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Abstract

This PhD thesis describes the research steps taken during the development of a

new type of groundwater flow sensor. Groundwater flow sensing is challeng-

ing because flow velocity is usually very small (in order of meters per day) and

groundwater flows through heterogeneous subsurface environments. The sensors

that were adapted for this application are called fiber Bragg grating (FBG) sen-

sors. FBG sensors are created inside of glass optical fibers and they can detect

local changes in the fiber shape due temperature and strain. Both temperature

and strain effects were measured in order to find the connection to groundwater

flow.

Experiments were performed in a sand tank laboratory setup and in a drinking

water well field. Controlled laboratory conditions allowed to calculate the accu-

racy, resolution and study the effect of packaging on the sensors’ performance.

Groundwater flow was visualized by injecting warmer water and tracing the

movement of the hot plume with a network of FBG sensors. In the field ex-

periments, differences in the cooling rate that were caused by groundwater flow

showed subsurface layers with varying flow velocity.

The dominant process measured as FBG strain was soil consolidation. Consoli-

dation is a compaction of soil caused by groundwater extraction from a well. With

FBG sensors used in this thesis, it was possible to detect consolidation caused by

extracting wells within a 250 meter distance.

Consolidation data were converted to pressure differences near a well which

are a driving force for the groundwater flow. Long-term monitoring of drinking

water wells using FBG sensors can show oxidation of minerals, presence of imper-

meable soil layers and first signs of clogging.







Introduction

1.1 Groundwater - essential terminology

Groundwater is any water present beneath Earth’s surface. Even though the

amount of groundwater is small compared to ocean water, 1.7 % vs. 96.5 %

of total water volume on Earth, groundwater still represents the majority of liquid

freshwater on the planet. Snow and glaciers hold 68.7 % of freshwater reserves

on Earth, groundwater holds 30.1 % [1].

A body of groundwater that fully saturates the pores in rock or sediment lay-

ers is called an aquifer, while soil formations restricting the groundwater flow

are known as aquitards. Aquifers can be either confined or unconfined. An

unconfined aquifer is in direct contact with the atmosphere, there is no upper

boundary. Confined aquifers are surrounded by aquitards and often contain water

under pressure higher than the atmospheric pressure. Aquifers therefore serve as

groundwater reservoirs. They can be recharged by exchange with surface water,

inflow from adjacent aquifers or artificial injection due to human activities.

The amount of water that an aquifer can hold depends on the porosity of soil

– the volume of voids between particles. The possibility of the porous medium to

transmit water is described by the permeability of soil – how well are the voids

interconnected and what is their shape. The permeability of soil, degree of satura-

tion, density and viscosity of the fluid all contribute to the hydraulic conductivity

of an aquifer, which is a measure of how easily can water flow. Permeability is a

property of the porous medium, while hydraulic conductivity is the property of the
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porous medium and water together. The distribution and movement of ground-

water is studied by hydrogeology.

1.2 Groundwater use and related problems

The water stored in aquifers plays an essential role in the global water cycle since

it feeds lakes, rivers and underground karstic systems. Humanity relies on ground-

water as an important source of drinking water. Soil particles acting as a filter of

toxic compounds and pathogens ensure the water quality for drinking, crop irri-

gation, and food industry. Water has a large heat capacity which makes ground-

water temperature very stable (around 10 °C). This property can be exploited in

ecological systems of heating and cooling buildings called Aquifer Thermal Energy

Storage (ATES) systems [2].

Water in the underground reservoirs is usually reached by drilling boreholes

(shafts in the ground) and constructing extraction wells. Groundwater is a cheap

and clean alternative to surface water for the public water supply network. Even

though it is less accessible, it is also less exposed to possible sources of pollution.

In the Netherlands, groundwater is extracted from depths of 2–300 m beneath

the surface at a rate of 958×106 m3 per year. Drinking water from groundwater

resources represents 79 % of the total consumption [3].

The most serious issues concerning groundwater nowadays are pollution and

overuse. Once pollutants infiltrate into groundwater, it is very difficult to clean

the aquifer. Heavy metal pollutants like cadmium, lead, and mercury cause severe

kidney damage, cancer and neurological symptoms [4]. Most of the heavy metal

pollution is a result of industrial activities. Leaking sewage, landfills or wastewater

are therefore a serious threat to the health of the population. Apart from the

anthropogenic pollution, pollution of groundwater can also be a result of natural

processes in the aquifer. For example, in India and Bangladesh organic matter in

the aquifer sediments reacts with iron oxides and releases iron and arsenic to the

drinking water [5].

Estimation of groundwater volume and its availability can prevent future over-

drafting. Excessive pumping of groundwater, ignoring the rate of aquifer replen-

ishment, has an impact on the environment [6]. The first sign of overdrafting is

the decreased water level in a well. When (over)pumping continues, the ground-

water level can drop so much that groundwater is not accessible from the current

well anymore. Drilling deeper wells increases the costs. In coastal areas, over-

drafting draws in salty water that contaminates the groundwater supply. Large
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removal of groundwater also causes land subsidence. One of the most subsidence

affected areas in the world is Mexico City and it sinks up to 30 cm/year [7]. In

the Netherlands, a country with one third of the total area below the sea level,

extensive groundwater extraction can also disturb the stability of dikes.

Extraction of groundwater creates a radial flow towards the well and mobi-

lizes small soil particles. Continuous accumulation of particles in the pores in-

creases the resistance to the extraction and is the reason for mechanical well clog-

ging. Chemical clogging is caused by the precipitation of minerals dissolved in the

groundwater when oxygen is introduced during the extraction. Typically a well

is covered over time by layers of iron or manganese oxides or calcium carbonate.

In some cases, well clogging can be avoided by iron removal from the ground-

water. In this method, oxygen-enriched groundwater is injected back into the

aquifer causing precipitation of iron oxides in soil. Clogging is a serious problem

decreasing the profitability of wells, consuming additional energy and finances.

In the Netherlands, the estimated cost for the regeneration of a clogged well is

5000 N/year [8].

Having a better understanding of groundwater geology and consequences of

related human activities would allow for early detection and mitigation of afore-

mentioned groundwater-related problems. This can be done by long-term moni-

toring of groundwater flow.

1.3 Challenges of groundwater flow sensor develop-

ment

There are several scientific and technical challenges connected to the development

of a groundwater flow sensor:

• Groundwater flow is very slow

Natural groundwater flow created by pressure differences in the aquifer is

roughly a few cmd−1. Forced groundwater flow, introduced by groundwater

extraction, is a few md−1. This means that local changes do not proliferate

quickly. For real-time sensing, any changes caused by groundwater flow

should be detected with high accuracy, or flow measurement needs to be

made over a long time.

• The sensor operates in a heterogeneous environment

Aquifers are made of soil material with varying hydraulic conductivity, of-
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ten in layers. The values of hydraulic conductivity are in range of 1×10−8–

1×104 md−1 (clays to gravel [9]), which is a span of 12 orders of magnitude.

This span is much larger than for other common parameters used in hydro-

geology like density, viscosity, or compressibility. Therefore, groundwater

flow velocities in a small area can also vary by a few orders of magnitude.

Soil variation with depth and distance is an educated guess based on soil

logs and average values; it is difficult to capture small local variations.

• Accessibility of groundwater

Groundwater levels in unconfined aquifers can be several meters below the

surface. A sensor for groundwater flow needs to carry information from

below the surface to a sensing unit without significant distortion or attenua-

tion.

• Placement of the sensor disturbs groundwater flow

Drilling boreholes to access groundwater locally disrupts the flow. In an

ideal situation, drilling is completely avoided. The disturbance to the flow

can be minimized by reducing the borehole diameter or number of boreholes

needed for the sensor(s). This is feasible for a small sensor with multiple

measurement points per one borehole.

• Long-term survivability of the sensor

Once the sensor is placed in the ground, it can be damaged by the weight of

the soil above it, sharp particles, and water intrusion. Therefore, the sensor

requires a protective packaging. It may be difficult to do maintenance if the

sensor is firmly packed by soil or attached in a borehole, thus the packaging

needs to protect the sensor during long-term operation.

• Maintaining groundwater quality

The quality of groundwater is very important for public health, therefore,

a groundwater flow sensor cannot introduce pollution either during mea-

surement or by long-term degradation of the sensor packaging in water and

soil.

1.4 Groundwater flow measurement techniques

Due to the challenges mentioned in the previous section, there is currently no

standard flow sensor or technique adapted. Flow measurement techniques can be

divided into three categories based on the scale on which they are applied:
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1. Local flow in boreholes

2. Flow in a small area

3. Flow on a larger scale

1.4.1 Local flow in boreholes

Many types of flow sensors have been developed to measure vertical and horizon-

tal groundwater flow in boreholes. Flow logging devices are categorized based

on operating principle and their typical operational velocity range is given in Ta-

ble 1.1.

The acoustic, mechanical and electromagnetic sensors are designed to measure

higher groundwater velocities of more than 102 md−1. For example, an acoustic

Doppler velocimeter contains a sound source and multiple frequency detectors.

The frequency of the reflected acoustic wave changes due to the Doppler effect

when the water moves. The sensor can measure 3D flow velocity and direction.

Most mechanical flow sensors consist of an impeller that exploits the energy of

the flow causing a mechanical movement of the blades. These sensors can measure

flow magnitude and direction along one axis.

An electromagnetic flow sensor operates according to Faraday’s law of induc-

tion. Water with charged particles (ions) flowing through a magnetic field of the

sensor induces a measurable voltage. The magnitude of the voltage is directly

proportional to the flow velocity. The flow direction can also be detected because

the sensor has multiple spatially distributed electrodes.

Thermal and optical flow sensors measure velocities in the same range, 10−2–

102 md−1. These sensors cannot be used for turbulent flows. An example of a

thermal sensor is a pulse flow sensor developed by Hess [10]. The device consists

of a heater and two thermometers at an equal distance from the heater. The space

in between is filled with glass beads. Flow magnitude is derived from the travel

time of heat pulses. In later improved designs, more thermometers were added to

calculate the flow direction.

A number of optical flow sensors work in combination with tracer particles.

A colloidal borescope detects the movement of the particles with a camera. A

groundwater laser velocimeter uses two laser beams creating an interference pat-

tern. If micrometer-sized particles enter the area of constructive interference, they

will reflect the beam. The flow magnitude can be calculated from the frequency
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with which the light reflection changes due to travel through the interference pat-

tern [11]. Optical flow sensors can measure both flow magnitude and direction.

Only tracer-release flow sensors can measure a very slow groundwater flow

of less than 10−2 md−1. Tracer-release flow sensors work by introducing concen-

trated tracers in the flow [12]. These sensors measure the change of concentra-

tion of chemicals due to flow. Traditional chemical tracers are Ca2+ and Cl− ions

or distilled water because their concentration can be easily checked via electri-

cal conductivity measurements. It is not possible to measure flow direction with

tracer-release sensors.

Table 1.1: Operational velocity range for various types of borehole flow sensors [13, 14].

Sensor type Velocity range (md−1)

Acoustic 101–105

Mechanical >103

Electromagnetic >102

Optical 10−2–103

Thermal 10−2–102

Tracer-release 10−4–101

1.4.2 Flow in a small area

The groundwater flow velocity can be measured using tracers that are transported

by water in the aquifer. On a site where the groundwater flow direction is known,

a tracer can be injected into an aquifer through an injection well, and its concen-

tration can be observed in monitoring wells which are located downstream. The

groundwater flow path and properties of the aquifer are calculated from the tracer

breakthrough curves [15]. Since groundwater flow is slow, wells are drilled close

to each other to shorten the time to complete the test. Therefore this technique is

powerful for investigating groundwater flow in small areas.

Apart from the injected tracers, one can make use of environmental tracers

that already exist in the subsurface. Common artificial tracers are fluorescent

dyes, salts, radioactive ions, or microparticles [16]. Environmental tracers are, for

example, heat and radioactive isotopes of carbon or radon [17]. Since ground-

water feeds the drinking water network, the choice of tracers is limited by strict

water quality constraints. Acceptable tracers for drinking water areas include salts

(NaCl, LiCl), gases (O2, N2 or CO2) or stable isotopes (deuterium 2H, oxygen
18O) [18].
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1.4.3 Flow on a larger scale

A common way to get a groundwater flow distribution in small and larger areas is

by creating a model [19]. Groundwater flow models are a simplified mathematical

representation of reality designed to solve the groundwater flow equation. For

a steady-state flow, models solve the Laplace equation. For homogeneous and

isotropic soil material, the Laplace equation has the form [20]:

∂2h

∂x2 + ∂2h

∂y2 + ∂2h

∂z2 = 0 (1.1)

where h is the hydraulic head - a liquid elevation in the borehole due to hydro-

static pressure and potential energy of the fluid compared to sea level or geodetic

datum. A unique solution can be found only if a set of boundary conditions is

applied, which connect the model to reality. Models require multiple inputs: ge-

ometry of the studied area, fluxes, hydraulic head measurements from the terrain,

and aquifer properties like hydraulic conductivity, soil type distribution, porosity,

permeability.

The Laplace equation is derived from mass balance equation combined with

Darcy’s law governing slow laminar flow in porous media [21]:

q = K
∂h

∂l
(1.2)

where q is the specific discharge (volumetric flow per unit area), K is the hydraulic

conductivity and ∂h/∂l is a hydraulic head gradient over a distance l . Flow is

driven by hydraulic head gradient.

Darcy’s flow velocity v (further referred to as groundwater flow velocity in this

thesis) is related to specific discharge using the porosity of soil ϕ:

v = q

ϕ
(1.3)

The groundwater flow equation has several analytical solutions for simple

cases assuming homogeneous soil properties, which is rarely the case in reality.

Nowadays the equation is solved numerically using finite element or finite differ-

ence method at grid points [22, 23].

The models need to be calibrated to match the field data and validated on a

different dataset to see how accurately they represent the reality. Even as an ap-

proximation, groundwater models are sufficient for a number of applications such

as the prediction of how water extraction can impact the environment, migration
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of pollutants, or the stability of terrain.

Large scale movement of groundwater bodies is mapped from space by NASA’s

GRACE satellites [24]. Two satellites are orbiting Earth, separated by 200 km.

Changes in the gravity field result in small distance fluctuations between satellites

which are constantly tracked using a microwave signal. Gravity fluctuations show

the redistribution of groundwater on the planet.

1.4.4 Limitations of existing techniques

The accuracy of borehole flow sensors depends on the field conditions. In general,

multiple corrections need to be applied to get reliable results [25]. The correc-

tions include calibrating the sensor at zero flow, calibrating against a known flow

velocity, or calibrating for the diameter of the borehole [26]. Calculation of the

correction factors is straightforward for a model environment with homogeneous

soil properties, but this is not the case in the field. The borehole itself disturbs

the groundwater flow. According to the results of Bayless et al. [27], the diameter

of the borehole affects the flow direction measurement at lower flow velocities

(<1 md−1). There is no flow sensor that is universally applicable [28].

