat 

transport to the inner nodes of the stainless steel material (right). Also, the observation point used for all 

calculations is shown (white circle). 
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Although the standard version of Hydrus 2D/3D does not allow for conductive heat fluxes 

into the domain—only through advection of water flows at different temperatures—a 

specially modified executable routine provided by PC-Progress, allowed simulation of heat 

pulses when imposing zero-flux water flow boundary condition (F=0 m/s) at the inner 

stainless steel boundary nodes (Figure 3.1). Heat pulses of 19.40 W m-1 lasting 122 s were 

simulated. Additionally, in order to ensure a mass conservative heat flux within the 

domain, a third type heat transport boundary condition was imposed at the outer nodes of 

the soil domain (Figure 3.1). As we seek to define the soil thermal response at particular 

moisture contents we introduced a constant θ boundary condition and constant θ initial 

condition throughout the domain to avoid water movement or moisture gradients.  

 

 

 

 

 

3.1.1.1 Model parameterization 

In Hydrus 2D/3D the user can select to have the soil hydraulic parameters estimated by 

the Rosetta Software (Schaap et al., 2001) based on a neural-network model of 

Figure 3.2. Sketch of the fiber optic cable installation and cable spacing, deployed at 0.20 m and 0.4 

m depth, and the 6 electrical connections (PH.1, PH.2, PH.3, N, N, N). Also detail of the calibration 

baths, the extra coil at the far end of both cables, and the boxes housing the fusion splices, Box.1 and 

Box.2.  PH.1, PH.2, and PH.3 are where the three phases of the 380V power were attached, while 

locations labeled “N” indicate where cable was tied to electrical ground. Finally, dark circles indicate 

the location of the soil samples for the analysis of the soil thermal properties. 
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pedotransfer functions.  There are a variety of input data which can be used to determine 

the soil water parameterization. Six soil samples collected from the study field (0.04 m 

diameter, 0.04 m height and 5.02·10-5 m3 m-3 sample volume) at two reference sampling 

areas (Figure 3.2) and analyzed for particle size to have 87% sand, 7% silt, and 6% clay; soil 

dry bulk density (1.75 Mg m-3); the θ at field capacity,-33 kPa, and permanent wilting 

point, -1500 kPa, (0.190 and 0.011 m3 m-3, respectively).  These data were employed in the 

Rosetta model to obtain soil hydraulic parameterization. A further description of the 

location of the reference sampling areas and other field-related issues is next introduced. 

Volumetric heat capacity in Hydrus 2D/3D is described as the weighted sum of the heat 

capacities of the dominant constituents of the soil (de Vries, 1963).  Typically three terms 

are employed, ascribing heat capacity to the mineral (indicated by subscript n), liquid 

(indicated by subscript w, typically water), and organics (subscript o) in the soil: 

  6

1

1.92 2.5 4.18 10
n

i i n n o o w w n o w

i

C X C C X C X C X X X X


       
                   (3.4) 

Where,    and    represent the volumetric fraction and volumetric heat capacity of each 

constituent.  The coefficient shown in equation (3.4) are default values found in Hydrus 

2D/3D expressed in (J m-3 K-1). Neglecting the soil organic fraction, Co= 0, the thermal 

properties of the soil, nylon and stainless steel are summarized in Table 3.1. 

Soil thermal conductivity in Hydrus 2D/3D employs the model of Chung and Horton (1987) 

in which b1, b2 and b3 are empirical regression parameters. 

λ              
                                   (3.5) 

Although Hydrus 2D/3D provides default values of b1, b2 and b3 for three different types of 

soils (sand, loam, clay), we rather defined an empirical relationship based on 

measurements from four cylindrical intact soil samples (0.04 m diameter, 0.04 m height, 

hence 5.02·10-5 m3 sample volume) collected at the two reference sampling areas (Figure 

3.2) and which were taken to various water contents by a sequence of applied pressures in 

a pressure-plate extractor and a Kd2pro dual probe (Decagon Devices Inc, USA). The fitted 

equation, λ(θ), for the average measured values is equation (6) with A= -0.14, B= -75.27, 

C=1.33 and D=0.99 (Figure 3.3). Thus, in each simulation b1 was set to the particular θ 
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solution using equation (3.6). Finally, the soil’s initial temperature was defined as the 2 

min average DTS temperature reading previous to the heat pulse. 

      =
  ( )

( ) exp exp
B D

A C
  
                           (3.6)  

 

 

 

 

 

Table 3.1 Thermal properties of the soil, nylon and stainless steel as entered in Hydrus 2D/3D. 

 Thermal 
conductivity 

W m-1 K-1 

Volumetric Heat Capacity 

MJ m-3 K-1 

source 

 b1 b2 b3 Cn
 Co  Cw      

Stainless 

Steel 

16 0 0 3.8 0 4.18 Peckner and  Bernstein (1977) 

Nylon 0.23 0 0 2.2 0 4.18 BruggSteel manufacturer 

Soil (dry) 1.72
* 

0 0 1.92 0 4.18 Kd2pro (Decagon) 

(*) Soil thermal conductivity in this example is b1= λ (θ=0.25) = 1.720 W m-1 K-1 using   eq  (3.5). 

 

0 
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0 0.1 0.2 0.3 

λ 
(W

 m
-1

 K
-1

) 

Soil Water Content (m3 m-3) 

fitted eq  (n=4) 

proposed  eq in Hydrus 2D for sandy soil  (Chung and 
Horton (1987) 

Figure 3.3  Fitted equations from average measured values of λ at the reference sampling areas (n=4) 

and proposed equation in Hydrus 2D/3D for a sandy soil type according to Chung and Horton (1987)  
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3.1.2  Field Validation  

3.1.2.1 Field Description 

The study site was a 300 m2 bare patch of a loamy sandy soil located within an irrigated 

field cultivated with a sunflower crop in La Nava de Arévalo (Ávila, Spain) (Figure 3.4). The 

area is identified as “Csb” or “Mediterranean” zone according to Köppen-Geiger climate 

classification (Rubel and Kottek, 2010). Monthly average air temperature and precipitation 

for August and September are 19.5-16.1 oC and 19-29 mm, respectively (Spanish National 

Agency of Meteorology (AEMET)).  

 

 

 

 

 

 

Figure 3.4  Location of the site (red rectangle) within the field, and next to La Nava de Arévalo .  

Source: Sigpag/Castilla y León http://www.sigpac.jcyl.es/visor/ 

 

http://www.sigpac.jcyl.es/visor/
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3.1.2.2 Description of the FO-DTS set up  

Installation of the cable was conducted during the first week of August 2010 by means of a 

custom plow with two blades held at 45-degrees from vertical (as employed by Sayde et 

al., 2013) that simultaneously buried cables at 0.2 (H0.2m) and 0.4 m (H0.4m) depths (Figure 

3.5 and APPENDIX. II). The geometry of the installation was established in 6 parallel passes 

of 40 m length with symmetric spacing between successive pairs of parallel cables being 2, 

1, 0.5, 1 and 2 m (Figure 3.2). It must be noted that due to unexpected tractor tillage in the 

contiguous field, 3 fiber breaks were detected in October 2010. In order to fix this problem 

we developed a splicing protocol (APPENDIX. I). 

In order to ensure uniform tight contact between the cable and the surrounding soil, in 

addition to the cut of the sloping plow being closed by the weight of the soil, the site 

settled for two years during which time cropping was not carried on as usual i.e. the site 

was maintained as a bare soil. 

 

 

 

For the purpose of our research, we selected a fiber optic cable compatible with the use of 

heavy machinery and appropriate for a permanent installation in the soils. The Bruggsteel 

cable (Brugg, Switzerland) is a 3.8·10-3 m diameter cable comprising 3 layers of sheathing 

Figure 3.5 Custom plow with the two blades at 45º from the vertical. Cables were installed at 0.2 
and 0.4 m depth  
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providing protections against crushing, abrasion, and tension (Figure 1.7). Crush resistance 

is fundamentally provided by the inner-most single stainless steel capillary tube, which can 

encase up to 4 fibers (two multi-mode fibers were used here).  Tensile strength is obtained 

by a secondary sheath of helically wrapped stainless steel strands.  Abrasion and electrical 

protection are provided by the outermost nylon sheath.  