Due to low groundwater flow velocities, performing tracing tests even in small

areas is time-consuming; it can take several days until the tracer reaches the mon-

itoring point(s). If the flow direction is not known beforehand, the experiment

requires drilling several monitoring wells. Even with a large number of moni-

toring wells, there is still a chance that the tracer arrival is not captured. While

transport of chemical tracers is mainly driven by advection of liquid, heat is trans-

ported by liquid and solids (soil particles). Heat transport is generally slower than

transport of chemical tracers. Heat losses in the soil matrix can be compensated

by injecting water with a large temperature difference compared to the ground-

water in the aquifer. However, large temperature differences change the viscosity

and density of the water which modifies the flow [29]. For groundwater of 10 °C,

buoyancy effects become significant at a temperature difference of 8 °C [30].

Groundwater flow models are simplified versions of reality limited by the as-

sumptions made during model conceptualization. Uncertainty mostly comes from

the local variation in soil properties. Groundwater flow models and remote satel-

lite data are limited by the amount of input data from the field. Drilling boreholes

is expensive, so the number of boreholes required is carefully calculated. In the

Netherlands, borehole data from the entire country is available online [31]. An-

other limitation of modeling is non-uniqueness – there can be multiple models
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that match the experimental results. The choice of the correct model and evalu-

ation if the results are realistic often relies on a modeler’s intuition and experience.

In this thesis, we explore a new type of sensor based on fiber Bragg grating

(FBG) sensors with the aim to measure local groundwater flow and flow in a small

area. There are several aspects in which a new sensor could be an improvement

compared to the existing flow sensors and techniques:

• spatial resolution

• direct flow measurements in soil, not in boreholes

• applicability to multiple environments and simpler calibration in the field

The FBG sensors can be multiplexed in an optical fiber - a single fiber provides a

high number of sensing points along its length (high spatial resolution). Fibers,

thin strings of glass, can be buried in the soil causing little disruptions to the

groundwater flow. Removing the influence of boreholes simplifies the calibration

process.

1.5 Fiber-optic sensors

Optical fibers are most widely known for providing high speed internet communi-

cation, but their first applications were in illumination of hardly accessible places

for medical purposes. An optical fiber is a flexible pipe for guiding light which

operates on the principle of total internal reflection. If light passes from a material

with a higher refractive index n1 to a material with lower refractive index n2, it

gets refracted at a higher angle θ2 than the incident angle θ1 based on Snell’s law

of refraction [32]:

n1sinθ1 = n2sinθ2 (1.4)

When θ2 passes 90°, all incoming light is reflected back into the material with the

higher refractive index. This total internal reflection occurs for light with incident

angles θ1 where

θ1 > arcsin
n2

n1
. (1.5)

An optical fiber is composed of a fiber core typically made out of a glass with a

higher refractive index n1 and cladding made out of glass with a lower refractive

index n2. The light is guided for kilometers in the core. Current communication

standards for fiber dimensions are 9 µm as a core diameter and 125 µm as a
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cladding diameter. Such a thin glass rod is fragile, and for this reason, it is coated

with a polymer layer up to 250 µm to make it flexible, and provide a mechanical

protection against scratches.

Light propagation in the fiber is sensitive to any inhomogeneities of the refrac-

tive index caused by impurities causing light scattering. The propagation losses

are influenced by temperature or strain in the fiber, so by measuring properties of

the scattered light, optical fibers themselves can be used as sensors (Table 1.2).

Intrinsic fiber-optic sensors can be based on:

1. Fiber Bragg gratings

2. Rayleigh scattering

3. Raman scattering

4. Brillouin scattering

Since scattering (2-4) occurs along the entire length of the fiber, the sensors

based on light scattering are called distributed sensors. Fiber Bragg gratings (FBG)

are multiplexed optical sensors - the sensors are multiple measurement points in

the core of the fiber. The performance of distributed and multiplexed fiber-optic

techniques has been extensively reviewed in [33–35].

Table 1.2: Parameters measured by intrinsic fiber-optic sensors.

Multiplexed Distributed
FBG Rayleigh Brillouin Raman

Temperature Yes Yes Yes Yes
Strain Yes Yes Yes No

1.5.1 Sensors based on light scattering

Scattering is a deviation of the light propagation from the straight trajectory. If

the scattered light keeps the same energy and frequency, the scattering is elastic.

If the light changes frequency, the scattering is inelastic.

Rayleigh scattering is elastic scattering from particles smaller than the wave-

length of light. The scattered intensity is proportional to the initial intensity and

λ−4. In optical fibers, Rayleigh scattering occurs due to local variations in the re-

fractive index caused by dopants or irregularities in the molecular structure. These

irregularities can be also caused by the bending of the fiber or pressure. Therefore,
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Rayleigh-based fiber-optic sensors can be used to detect strain, temperature, and

vibrations. Rayleigh scattering is a fundamental principle of Distributed Acoustic

Sensing (DAS) [36].

Brillouin scattering is inelastic scattering caused by the interaction of the in-

cident light with acoustic phonons. Acoustic phonons are material density fluc-

tuations which propagate through the fiber at the speed of sound. If light loses

energy to a phonon, scattered light creates a Stokes peak, and if it absorbs en-

ergy, it creates an anti-Stokes peak with higher frequency. Brillouin systems can

measure temperature and strain in the fiber [37].

Raman scattering is also inelastic, the light is scattered by molecular vibra-

tions. This effect is particularly useful in spectroscopy, but it can be also exploited

for temperature sensing. The population of molecular vibrational levels increases

with temperature, and this is transferred to the scattered light. Therefore, the am-

plitude of the anti-Stokes peak in the spectrum is sensitive to temperature, while

the Stokes peak is not. The ratio between the anti-Stokes and Stokes intensity is

measured by Distributed Temperature Sensing (DTS) systems [38].

1.5.2 Fiber Bragg grating sensors

A fiber Bragg grating (FBG) sensor is a periodic variation of refractive index inside

the fiber core with refractive index n0, typically in the order of ∆n=10−5–10−3,

with a period Λ. The refractive index variation with distance z is described by

n(z) = n0 +∆ncos
(

2πz

Λ

)
(1.6)

The reflectivity of such a grating is a function of wavelength and the grating length

l [39]:

R(l ,λ) = Ω2sinh2(sl )

∆k2sinh2(sl )+ s2cosh2(sl )
(1.7)

where Ω is the coupling coefficient for the propagating fiber mode, k = 2πn0/λ is

the wave vector, ∆k = k −π/λ is the detuning of the wave vector and s2 =Ω2−∆k2.

The reflected wavelength is more narrow if the grating is longer. Typical grating

length is <10 mm.

If the incident wavelength matches the grating period, all reflections will con-

structively interfere, fulfilling the Bragg condition:

λ0 = 2ne f f Λ (1.8)



12 Introduction

where λ0 is the Bragg wavelength and ne f f is the effective refractive index for the

light mode propagating in the fiber. With detuning ∆k = 0, the reflectivity at the

Bragg wavelength comes from (1.7):

R(l ,λ) = tanh2(Ωl ) (1.9)

Other than standard FBG with a uniform grating period, other types can be

created by modifying the shape of the grating or grating period: tilted, chirped,

apodized. The grating can be written along the entire length of the fiber creating

so-called continuous fiber Bragg grating (CFBG).

FBG sensors are created in photo-sensitive germanium-doped fibers using an

intense UV light. The UV photons damage the glass by breaking atomic bonds and

create regions with a higher refractive index. The photo-sensitivity of the fiber can

be increased by treatment with hydrogen. The periodicity is created by three basic

techniques: holographic, phase mask, or point-by-point writing [40].

The older technique for FBG inscription is holographic. UV light is split into

two beams interfering with each other in the fiber core, creating periodic intensity

modulation and equivalent refractive index modulation. The main advantage of

the holographic technique is the option to control the grating period by changing

the angle between interfering beams. The second inscription technique directs

the laser beam through a phase mask diffracting the light into multiple overlap-

ping orders interfering in the mask vicinity. The phase mask technique is superior

to the holographic because it also allows writing of non-uniform FBG structures

with a varying grating period. The point-by-point technique uses a pulsed laser

focused on a small point in the core and a translation stage to create a grating.

The advantage of this technique is that gratings can be written through the fiber

coating.

FBG sensing

The reflected Bragg wavelength depends on the grating period and effective refrac-

tive index as seen in (1.8). When these variables change, a shift in the wavelength

∆λ can be detected and the FBG can be used as a sensor, see Figure 1.1. Both the

refractive index of the fiber and the grating period are sensitive to the temperature

and changes in the grating length. This can be described by differentiating (1.8)
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Input

FBG Transmitted

Reflected

(a)

Input

FBG Transmitted

Reflected

(b)

Figure 1.1: FBG sensing. (a) When a broadband light is sent into the fiber, the FBG sensor
reflects a small part of the spectrum. The reflected Bragg wavelength depends
on the grating period, see (1.8). (b) If the grating period changes, the reflected
wavelength shifts.

with respect to the grating length l and temperature T [41]:

∆λ= ∂λ

∂l
+ ∂λ

∂T
=∆λε+∆λT = (1.10)

= 2

[
Λ
∂ne f f

∂l
+ne f f

∂Λ

∂l

]
∆l +2

[
Λ
∂ne f f

∂T
+ne f f

∂Λ

∂T

]
∆T (1.11)

where ∆l is a change in the grating length, ∆T is a temperature change, partial

derivatives represent changes of the grating period Λ and the effective refractive

index ne f f with respect to l and T .

The first term ∆λε represents the strain contribution from strain ∆ε = ∆l/l .

The grating period is affected directly by compression/expansion of the fiber. The

refractive index is modulated due to strain-optic effect.

∆λε =λ0

[
1− n2

0

2
[p12 −ν(p11 +p12)

]
∆ε= (1−pe )∆ε (1.12)
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where p11 and p12 are components of the strain-optic tensor, ν is the Poisson’s

ratio, pe is the strain-optic coefficient and n0 is the refractive index of the fiber

core. A typical wavelength shift for an FBG in a bare fiber at 1550 nm after applying

1 µε is 1.2 pm.

The second term is the temperature contribution:

∆λT =λ0 (αΛ+αn)∆T (1.13)

where αΛ is the thermal expansion coefficient (describes changes in the grating

length due to the temperature), and αn is the thermo-optic coefficient (describes

changes in the effective refractive index due to the temperature). A typical wave-

length shift for an FBG in a bare fiber at 1550 nm and temperature change of 1 °C

is 10 pm.

FBG sensing has become more widely accessible since the development of FBG

interrogators – integrated optical devices that combine a light source and a detec-

tor in one unit. The interrogators can measure quasi real-time by scanning with

frequencies up to 1–5 kHz. The most common interrogator units contain either a

broadband light source or a scanning laser source. Reflection peaks for the FBG

sensors are usually determined from an intensity measurement by an optical spec-

trum analyzer with high resolution (around 1 pm). The peak wavelength is calcu-

lated by a center-of-gravity algorithm or interpolated from the spectrum [42].

More physical quantities can be measured with FBG sensors when their influ-

ence is translated into strain or temperature variations by mechanical construction

or additional packaging. Due to their small weight and flexibility, FBG sensors can

be easily embedded into materials. Temperature and strain are usually discrimi-

nated by measuring with multiple FBG sensors (one sensor isolated from strain or

temperature), by superimposing multiple gratings on one spot in the core, or by

writing the gratings in fibers with different material properties [43, 44].

FBG sensors are already state of the art technology in aerospace [45–47] (load

monitoring, shape sensing), civil engineering [48–50] (structural health moni-

toring), oil & gas industry [51, 52] (temperature and pressure monitoring) and

medicine (force sensing [53, 54], blood pressure [55] or air flow monitoring [56]).

Since FBG sensors are already successfully working in harsh subsurface envi-

ronments, we have a reason to assume that they can be applied for groundwater

flow monitoring as well. In this thesis, we used standard fiber Bragg gratings with

a uniform period written using the point-by-point technique. All sensors have

Bragg wavelengths close to the telecom C-band (1530–1565 nm), so they can be
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more easily integrated with other optomechanical devices used in the telecom in-

dustry like switches.

1.6 Scope of the thesis

This thesis describes the research steps taken during the development of a new

type of a groundwater flow sensor. We investigated possibilities for groundwa-

ter flow sensing using three fiber-optic sensing technologies: fiber Bragg gratings

(FBG), continuous fiber Bragg gratings (CFBG), and distributed temperature sens-

ing (DTS). We focused more on fiber Bragg gratings as it seems to be the most

suitable technology and we tried to adapt them to this new application. There are

three basic research questions:

1. Which physical quantities can be measured by FBG sensors in the subsur-

face?

2. How can these quantities be linked to groundwater flow?

3. What would be a suitable FBG packaging for groundwater flow sensing?

The first research step towards flow sensing was to explore temperature sens-

ing. Heat is a standard tracer for groundwater flow, and both distributed and

multiplexed fiber-optic sensors can measure temperature. In Chapter 2, the per-

formance of FBG, CFBG, and DTS was compared during a heat tracing experiment

in a model groundwater environment in laboratory conditions. FBG and CFBG

sensors are simultaneously sensitive to temperature and strain, so another goal for

the experiment was to observe if and how strain effects occur. The setup allowed

us to study the impact of different packaging on the temperature measurement.

The research on temperature sensing with FBG sensors continues in Chapter 3.

We designed an FBG-based temperature-flow sensor and evaluated its feasibility

by a simulation. Key technical specifications of FBG interrogators for this sensor

are identified and discussed. In another experiment, FBG fibers were again placed

in the groundwater simulator to visualize the heat propagation in sand. This time,

FBG response was measured during sudden flow changes and several hours after

the flow stopped. The chapter contains a closer examination of strain effects that

were previously not observed.

FBG strain sensing was investigated as a mechanism for flow sensing in Chap-

ter 4. The next research step was testing FBG sensors in the field conditions.

FBG fibers were placed near a drinking water well in the depth of the well screen.



16 Introduction

There are multiple processes in the subsurface that can cause an FBG response,

and their contribution was estimated using pressure and temperature data as a

reference. The influence of FBG packaging on FBG strain response was quantified

from the field data.

In Chapter 5 a combined FBG temperature and strain response was used for

groundwater monitoring of an extraction well. To avoid clogging, oxygenated

water is periodically re-injected into the aquifer to induce precipitation of iron

oxide in the soil rather than on the well screen. FBG data collected after injection

of oxygenated water into the well helped to identify more permeable soil layers

near the examined well.
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Comparison of distributed and

multiplexed fiber-optic sensors

2.1 Introduction

Monitoring groundwater temperature is important to investigate subsurface pro-

cesses and assess the impact of groundwater usage on the environment [1]. Tem-

perature changes influence groundwater flow [2] and water quality [3, 4] because

groundwater density, viscosity and solubility of ions are all temperature-dependent

properties. Since heat is transported by groundwater flow, groundwater temper-

ature is used to determine aquifer recharge and discharge [5], surface water [6]

and fracture inflows [7]. Groundwater temperature distribution is needed to im-

prove the efficiency of Aquifer Thermal Energy Storage (ATES) systems [8] and

identify the leakage at remediation and mining sites [9, 10].

A common way of measuring groundwater temperature is by using thermome-

ters, thermocouples, or waterproof temperature loggers inside boreholes. All of

these devices are discrete point sensors with separate wire connections to the sur-

face so that the spatial resolution of the collected temperature data is determined

by the number of sensors installed over a certain distance. Installing many tra-

ditional sensors is labor-intensive and technically difficult. In recent years, fiber-

optic sensors opened up the possibility to study groundwater temperature with

higher spatial resolution than with traditional sensors [11]. A single optical fiber

can provide multiple measurement points or intervals along its length.
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Fiber-optic sensors have other advantages that make them suitable for ground-

water temperature monitoring. They allow remote sensing up to several kilo-

meters, and, as shown by experience from the telecom industry, with protective

packaging they can survive in the ground for years. Optical fibers can be installed

inside boreholes [12] and also in direct contact with the soil [13]. There are sev-

eral fiber-optic sensing technologies available on the market. In general, they can

be divided into two categories - multiplexed and distributed sensors [14].

Multiplexed sensors contain isolated measurement points inside a fiber ar-

ranged in a linear array. An example of sensors that can be multiplexed is Fiber

Bragg gratings (FBG). A single FBG sensor is a periodic modulation of the refrac-

tive index over a short distance that was created by a UV laser inside the photosen-

sitive fiber core. This distance is generally less than 10 mm. The grating created

in this manner acts like a mirror for a light with wavelength λB that matches the

Bragg condition [15]:

λB = 2ne f f Λ (2.1)

where ne f f is the effective refractive index of the fiber and Λ is the grating period.

The grating period can be changed by applying strain or varying the temperature

of the fiber, causing a shift in the reflected wavelength.

Distributed sensors measure temperature and strain over the entire length of

the optical fiber, where the fiber itself is a sensing element. Each data point is

an average from a fiber section, therefore we will use the term spatial sampling

interval to describe distance between the intervals. Spatial sampling interval is

equivalent to the term spatial resolution. An example of a distributed sensor is

Continuous Fiber Bragg Grating (CFBG). A CFBG has a continuous refractive

index modulation along the length, offering a continuous coverage. Other types

of distributed sensors are based on scattering phenomena in the glass - Rayleigh,

Raman or Brillouin scattering [16]. Light scattering in a fiber is a random process

with a very low intensity; therefore, measurements require a longer time and

averaging. Grating structures give reflected light with much higher intensity than

scattered light, and measurements can be acquired at higher frequencies.

Raman scattering is the underlying principle of the Distributed Temperature

Sensing (DTS) method. A small part of the light passing through an optical fiber

is inelastically scattered on vibrating molecular bonds, which means that its fre-

quency changes. The resulting light with a lower frequency creates a so-called

Stokes band in the spectrum, light with a higher frequency an anti-Stokes band.

Only anti-Stokes band is temperature-dependent because it absorbs the vibrational
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energy already present in the molecules which is influenced by temperature. Tem-

perature is calculated from the ratio of intensities of the Stokes and anti-Stokes

band [17]. DTS has the advantage that it is not simultaneously dependent on

strain.

DTS is the most widely applied fiber-optic technology for groundwater tem-

perature sensing. DTS was used to study the interaction between groundwa-

ter and surface water [18, 19], groundwater flow in boreholes [20, 21], and

aquifers [22, 23]. FBG temperature sensors help to locate groundwater leakage

in dams [24], pipelines [25] or coal mines [26]. CFBG systems are currently

mostly applied for distributed strain measurements [27], rarely for distributed

temperature measurements [28, 29]. Several review papers have been published

comparing the performance of distributed and multiplexed fiber-optic sensors for

hydrological applications [11, 30, 31]. Still, there has not been any study where

different fibers were used alongside each other in the same experiment. This

chapter presents a comparison of FBG, DTS, CFBG and resistance thermometers

(PT100) during a heat tracing experiment in a groundwater flow simulator. Ho-

mogeneous soil structure and constant flow allowed to study the effect of sensor

mounting, packaging type and packaging thickness.

2.2 Materials and methods

2.2.1 Groundwater flow simulator and sensors

The performance of three types of fiber-optic temperature sensors was evaluated

under laboratory conditions with a heat tracing experiment in a groundwater flow

simulator. The temperature of the inflow water was increased by 10 °C by mixing

with hot water for a short period of time. The groundwater flow simulator used in

this experiment was a tank of 1 m width, 2 m length, and 1 m height (Figure 2.1),

filled with sand of a uniform grain size. The inflow and outflow of the tank goes

through six perforated tubes with 0.5 mm vertical slits. The flow is the result of

a hydraulic head gradient between the inflow and the outflow container. The

setup was used to create a constant flow with a velocity of 2.9 md−1. This was the

average flow inside the entire tank, as inferred from the mass balance.

Three types of fiber-optic sensors were chosen for this experiment: distributed

temperature sensing, fiber Bragg gratings, and continuous fiber Bragg grating.

Brillouin-based systems are not suitable for this experiment because their spatial

sampling interval of 1 m [30] is insufficient for the scale of the setup. Two bundles
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(a) (b)

Figure 2.1: Groundwater flow simulator. (a) Outside view, during the placement of the
frame. (b) Top view, after the frame with fibers was installed. The picture also
shows the white inflow tank and blue inflow tubes.
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Figure 2.2: Cross-sections of all fibers used in the groundwater flow simulator.

of fiber-optic sensors were placed in the groundwater flow simulator, labeled as A

and B in Figure 2.3. Fiber-optic sensors were attached to a frame to ensure their

orientation perpendicular to the flow. The frame was built from hollow PVC tubes

with a 5 cm diameter. DTS, FBG, CFBG sensing fibers, and PT100 probes (3-wire,

Conrad Electronic SE, Hirschau, Germany) were all bundled together using several

tie wraps along the length. Fibers were pre-stretched to keep them vertical and

taped to the frame. After the frame was placed in the tank, the tank was filled

with water and manually with sand to ensure a homogeneous sand distribution.

The top part was sealed with a clay layer. Further description of the experimental

setup can be found in [32].
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Figure 2.3: The cross-section of the groundwater flow simulator with two fiber bundles (A,
B) and PT100 probes (shown as Ï and .). Heat maps in the results were created
from all sensors located in the central section of the tank (with boundaries
indicated by a dashed line). The FBG, DTS, and CFBG data were compared to
the PT100 probes shown as Ï.

DTS, FBG and CFBG sensing fibers all had different packaging, see cross-

sections in Figure 2.2. The DTS sensing fiber consists of four multimode optical

fibers (two looped fibers, one is a backup in case one breaks) with a thick PVC iso-

lation; total thickness is 7.5 mm (LEONI Fiber Optics, Germany). This cable also

contains a layer with metal wires and can be used in active heating experiments.

The FBG sensors were written point by point through the acrylate coating using a

UV laser in a standard single mode optical fiber (FemtoFiberTech, Germany). Two

types of FBG packaging were used - a Teflon tube and a PVC tube, both with 3 mm

diameter. The CFBG sensing fiber is a single mode optical fiber, with a periodic

refractive index modulation along the length of 15 m (LUNA, USA). For protection,

the CFBG fiber was placed in a steel tube with a 1.25 mm diameter. FBG and CFBG

packaging consists of loosely fitting tubes intended to isolate the optical fibers

from strain effects.

2.2.2 Data processing and calibration

The PT100 data was collected with an Ecograph RSG30 (Endress+Hauser, Rei-

nach, Switzerland) unit with a sampling period of 1 s.
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The DTS data was collected with a DTS interrogator (Silixa Ultima, Silixa,

London, UK). The data was collected for 15 s per channel with a spatial sampling

interval of 12.5 cm. Each DTS data point is a 15 s average. The temperature along

the length z was calculated from the measured power ratio of Stokes PS (z) and

Anti-Stokes signal P AS (z):

T (z) = γ

ln PS (z)
P AS (z) +C −∆Az

(2.2)

where γ (°C) represents an energy difference between incident and scattered pho-

tons, C (-) describes the differences in effective detector sensitivities with respect

to Stokes and anti-Stokes photons and ∆A (m−1) is the differential attenuation

between the Stokes and anti-Stokes signal caused by light propagation along the

optical fiber [33].

DTS data needs to be continuously calibrated during the measurement to get

the calibration parameters γ, C , and ∆A. The DTS interrogator has an internal

calibration mechanism consisting of a heated coil and an internal thermome-

ter. However, the optical components of the DTS interrogator are temperature-

sensitive [34], and this is why an external calibration was performed instead. The

beginning and the end of the DTS fiber were placed in a relatively warm and cold

water bath. The temperature of these baths was collected using PT100 sensors

directly connected to the DTS interrogator. Calibration of the DTS data is based

on the reference baths using a single-ended calibration method following Hausner

et al. [17].

The FBG data was collected with an FBG interrogator (Gator, Technobis, Alk-

maar, Netherlands) and optical switch (eol 1x16, Laser Components GmbH, Olch-

ing, Germany), both controlled by a microcontroller (Raspberry Pi Model 3B,

Raspberry Pi Foundation, Cambridge, UK). Every 20 s, 50 datasets were acquired

at 1 kHz frequency and averaged.

All FBG sensors for this experiment were designed to have Bragg wavelengths

in the range 1516–1584 nm of the interrogator’s broadband LED source [35].

The interrogator determines the peaks of reflected wavelengths using a center-of-

gravity algorithm. A shift in the reflected wavelength ∆λ with respect to the initial

Bragg wavelength λB0 is related to a temperature change ∆T and a strain change

∆ε as:
∆λ

λB0
=αT∆T +αε∆ε (2.3)

where αT and αε are temperature and strain sensitivity coefficients. The coefficient
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αT has two components:

αT =αn +αΛ (2.4)

αn is a thermo-optic coefficient which describes the change of refractive index due

to temperature, and αΛ is a thermal expansion coefficient describing the change

of the grating length due to temperature. For this heat tracing experiment, strain

effects were assumed to be negligible. αT was calculated from a calibration in

a hot bath, where FBG fiber was strain-free. During the calibration, water in

the bath is heated by a known temperature difference ∆T while measuring Bragg

wavelengths λB . The temperature ∆T was acquired for both FBG and CFBG using

NTC thermistors (TSP01, Thorlabs, Newton, MA, USA). For FBG, eight sensors per

fiber were used to get an average value of αT for each packaging type.

αT does not change during the experiment, so this calibration needs to be

performed only once. However, if an FBG interrogator does not have an internal

wavelength reference, a wavelength drift introduces an error in the measurement.

To correct for long-term wavelength drift, the FBG interrogator was combined

with an external temperature-controlled FBG sensor (ITC4005, Thorlabs, Newton,

MA, USA). Wavelength drift measured at the reference FBG sensor ∆λr e f was

subtracted from wavelength shift measured at other FBG sensors, and temperature

change was calculated using a method by Drusová et al. [36]:

∆T = 1

αT
·
(
∆λ

λB0
− λB0∆λr e f

λ2
r e f 0

)
(2.5)

Data from the CFBG fiber was collected with a CFBG interrogator (ODiSI-B,

LUNA, Roanoke, USA) using the Coherent Rayleigh Optical Time Domain Reflec-

tometry (COTDR) method [37]. At first, a reference reflection spectrum is ac-

quired along the entire fiber length, called the ’tare’ spectrum. The interrogator

continuously records changes in the reflection spectrum caused by temperature

and strain:
∆ f

fB0
=αT∆T +αε∆ε (2.6)

The frequency shift ∆ f is calculated by cross-correlating the reflection spectrum

with the reference spectrum. The CFBG fiber constitutes one arm of a Mach-

Zehnder interferometer, so the intensity modulation of the reflected light con-

tains information about the time delay and can be translated into position along

the fiber. The interrogator contains a swept wavelength source in the range

1510–1570 nm and the initial Bragg wavelength of the CFBG grating is 1550 nm
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Figure 2.4: Hot bath calibration of the CFBG fiber. This setup was designed to make CFBG
fibers with metal coating strain free. The glass cylinder has two isolated com-
partments. The inner compartment contains water with the CFBG fiber near
the wall, the outer compartment is used to recirculate water and ensure uni-
form temperature distribution along the wall. On the left side of the image is a
pump with temperature control.

( fB0 =193 THz) [38]. CFBG data were additionally scaled down by a factor of 2,

which was most likely introduced during the definition of the sensor and has no

physical meaning.

αT can be calculated from a one-time calibration in a hot bath, in the same

way as for FBG sensors. The resulting value is an average from a 25 cm section of

the CFBG fiber in a hot bath, see Figure 2.4.

2.2.3 Temperature resolution and accuracy

Temperature resolution

The temperature resolution for the DTS is given by the resolution of the tempera-

ture probes used during the calibration.

The temperature resolution for the FBG and CFBG R(C )F BG was calculated as

the temperature change per wavelength change ∆λ of 1 pm (resolution of the

spectrometer in the interrogators) at λB0=1550 nm:

R(C )F BG =∆T = ∆λ

αTλB0
(2.7)
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Accuracy

The DTS accuracy is given and limited by the accuracy of the temperature probes

used during calibration. Since DTS needs a continuous calibration to get correct

absolute temperature values, the accuracy for DTS was calculated as a Root Mean

Square Error (RMSE) during the entire duration of the measurement:

ADT S =
√∑n

i=1(TDT S −Tr e f )2

n
(2.8)

where TDT S is the temperature measured by DTS and Tr e f is temperature mea-

sured by reference probes, n is a number of time points to average. The measure-

ment interval was 9 h. For better calibration performance, the measured reference

temperature was smoothed using a moving average over time (10 min).