A double ended calibration set up was achieved by connecting the beginning of both 

cables to the DTS instrument (H0.2m to DTS-channel 1 and H0.4m to DTS-channel 2) and by 

splicing the far ends of the cables from the two depths together (H0.2m to H0.4m).  The first 

group of fusion splices was housed in Box. 1 (DTS to H0.2m and H0.4m), and the second group 

(H0.2m to H0.4m), in Box. 2 (Figure 3.6). Here, we created a FO-DTS set up in which the laser 

pulse traveled alternatively from one channel to the other traversing the entire installed 

cable, providing symmetrical temperature traces. It must be noted that, approximately 20 

m of cable at the beginning and the far end of the installation were reserved for DTS 

calibration purposes (Figure 3.2). 

 

 

 

 

 

  

Figure 3.6 Detail of Box. 1 and the fusion splicer employed (left), and Box. 2(right) 
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The DTS unit employed was a Silixa Ultima SR (Silixa Ltd, UK) with sampling on 0.125 m 

increments and with a spatial resolution of 0.29 m (i.e. measurements at 0.125 m 

increments are independent with respect to the stochastic instrument noise, but not 

independent with respect to the temperature of the fiber). Correction in reported 

temperatures to account for differential attenuation, fusion splices and possible fiber 

damages found to be entirely sufficient employing the internal calibration routine 

provided by the DTS manufacturer, which in such double ended set ups, very efficiently 

corrects for non-linear attenuation. The temporal stability of this procedure was excellent: 

For the nearly 20 m of cable immersed in wet ice at the calibration bath I, the average DTS 

temperature reading over 30 min shifted less than 0.08 oC with respect to the two PT100 

located in the same container (Figure 3.7).  

 

 

 

 

3.1.2.3 Heating system  

The electrical supply came from the rural electrical grid in a three-Phase disposition at 380 

V, and required the use of a transformer to convert to single phase at 220V and 50Hz.  

After the transformer, from the main electrical box, three pairs of cables (P1-N, P2-N, and 

P3-N) were connected to the Fiber Optic deployment at different locations, creating 

heated sections of similar characteristics. (Figure 3.8 and 3.9, and APPENDIX.II)) 

 

Figure 3.7 Detail of FO section (20m) employed for calibration before (left) and after (right) being 
completely immersed in a mixture of crushed ice and water. Also, Detail of the independent 
thermal sensor, PT-100, employed for calibration 
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Power delivery to the buried cables was controlled by means of time-controlled switches, 

referred to as S.1, S.2 and S.3 for loads Phase1-Neutral (P1-N), Phase2-Neutral (P2-N) and 

Phase3 –Neutral (P3-N). Electrical connections were made 20 m from the DTS instrument 

and calibrations baths (a 20 m buried trench), with six electrical cables (P1, P2, P3 and 3N) 

connected to the FO deployment defining 6 electrical circuits of slightly similar length i.e. 

82 m. (Figure 3.8) The power consumed in each heat pulse, computed as V2/R was 

proportional to the stainless steel electrical resistance (R = 0.365 Ω m-1) as a function of 

the cable length and the voltage applied (V = 220 VAC).  

Due to voltage variations in the rural power grid, heat pulses differed in intensity by up to 

5 %, however, these variations were monitored with wattmeters (PCE Ibérica, Spain) 

(Figure 3.9) which allowed linear adjustment of thermal responses to account for these 

fluctuations (making use of the linear relationship between Tcum and power applied as 

found by Sayde et al., under revision for publication in water resources research, 2014). All 

heat pulses were normalized for a constant power rate of 19.40 W m-1. The duration of the 

heat pulses was defined in 122 s. 

 

  

Figure 3.8 Schematic Detail of the Electrical box with the different switches and pair of cables (left), 
and detail of the different electrical connections and the electrical circuits created (right)  
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3.1.3 Validation at specific locations 

Temperature monitoring with DTS data acquisition started on August 6th 2012, and lasted 

for 45 days, in which no rainfall or irrigation events occurred.  The reading frequency was 2 

s for the first 30 days and 1 s for the last 15 days, and the sampling resolution was set to 

0.125 m. However, as double ended configurations must integrate information from two 

channels, the actual reading frequency for a given direction of light travel was 4-5 s and 2-

3 s, respectively, with some uncontrolled fluctuations in sampling interval due to the DTS 

unit characteristics relative to hard-drive read/write and other computer operations when 

run at such high sampling rates. 

 The validation process was designed to obtain a series of DTS-Tcum values at the selected 

FO transect across a broad range of water contents as the soil dried—measurements using 

reference moisture probes. In practice, θ at H0.2m remained remarkably stable during the 

study at approximately θ=0.28 m3 m-3. This appears to have occurred due to the absence 

of surface vegetation, leaving only evaporation to reduce θ. In this sandy soil, the rate of 

evaporation was extremely slow once the uppermost soil had completely dried. 

In order to increase soil evaporation at H0.2m and, hence, to obtain independent DTS 

measurements at different water contents, soil depth above the cables at two selected 

locations was reduced to 0.1 m. Hereafter these excavated locations are referred to as 

Figure 3.9 Detail of the electrical connections (left) and the Wattmeters employed (right) 
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sampling areas and comprised of four different sections (Figure 3.10):  an air-exposed 

section of cable, which was used to precisely locate the test on the fiber optic cable (using 

the thermal signature) and used as a sampling section for soil characterization; a 

disregarded 0.3 m transition section; a section for DTS-data interpretation; and a section 

to locate the moisture probe. The temperature increase at the air-exposed section during 

a heat pulse was far higher than in any buried sections. Consequently, since the DTS has a 

spatial resolution of just less than 0.3 m, the temperature increase reported within the 

first adjacent 0.3 m of section was influenced by these data, and its soil thermal response 

was excluded from interpretation.  

The two sampling areas were located 6 m apart at the north end of the site and each 

included two independent DTS measurements at H0.2m  (the spacing between cables in this 

part of the site was only 0.5 m) (Figure 3.2). Soil water content at the two sampling areas 

was monitored with two ECH2O 5TM dielectric probes (Decagon, Pullman, WA, USA).They 

were lab-calibrated with the same soil packed to a dry bulk density of 1,750 (kg m-3) and  

used as reference measurements to validate de model.  

 

 Figure 3.10 Picture of one reference sampling area showing the four sections used in the study 
(left) 
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3.2 AHFO in the DPHP method 

In this sections, the materials and methods employed to estimate soil volumetric heat 

capacity and soil volumetric water content as described in the classic DPHP theory 

(Campbell et al., 1991; Bristow et al., 1993) are presented.  

3.2.1 Experimental set up 

The experiment was built in the laboratory using a Plexiglas box of 2.5 m x 0.25 m x 0.25 m 

which was placed in an open-top flume channel (Figure 3.11). The bottom was uniformly 

perforated using 4 mm holes on 0.01 m spacing, which was then covered with two 

overlapped 1 mm opening mesh to allow for free drainage. Openings at the front and the 

rear of the box provided entries for the cables, while four openings at the wall allowed the 

insertion of soil moisture sensors (Fig. 3.13).  

 

 

Figure 3.11 The experimental chamber in the flume before being completely filled with soil. The four 

spacer plates are seen, as well as the smaller blocks holding the white cables at proper spacing. 

study (left) 
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We create a range of various soil water contents by saturating the box in the flume and, 

then, exposing the box to free drainage and evaporation (we expect the drainage to have 

dominated the change initially and then evaporation once the soil reaches field capacity). 

Unfortunately, due to non-observed leakage through the openings at the wall, complete 

saturation could not be achieved and our first measurement started at θ= 0.34 m3 m-3 

(ECH2O measurement). 