The calculated ∆T for the FBG and CFBG depends on the temperature sensi-

tivity coefficient αT . Therefore, (C)FBG accuracy depends on accuracy of the αT

calculation. When αT changes by a standard deviation σ, (C)FBG will measure a

temperature change ∆T ′:
∆T ′ = αT

αT +σ∆T (2.9)

Accuracy A(C )F BG for a given ∆T can be calculated as a difference between ∆T ′

and ∆T :

A(C )F BG =∆T ′−∆T =
(

αT

αT +σ −1

)
∆T (2.10)

2.3 Results and discussion

Specifications of compared fiber-optic sensors were calculated from calibration

experiments and are listed in Table 2.1 and Table 2.2. All data were linearly

interpolated with a time step of 1 min and a height step of 1 cm to visualize heat

propagation in the sand. Since the spatial sampling interval for different fiber-

optic sensors was different, linear interpolation was needed to compare relative

temperature profiles ∆T at the same height. The presented heat maps are from the

middle section of the groundwater flow simulator, where the flow was expected to

be laminar and not affected by preferential flow along horizontal parts of the PVC

frame.
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Table 2.1: Temperature sensitivity coefficients for different types of (C)FBG packaging.

FBG Teflon FBG PVC CFBG steel

αT ±σ (°C−1) (7.43±0.26)×10−6 (6.91±0.24)×10−6 (9.32±0.3)×10−6

Table 2.2: Comparison of PT100 and fiber-optic temperature sensors. All values for the
PT100 probes were taken from a manual of the data unit [39], DTS resolution
was taken from [40]. Other values were calculated as described in Section 2.2.3.
The last row tells if strain effects were observed for a particular sensing fiber.

A B
Sensors PT100 DTS FBG bundles CFBG

Sampling period (s) 1 93 20 20 1.2
Spatial sampling interval (cm) - 12.5 10 15 0.26
Temperature resolution (°C) 0.01 0.01 0.09 0.09 0.07
Accuracy for ∆T =6 °C (±°C) 1.1 0.24 0.22 0.22 0.2
Strain effects no no yes no yes

2.3.1 Spatial sampling interval

The heat maps in Figure 2.5 were created to visualize heat convection through the

groundwater flow simulator. As can be seen from the FBG and CFBG heat maps,

the thermal plume has a parabolic shape in the vertical direction, which confirms

the laminar flow assumption in the chosen section of the groundwater flow sim-

ulator. The laminar profile is not apparent in the DTS heat maps, because the

DTS data is spatially averaged over a 12.5 cm interval. The FBG spatial sampling

interval of 10 and 15 cm combined with a linear interpolation was sufficient to

show temperature changes in the vertical direction. The CFBG sampling interval

of 2.6 mm is unnecessarily short for this particular experiment.

Short spatial sampling interval creates heavy requirements on data storage

and processing; therefore it is better to customize the sampling interval to the

intended application. FBG sensors offer this possibility because the user chooses

the physical distance between the sensors in the fiber. Spacing of the sensors can

also be irregular, which allows to focus only on the regions of the interest. CFBG

data can be spatially downsampled. The spatial sampling interval of DTS can be

decreased by coiling the fiber around rods or conduits, however, this construction

introduces signal attenuation and temperature deviations [41]. Coiled fibers also

create an obstacle to the flow in small scale setups. Under field conditions, DTS
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(d) FBG bundle B
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Figure 2.5: Interpolated heat maps from the temperature data measured by three types of
fiber-optic sensors. Dashed lines show the location of the FBG sensors and the
mid-points of spatial sampling intervals of the DTS. . and Ï are mid-points of
the PT100 probes. Data from the PT100 probes marked as Ï are used for the
comparison with fiber-optic sensors in Figure 2.6. White areas in (e) and (f) are
data outside of the range indicated on the colorbar.
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technology can also be customized by choosing longer sampling intervals in the

software.

For FBG and CFBG, spatial sampling interval is related to the price of the sens-

ing fiber. The price of the FBG fiber depends on the number of sensors inside.

CFBG with a shorter spatial sampling interval is more expensive to fabricate. DTS

fiber is usually the cheapest because it does not need any modifications to the

standard telecom fiber. In our case, DTS fiber was the cheapest and CFBG fiber

the most expensive one.

The spatial sampling interval for each fiber-optic sensor should be chosen in

such a way to allow capturing the heterogeneity of the investigated site. If vari-

ation of soil properties is unknown, it is better to choose a distributed sensor to

get more data along the entire length of the fiber. Short spatial sampling interval

is needed to study heat propagation or flow in heterogeneous groundwater envi-

ronments and boundary effects between soil layers. Distributed sensors give more

spatial information along the entire length, while multiplexed sensors can better

show local anomalies.

The shortest spatial sampling interval of DTS, 12.5 cm, is sufficient for most

of the field applications. Since the DTS sensing fiber is also cheaper than FBG or

CFBG fiber, DTS is well suited for groundwater heat tracing experiments, for exam-

ple to measure flow or thermal interference between wells of ATES systems. FBG

and CFBG fibers with shorter spatial sampling interval than DTS are a more suit-

able choice for environments like muddy deposits or areas with soil layer bound-

aries. Using FBG and CFBG sensors also allows to downscale the simulated se-

tups for investigating subsurface processes. Some examples of these processes are

temperature-induced buoyancy or migration of pollutants due to changing tem-

perature.

2.3.2 Temperature resolution and accuracy

DTS has the best temperature resolution of all the examined fiber-optic technolo-

gies, given by the reference probes used for the calibration. However, as visible

from Figure 2.6, DTS data is also quite noisy. To be able to see temperature differ-

ences of 0.01 °C, DTS data needs more averaging. The temperature resolution of

the FBG and CFG sensors is worse than the resolution of the PT100 probes used in

this experiment. The temperature resolution of FBG-based fiber-optic technologies

can be improved by embedding the sensors in a packaging material with a thermal

expansion coefficient higher than a thermal expansion coefficient for glass [42].
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Figure 2.6: Relative temperature measured by fiber-optic sensors and PT100 probes
(marked as Ï in Figure 2.5 on page 35). (a) Bundle A, (b) bundle B. Since
the PT100 probes are 6 cm long, the displayed temperature curves are also 6 cm
averages from (a) 26±3 cm and (b) 30±3 cm.

For this small temperature change (∆T =6 °C), all fiber-optic sensors have a

comparable relative accuracy of the measurements. Their accuracy is better than

accuracy of the PT100 probes. PT100 connected in a 3-wire configuration can

introduce a constant offset due to differences in wire resistance. DTS accuracy

can be improved by mixing water in the calibration baths to have a more uniform

temperature for submerged fiber sections. The accuracy of (C)FBG can possibly be

increased by more repetitions of the calibration experiment, reducing the standard

deviation σ of αT values. DTS needs a continuous calibration to keep the accuracy

while FBG and CFG need to be calibrated only once.

Fiber-optic technologies are graphically compared to the PT100 probes in Fig-

ure 2.6. In the bundle A, DTS and CFBG give similar temperature curves which

only differ from the measured PT100 curve during the temperature increase stage.

The DTS curve misses the sharp peak at t=1 h which might be caused by the pres-

ence of the noise. PT100 probes sometimes overestimate the real temperature

if the temperature gradient is large. The results indicate that this PT100 probe

needs to be recalibrated. The FBG from the bundle A is most likely affected by

strain effects because temperature in the groundwater simulator did not decay as

fast as FBG data shows. All sensors in the bundle B measure similar temperature

profiles, and the FBG is the closest one to the PT100 probe.

It is not possible to say which sensor is ideal for this laboratory experiment, all

tested sensors have their advantages and disadvantages. These fiber-optic temper-
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ature sensors have sufficient accuracy and resolution for groundwater tempera-

ture measurements. For leakage detection it is important that the sensor responds

fast. It does not need to be very accurate, as long as it shows a step change in

temperature. For long term groundwater temperature monitoring, the sensors do

need high accuracy and resolution. In case of DTS this involves extra effort to en-

sure stability by continuous calibration using temperature baths. The accuracy of

FBG and CFBG measurements is stable over a long period and only deviates when

the coating deteriorates. Higher accuracy would allow for detection of smaller

groundwater flow velocities using the active heat tracing method as described

in [32].

2.3.3 Strain effects

Strain might cause a response of (C)FBG sensors. Three different types of pack-

aging were designed to minimize strain effects. However, strain effects are still

visible in Figure 2.5c, e, f. We expect that strain was introduced by mounting of

the sensing fibers on the frame.

The shape of the thermal plume in Figure 2.5c is asymmetric with respect to the

height and also time. Comparison of FBG images with the other fiber-optic sensors

shows that the deformation of the thermal plume is located in the section from

20 to 60 cm. The affected section of the fiber is located between two tie wraps,

creating strong pressure points. The tie wraps pre-stretched a section of the FBG

fiber during installation, and we expect that this strain was slowly released during

the experiment, resulting in a negative wavelength shift, translating to a negative

temperature. Relative temperature profiles in Figure 2.6a show that strain effects

cause an FBG response on the same order of magnitude as the temperature. Strain

effects are not visible for the FBG fiber of the bundle B.

The CFBG fibers inside the metal tube are affected by strain at several locations

along the length. Some CFBG data translated to temperature was so far outside

the expected scale -1000 up to 1000 °C that it was automatically removed by the

data collection software, see the white spots in Figure 2.5e–f. The wavelength shift

at these sections is ±1×104 pm, while temperature changes in the other sections

along the length are <1×102 pm, which makes the strain effects two orders of

magnitude larger than temperature effects. The location of the strain effects along

the CFBG fiber corresponds to the location of tie wraps. Apparently, tie wraps

locally pressure the CFBG fiber against the rigid metal wall and stretch the grating.

Each PT100 probe was attached to the fiber bundle with a tie wrap, so the strain
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effects are present near their location (see Ï and . on the right side of the CFBG

heat maps). Even though the tie wraps were as wide as 3 mm, the length affected

by strain is an interval up to 7 cm around each tie wrap.

FBG fibers can be used for measuring temperature in both laboratory and field

setups, but one needs to be careful not to introduce pre-strain. Strain effects

introduced by attaching the FBG fibers to a frame can easily reach the same order

as temperature effects, and then it is difficult to separate both effects. These effects

can be avoided, as seen in Figure 2.6b. In the field conditions, fibers should be

loosely packed in soil and should not have heavy objects attached to them.

2.3.4 Effect of packaging

All sensor types need to be calibrated to include the effect of packaging in the

temperature sensitivity coefficient. For DTS, the material and thickness of the

packaging do not influence the accuracy of the measured temperature because

DTS is continuously calibrated. However, if the packaging is very thick it isolates

the optical fiber and measured intensities do not rise above the noise. FBG and

CFBG need to be calibrated once, αT depends on the packaging material, not on

the thickness. According to Table 2.1, steel has the highest αT coefficient. This

high coefficient value can be attributed to differences in thermo-optic coefficient

αn between CFBG and FBG fibers, and not directly to the high thermal expansion

coefficient αΛ of steel. CFBG fiber has most likely higher thermo-optic coefficient

because it was doped more to increase its photosensitivity and allow more accurate

writing of the long grating [43].

Packaging also introduces a delay in the temperature measured by (C)FBG

compared to the temperature of the sand-water mixture. This delay is not visible

for FBG and CFBG fibers in Figure 2.6. The sensing fibers reach the environmental

temperature roughly as quickly as PT100 probes, and 1 mm-thick packaging does

not seem to influence the temperature measurement.

For the metal tube of CFBG and the metal wires in the DTS cable, it was as-

sumed that heat might propagate along the packaging and create a spatial aver-

aging effect. This effect is not apparent from any CFBG or DTS heat maps, likely

because in this experiment temperature gradient along the height was negligible.

We still think that metal packaging is not suitable for experiments with spatial

temperature gradients. This considerably restricts its applicability for temperature

measurements and we recommend choosing a plastic packaging instead.

Moreover, metal packaging is not very suitable for laboratory experiments be-
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cause it is difficult to bend to the desired shape. Changing the shape of the metal

tube using tie wraps introduces significant strain effects. It is possible that the

strain effects would also appear in the field experiments if the metal tube is not

straight when it is packed by heavy soil material.

2.4 Conclusion

There are many types of optical fiber sensors capable of measuring temperature in

hydrological applications. The choice can be made based on their spatial sampling

interval, sampling frequency or price, but their accuracy and resolution have to be

determined from an experimental calibration. Other factor which matters when

choosing a fiber-optic temperature sensor is how much error is introduced by the

sensor placement technique, packaging, or cross-sensitivity between temperature

and strain. These errors were analyzed in laboratory conditions during a heat

tracing experiment in a groundwater simulator. Accuracy and resolution of three

commercially available fiber-optic sensors were determined and compared with

PT100 probes. The tested sensors were distributed temperature sensors, fiber

Bragg gratings and continuous fiber Bragg grating.

In terms of spatial sampling interval, the FBG sensors were the most suitable

for the experiment because sampling interval was chosen based on the setup di-

mensions. CFBG sensors were suitable as well. DTS did not show a spatial tem-

perature variation due to averaging effect; it does not have a sufficiently short

sampling interval for laboratory experiments on a small scale like applied here.

Fiber-optic sensors need to be calibrated with conventional temperature probes

which limits their accuracy and resolution. All tested fiber-optic sensors have a

comparable accuracy (≈0.2 °C), which is better than the accuracy of PT100 probes

used during the experiment. DTS has the best temperature resolution, however,

to reach this resolution, DTS data collected with 93 s period needs more temporal

averaging. This accuracy and resolution can be achieved when DTS fibers are con-

tinuously calibrated during the experiment. FBG and CFBG fibers need one-time

calibration, but unlike DTS, only relative temperature changes can be measured.

DTS only measures the temperature and is insensitive to strain effects, which

means that the installation of the fibers does not affect the sensor performance.

FBG and CFBG sensors can be used for measuring temperature as long as the

strain effects are eliminated. Even if fibers are in a loose tube, strain effects can

still be introduced by pre-stretching the fibers or firmly attaching them with tie

wraps. To avoid strain effects during fiber installation in soil, fibers need to be
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loosely packaged. Fiber packaging also influences the temperature sensitivity of

the sensors. The thickness of the packaging did not have a visible effect on the

performance of the sensors.

Calibration of fiber-optic sensors with reference thermometers or thermistors

currently cannot be avoided. However, fiber-optic technologies can also be com-

bined and calibrate each other during the measurement. Once FBG or CFBG are

calibrated, they can be used as a reference for DTS and eliminate the need for

continuous calibration during the measurement. Alternatively, DTS can be used

to measure absolute temperature and add an offset to (C)FBG measurements or

identify strain effects in the (C)FBG data.

2.4.1 Following research

Out of the three tested fiber-optic technologies, FBG sensors were chosen for the

following research due to several reasons:

• FBG sensors have not been used for groundwater flow sensing yet. This

application opens up new possibilities to learn more about the subsurface.

• FBG sensors are very versatile. It is possible to manipulate the grating type,

period, length and spacing between sensors within one fiber. FBG sensing

fibers can be designed specifically for the experiment, performed both in the

laboratory and in the field.