3.2.1.1 Description of the FO-DTS system 

The DTS unit employed was a Silixa Ultima SR (Silixa Ltd, UK) set to sample on 0.125 m 

increments, and which has spatial and temporal resolution of 0.29 m and 1 s. It must be 

noted that although measurements at 0.125 m increments are not independent in a 

thermal sense—the actual DTS spatial resolution is 0.29 m—they are independent to the 

instrument noise, and thus provide independent values from the standpoint of statistical 

noise intrinsic to the measurement method. Effects of differential attenuation, fusion 

splices and any irregularities in fiber optical properties were calibrated using the internal 

calibration routine provided by the DTS manufacturer which also required two PT-100 

temperature probes, recording directly to the DTS, placed in a reference temperature 

bath. Here we employed water with crashed ice to maintain the calibration bath at 0 oC.  

As expected for such a short optical path with no mechanical connectors (only fusion 

splices), no offset or differential attenuation was observed.  

Three different types of FO cable were used in the experiment. Two cables had centrally 

located hermetically sealed stainless steel tubes encasing the fiber optics.  The larger of 

the two had a 3.8 mm diameter nylon jacket covering a layer of helically wrapped of 

stainless steel strands about the 1.35 mm outer stainless tube (“Brusteel,” Brugg Cable, 

Brugg, Switzerland).  The second stainless-tube cable had a 2 mm PVDF jacket over its 1.20 

mm outer stainless tube (custom made by AFL, USA).  The third cable had no steel 

elements, consisting of a simple 1-mm plastic tube enclosing Corning Clear Curve fiber 

(Corning incorporated, USA) (Table 3.2). Hereafter these cable constructions are referred 

to as FO3.8mm, FO2mm, and FO1mm. Each type of cable traversed the box twice, resulting in six 

passes of fiber optic cable, each of 2.5 m length i.e. FO1mm-A, FO1mm-B, FO2mm-A, FO2mm-B, 

FO3.8mm-A, and FO3.8mm-B, (Figures 3.12 and 3.13). The fibers were fusion-spliced into a single 

optical path creating a double ended configuration (e.g., van de Giesen et al., 2012).   
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The total length of the optical path was 95 m, of which 15 m was within the box. The other 

80 m were reserved for calibration, routing, or attachment of power for heating (Figure 

3.13). Since FO cables at the entrance and exit of the box could be influenced by partial 

exposition to the air (the DTS has 0.29 m resolution), the first 0.45 m of cable at both 

extremes of the box were excluded for data analysis and the available length of 

measurement was reduced to approximately 1.8 m i.e. 14 to 15 measuring points per 

cable depending on the apparent influence of the partially air-exposed section of the cable 

to the contiguous points.  

 

 

 

 

 

 

 

 

Figure 3.12 Detail of the 6 fiber optic cables. Also detail of the second kind of spacers. Only    

FO2mm-A , FO2mm-B, FO3.8mm-A  are used as heaters. 

study (left) 
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Manufacturer Diameter Materials Thickness C Source of thermal 

properties 

 mm  mm MJ m
-3

 K
-1 

   

Brugg 3.8 Filling gel & fiber 0.55 1.6 Manufacturer 

Stainless steel tube 

& 

Stainless stranded 

elements 

 

 

0.5 

 

 

3.8 

 

 

Peckner and 

Bernstein (1977) 

Nylon Jacket 0.825 2.2 Manufacturer 

AFL 2.0 Filling gel & fiber 0.475 1.6 Manufacturer 

Stainless steel tube 0.125 3.8 Peckner and 

Bernstein (1977) 

PVDF 0.4 2.1 Kok et al., (2008) 

Corning Clear 

Curve LBL 

1.0 Fiber cladding 0.3125 1.6 Manufacturer 

PVC 0.1875 1.4 Kok et al., (2008) 

  

Table 3.2 Summary of the main geometrical and physical characteristics of the different types 

of fiber optics employed in the experiment  
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1. DTS     4. Moisture probe 

2.1. Fusion splice DTS- FO1mm  5.Thermal probe 

2.2. Fusion splice FO1mm- FO2mm  6.Wattmeter 

2.3. Fusion splice FO2mm- FO3.8mm 7.Voltage regulator 

2.4. Fusion Splice FO3.8mm-DTS  8.Electrical.conenctions 

3. Calibration bath   9.Stretching clamps  

Figure 3.13 Conceptual sketch of the fiber optic installation focusing on heating and calibration.  
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Cable spacing  

The spacing and positioning of the cables within the box was achieved by using two sets of 

spacers: a primary group was anchored to the box, ensuring both fiber spacing and 

positioning (Figure 3.11), and a secondary much smaller spacer design was included purely 

to control cable spacing (Figure 3.12).  In the first group, 4 methacrylate rectangular plates, 

0.25 m depth and 0.1 m wide, were placed perpendicular to the box´s longitudinal axis at a 

distance of 0.3, 0.8, 1.35 and 1.90 m, respectively, to the beginning of the box. These 

permanent spacer plates were co-aligned with the perpendicular bisector of the box´s 

width by screwing their upper part to a wooden post, anchored at the same time to the 

lateral walls of the box, which ensured stability and perpendicularity. Fine-tuning of the 

cable alignment was achieved by leaving 0.01 m of clearance between the wooden post 

and the spacer plate by using different drilling diameters i.e. once they were screwed, the 

spacer plate had a relative freedom of movement in the vertical plane perpendicular to 

the longitudinal axis of the box . The positioning of the fiber within the box was controlled 

by passing the cables through the primary group of spacer with precisely-located holes 

drilled to just pass the three sizes of cables (Figure 3.11). The smaller spacers employed 

consisted on 16 methacrylate plates, 0.01 m depth and 0.03 m wide, which were able to 

move along the cables, designed solely to maintain the cable spacing.  

Once the cables were emplaced, they needed to be drawn tight to provide for consistent 

placement between spacers. Four stainless steel wedge clamps held the 3.8 and 2 mm 

cables securely but without impingements allowing the imposition of tension on the cables 

(Figure 3.13). As FO1mm did not include an armoring steel tube, and therefore was more 

susceptible to impingements and fiber breakage due to tensile stress, a second stretching 

tool was designed specifically for this cable. The final spacing was verified with a 0.01 mm 

precision dial caliper during the box filling process and the results are summarized in 

Table.3.3 

Soil porous media 

The box was filled with a sandy loamy soil, which had been passed through a 2 mm sieve, 

in lifts of 0.05 m.  Each lift was settled with continuous vibrations by tapping a rubber 

mallet on the walls of the box. The filling process was carried out in three steps: a first step 

to fill up the box until the cables depth, a second step to install the sensors (Figure 3.14) 

and finish the cables stretching and, finally, a third step to complete the total filling.  
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Six  1·10-5 m3 m-3 soil samples of the media were taken to determine in-situ bulk density; 

mean value of 1.53 Mg m-3 with standard deviation 0.052 Mg m-3. It must be noted that 

the soil was unexpectedly affected by shrinking, with a few soil cracks appearing after the 

first 15 days of free drainage. This effect was most pronounced at the first 0.3 m of each 

end of the box, while in the rest of the box the soil only cracked at the walls and at the 

spacer plates (Figure 3.15). As measurements within 0.30 m of the ends of the box were 

not included in the analysis, the cracking did not appear to have influenced the reported 

measurement area. It is likely that this issue could have been avoiding by employing pure 

sand instead of a typical field soil. 

Figure 3.14 Installation of an ECH2O 5TM probe during the filling process between the second and 

third step 
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Soil water content in the vicinity of the cables was monitored with five soil moisture 

sensors (5TM ECH2O probe, Decagon, USA) which were lab-calibrated to the same soil 

type using a soil bulk density of 1.5 Mg m-3 (Table 3.4), and which were employed as 

reference θ measurements. Four of them were installed at 0.43, 0.95, 1.50, and 2.00 m 

from one end of the box (referred to as ECH2O 1, 3, 4 and 5) while ECH2O 2 was placed in 

parallel to, but 0.03 m above, ECH2O 1 to monitor any possible moisture gradient created 

at the first 0.05 m radius of influence. The ECH2O probes were placed at the depth of the 

cables during filling and buried with the cables. Unfortunately, after 35 days ECH2O 2 and 

4 had failed for unknown reasons. Considering that two out of five moisture probes failed 

during the experiment, we suggest further research to address the reliability of these 

devices in the proximity of high-current electrical circuits due to interferences due to 

induction and linear elements of high electrical conductivity. 

 

 

Figure 3.15 Detail of observed soil cracks after 80 days of experiment at different sections in the box. 
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Heated 

cable 

 Soil spacing Probe spacing Apparent probe spacing (rapp)
* 

Observati

on cable 

Left Right Left Right Left Right Left Right 

   ----------------------------------mm-------------------------------- 

FO2mm-B FO1mm-B FO2mm-A 3.85 3.95 5.30 5.95 5.82(9.8%) 6.01(1%) 

FO2mm-A FO1mm-A FO2mm-B 5.96 3.95 7.41 5.95 7.14(3.8%) 6.09(2.3%) 

FO3.8mm-A FO1mm-B FO3.8mm-B 3.96 4.40 6.31 8.20 7.07(12%) 7.99(2.6%) 

*Distance between geometrical centers and after calibration. In brackets the percentage of with 

respect to original probe spacing 

 

 

 

 

  Day 

0 
Day 

20 
Day 

24 
Day 

32 
Day 

35  
Day 

42 
Day 

53 
Day 

62 
Day 

81 

 -------------------------------------------m3 m-3-------------------------------

-- 

ECH2O 1 

(y = 3.9x2 - 0.20x + 0.08) 

0.35 0.22 0.19 0.16 0.15 0.13 0.12 0.11 0.10 

ECH2O 2 
(y = 3.2x2 + 0.05x + 0.06) 

0.30 0.22 0.18 - - - - - - 

ECH2O 3 
(y = 1.1x2 + 0.7x + 0.006) 

0.32 0.21 0.19 0.16 0.14 0.12 0.10 0.09 0.09 

ECH2O 4 
(y = 0.7x2 +0.95x - 0.01) 

0.36 0.23 0.20 0.15 - - - - - 

ECH2O 5 

(y = 1.8x2 +0.35x + 0.03) 

0.35 0.22 0.19 0.15 0.14 0.12 0.10 0.10 0.09 

mean* 0.34 0.22 0.19 0.16 0.14 0.12 0.11 0.10 0.10 

C.V* (%) 4.26 1.87 0.99 1.64 4.27 6.53 11.14 11.05 7.95 

* Measurements from echo 1, 3 and 5 

**Calibration between, x, ECHO output (expressed m
3 

m
-3

) and, y, moisture content using 

gravimetric samples. 

  

Table 3.4 Summary of θ observations using ECH2O 5TM. Also calibration equation at each probe 

for the same soil type, and using a soil dry bulk density ρb=1.5 Mg m-3. Dashes indicate failed 

sensors. 

Table 3.3 Summary of the geometric properties of fiber optic cable combinations employed 

here.  Soil spacing indicates the distance between outer surfaces (from the heated cable to the 

adjacent observation cable) and probe spacing the distance between geometrical centers.  
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3.2.1.2 Heat supply 

Uniform heating of the cables was obtained by passing electrical current along the 

stainless steel armoring jacket of sections of 4.8 m, 4.45 m and 4.3 m of FO3.8mm-A, FO2mm-A 

and FO2mm-B, respectively. Power was supplied from a 220V AC building circuit, with a 

voltage regulator employed to provide specific, constant power levels (Figure 3.13). Heat 

pulses designed to deliver 40 W m-1 with 40 s duration were used with the FO3.8mm, and 32 

W m-1, and 45 s with the FO2mm. These prescribed power rates were sought to be sufficient 

to provide a 1.5 ºC temperature rise at the cables adjacent to the heat source when the 

soil was at high water condition i.e. for a DTS reported accuracy of 0.3 ºC, we sought a 

maximum temperature increase five times larger than the expected error. Minor 

variations in the power intensity resulted primarily from a systematic increase in 

resistance of the stainless steel, as well as minor variations in the voltage of the power 

mains. A power meter was employed to monitor the actual heat delivery (PCE-PCM1, PCE 

Ibérica, Spain) at 50 to 200 Hz frequency (Figure 3.13).  The results obtained for a typical 

heat pulses showed that the variations due to electrical resistivity contributed to a 5% 

decrease in the initial recorded power intensity. This variability together with observed 

fluctuations in the power mains, (or the intrinsically use of the voltage regulator), 

contributed to a 2-3 % uncertainty between different heat pulses of the same FO 

combination. 
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3.2.2 Determination of soil volumetric heat capacity  

We calculate soil heat capacity using equation (1.19) which derives from the solution for a 

finite heat pulse and consider the time interval of heating. Then, we employ an 

approximate representation of the system geometries in which the computed C value is 

taken to be proportional to the weighted sum of the volumetric fractions (X) and 

volumetric heat capacities (C) of the different constituents in the system i.e. surrounding 

soil “S”, and, filling gel”FG”, stainless steel”SST”,and jacketing material ( nylon“N”, PVC 

“PVC”, or PVDF “PVDF”). The thermal properties of the materials armoring each FO cable 

Figure 3.16 General view of the experimental set up. The different sensors and electrical devices 

follow the same schematic diagram shown in Figure. 14. 
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are presented in Table 3.2. The volumetric fractions are defined as the ratio of the area 

occupied for each specific constituent over the total area defined as the interior tangent 

circumference to the two corresponding cables. For example, in the case of two FO3.8mm 

cables (Figure 3.17), C is calculated as:  

                                             (3.1) 

 

 

 

 

We sought a rational, readily applied approach to defining the system. Although we agree 

that this representation is only an approximation and can be further improved, we are 

mainly focus on probing the feasibility of the system to estimate C via responsiveness to 

changes in water content.  Better result including consideration of the finite probe 

dimension might be obtained using the ICPC solution presented in Knight et al., (2012), 

though validity for the cases where the needle probes have different geometry or do not 

satisfy s/r  ≤ 0.11, as it is the case of the different FO combinations employed in this study, 

might also lead to bias estimates of C and θ. Also the model of Knight and Kluitenberg, 

2007 can be suitable to account for a non-symmetrical heat distribution around the heat 

source. 

Figure 3.17 Example of the system in the case of two FO3.8mm cables. The volumetric fractions are 

substituted for surface proportions. In this case T, N, STT and FG which are the subscripts for Total, 

Nylon, Stainless steel and Filling gel. The largest circle is the interior tangent circumference to the 

FO3.8mm cables and represents the total area. Soil separation is 1, and probe spacing is 2. 
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Using equation (1.19), the variables required to be measured were ΔTmax, tm , t0, q, and r. 

Having q, t0, and r already been introduced, ΔTmax was defined as the DTS reported 

maximum temperature increase (Tmax) over a temperature baseline (T0) defined as the 2 

min average DTS reading previous to the heat pulse (Figure 3.18).  

 

 

Tmax was obtained using the average value of the three highest temperature readings of 

the heat pulse which also defined the average time of occurrence tm. We have selected 

ΔTmax operationally here using a practicable value, but clearly this is an area where further 

development would be required to optimize the performance of DTS-based DPHP 

methodology, which is likely to make the optimal value of ΔTmax a function of the cable, 

the DTS, the soil, and even the particular soil-water status. This may well be optimally 

achieved by fitting the analytical expression for the thermal response, wherein ΔTmax 

would be an explicit fitting parameter obtained based on the entire data set instead of 

simply the peak values.   
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Figure 3.18 DTS captured thermal response at FO2mm-B to a 45 s 32 W m-1 heat pulse of and the 

subsequent 500 s period during cool dawn.   
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4. Results and Discussion 

4.1 AHFO-based SPHP method  

4.1.1 Hydrus 2D/3D model calibration 

Once the model is defined, the Tcum function can be now defined by fitting an equation to 

all of the predicted Tcum values for the full range of θ values (Figure 4.1). The shape of the 

function shows an inverse relationship between these two variables, as Tcum decreases 

with θ. Similar results were described in Sayde et al. (2010) and Gil-Rodríguez et al. (2013) 

for a sandy and a loamy sandy soil column of controlled soil dry bulk density, ρb =1.5 (Mg 

m-3), in similar heating conditions. However, while Gil-Rodríguez et al. (2013) described a 

nearly linear relationship Tcum-θ, our results are closer to Sayde et al. (2010) or Weiss 

(2003), in which Tcum, or ΔT120s—temperature increase at the end of the heat pulse in the 

case of Weiss (2003)—had lower sensitivity at higher water contents (Table 4.1). Here, we 

defined a calibration procedure based on a numerical solution rather than using 

experimental analysis in the laboratory. In this regard, we expected to minimize any 

possible source of uncertainty during laboratory operations (gross error, random error or 

bias error), and the error associated due to employment of repacked soil columns leading 

to disturbance of the original soil structure.   