• The sensitivity of FBG sensors can be manipulated by the packaging and they

have a low noise level. This is particularly useful for the detection of small

temperature changes caused by groundwater flow (more in Section 3.2.1).

• FBG sensors are sensitive to temperature and strain, but strain effects can be

avoided by careful manipulation.

• FBG interrogators can be well integrated with microcontrollers and mea-

surement process can be automated. This is a big advantage for field appli-

cations.

• FBG interrogators are low-cost compared to DTS and CFBG interrogators.

Based on the results from this chapter, PVC and Teflon packaging are suitable

for the following heat tracing experiments. Both polymers create a flexible layer

that allows the fiber to adapt its shape with respect to settling sediment and mini-

mize strain effects.
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Temperature sensing in a flow

simulator

3.1 Introduction

The majority of groundwater reserves are stored within porous sedimentary struc-

tures and fractured rocks [1]. Groundwater is often extracted from underground

aquifers via drilled wells and globally provides almost 50% of all drinking wa-

ter and 43% of all consumptive use in agriculture [2]. Careful assessment of lo-

cal hydrological conditions is necessary when drilling, installing, and operating a

groundwater extraction well. Understanding groundwater flow near wells helps to

identify the mechanisms of groundwater recharge and to estimate water resources.

Accurate flow information helps to prevent well clogging, salt water intrusion in

coastal areas, or contamination of the drinking water. Natural groundwater veloc-

ities typically do not exceed a few meters per day [3]. Therefore, groundwater-

related problems are slow to develop and may require months or years to detect.

Once identified, the mitigation of the problem can take years and is usually accom-

panied by high costs [4, 5]. This is why all groundwater sources should preferably

be monitored and protected.

Groundwater flow velocities are typically measured using in situ methods. Two

of the most common methods are discrete flow meters and tracer dilution tests.

Regardless of the method chosen, boreholes must be drilled in the area of study

and can potentially disrupt the natural flow of groundwater. Flow logging using
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discrete flow meters placed in a borehole is the current industry standard [6].

These devices use a variety of operating principles including electromagnetic,

acoustic, impeller, or heat pulses to measure velocity [7]. The selection of a suit-

able tool for flow monitoring relies on information about hydrological conditions,

which is not always available [8]. Tracer tests work by adding a concentrated

tracer at a constant rate for a predetermined period of time into a borehole up-

stream, and flow velocity is determined as a function of tracer arrival time in

downstream boreholes. The velocity can be also determined with a single borehole

measurement by monitoring the concentration of a tracer as a function of time due

to dilution [9]. Tracer tests are a powerful technique for identifying flow patterns

and the hydraulic conductivity of aquifers, as they not only provide velocities but

can also identify preferential flow paths in the area [6]. However, especially at

low groundwater flow rates, completing tracer tests can be time-consuming.

Heat is becoming more utilized as a tracer for three primary reasons: speed,

cost, and environmental friendliness [10]. Measuring the temperature is fast and

less costly than measuring the solute concentration. Moreover, it is an environ-

mental tracer – variations in groundwater temperature already occur naturally

due to the surface water or fracture inflows [11]. Active heat tracing experiments

involve either heating a discrete volume of groundwater or injecting hot/cold wa-

ter into an aquifer [12, 13]. While this approach is generally considered to be

environmentally safe, high temperature changes may have an effect on the chemi-

cal properties and microbiological stability of aquifers [14]. When relatively large

temperature differences are created in the subsurface, the resulting changes in

density and viscosity modify the flow regime [15]. The collection of spatial tem-

perature data from the field has, until recently, been a limitation to heat tracing

methods. Innovations in optical fiber sensing technology have opened new possi-

bilities for this method by improving spatial and temporal resolution.

Optical fibers have quickly gained acceptance as temperature sensors due to

their high resolution. Their main advantage is their serial multiplexing capability

- a single fiber can provide a large number of highly accurate temperature mea-

surements along the entire length, reducing the costs of the deployment. Their

small size and durability open up the possibilities for embedding them inside ma-

terials. One optical fiber-based technology that is becoming more widely imple-

mented in hydrological studies is distributed temperature sensing (DTS). In DTS,

the temperature is calculated from the intensity of inelastically backscattered light

propagating in an optical fiber [16]. The temperature readings are spatial aver-

ages from sections in the fiber. DTS in combination with hot water as a tracer has
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been used to characterize groundwater-surface inflows [17], vertical groundwater

flows in boreholes [18, 19], and horizontal groundwater flow in an unconsolidated

aquifer [20]. Recent DTS methods to measure groundwater flow are focused on

heating the DTS cable directly with an attached heating cable. The flow velocity

is calculated from the temperature differences [21, 22].

temperature

strain

∆λ

Figure 3.1: The basic sensing principle of a fiber Bragg grating (FBG) sensor. Temperature
or strain acting on the grating cause a shift in the reflected wavelength.

Another fiber-optic technology with a potential use for groundwater flow mon-

itoring is fiber Bragg grating (FBG) sensors [23, 24]. FBG sensors already have

a broad application range in aerospace (load monitoring and shape sensing [25–

27]), in civil engineering (structural health monitoring [28–30]), and in the oil

and gas industry (temperature and pressure monitoring [31]). An FBG sensor

is a periodic variation of the refractive index within a fiber core which acts like

a wavelength-specific mirror. When an FBG sensor is illuminated by a broadband

light source, part of the light is reflected when it satisfies the Bragg condition [32]:

λB0 = 2ne f f Λ (3.1)

where λB0 is the reflected Bragg wavelength, ne f f is the effective refractive index

for the propagating light, and Λ is the grating period. Changes in the temperature

or mechanical strain affect both the refractive index of the fiber and the grating

period, causing a shift ∆λ in the initial Bragg wavelength λB0 (Figure 3.1). Mul-

tiple physical quantities can be measured with FBG sensors when their influence

is translated into strain or temperature variations, e.g. pressure, vibrations, incli-

nation, refractive index, and curvature of the fiber [33, 34]. FBG sensors provide

instantaneous and point-wise measurements. Several types of FBG flow sensors

have already been constructed to measure flow in combination with heat as a
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tracer. These sensors use heating and determine the flow from the cooling rate.

The applications include gas flow [35], oil flow [36] or leakage flow from a rockfill

dam [37].

A choice between FBG and DTS sensing depends on the intended application.

DTS fibers are usually standard single-mode or multimode fibers used in the tele-

com industry, which makes them affordable in large lengths. FBG sensors can be

written in standard and specialty optical fibers, and the fiber price increases per

number of sensors. Fiber interrogators for collecting the DTS sensing data are

currently around five times more expensive than FBG units. Current DTS systems

provide continuous measurements along the fiber length with intervals of 12.5 cm,

a spatial resolution of 30 cm, an accuracy of 1 °C, and a temperature resolution of

0.01 °C [38–40]. The temperature resolution of an FBG sensor is typically deter-

mined by the resolution of the interrogator and the sensitivity of a sensor to tem-

perature changes. The current state-of-the art interrogators provide around 1 pm

spectral resolution [41] corresponding to a 0.1 °C change in bare fibers. The tem-

perature sensitivity of an FBG sensor can be improved through packaging [42–44].

The location of FBG sensors in a fiber can be tailored to a submillimeter spatial

resolution. The temperature calibration of both DTS and FBG sensors needs to be

performed to acquire the value of temperature sensitivity coefficients for a given

packaging.

The groundwater temperature is stable, and variations smaller than 0.1 °C are

insignificant for heat tracing experiments. Differential temperature measurements

are more important than absolute values due to small variations in background

groundwater temperature. Active heat tracing experiments require heating the in-

jected water between 10 and 80 °C to compensate for the losses by heat conduction

in the sediment [45]. To determine whether a sensor can be used for a particu-

lar application, one must consider the following parameters: resolution, dynamic

range, accuracy, and stability. Standard FBG sensors already have a sufficient

temperature resolution to measure groundwater temperature changes without ad-

ditional packaging. The required dynamic range is determined by the expected

temperature difference between the heat pulse and aquifer temperature. The

measurement accuracy is affected by the temperature calibration process and FBG

interrogator characteristics. Generally, a temperature-stabilized FBG interrogator

is required for groundwater flow measurements, and the long-term wavelength

stability needs to be evaluated under field conditions.

Overall picture of groundwater flow in the area can be obtained from ground-

water flow models with local temperature, pressure or soil data as an input. Cur-
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rent groundwater flow models are limited by an insufficient spatial sampling of

the heterogeneous subsurface. To better manage an increased aquifer use, e.g.

extraction and thermal energy storage systems, more precise flow sensing tech-

niques need to be deployed. An ideal groundwater flow monitoring system should

provide a reliable long-term operation and give real-time warnings for abrupt

changes. These conditions could be fulfilled by a distributed network of FBG sen-

sors producing a 3-D map of the groundwater flow field. The idea of an FBG flow

sensor is further described in Section 3.2.1. Based on numerous applications of

heat as a tracer in the subsurface environment, at first we will explore FBG tem-

perature changes as a method for flow sensing, assuming that strain effects linked

to flow are negligible. Possibilities for groundwater flow sensing using FBG sen-

sors are evaluated as a result of a heat tracing experiment, which was performed

in a laboratory scale aquifer.

3.2 Materials and methods

3.2.1 Design of FBG temperature-flow sensor

The design of an FBG temperature-flow sensor is inspired by a heat-pulse ground-

water flow sensor [46]. The heat-pulse sensor consists of an electrical heating

source with radially distributed thermistors in an equal distance. Without the pres-

ence of flow, heat from the source is uniformly distributed by conduction. Heat

conduction pattern is distorted by heat advection, thus temperature differences

are a flow indicator.

Proposed FBG flow sensor is an optical equivalent to the heat-pulse flow sen-

sor and it offers the possibility of simultaneous 3D flow and temperature mea-

surements. It consists of multiple optical fibers radially distributed along a central

fiber. The central fiber is used as a heating element and the temperature changes

are monitored by a matrix of FBG sensors distributed in the sensing fibers (Fig-

ure 3.2).

Feasibility of the proposed sensor design was evaluated by a simulation in

COMSOL Multiphysics environment, coupling the Heat and Flow module. The

purpose of the simulation was to understand if this sensor would be capable of

measuring slow groundwater flow and what would be the minimum required heat-

ing time for the measurement. Minimum heating time is reached when tempera-

ture difference between two opposite sides of the sensor (sE and sW in Figure 3.3)

is at least 0.2 °C. This threshold was chosen because 0.2 °C of temperature differ-
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ence for an FBG sensor in bare fiber causes a shift of 2 pm, which is twice more

than the noise limit of currently available FBG interrogators (1 pm).

Heat

(a)

Heat

Flow

(b)

Figure 3.2: Design of an FBG temperature-flow sensor. (a) Without the presence of the
flow, all FBG sensors in the same distance from the heating source have equal
temperature. (b) The flow transports heat from left to right, making the left
part of the sensor cooler than the right part.

For simplicity, a 2D cross-section of the sensor is simulated replacing the FBG

sensors by point temperature probes, see Figure 3.3. Realistic sensor parameters

for the first prototype (listed in Table 3.1) were chosen based on the following

assumptions:

• Background temperature: Groundwater background temperature is very sta-

ble, the assumption is that it does not change within the time span of the

measurement.

• Dimensions: The sensor should be as small as possible to require the mini-

mum amount of heating and still be easy to work with. It should be robust

to survive the placement into the soil. A diameter of 2 cm was chosen as the

starting value.

• Material: The sensor can be made from cheap and commonly available ma-

terials. The central heating element is made of copper. The inner part of the

sensor is filled with epoxy to ensure the equal distance between FBG sensors

and the heating element.
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• Heating power: A typical power output of a copper wire used for heating is

50 Wm−1 (for example [47]) which yields an emissivity of 7 MWm−3 for a

wire with a 3 mm diameter.

• Flow velocity: The groundwater flow velocity used for the simulations was

chosen to be 10 µms−1 which corresponds to approx. 1 md−1, a common

value for natural groundwater flow velocity in an aquifer.

• Flow direction: The displayed results show temperature difference between

sE and sW, because this pair of sensors is oriented in the direction of the

flow. The effect of sensor orientation with respect to flow direction was not

examined.

Table 3.1: Parameters for the COMSOL simulation of the temperature-flow sensor.

Input parameter Value

Background temperature 10 °C
Sensor diameter D 2 cm
Heat source emissivity 7 MWm−3

Flow velocity v 10 µms−1

sNE

sE

sSE

sS

sSW

sW

sNW

sN

D

v

copperepoxy

Figure 3.3: 2D cross-section of an FBG temperature-flow sensor as drawn for COMSOL sim-
ulations. v is the flow velocity, FBG sensors are labeled according to the cardinal
directions (N-north, E-east, S-south, W-west).
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Simulation results

Given the aforementioned assumptions, simulation results in Figure 3.4b show

that the sensor prototype is capable of measuring flow velocity of 10 µms−1 after

9.3 min of continuous heating. Groundwater flow velocity usually does not change

within this time span, therefore, it is feasible to use this prototype in the subsurface

environment and get almost real-time flow velocity data.
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Figure 3.4: Results of the COMSOL simulation on the proposed prototype of the FBG
temperature-flow sensor. (a) Absolute temperature measured by the FBG sen-
sors sE and sW in Figure 3.3. (b) Temperature differences between sE and sW
as a function of the heating time. The red point indicates chosen threshold tem-
perature difference used for calculation of the minimum measurement time.

Temperature differences between west and east side of the sensor occur be-

cause heat is transported away from the west side to the east side by advection.

Temperature differences in this case are not a result of flow disturbance by the sen-

sor. Particle Reynolds number Rep characterizes the nature of flow for an object in

flowing liquid [48]:

Rep = ρvD

µ
= 0.15 (3.2)

where ρ =1×103 kgm−3 is the density of water, v is the flow velocity, D is the

diameter of the sensor and µ=1.3 mPas is the dynamic viscosity of water at 10 °C.

Particle Reynolds number is smaller than one, which means there are no eddies

created by the sensor as an obstacle to the flow.

This prototype requires one time calibration with different flow velocities and

water saturated soil as a surrounding environment. Afterwards, flow velocity mag-

nitude can be calculated from the time that it takes to reach a threshold temper-
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ature difference between east and west side of the sensor. Measurement time

can be shortened by manipulating design parameters of the sensor - increasing

the power in the heating cable or decreasing the sensor diameter. The horizontal

flow direction can be estimated from the largest temperature difference measured

by opposite FBG sensor pairs, in our case sE and sW. The vertical flow direction

can be estimated in the same way since the sensor provides multiple 3D tempera-

ture measurements. The accuracy will increase by increasing the number of FBG

sensors.