The main source of uncertainty in the model is the assessment of soil thermal properties. 

While heat capacity can be acceptably defined as the weighted sum of the heat capacities 

of the different elements in the soil, the model requires of specific measurements of λ in 

order to adequately predict Tcum. By plotting these two variables as a function of θ, in 

opposite axis orders, it can be observed that for θ below 0.10 m3 m-3, Tcum is primarily 

influenced by λ (Figure 4.2). In a second stage, as the thickness of the water film enhances 

connectivity between particles, the influence of C increases, and both Tcum and λ change 

linearly with θ but with slopes distinct from those found for drier soils.   
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Figure 4.1 Predicted values of Tcum (circles) and fitted equation for heat pulses of 19.40 W m-1 
during 122 s (dashed line Tcum= 1 / (8.4·10

-4
 +2.6·10

-4
·θ + (-1.6·10

-4
) / θ), with R

2
 =0.99). Also, 

average reported DTS Tcum values at 5 θ (triangles) from the two sampling areas using normalized 

heat pulses of 19.40 W m-1 during 122 s. 

 

Figure 4.2 Simulated Tcum (black) and measured λ (dashed-grey) fitted functions. Note that the axes 
are ordered oppositely. 
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Table 4.1 Error analysis for the DTS-computed Tcum and θ estimations using Hydrus 2D/3D. 

(*)DTS-Tcum 
(*)stand.dev (**)Observed θ (***)Predicted θ 

(ºC·s
-1) (ºC·s

-1) (m3 
m

-3) (m3 
m

-3) 

1101 20.1 0.284 0.285 

1117 13.5 0.218 0.240 

1124 19.7 0.202 0.220 

1131 5.2 0.180 0.200 

1171 8.5 0.120 0.110 

*Average Tcum and standard deviations from the two sampling areas and two repetitions (n=4) 

**Average θ observations from two ECH2O 5TM located at each sampling area 

***Predicted θ using Hydrus 2D/3D calibration curve. 

 

The model´s ability to predict the soil thermal response is shown in Figure 4.3. As an 

example, we show predictions against observed data at one of the two reference sampling 

areas and for two different water contents. Although these results showed a good 

correlation, the model overestimated temperature increase at the earlier stages of the 

heat pulse (<10 s). Despite the fact that the heating system was synchronized with the DTS 

internal clock, it seems that the effective start of the heating was delayed a few seconds 

relative to the time attributed to the DTS reading. This might be explained by the DTS 

double ended conficguration; if we consider an acquisition frequency of 1 s, for example, 

the DTS instrument will actually require 2-3 s to process the data from both channels. If 

there is a rapidly changing temperature—as it occurs during the first 15 s of the heat 

pulse—the earliest processed DTS data will be underestimated by computing in equal 

proportions the reading from both channels when the measurement from the first channel 

actually occurs one second earlier and suffers a smaller temperature increase.  Thus, we 

do not consider this offset, which is of the order of 1-s in duration, to indicate a 

discrepancy between measurement and model.  
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Measurements using ECH2O 5TM moisture sensors at the sampling areas showed an 

average θ that ranged from 0.28 to 0.12 (m3 m-3). The ability of the model to predict θ as 

compared with average ECH2O 5TM showed deviations within the instrument error up to 

0.022 m3 m-3, and with no apparent relationship between uncertainty and the value of θ        

( Figure 4.1 and Table 4.1). These results are in any case consistent with previously 

described in Sayde et al. (2010) and Ciocca et al. (2012) for repacked soils.   

Though we have focused on calibrating a specific section of the fiber, the model could be 

used to calibrate DTS installations at greater scales. If θ is known at different locations in 

the field and report the same values, the only differences in soil thermal responses will be 

proportional to variations in soil bulk density and texture. Thus, by taking a few key 

observations of Tcum at known water contents, the calibration equation could be shifted in 

order to account for such soil heterogeneities, especially if the Tcum fitted equation were of 

similar characteristic for many different soils.  Although, it is only a particular example 

using default values in Hydrus 2D/3D, in Figure 4.4, predicted Tcum fitted equation is 

plotted for three different soils (sand, clay and loam) using default Hydrus 2D/3D values of 

soil hydraulic and thermal properties.  
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Figure 4.3 DTS recorded and Hydrus 2D/3D predicted temperature increments for a 122 s heat pulse 
of 19.40 W m

-1
 at θ=0.28 (m

3
/ m

-3
) and 19.60 W m

-1
 at θ=0.12 (m

3
 m

-3
).  
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Figure 4.4 Predicted Tcum values and fitted equations for a sandy soil (default values in Hydrus 2D/3D) 
using the three different λ(θ) default equations in Hydrus 2D/3D for a sandy (triangles), loamy (rhombus) 
and Clayey (squares) soil. 
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4.2 AHFO-based DPHP method  

The results here presented are based on the methodology described in section 4.3. The 

main objective is to test the feasibility of the method for measuring soil volumetric heat 

capacity (hereafter, soil volumetric heat capacity is denoted as Cs in order to separate the 

weighted fractions of each soil constituent, see  section 3.2.2), and soil water content 

through application of the Dual Probe Heat Pulse (DPHP) (Section 1.33). In a first place, 

calculations of Cs are presented as a proof-of-concept showing the coefficient of variation 

at 0.125 m increment in each cable. ECH2O 5TM moisture sensors are then employed to 

define a Cs reference value for calibration (using equation (1.4)), and to define the 

effective probe spacing. Finally, soil water content will be estimated as a direct application 

of the DPHP theory through implementation of equation (1.4)  

4.2.1 Determination of volumetric heat capacity  

As the soil in the experimental box dried out, nine measurements from θ= 0.34 m3 m-3 to 

θ=0.09 m3 m-3 were collected (Table 3.4). In each measurement, three heat pulses 

sequentially distributed every 30 min to FO3.8mm-A, FO2mm-A and FO2mm-B were applied. Since 

each heated source had two adjacent FO cables, in total, three Cs
 pairs of 

heating/observation data were obtained per measurement i.e. two reading per heated 

cable.  

Cs in each FO combination was calculated using equation (1.19) and the equation 

representative of each FO combination (e.g., equation 3.1 in the case of two FO3.8mm 

cables). Then we average the Cs measurements within each cable (14-15 points) and 

calculate the coefficient of variation (CV). Results for each combination are summarized in 

Table 4.2 showing CV up 12 %. Considering the soil to be homogeneous, this observed 

variability would be expected to have come from: non-uniform drying throughout the 

box—assumed to be similar to variations detected through installed moisture probes 

(Table 3.4); deviations in probe spacing—expected to be minimum due to the effect of the 

spacers and stretching clamps—and; the intrinsically DTS uncertainty to measure ΔTmax in 

equation (1.19).  

In order to quantify DTS uncertainty, we analyze the precision of the DTS measurements 

through repeatable analysis at moisture conditions (θ=0.09 m3 m-3 and θ=0.34 m3 m-3) 

(Table 4.3). The average CV obtained within each cable (n=14-15 points) shows a precision 
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of about 4 to 8% with higher CV at greater levels of saturation. This might be explained by 

the value of ΔTmax (inverse with θ) relative to the DTS noise (constant with θ), which 

expect to have greater relative measurement error at higher moisture contents.  