The simulation results indicate that this simple FBG flow sensor prototype can

be used to detect slow groundwater flow velocity magnitude and direction. Before

proceeding to the construction of the prototype, it is necessary to evaluate the

temperature sensitivity of the FBG fibers in soil and influence of strain effects. In

the previous chapter we learned that strain effects can be caused by stretching

fibers or attaching them with tie wraps. These strain effects can be avoided in the

further experiments. However, strain effects caused by flow changes still need to

be examined. Our assumption is that they are negligible and we will check if this

assumption is valid.

3.2.2 Groundwater flow simulator and FBG sensors

A groundwater flow simulator was used in the laboratories of Deltares, Delft, the

Netherlands to investigate the feasibility of FBG sensors for groundwater flow

monitoring applications. Groundwater simulators are commonly used to vali-

date groundwater sensors under realistic conditions on a small scale. A stan-

dard groundwater flow simulator consists of a watertight container filled with a

porous sediment saturated with water. Controlled groundwater flow conditions

have previously been used to study migration of a contaminant plume [49, 50],

temperature distribution in a dike [51], and to evaluate the accuracy of flow sen-

sors measuring horizontal groundwater flow velocity [8]. The groundwater flow

simulator used in this study was constructed from a metal frame with glass walls

measuring 2×1×1 m (length × width × height) which was filled with sand of 0.1–

0.25 mm grain sizes, a porosity of 0.41, and a hydraulic conductivity of 9 md−1.

The sand layer was deposited by hand in order to reduce the variation in sediment

structure and was subsequently sealed with a 4 cm-thick clay layer, forcing the wa-

ter to flow through the sand rather than over the top. The base was filled with a

coarser sand and covered with a plastic sheet. The sand and clay were replaced

after the experiment in Chapter 2.
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A water flow through the sand was created by a hydraulic head gradient be-

tween the inflow and outflow reservoirs. Water in the inflow reservoir was pumped

from a feed reservoir and had an overflow at a controlled height, keeping the in-

flow water level stable. An even distribution of the flow into the sand both at

the inflow and outflow sides of the system was created using six vertically placed

perforated tubes with vertical slots of a 0.5 mm width. Hydraulic head differences

were checked by two piezometer tubes near inflow and outflow inside the ground-

water flow simulator. The flow in the simulator was expected to be laminar with

some local variations due to differences in the way the sediment settled and due

to an obstruction by the frame. The mass discharge ṁ of water with density ρ

through the groundwater flow simulator with a cross-sectional area A =1 m2 was

measured regularly to determine the flow velocity v:

v = ṁ

ρ.A
(3.3)

FBG fibers in the sediment were attached to a frame of polyvinyl chloride (PVC)

tubes to ensure the placement of the sensor strings with respect to each other. The

FBG interrogator used for the experiment was capable of simultaneously interro-

gating eight sensors. For this reason, all FBG fibers had eight FBG sensors each,

with Bragg wavelengths of 1518–1581 nm. The FBG sensors were inscribed in

a standard single-mode Corning SMF28 fiber with an acrylate coating using an

ultraviolet femtosecond laser (Loptek GmbH & Co. KG, Berlin, Germany). Two

types of FBG fibers were used in the groundwater flow simulator, in both cases

FBG fibers were suspended in a loose tube to eliminate the strain effects. Three

fibers (B, C, and D in Figure 3.6) had a sensor spacing of 15 cm and were placed

in a Teflon tube with 2 mm diameter covered by Kevlar and PVC buffer up to 3 mm

diameter. Three fibers (A, E, and F in Figure 3.6) had a 10 cm spacing of the sen-

sors and a 1-mm-thick Teflon tube of 3 mm diameter as a packaging. Nine resistive

platinum PT100 temperature sensors were placed in the groundwater flow simu-

lator as an additional temperature reference plus one PT100 sensor in the inflow

reservoir (FS400P, Conrad Electronic SE, Hirschau, Germany). The data from the

PT100 sensors was acquired by an Ecograph RSG30 (Endress+Hauser, Reinach,

Switzerland).

The distribution of the FBG fibers in the X-flow direction was almost equal, with

a spacing of 30 cm (see Figure 3.5). The only exception was the row E. This row

was shifted 15 cm towards the inflow to create more space between the rows E and

F for the experiments with a fiber placement in sand as a preparation for future
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Figure 3.5: Position of the FBG fibers and PT100 sensors on the frame in the groundwater
flow simulator, top view. The data from the highlighted section are displayed in
Section 3.3.
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Figure 3.6: Position of all FBG and PT100 sensors in the groundwater flow simulator, side
view.
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field studies. One of the experimental tools for the placement of the fibers was a

hollow push rod with a cone-shaped driving point. The nonuniform distribution

of FBG sensors in the Z-height direction (see Figure 3.6) was a result of the fiber

mounting procedure. The fibers were taped on two ends to the PVC frame to allow

a certain degree of freedom to prevent fiber damage with the heavy sand load. The

fibers may have slipped a maximum of 5 cm compared to the initial location during

the attachment and stretching (all selected FBG sensors for the data were within

5 cm distance from each other). The taped fibers also adapted their shape as the

container was filled with sand; this was why the displayed results were from a

10 cm interval in the middle of the setup, as it was not possible to guarantee an

equal distribution in the groundwater flow simulator.

3.2.3 Data processing

The data from the FBG sensors was collected using an FBG interrogator (Gator,

Technobis, Alkmaar, The Netherlands). The interrogation was performed by a pho-

tonic integrated circuit with an arrayed waveguide grating. The interrogator emits

broadband light in the range of 1516–1584 nm into the fiber. The reflected signal

is directed by an optical circulator to an arrayed waveguide grating serving as a

demultiplexer for up to eight Bragg wavelengths. A proprietary center-of-gravity

algorithm calculates the peak Bragg wavelengths from the measured photodiode

current. A fiber-optic switch (eol 1×16, Laser Components GmbH, Olching, Ger-

many) was used to extend the number of interrogated fibers in the system. Both

the switch and the interrogator were supervised by a microcontroller (Raspberry Pi

Model 3B, Raspberry Pi Foundation, Cambridge, UK) using a Python serial library.

A sampling period of 10 s was chosen to yield enough sampling points to cap-

ture the heat processes in the sediment in great detail. The interrogator continu-

ously sent the reflected wavelengths information via USB at a frequency of 1 kHz.

The 1 kHz sampling interval was too high for the desired application, but this fac-

tory setting could not be changed. Fifty datasets were acquired every 10 s and

averaged to increase the accuracy.

Groundwater temperature is very stable and rarely fluctuates by 0.1 °C in an

hour; thus, a long-term stability of the interrogator light source was required

for the heat tracing experiments. According to the published interrogator spec-

ifications, the wavelength stability was 5 pm in a steady-state environment [52].

However, a measurement with the FBG fibers in a stable laboratory environment

showed a wavelength variation up to 20 pm, which translates to a drift of 2 °C.
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The measured drift did not originate in the fiber but was rather due to thermal

instabilities affecting the interrogator photonic integrated circuits. At the time

of this study, the interrogator had no built-in wavelength referencing system so

the manufacturer provided an additional external reference. This external ref-

erence was an FBG sensor with a Bragg wavelength of 1550 nm surrounded by

thermoelectric elements controlled by a thermoelectric cooling (TEC) controller

(ITC4005, Thorlabs, Newton, United States). With this FBG reference sensor em-

bedded, immobilized, and temperature-stabilized, the reflected wavelength can be

used to directly quantify the drift of the system at 1550 nm, see Figure 3.7. The

drift was approximately 70 pm during the initial 12-hour operational period and,

afterwards, fluctuated in the range of 20 pm. Thus, the interrogator could be used

for the heat tracing experiments only in combination with the external reference

sensor since a drift correction needed to be performed.
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Figure 3.7: A long-term wavelength drift of the FBG interrogator at 1550 nm as measured
with a temperature-controlled FBG sensor.

Since the FBG sensors had Bragg wavelengths different from the reference, the

wavelength-dependent drift could not be directly subtracted from the measured

data. An additional correction or gain factor, G, needed to be determined, which

scaled the measured FBG wavelengths to match the reference:

G = λB

λr e f
(3.4)

where λB is the Bragg wavelength from an FBG sensor and λr e f is the Bragg

wavelength of the reference FBG sensor. The wavelength dependency of G was

investigated using the groundwater flow simulator under the following conditions:

the flow was off, the temperature inside was stable, and there were no factors that

could introduce strain effects in the sediment. In this case, the data collected from

the FBG sensors directly represented the system drift at those corresponding Bragg

wavelengths. The experiment showed that G = G(λ) is linear; therefore, the gain
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value for any FBG sensor can simply be calculated as a constant:

G = λB0

λr e f 0
(3.5)

where λB0 is the initial Bragg wavelength of an FBG sensor and λr e f 0 is the initial

Bragg wavelength of the reference sensor. The Bragg wavelength shift ∆λ with

respect to a change of the external temperature ∆T and the strain ∆ε is described

by the following equation [32], with the reference term subtracted:

∆λ

λB0
−G

∆λr e f

λr e f 0
= (1−pe )∆ε+ (αΛ+αn)∆T (3.6)

where pe is the strain-optic coefficient, αΛ is the thermal expansion coefficient (de-

scribes changes in the grating length due to temperature), and αn is the thermo-

optic coefficient (describes changes in the effective refractive index due to the

temperature). If the fibers are not pre-stretched or forcefully attached, then the

strain effects can be neglected. Relative temperature changes in the groundwater

flow simulator can be determined from (3.5) and (3.6) as:

∆T = 1

αΛ+αn
·
(
∆λ

λB0
− λB0∆λr e f

λ2
r e f 0

)
(3.7)

3.2.4 Thermal calibration

The sum of the coefficients αΛ+αn was obtained experimentally during additional

calibration measurements. FBG fibers with different packaging were placed in a

calibration water bath with a controlled temperature, together with a reference

PT100 sensor (TSP01, Thorlabs, Newton, MA, USA). The water in the bath was

heated to +25 °C corresponding to the temperature of the hot inflow water enter-

ing the groundwater flow simulator in the heat tracing experiment.

The data from the FBG sensors was collected using a different interrogator with

a built-in wavelength reference for a more precise calibration (Hyperion si155,

LUNA, USA). The interrogator had a swept laser in the range of 1500–1600 nm

scanning the entire spectrum with a 1 kHz frequency. A full optical spectrum was

digitized, and the peak wavelengths were calculated with a center-of-gravity al-

gorithm. With this technology, the number of interrogated FBG sensors is limited

by the desired dynamic range. The device has an internal wavelength referencing

system consisting of a Fabry-Perot cavity and a gas cell [53]. The measured drift

for this interrogator was less than 1 pm.
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The temperature sensitivity coefficient αT can be calculated from (3.7), while

neglecting the reference term, as:

αT =αΛ+αn = ∆λ

λB0∆T
(3.8)

The αT values for each packaging in Table 3.2 are an average of eight FBG

sensors within each fiber from a 15-min calibration interval when the water tem-

perature was held stable (see Figure 3.8). The accuracy of the reference PT100

sensor determined the confidence bounds ±σ of the αT values. In the interval

of 20–45 °C, the accuracy of the differential temperature measurement with the

reference sensor was ±0.8 °C. The temperature sensitivity of the FBG sensors, i.e.

the wavelength shift per 1 °C, was calculated from (3.8). The values for a 1550 nm

FBG sensor are presented in Table 3.2. The temperature resolution of the FBG

sensors depends on the resolution of the spectrum analyzer in the interrogator, in

this case, 1 pm, and is calculated from the sensitivity S as 1(pm)/S(pm/°C).
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Figure 3.8: Calibration curves for FBG sensors with Teflon and PVC packaging.

Table 3.2: Results of the thermal calibration: Thermal sensitivity S at 1550 nm and res-
olution were calculated for two types of FBG packaging material used in the
groundwater flow simulator.

FBG αT ±σ (°C−1) Sensitivity (pm°C−1) Resolution (°C)

Teflon (7.43 ± 0.26)×10-6 11.51 0.09
PVC (6.91 ± 0.24)×10-6 10.71 0.09

The confidence interval for αT can be used to calculate the accuracy of the

differential temperature measurements with the FBG sensors in the groundwater

flow simulator. If αT changes by σ, ∆T will change as:

∆T ′ = ∆λ

λB0(αT +σ)
(3.9)
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The accuracy can, thus, be calculated in comparison to the original ∆T as:

∆T ′

∆T
= αT

αT +σ (3.10)

A varied temperature sensitivity is caused by differences in the thermal ex-

pansion properties of the packaging material. The thermal expansion coefficient

of Teflon is slightly larger than that of PVC, (112–135)×10−6 °C−1 for Teflon and

(54–110)×10−6 °C−1 for PVC.

3.2.5 Heat tracing experiment

A heat tracing experiment was performed in the groundwater flow simulator at

constant flow velocity of 2.9 md−1 and varying inflow conditions:

I. Hot inflow. Time t = 0 h.

Hot water (48 °C) from a feed reservoir was pumped into the inflow reser-

voir where it slowly mixed with the room temperature (19 °C) water before

flowing through the inflow pipes and into the groundwater flow simulator.

II. Cold inflow. Time t = 5.5 h.

In this stage, the feed reservoir was filled with cold tap water (19 °C) and

pumped into the inflow reservoir.

III. No inflow. Time t = 7.5 h.

The feed pump to the inflow reservoir was stopped; both the inflow and

outflow systems were closed.

Prior to making measurements, the inflow system was open for two hours to

allow the flow to reach a steady-state condition. The flow velocity was chosen to

correspond to that of the natural groundwater flow, and we assumed that, for this

low velocity, the strain effects would be negligible compared to the temperature

effects. Some strain effects might appear if FBG fibers are pre-stretched during

attachment to the PVC frame (Section 2.3.3), so they were avoided in this experi-

ment. Surprisingly, some strain effects were observed and will be discussed below.

The temperature and strain cross-sensitivity of the FBG sensors was separated by

a comparison with the PT100 sensors.

The wavelength shifts measured by the FBG sensors were translated into tem-

perature, and the results are displayed as
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• 1-D temperature profile – the time development of a temperature from all

sensors along a line in the flow direction as highlighted in Figure 3.6 on

page 59. A comparison between the PT100 and FBG sensors also allowed

the identification of the strain effects.

• 2-D temperature maps – the time development of a temperature from all

sensors along a vertical slice through the groundwater flow simulator (all

sensors in Figure 3.6).