 

 

  Heated 

source 

FO2mm-B FO2mm-A FO3.8mm-A 

  Temperature 

sensor 

FO1mm-B  FO2mm-A  FO1mm-A FO2mm-B FO1mm-B FO3.8mm-B 

day θ
*
 Cs

**
 

 m3 m-3 -----------------------------------------MJ m-3 ºC-1------------------------------------------------- 

0 0.341 3.19 (7.1) 2.60 (4.3) 2.35 (7.1) 2.68 (8.5) 3.32 (8.5) 2.38 (4.9) 

20 0.216 2.54 (4.1) 2.07 (5.6) 1.72 (9.9) 2.02 (6.7) 2.53 (8.5) 1.93 (8.9) 

24 0.187 2.52 (7.7) 1.98 (4.4) 1.7 (7.4) 1.86 (6.3) 2.34 (6.5) 1.79 (8.3) 

32 0.156 2.33 (5.6) 1.72 (11.7) 1.57 (7.3) 1.69 (8.8) 2.19 (6.1) 1.63 (7.6) 

35 0.141 1.99 (7.2) 1.54 (6.8) 1.40 (6.7) 1.52 (6.6) 2.19 (9.6) 1.42 (5.2) 

42 0.122 1.81 (8) 1.44 (12) 1.18 (9.7) 1.31 (9.1) 1.79 (6.9) 1.35 (8.2) 

53 0.108 1.66 (7.1) 1.36 (5.1) 1.26 (11) 1.29 (7.5) 1.64 (4.9) 1.19 (4.3) 

62 0.099 1.67 (4.3) 1.27 (8.2) 1.22 (8.7) 1.20 (8.5) 1.61 (6) 1.18 (7.3) 

81 0.095 1.52 (5.1) 1.23 (7.1) 1.12 (6) 1.17 (6.3) 1.57 (6.2) 1.12 (7.5) 

* Moisture probe measurements 

**Average Cs (MJ m-3 ºC-1) and CV (%) in 0.125 m increments (14-15 points per cable) 

 

 

 

 

*Means, standard deviations and CV over 3 repetitions  

**Cs is the average between the 14-15 points per cable  

 

 
Dry

* 
Saturated

* 

Heated source Thermal sensor Cs** CV Cs** CV 

  
MJ m

-3
 ºC

-1
 % MJ m

-3
 ºC

-1
 % 

FO2mm-B FO1mm-B 1.51(0.07) 4.3 3.33(0.20) 5.8 

 
FO2mm-A 1.23(0.05) 4.0 2.68(0.17) 6.3 

FO2mm-A FO1mm-A 1.12(0.05) 4.2 2.21(0.16) 7.2 

 
FO2mm-B 1.17(0.06) 5.2 2.64(0.18) 7.0 

FO3.8mm-A FO1mm-B 1.56(0.06) 4.1 3.10(0.14) 4.6 

 
FO3.8mm-B 1.11(0.07) 6.2 2.37(0.19) 8.0 

Table 4.2 Cs (means and Coefficient of variation in brackets) as computed from DTS data at 

each cable for 9 observations over the 81 days of experiment. Average θ obtained from the 

moisture probes are presented for reference values. 

Table 4.3 Analysis of repeatability of DTS measurements at θ=0.09 m3 m-3 and θ=0.34 m3 m-3. 
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Better precision in the DTS measurements could have been obtained by employing a 

higher performance DTS system (or different settings of the DTS, such as single-ended 

measurements, which would have doubled the effective frequency of measurement), 

using higher power levels, or different heat pulses. Further, we have used the raw data 

rather than fitting an analytical model to the data and then computing the apparent ΔTmax. 

In our case we are basing the entire computation on a few data points, whereas a fit 

model of the data would be able to employ the entire data set.  As mentioned above, 

there is great opportunity to optimize this technique and gain better precision, but this will 

be the basis for future work, whereas this study had the objective of proof-of-concept, for 

which the direct analysis employed resulted in the most transparent outcome. 

Additional sources of uncertainty between C measurements at different θ were attributed 

to variations in the electrical main and the variations in the electrical resistivity (2-3% 

uncertainty), or the intrinsically 3% inaccuracy reported in the ECH2O 5TM soil moisture 

probes. These instrument errors could have been possibly avoided by employing a power 

controller device or an alternative independent method for water content assessment.  

4.2.2   Calibration for the apparent probe spacing 

In order to account for the finite dimensions of the probe, a common approach in the 

DPHP method is to calibrate the radial distance in a medium of controlled heat capacity 

(Cref). Here, we employ equation (1.4) to define Cref at our first DTS measurement (θ= 0.34 

m3 m-3) using cs = 0.73 KJ Kg-1 ºC-1 from (Wijk and de Vries, 1963), and ρb = 1.53 Mg m-3 

from the previously reported soil samples. Then, we calibrate the parameter r—apparent 

probe spacing (rapp)—for the aforementioned Cref (2.542 MJ m-3 ºC-1) using equation (1.19) 

(Table 3.3). Although we agree that Cref will not be completely accurate due to instrument 

or model errors, we understand that it is a reasonable value to calibrate the FO-DTS 

system, though better alternatives to obtain a calibration medium of controlled heat 

capacity are possible. 

Results at calibration suggest that the error to implement the DHPP theory with AHFO it is 

more sensitive to configurations where the “needle probes” do not have the same 

geometry. While FO combinations using non symmetrical probes (combinations FO3.8mm / 

FO1mm and FO2mm / FO1mm) required severe calibration (rapp up to 12%), in the combinations 
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using the same type of FO cable (FO3.8mm / FO3.8mm and FO2mm / FO2mm ) rapp was below 2.6% 

(Table 3.3). Also, we found that the model error increased as the differences between the 

heat capacity of the jacketing material from that of the calibrating medium also increased. 

Thus, we found greater bias in the FO1mm combination, while results for the combinations 

FO2mm and FO3.8mm, which employed a jacketing material of similar heat capacity to Cref 

(CPDVC=2.2 MJ m-3 ºC-1 and CN=2.1 MJ m-3 ºC-1), were better. These results also show that 

rapp for the different FO combinations in our FO-DTS system did not change consistently 

with the calibration medium. For example, while FO2mm-B / FO1mm -B and FO3.8mm-A / FO1mm-B 

showed rapp greater than the physical reported spacing (9.8 and 12%, respectively), results 

for the combination FO2mm-A / FO1mm-A showed rapp smaller the physical reported spacing 

(3.8%) in the same calibrating medium. This variability was also observed in the 

combinations FO3.8mm / FO3.8mm and FO2mm / FO2mm (Table 3.3), and suggest that there is 

not a clear relationship between rapp and the different combinations of FO cables 

employed at the same calibrating medium. Instead, Ham and Benson, (2004) and Knight et 

al. (2102) had reported systematic underestimations of rapp when the DHPP apparatus was 

calibrated in a controlled medium at saturation (saturated glass beads or agar-immobilized 

water).  

Cs values for each FO combination after calibration are shown in Figure 4.5 including an 

average trend representative of the system (average Cs values after calibration for the six 

FO combinations employed), with a slope of 5.55 MJ m-3 ºC-1, a standard deviation of 0.35 

MJ m-3 ºC-1, an intercept of 0.73 MJ m-3 ºC-1, and R2=0.97.  
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Although this results show feasibility via responsiveness to the changes in water content 

(there is linear relationship between Cs-θ), there is an increasing bias as θ decreases. 

While Cs estimates at higher water content (from θ=0.34 to θ=0.15 m3 m-3) were within the 

expected slope (4.17 MJ m-3 oC-1 using equation (1.4) and the volumetric heat capacity of 

water at 20 ºC), results at the lower θ range (from θ=0.09 to θ=0.14 m3 m-3) show 

underestimation in Cs up to 22%. Overestimations on the slope of the Cs-θ relationship is 

expected to impose larger error in θ measurements with decreasing soil water content. A 

linear regression analysis using average values from ECH2O 1, 3 and 5 confirmed this 

statement showing underestimations of θ through calculation of equation (1.4) with 

increasing differences as the soil dried out (Figure 4.6). 
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Figure 4.5 Mean Cs values after calibration (14-15 points per cable) as θ varies (observations through 

average readings from probes Echo 1, 3 and 5). Calculated trend (solid line)) from average Cs 

calibrated values. Also, expected trend according to equation (1.4) (solid line) 
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Increased bias with decreasing soil water content has been reported before when the 

apparent probe spacing is calibrated at saturation in the DPHP method (Tarara and Ham, 

1997; Song et al., 1998; Bristow et al., 2001; Basinger et al., 2003; Ochsner et al., 2003; 

Ham and Benson, 2004); also, when the infinite line solution is employed and the effect of 

the probe´s finite dimensions and thermal influence is not considered (e.g., Knight et al., 

2012). However, while these previous studies had shown overestimation in C and θ 

estimates as the heat capacity of the calibration decreased, we observed a clear 

underestimation tendency bellow θ= 0.15 m3 m-3 .Clearly, there is a great influence of the 

jacketing material and the geometry of the probe, especially considering that we were 

using “needle probes” of unprecedented dimension. Nevertheless, we believe that issues 

are subject of further analysis, while this first manuscript is only orientated to prove 

feasibility. 
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Figure 4.6 Linear regression between measured θ (average from ECH2O 1, 3 and 5), and calculated θ 

(DTS measurements using equation (1.4). 
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5. Conclusions 

5.1 Calibration using numerical methods. 

We have presented a calibration procedure for the measurement of soil moisture content 

using heated fiber optic cables and DTS that makes use of numerical methods to simulate 

the soil thermal response of subsurface applied thermal energy. The model presents a 

novel approach for AHFO applications via Tcum estimation to define the Tcum-θ relationship. 

Although λ(θ) was required as a Hydrus 2D/3D input parameter, we minimize the effort in 

previously described calibration procedures where the entire DTS installation needed to 

be taken to the laboratory. Here, we required only a few undisturbed soil samples and 

direct measurements of λ through the use of a thermal sensor and a pressure-plate 

extractor. In this sense, we have expected to minimize the error associated to employ 

calibration procedures using repacked soil containers in which the soil structure was 

generally disturbed and, hence, its soil thermal properties. Also, we avoid intermediate 

calculation of λ via DTS measurements and, thus, the error associated to the instrument 

signal-to-noise ratio or the influence of the jacking material when using the analytical 

expressions proposed in the HPP theory. 

Among all variables in the model, soil thermal conductivity was found to be the key to 

obtain accurate predictions of Tcum, especially at lower θ. Although, Hydrus 2D/3D provide 

default values to define λ(θ) for different soils, the use of independent measurements is 

suggested. Also, as Tcum linearly relates to power supplied, it is strongly suggested the use 

of power controller devices to minimize the error associated due to electrical variations in 

the main, especially to those outdoor applications where voltage variations are frequent.  

Although the model approach is shown to be  feasible to calibrate the thermal response as 

a function of soil water content at a particular location of an outdoor FO DTS installation, 

further work is still needed in order to address the fundamental issue of large scale 

calibration. While soil samples would be always required in order to validate empirical DTS 

relationships with θ, and to cope with spatial variability, the use of numerical methods as 

proposed in this dissertation could reduce endless soil sampling processes to only a few 

direct observations.  
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5.2 Feasibility of AHFO to implement the DHPP theory 

The feasibility of using heated fiber optics with distributed temperature sensing to obtain 

soil volumetric heat capacity has been presented for first time in this study. We employ 

different types of FO cables in a loamy-sandy box to create 6 pairs of heating/observation 

data at different probe spacings. Soil heat capacity was calculated using the infinite line 

solution for a heat pulse of finite duration (Kluitenberg et al., 2004). For the different FO 

combinations employed, we observed a consistent linear relationship with θ, though 

deviations to the expected slope were observed below θ= 0.15 m3 m-3 in all cases. 

Although these results demonstrate feasibility via responsiveness to the changes in θ, the 

accuracy of the method is still far for being acceptable at lower water contents.  

Results at calibration suggest that the error to implement the DHPP theory with AHFO it is 

more sensitive to configurations where the “needle probes” do not have the same 

geometry or employ jacking materials with heat capacities significantly different to the 

heat capacity of the calibration medium.  At the same time we observed that rapp did not 

varied in a consistent way with the calibrating medium. Instead, we observed 

overestimation and underestimation of the parameter rapp for the same calibrating 

medium.  

Limitations of the method were attributable to the DTS signal to noise ratio and the 

accuracy of detecting a peak in the temporal signal (Tmax). This led to a +/- 4 to 8 % 

uncertainty in Cs estimates through repetitions at dry and saturated conditions.  Also, we 

report up to 12% uncertainty due to variability whining the cable, 3% uncertainty due to 

electrical variations in the power intensity, and, also, up 3% uncertainty due to the 

intrinsically use of the ECH2O 5TM. Furthermore, there are other sources of uncertainty 

which would likely have affected the accuracy of the C estimates; including variations in 

the probe spacing or the soil dry bulk density, a non-uniform dry out throughout the box, 

or a poor probe contact due to shrinking. 
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6. Agricultural applications and further lines of study  

As it has been discussed in the introduction section, AHFO presents an unprecedented 

opportunity to obtain distributed measurements of soil water content at scales from 0.1 to 

1,000 m. Nevertheless, this technology is still at the earliest stage of development and 

require of further study in order to be successfully implemented.  In this section, we 

present the major achievements, limitations and potential applications for agricultural or 

environmental purposes. 

In first place we have shown that AHFO can be employed as single heated probes 

conductors to estimate θ. Although, we obtained the same level of accuracy, and were 

able to reduce the amount of experimental work described in previous studies, we could 

not either address the fundamental issue of large scale calibrations.  In this regard, there is 

a great opportunity to identify other approaches to relate the DTS-captured soil thermal 

response with variations in the soil water content or the soil hydraulic and thermal 

properties.  At this early stage of development, potential applications for irrigation control 

are, thus, expected to be only suitable to those cases in which the soil porous media is 

relatively homogenous i.e. agricultural fields under frequent tillage operations, 

greenhouses or turfs. An interesting approach to span AHFO applications in variable soil 

conditions can be obtained if the FO cable is installed together within screen pipes filled 

with a porous medium of controlled soil properties in which the FO cable is held in place 

and surrounded by the aforementioned “artificial” porous media. By creating an artificial 

medium we could develop a FO-DTS set up independent of the surrounding soil type. This 

kind of configuration can be used to monitor water leakage in canals, sewage or dams, 

water level in boreholes and other applications related to subsurface water dynamics. 

In a second place we have tested the feasibility of AHFO to employ the dual heated pulsed 

theory.  Although our study have only been limited to show feasibility as a proof of 

concept, many challenges remain, including  (i) a model to account for the radius and the 

thermal influence of the probes, especially in the case of FO-DTS system which employ 

“needle probes” of unprecedented dimension and protective materials(ii) more 

sophisticate calibration methods to effectively address the aforementioned probe effect 

(iii) new strategies to optimize the duration and intensity of the heat pulses including 

effective targeting criteria for ΔTmax estimations; (iv) the use of analytical-based models 

to include the entire data set and to improve the precision of the DTS reported ΔTmax; (v) 
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further research to address the most suitable reference method for independent moisture 

measurement in the context of AHFO.  

While these laboratory results suggest that the potential for applications in outdoor FO-

DTS installations are encouraging, many challenges remain, prominently including 

deployment of the cable in outdoor installations which assures consistency of probe 

spacing under the diversity of soil conditions which should be expected (e.g., where stones 

and swelling constituents are often present).   
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7. ANNEX 

7.1 ANNEX.I. Splicing procedures 

Although splicing procedures are frequent operations, there is no available information to 

overcome a potential fiber break in outdoor conditions. Here, we show the procedures 

and main steps employed to fix our DTS installation in La Nava de Arévalo, as well as we 

provide some recommendations and guidelines. 

In October 2010 three fiber breaks at the FO deployment were detected. We attribute this 

phenomenon to unexpected tillage operations at the contiguous field (Figure A.I.1 and 

Figure.A.I.9).  In order to fix the optical/electrical continuum, different fusion splices and 

electrical connections were carried out.  