3.3 Results and discussion

3.3.1 Temperature effects

The major part of FBG signal is the temperature contribution. Generally, tem-

perature curves from both types of sensors, FBG and PT100, have similar shapes,

see Figure 3.9. The differences are within the accuracy range of the sensors (Ta-

ble 3.3). Moreover, the compared sensors were not at identical locations and had

different physical dimensions. The PT100 sensors, for example, provided a tem-

perature spatially averaged over 6 cm.
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Figure 3.9: A comparison of the FBG data translated into temperatures with the PT100
temperature profiles: The displayed data are from the sensors highlighted in
Figure 3.6 on page 59. Identical colors indicate sensors in the same row on the
frame (the same distance from the inflow system). Experimental stages: I–hot
inflow, II–cold inflow, and III–no inflow.
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Heat transport by convection was observed in the stages I and II. Thermal con-

duction took place not only in the pore fluid but also in the sand particles. As a

result, the advancing thermal tracer front was not a sharp boundary. Conduction

was observed in the stage III; heat transport by conduction was much slower than

convection in this case. A heat exchange between the inflow water, the sand par-

ticles, and the groundwater flow simulator walls was apparent from the gradual

decrease in the maximum temperature as water progressed through the ground-

water flow simulator.

Table 3.3: Accuracy of the FBG and PT100 sensors used in the heat tracing experiment.

∆T accuracy (%) ±25°C accuracy (°C)

FBG Teflon ±3.38 ±0.85
FBG PVC ±3.36 ±0.84
PT100 ±1.1

3.3.2 Thermal plume propagation

As temperature of the inflow water varied during the experiment, the FBG sensors

were used to visualize the propagation of a thermal plume across the groundwater

flow simulator (see the plume shape in Figure 3.10). Strain effects were observed

as fast perturbations on the slow temperature dynamics; therefore, it was possi-

ble to choose FBG data not affected by the strain to visualize the thermal plume

propagation.

The thermal plume developed asymmetrically over time in the vertical direc-

tion and exhibited a quasi-parabolic profile consistent with the laminar flow. Ini-

tially, the hot plume was centered in the upper section of the groundwater flow

simulator due to buoyancy effects, see Figure 3.10a. The hot plume propagated

downwards during the stages I and II. The heat propagation direction did not fully

coincide with the direction of the flow, possibly due to the asymmetric thermal

properties of the upper and lower sediment boundaries. The top of the ground-

water flow simulator had wet saturated clay as a sealant, and the base was filled

with a coarse sand covered with a plastic sheet. The buoyancy effects were ex-

pected to prevail during the entire experiment, but this was not the case. This

unexpected heat propagation in the sand was captured by the FBG sensors with a

high resolution of 0.09 °C.
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Figure 3.10: A time evolution of the thermal plume in the groundwater flow simulator at
four different moments in time: (a) t=3 h; (b) t=5 h; (c) t=7 h; (d) t=14 h
from the start of the experiment. The black circles indicate the calculated tem-
perature from the FBG sensors. The displayed temperature map was generated
by a linear interpolation from the FBG data.

Predicting the propagation of a thermal plume is not a trivial task even in a

designed subsurface environment with a quasi-uniform particle distribution and

laminar flow. The heat transport is affected by the presence of materials with dif-

ferent thermal conductivity. A similar complication occurs during the heat tracing

tests in the field. A heterogeneity of the subsurface complicates the interpretation

of heat tracing results, as heat does not always propagate in the same direction as

the flow. An array of temperature sensors could help to visualize the heat transport

in porous sediment structures. The FBG sensors can be used in the heat tracing

tests if they are combined with a packaging to eliminate the strain effects (e.g.

rigid metal tubing). The use of active heat tracing methods had been successfully

applied to the characterization of groundwater flows in diverse geological forma-

tions [12, 54]. However, due to the need for a constant power input to run the
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heating equipment, such an approach is not feasible for long-term flow monitor-

ing. In this regard, FBG flow sensors present an interesting alternative as they also

exhibit a sensitivity to strain which does not require power for heating.

3.3.3 Strain effects

Prior to this study, it was assumed that the wavelength shifts from FBG sensors in a

groundwater flow simulator would be caused exclusively by temperature changes.

However, as the experiment showed, this was not valid for all FBG sensors. In

case of the FBG sensors in the rows A and C, the strain effects were not negligible

(Figure 3.11). Possible explanations for the observed strain events include:

1. Setup adjustments, e.g. adjusting inflow connections, causing abrupt pres-

sure changes

2. Local flow changes, e.g. preferential flow paths around the sensors or set-

tling of the sediment

3. Global flow changes, e.g. hydraulic head changes

The step strain response at t=0.2 h (arrow 1) is common for the FBG sensors

from the rows A and C. It is the result of physical adjustments made to the inflow

system. The connection between the inflow reservoir and the inflow tubes is made
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Figure 3.11: The measured wavelength shifts of the FBG sensors in the rows A and C. The
red arrows indicate strain events resulting from (1) setup adjustments, (2)
local flow, or (3) global flow changes. The Roman numerals demarcate the
different experimental stages consistent with Figure 3.9.
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of several plastic hoses. At the start of the experiment, these connections were

checked and tightened. Such manipulations could result in either a physical strain

due to the small movements of parts in the groundwater flow simulator or changes

in the hydraulic conveyance efficiency of the system.

The FBG sensors from the rows A and C exhibited abrupt changes that were

localized to one or a few sensors (arrows 2). The amplitude was typically less than

5 pm. These responses could be associated with changes in the local flow due to

the nonuniformity of the sand distribution around the fibers or possibly the sand

settling effects. Axial tension is created or released in the fiber as it adapts its

shape to the change in sediment distribution.

The FGB sensors in the rows A and C had the largest strain response at t=7.5 h

(stage III) when the flow in the groundwater flow simulator stopped. It was a fast

step response followed by a slow relaxation with amplitudes up to 50 pm. In case

of the fiber A, the slow relaxation lasted for 6.5 h. It is likely that the FBG sensors

in the rows A and C measured strain changes caused by the local pressure changes

(arrows 3). The slow relaxation response could describe the pressure equalization

or elastic response of the fiber material. The strain effect at the start of the stage II

was also caused by a small pressure change when the feed reservoir was drained

of hot water.

The hydraulic head differential in the groundwater flow simulator at the start

of the stage III was 22 cm and decreased slowly to zero after many hours. Hy-

draulic head changes near drinking water wells can start from a few tens of cm

and reach up to several meters depending on how far from the well one measures

and the extraction rate. Hence, the strain effects measured by FBG sensors near

groundwater extraction wells are expected to be even larger than those found in

this study.

The fact that strain effects are visible for flow velocities as low as 2.9 md−1

indicates that pressure-strain sensitized FBG sensors could be used near drinking

water wells with higher flow velocities. Since pressure differences are the driving

force for the flow, pressure-induced strains in FBG sensors hold information di-

rectly related to groundwater flow. The pressure in the subsurface is not uniform

due to a variability in the sediment distribution, and this is where distributed pres-

sure sensors can provide more insight than hydraulic head measurements. When

connected into a network of point sensors, FBG sensors can further offer a possi-

bility to estimate flow magnitude and direction.
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3.4 Conclusion

A prototype of FBG temperature-flow sensor was proposed in this chapter. As

simulations show, the sensor prototype is capable of measuring groundwater flow

under assumption that FBG sensors do not measure any strain effects once they

are placed in soil. The validity of this assumption and suitability of FBG sensors

for groundwater flow sensing was evaluated in a lab-scale groundwater flow sim-

ulator. The heat tracing experiment demonstrated that FBG sensors can measure

relative temperature with an accuracy of 0.85 °C for the differential measurements.

Thermal plume propagation in the groundwater flow simulator could be visualized

by linearly interpolating temperature from the FBG data. The shape of the plume

was affected by differences in thermal conductivity of the top and bottom bound-

aries.

With these FBG sensors, it is not possible to decouple wavelength shifts caused

by changes in the ambient temperature from the fiber strain. If the application

requires only the temperature information in an unconsolidated subsurface envi-

ronment, the FBG sensors should be packaged to remain strain-free. A different

packaging can increase both the temperature and strain sensitivity and/or to de-

couple both effects. Strain effects were observed during the experiment despite

the fact that our packaging was meant to be strain-free. The strain effects caused

by hydraulic head changes are the most significant strain contributions to the FBG

signal. These effects will be examined and quantified in the following chapters

towards a strain-based groundwater flow sensor.

Within the scope of this research, key technical specifications of FBG interroga-

tors for groundwater flow sensing were also identified. A suitable FBG interrogator

needs to have a low noise level for maximum temperature and strain sensitivity.

Currently available interrogators with noise levels under 1 pm are already suffi-

cient for this application. Furthermore, the long-term wavelength stability of a

light source in the interrogator needs to be guaranteed. This is only possible when

the interrogator is combined with a wavelength reference.

The results demonstrated that FBG sensors can be used as temperature sen-

sors in the subsurface environment. However, FBG sensors are multi-parameter

sensors and they will have to be optimized for measuring temperature. Based on

these results, we did not continue the research by improving the temperature-flow

sensor design and decided to shift the focus to strain effects. The following step

was a validation of FBG strain sensors in field conditions.
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Strain sensing near drinking

water wells

4.1 Introduction

Groundwater is stored in porous sediments in the subsurface (aquifers). Large vol-

umes of water are moving in aquifers with velocities in the order of a few cmd−1

to md−1. Due to the long travel time in aquifers, groundwater is filtered from

pollutants and presents a naturally cleaned source of drinking water or irrigation

water. Groundwater supply is brought to the surface through wells. Understand-

ing and long-term monitoring of aquifers and wells, especially groundwater flow,

is crucial for sustainable management of groundwater resources and prevention

of groundwater-related problems, e.g. overdrafting, clogging, and groundwater

pollution. Having accurate long-term flow information near wells helps to identify

wells where clogging will most likely occur and to choose suitable locations for

new wells.

Groundwater flow velocity and direction can either be obtained directly by

various types of flow sensors installed inside observation wells, or indirectly from

geological modeling tools or geoelectrical imaging [1, 2]. Common input to the

models are field data from tracer tests, borehole logs, hydraulic head measure-

ments and pumping tests. Interpreting data from groundwater flow sensors is not

straightforward because the well itself causes a disturbance to the flow. The con-

struction of a well may create preferential flows around it and the shape of the



80 Strain sensing near drinking water wells

well screen influences vertical flow in the well itself [3]. Groundwater flow mod-

els are a useful tool to understand the overall flow distribution, but they are still

based on simplified assumptions and data from a limited number of monitoring

wells. For heterogeneous subsurface environments, groundwater models cannot

accurately predict local flow distribution. The models can be improved by more

accurate input data with a higher spatial resolution.

A recent technology that can provide higher resolution groundwater flow data

uses fiber-optic sensors. Fiber sensors are small in size and can be installed in

direct contact with the soil to minimize the disturbance to groundwater flow. Cur-

rent state-of-the-art technology for monitoring groundwater flow is Distributed

Temperature Sensing (DTS) [4]. DTS is based on inelastic scattering in an op-

tical fiber which is sensitive to temperature. The entire length of the fiber is a

sensing element providing data with medium spatial and high temperature reso-

lution (currently 12.5 cm and 0.01 °C). Heat is introduced into the subsurface as

a tracer for the flow [5] either via hot water injection [6, 7] or directly heating

up the subsurface [8, 9]. The accuracy of heat tracing methods needs to be dis-

cussed because heating changes properties of water and potentially modifies the

flow patterns [10]. Recent setups combine the heating element directly with the

DTS fiber-optic cable referred to as Active Heating-DTS [11, 12].

In the previous chapter we described the possibilities for groundwater flow

sensing using another type of fiber-optic sensors: Fiber Bragg Grating (FBG) sen-

sors. An FBG sensor is a periodic modulation of refractive index of the fiber core.

This grating reflects light with a Bragg wavelength λ0 matching the grating period

Λ, fulfilling the Bragg condition:

λ0 = 2ne f f Λ (4.1)

where ne f f is the effective refractive index for the propagating light. Gratings

are typically shorter than 1 mm, meaning that FBG sensors provide localized mea-

surement points along an optical fiber. A shift in the Bragg wavelength ∆λ is the

result of a modification of the refractive index or the grating period, either by a

temperature change ∆T or strain ∆ε in the optical fiber:

∆λ

λ0
= (αΛ+αn)∆T + (1−pe )∆ε (4.2)

where pe is the strain-optic coefficient, αΛ is the thermal expansion coefficient,

and αn is the thermo-optic coefficient. FBG sensors are sensitive to multiple phys-
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ical processes at the same time (temperature, pressure, and deformation forces).

FBG sensors installed in direct contact with soil can measure soil deformation

caused by groundwater extraction from an aquifer [13–15]. Various types of FBG

extensometers have been tested to monitor natural land subsidence [16] or subsi-

dence caused by mining [17]. In these studies drilled boreholes with extensome-

ters were not refilled with the original soil.

Volumetric changes in soil caused by vertical loading are known under the

term consolidation [18, 19]. Groundwater extraction decreases pore pressure in

saturated soil, which can be measured in piezometers in monitoring wells. Low-

ering pore pressure results in an increase of vertical stress in the aquifer. Accord-

ing to classical consolidation theory [20], consolidation has three stages - initial,

primary and secondary. Initial consolidation occurs directly after the loading is

applied. The loading causes an elastic deformation of soil without changes in wa-

ter content. Primary consolidation is characterized by a soil volume change due

to expulsion of water from the pores. Secondary consolidation is a plastic defor-

mation of soil due to long-term stress from loading. Consolidation is coupled to

groundwater flow via pore pressure changes. Early coupled theory was developed

by Biot [21]. In current hydrological applications, groundwater flow is modeled

separately and the pore pressure distribution is used as the external driving force

for the consolidation [13, 18]. High resolution consolidation data can provide an

input for the flow models.

Our previous research [22] showed that FBG sensors with a standard polyvinyl

chloride (PVC) and Teflon packaging responded to pressure and flow changes in

an aquifer simulator with natural flow. Pressure changes could be related to con-

solidation, while the mechanism of possible flow coupling is less clear. In this field

study, FBG sensors with a Teflon packaging were deployed in a drinking water well

field to investigate new methods of measuring groundwater flow. The packaging

was not adapted to measure only consolidation strain. Responses of the FBG sen-

sors are discussed for two different groundwater flow cases (high flow/low flow)

with multiple wells involved in the extraction.

4.2 Materials and methods

4.2.1 Experimental site

The study was conducted in drinking water extraction field ’t Klooster near Hen-

gelo, Gelderland, the Netherlands, operated by drinking water company Vitens.
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The well field supplies drinking water to households, farms and factories in a

50 km radius. The location was chosen because groundwater is extracted from

an unconfined aquifer from depths of 15–34 m, which is relatively shallow com-

pared to other considered locations, reducing the installation costs. Moreover, the

aquifer structure is quite homogeneous – soil borehole logs show mostly sand and,

occasionally, gravel and clay.