 

 

 

 

 

 

 

 

Figure A.I Schematic diagram showing the location of the detected fiber breaks (red dot). Fiber break 

1 was detected at H0.4m and Fiber break 2 and 3 at H0.2m 
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Procedures for splicing  

The different steps to fix all the fiber breaks are now described. Although the figures here 

presented refer to a FO cable which employs two fibers, in the installation at La Nava de 

Arévalo only one of them was used.  The FO cable is a 3.8 mm Brugg steel (Figure 1.6). 

Also, it must be noted that this recommendations are mainly orientated to fix fiber brakes 

at FO-DTS installations in which the FO cable is already deployed i.e. there is not extra 

cable available and, therefore, operations must be carefully handled.  

1- Place the cables so to ensure no tension or movement during the splice (auxiliary 

holders in Figure A.II).  

2- Make yourself comfortable.  

3- Leave 20-30cm from both edges for stripping and ensure that enough length is left 

for the metallic tube that encases the fibers (Figure A.I.1 and Figure A.I.9). All the 

tapes will need to be well attached to the tube   

 

 

 

4- Ensure exact length when cleaving since both pair of fiber edges must be aligned to 

avoid bending (Figure A.I.2 and Figure A.I.10); afterwards both of them will need to 

be encased with shrinking tubes, tape and vulcanizable tape  

 

 

 

Figure A.I.1 Schematic diagram including the first three steps. Also, detail of the auxiliary holders 

and the 20-30 cm FO segment at each cable reserved for stripping 

 

Figure A.I.2 Schematic diagram of the expected fusion splices according to step 4 
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5- Tape all the stainless steel wires together to work more comfortable and to avoid 

tangling with the optic fibers. Leave the wires shorter than the metallic tube 

(handling will be easier later) (Figure A.I.3 and Figure A.I.10) 

6- Use shrinking tubes of different diameters to provide extra protection against 

bending (Figure A.I.3 and Figure A.I.10): 

a. between the metallic tube and the fibers (Black shrinking tube).  

b. Between the metallic tube and the splicing protection tube (Yellow shrinking 

tube) 

 

 

 

 

7- Reinforce the splice by placing stainless steel wires between the metallic tube and 

the splicing protection tube (Figure A.I.4) 

 

 

 

 

 

8- Use another shrinking tube to pack everything tight together (Figure A.I.5) 

 

 

 

 

 

 

 

Figure A.I.5 Schematic diagram of the expected fusion splices including the reinforcements and 

the final shrinking tubes 

 

Figure A.I.4 Schematic diagram showing the reinforcements discussed in step 7 

 

Figure A.I.3 Schematic diagram showing the stainless steel strands warapped with tape and 

shorter than the stainless steel encasing tube. Also detail of the shrinking tubes according to the 

description provided in step 6 
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9- Use tape at the edges to avoid fiber brake from tensile stress (the most common 

issue) (Figure A.I.6). Also ensure that the fiber remain straight (no compression 

during the process of encasing), however, be careful not to brake the fiber.  

 

 

 

 

 

10- Use a first layer of tape to cover all the casing. Then it is recommended to use 

vulcanizable tape to provide secure sealing (Figure A.I.7 and Figure A.I.11). 

 

 

 

11- Proceed to make the electrical connection. Use tape and vulcanizable tape to wrap 

everything together. Be extremely careful when handling, tension stresses may 

break the fiber anytime (Figure A.I.8, Figure A.I.11, and Figure A.I.12).  

 

 

 

 

 

 

Figure A.I.6 Detail of the taping at the edges (red tape) 

 

Figure A.I.7 Detail of the vulcanizable tape wrapping all the exposed elements (reinforcements, 

shrinking tubes, etc) 

 

Figure A.I.8 Schematic diagram of the electrical connections (top), and final result (bottom) 
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Figure A.I.9 Detail of the fiber break (top), location (bottom), and initial preparations  
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Figure A.I.10 Fiber traces after being stripped and cleaved (top left). Also, detail of the different 

shrinking tubes which were inserted before completing the fusion splice (top right). Bottom picture 

shows the obtained fusion splice 
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 Figure A.I.11 Procedures to maintain the electrical continuum.   
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Figure A.I.12 Final result. The FO cable has certain freedom of movement  
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7.2 APPENDIX. II. Complementary photographic material at La 

Nava de Arévalo 

Due to the experimental character of this PhD thesis, in this section we provide further 

photographic description of the different materials and method employed in this FO-DTS 

installation at La Nava de Arévalo. Also, we provide a brief description of the main 

difficulties we found during the installation and posterior period of field work.   

Location 

The field site is located close to the central pivot and generally surrounded by sunflower 

crop 

 

 

 

 

 

 

Figure A.II.1 General view of the field site with the central pivot at the background of the picture 
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Trench  

A 20 m trench delivers the electrical and FO cables to the actual site of measurement. It is 

important to protect the cables using a corrugated plastic housing tube. Also, in case of 

fiber brake, cables will be easily pulled off from both extremes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.II.2 Detail of the trench (left) and the central pivot (right) 
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Permanent boxes 

Using the structure of the central pivot, three protective boxes were installed: Box. A to 

protect the FO coils and the DTS connectors; Box. B to house the transformer; and Box. C 

for the electrical supply. These boxes must be checked and cleaned periodically. Flies, 

wasps and other insect usually nest at the nooks and crannies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.II. 3Box. A showing the DTS connectors and the first splicing box (top left corner), and the 

extra FO coils for H0.2m and H0.4m (bottom right corner) 

 

Figure A.II.4 Detail of Box. B (right), and Box. C (left) 
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DTS 

The DTS employed was a Silixa SR (Silixa, UK) which is extremely sensitive to ambient 

temperature conditions. Thus, if temperature increased above 35-40 oC, the operating 

system crashed. In order to protect the DTS instrument from the ambient temperature (in 

La Nava de Arévalo the summer Temperatures can easily exceed 40 oC), we used an 

insulated van in which the air-conditioning was frequently turned on. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.II. 5. Detail of the insulated van. 
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Splicing Boxes 

Splicing boxes are critical elements which house the fusion splices and hold the FO cables 

in order to avoid tensile stress. In order to ensure tightness  at the FO cables and, it is 

recommended to use adjustable set screws and tape at both sides of the wall of the box 

(upper picture in Figure A.II.6). Also, we suggest weaving the first 1 m of cables with zip 

ties in order to avoid tensile stress (cables can be twisted or pulled any time during 

manipulation of the box) (bottom picture in Figure A.II.6) 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

  

Figure A.II. 6. Detail of the set screw and fusion splice (top), and the weaved FO sections 

before entering to the splicing box (bottom)  
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Electrical connections 

Electrical connections must be perfectly insulated in order to avoid any possible electrical 

shunt into the soil. In order to do that we employed plastic containers filled with epoxy 

resin (Scotchcast (MR), 3MTM solutions, USA) which provide physical stability against 

humidity or mechanical disturbances.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure A.II. 7. Electrical connections and plastic container (top), and epoxy resin to provide 

perfect sealing (bottom) 
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Soil samples 

The soil samples were collected from the sampling areas using a sample vessel of 5.02·10-5 

m3 m-3 sample volume 

 

 

 

 

 

 

 

 

 

 

Figure A.II. 8. Detail of the soil samples collected in the vicinity of the FO cables at the selected 

locations 
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Fiber Deployment (installation) 

Installation of the cable required off a custom plow which included a guiding tube 

embedded at the side of each blade, and which allow the cable to slide as the tractor 

moves forward. Two FO coils released the cable simultaneously with the tractor 

movement installing the cable at two depths. 

 

 

 

 

 

 

 

 

 

Figure A.II. 7. Detail of the custom plow and the guiding tubes embedded in the blades. Also, detail of 

the two FO coils used to bury the cables at 0.2 and 0.4 m depth. 
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Figure A.II. 7. Pictures showing the plow insertion as the tractor moved forward. Also, detail of Dr. John 

Selker standing on the plow (we put extra weight (white plates and people mounted on the plow) to 

enhance insertion of the plow 

 