The well field contains twelve extraction wells with a maximum flowrate of

128 m3 h−1 for each well. The extraction wells are divided into three clusters with

four wells in each cluster (see Figure 4.1a). During regular operation, three pumps

from a cluster extract simultaneously. Extracted groundwater is rich in iron, which

is already removed in the aquifer by regularly re-injecting part of the extracted

groundwater after enrichment with dissolved oxygen. Iron oxides precipitate in

the ground and accelerate mechanical clogging of the soil. Investigating ground-

water flow at this well field can provide more insight where and how the clogging

occurs and reduce the well maintenance costs.

0 50 100
meters

1
0
0

2
0
0

3
0
0

4
0
0

w3

w2

w4

w7

w8 w6

w9 w5

w1

w10

w11w12

Cluster 1

Cluster 2

Wells

Cluster 3

(a)

4

8

w1

C

BA

P2,P3

P4

P1

P5,P6

20 4
meters

FBG fibers

Piezometers

Well 1

(b)

Figure 4.1: A map of the drinking water well field: (a) Location of the extraction wells
sorted in clusters. The area in the white rectangle is displayed in (b). (b) Loca-
tion of the FBG bundles and reference piezometers near well 1. The results in
Section 4.3 are from the red circled fiber bundle B and piezometer P2. A photo
taken from the direction indicated by the gray arrow is shown in Figure 4.4 on
page 84.
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4.2.2 Fiber preparation and installation

Three types of sensors were installed in a close proximity of well w1 (Figure 4.1b):

bundles of Distributed Temperature Sensors (DTS) and fiber Bragg grating (FBG)

sensors, and reference divers (pressure and temperature sensors). The FBG and

diver data are analyzed in this thesis.

The fiber bundle consists of FBG fibers, DTS fibers, a looped heating wire and

a nylon fishing line. All parts were tied using tie wraps and subsequently glued

with silicon (Figure 4.2). The tie wraps were removed after the silicone dried

to avoid creating strain in the FBG fibers. Within each bundle there are three

optical fibers, placed in one Teflon tube for protection (3 mm diameter, 1 mm wall

thickness). Each optical fiber contains eight FBG sensors with wavelengths 1518–

1581 nm, a total of 24 sensors per bundle. The FBG sensors were written in

a standard single mode SMF28 fiber with an acrylate coating using an UV laser

(Loptek, Berlin, Germany). The FBG sensors were 0.7 m apart and covered the

depth range of 17–33.1 m, corresponding to the screen depth of the nearest well,

w1. w1 has a screen at a depth of 17.8–32 m.

(a) (b)

Figure 4.2: Preparation of the fiber bundles. (a) Gluing with silicon. (b) A finished bundle
shortly before the installation on the site.

Boreholes of 30 cm diameter were suction drilled 40 m deep near w1, see Fig-

ure 4.3a. This well is accessible by car and it has electrical power connections. The

drilling was not as straightforward as initially expected for the sandy aquifer (as-

sumption based on soil logs). The drill tube got frequently blocked by small sharp
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stones. The boreholes were eventually drilled with a larger rig which increased

the cost of the procedure.

The fiber bundles had a weight attached to the fishing line to keep them

stretched while being lowered in the boreholes. The borehole was refilled with the

mixture of the extracted sediment, the top part was filled with gravel. In this way,

the placement of fibers caused minimal disturbance to the aquifer. PVC tubes with

2 m-long thin slits (screens) were installed in the boreholes to serve as piezometer

(a) (b)

Figure 4.3: Flush drilling of the boreholes for fiber bundles and piezometers: (a) A small
rig suitable for sandy aquifers. (b) A larger rig that can also handle stones.

(a) (b)

Figure 4.4: (a) Experimental site. Well w1 is on the right side, piezometers P1−P4 are
in the smaller tubes. The photo was taken from the direction indicated by the
gray arrow in Figure 4.1b. (b) A diver with piezometers P2 and P3 in the
background.
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tubes. The borehole was refilled with the mixture of the original material and

the slit area was sealed above and below with clay to prevent vertical flow along

the piezometer tube. Reference divers (TD reference diver, van Essen Instruments,

Delft, the Netherlands) were installed in the piezometer tubes, 10 m below the sur-

face (Figure 4.4b). In total, three fiber bundles (A-C) and six piezometer tubes

were placed on the site. P2,P3,P5,P6 have 5 cm diameter, P1 and P4 have 11.5 cm

diameter. The experiments at the site (Figure 4.4a) started six months after the

drilling to let the sediment settle down.

4.2.3 Data collection

An autonomous sensing unit was assembled to collect and transfer data from the

field location (see Figure 4.5). A microcontroller (Raspberry Pi model 3B, Rasp-

berry Pi Foundation, UK) handled the communication with the FBG interrogator

(Hyperion si155, LUNA, USA), optical switch (eol 1×16, Laser Components GmbH,

Germany), weather station (Dreamlink WH1080, Conrad Electronic SE, Hirschau,

Germany), and GSM modem. The measurement time was kept accurate using Real

Time Clock (RTC) for Raspberry Pi. A fan was added for cooling the electronics.

The temperature of the processor and air inside the unit was continuously moni-

tored. The unit was programmed to automatically resume the data collection after

power cuts. The Raspberry Pi always maintained a remote connection to a server

(a)

temperature
probe

Raspberry
Pi

GSM
modem

fan

FBG
interrogator

optical
switch

(b)

Figure 4.5: Autonomous FBG sensing unit used in the field measurements. (a) The unit
installed at the experimental site. (b) Devices inside the unit.
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located at Wetsus (Leeuwarden, Netherlands) and it was possible to transfer some

data via SSH protocol. All data was stored locally on an SD card. The unit sent

email warnings if the temperature got close to 0 or 60 °C (operational temperature

of the FBG interrogator), if the SD card was almost full or if some part of the unit

was not operating correctly.

The FBG interrogator has a built-in wavelength reference to guarantee long-

term accuracy of the measurements. The interrogator’s internal peak detection

algorithm identifies the peak Bragg wavelengths from the spectrum of 1500–

1600 nm with a scanrate of 100 Hz. The interrogator was synchronized to an

optical switch. An idle fiber was addressed before addressing each sensor fiber to

improve detection. Each FBG sensor was sampled with a 2.1 s period.

The diver measures temperature and absolute pressure pdi ver , which is a com-

bination of pore pressure p and atmospheric pressure patm . Diver data were stored

every 10 s in an internal memory and had to be collected manually. The weather

station measured atmospheric pressure every 60 s. Pore pressure data for com-

parison with FBG responses were obtained from the reference diver and weather

station:

p = pdi ver −patm (4.3)

4.3 Results and discussion

The FBG sensors measure local temperature and strain variations, which is de-

tected as a wavelength shift ∆λ of the reflected light. The strain variation can be

caused by several physical effects taking place in a set of coupled domains. The

FBG response after adapting the general equation (4.2) can be written as:

∆λ

λ0
=αT∆T + (1−pe )β∆εc + (1−pe )γ∆εp (4.4)

The first term is a temperature (∆T ) contribution, the second term is the con-

solidation strain (∆εc) contribution and the third one is the pore pressure strain

(∆εp) contribution. αT ,β,γ are transfer coefficients that contain the influence of

FBG packaging. pe is the strain-optic coefficient.

1. Temperature

The temperature variation is expected to be small at the investigated depth

as groundwater temperature is quite stable. However, extraction mobilizes

water from different depths and thus the FBG sensors might encounter a
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temperature change ∆T . The temperature from the liquid is coupled through

the Teflon tube that is housing the fiber bundle. The temperature sensitivity

coefficient is αT =7.43×10−6 °C−1 [22], and the temperature contribution to

FBG response is:
∆λT

λ0
=αT∆T (4.5)

A temperature change of 1 °C causes a wavelength shift of ∆λT = 11.5 pm at

1550 nm.

2. Consolidation

The extraction of water causes consolidation strain ∆εc (−) in the soil, which

can be expressed as a function of the pore pressure change ∆p (Pa) [23]:

∆εc = (1+νsoi l )(1−2νsoi l )∆p

(1−νsoi l )Esoi l
(4.6)

The values of Poisson’s ratio νsoi l and Young’s modulus Esoi l change with

depth. For the depth considered in our study, estimated values for dense fine

sand are Esoi l =50 MPa and νsoi l =0.3 [24, 25].

The FBG fibers compress/expand together with the surrounding soil and

measure the mechanical strain coupled to a wavelength shift through strain-

optic coefficient pe=0.22. The strain experienced by the FBG sensors is

affected by the sensor packaging, therefore a consolidation strain transfer

coefficient β (−) is introduced. Consolidation strain contribution to FBG

response is:
∆λc

λ0
= (1−pe )β∆εc (4.7)

A pressure increase of 1 atm (∆p =1×105 Pa) induces a consolidation strain

of 1486 µε. Assuming that the strain transfer is ideal (β= 1), this amount of

strain causes a wavelength shift of ∆λT = 1.8 nm at 1550 nm.

3. Pore pressure

External pressure causes a volumetric change of the fiber which is coupled

through the Teflon tube.

Increasing pressure compresses the material and decreases the grating pe-

riod so that the wavelength shift is negative. The FBG strain response to a
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pressure change ∆p (Pa) is described in [26] as:

∆εp =−∆p(1−2νg l ass )

Eg l ass
(4.8)

For glass, the constant Poisson’s ratio is νg l ass = 0.17 and Young’s modulus is

Eg l ass =73 GPa [27]. Pore pressure contribution to the FBG response is then:

∆λp

λ0
= (1−pe )γ∆εp (4.9)

where γ is a pressure transfer coefficient through the Teflon tube and fiber

coating.

If we assume that γ= 1, a pressure drop of 1 atm yields a wavelength change

of ∆λT = 1.1 pm at 1550 nm.

4. Drag force

The installed fiber-bundle might be in contact with flowing water instead of

the soil. The drag force of the flow can cause bending of the fiber. According

to Cadusch et al. [28], an FBG sensor bent to a 8 mm diameter shows 0.1 pm

wavelength shift which is under the noise limit of the currently used FBG

interrogator (1 pm). The drag force effects are therefore negligible in our

setup.

The final response is the result of all contributions and their coupling efficiency.

Measured FBG responses from the fiber bundle B were compared to estimated FBG

responses. The estimated FBG responses were calculated from the pore pressure

and temperature data collected from the reference piezometer P2 (for location,

see Figure 4.1b). The reference piezometer P2 has the same distance from w1

as the bundle B. Temperature graphs are not shown because the contribution to

the FBG response is not significant (see Table 4.1). Due to close proximity of the

installed FBG fiber to well w1, extraction from this well has a major effect on the

FBG sensor response. We can identify two situations that are discussed separately

– with and without extraction from w1.
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Table 4.1: Maximum estimated FBG responses calculated from the in-situ pore pressure and
temperature data. The highlighted row shows the only significant contribution
with respect to the detection limit.

Without extraction from w1 With extraction from w1

Measured Data Measured Data

max ∆p 6.6×103 Pa max ∆p 3.6×104 Pa
max ∆T 0.05 K max ∆T 0.02 K

Estimated FBG response Estimated FBG response

max ∆λT /λ0 3.7×10−7 max ∆λT /λ0 1.49×10−7

max ∆λc /λ0 76.5×10−6β max ∆λc /λ0 417.2×10−6 β

max ∆λp /λ0 −0.05×10−6γ max ∆λp /λ0 −0.25×10−6 γ

Detection limit Detection limit

min ∆λ/λ0 0.65×10−6 min ∆λ/λ0 0.65×10−6

4.3.1 Operation without extraction from the nearest well

Without w1 extracting, all FBG sensors in Figure 4.6a–c follow the pore pressure

changes depicted in Figure 4.6d. Pore pressure changes are coupled to FBG strain

through material deformation of the fiber and packaging or through soil consoli-

dation. According to estimated values from Table 4.1, volumetric changes of the

fiber due to pore pressure are a negligible contribution to FBG response, temper-

ature as well. The FBG sensors in the current configuration therefore measure

predominantly consolidation strain in soil due to groundwater extraction.

The amplitude of the FBG response decreases with the distance to the wells,

see cluster arrows in Figure 4.6a–c. Wells from the cluster 1 cause the largest

response, while wells from the cluster 2 cause smaller but detectable response.

The influence of wells from the cluster 3 is visible for FBG1 and FBG3. The FBG

sensors detect consolidation strain caused by groundwater extraction up to 250 m

distance (distance of the farthest well w8).

Assuming that the consolidation strain is constant within the depth span of the

presented FBG sensors (1.4 m), the expected values for the consolidation strain

transfer coefficient β are calculated in Table 4.2 assuming dense sand for the soil.

The strain measured by the FBG sensors is one order of magnitude lower than

the consolidation strain. We attribute this to the conversion of part of the consol-

idation strain into shear stress of the protective packaging [29]. There are two

mechanisms of strain transfer between soil and polymer interfaces and they are
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Figure 4.6: Strain response of the FBG sensors during regular well operation with w1 off:
(a) FBG1 at a depth of 17.7 m; (b) FBG2 at a depth of 18.4 m; and (c) FBG3
at a depth of 19.1 m. (d) Pore pressure change in the reference piezometer in
the 17.8–19.8 m depth range. ↑: a cluster of the corresponding color starts
extracting; ↓: a cluster of the corresponding color stops extracting.
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Table 4.2: Consolidation strain transfer coefficient for FBG sensors calculated for regular
well operation without w1 extracting.

F BG1 F BG2 F BG3

β 5.4×10−2 3.7×10−2 7.1×10−2

both influenced by stiffness of the polymer packaging (Young’s modulus and Pois-

son’s ratio) [30]. Soil particles tend to slide and scratch relatively hard polymer

surface, while relatively soft surfaces deform and allow soil particles to roll [31].

Strain transfer is larger when particles slide. In our case, the packaging is a soft

polymer (Teflon with a layer of silicone) and soil particles tend to roll, thus low

strain transfer coefficient values are expected.

The friction coefficient between the soil and packaging increases with normal

pressure applied on the interface [32]. In field conditions, this means that the

strain transfer coefficient increases with soil density [33]. Occasionally, stones

and gravel of up to 10 cm size were discovered during the installation process

and they were placed back into the borehole. Gravel pieces near the FBG sensors

lower the transfer of consolidation strain. The FBG strain variation with depth is

also expected to be caused by differences in the relative position of the fiber inside

the tube. The shape of the Teflon tube determines how much a fiber can adjust to

release strain.

4.3.2 Operation with extraction from the nearest well

In the case that w1 is extracting, the FBG sensors respond immediately to the

pore pressure changes, with an amplitude decreasing with distance. Unlike in the

previous case with w1 off, the responses to the cluster 1 vary both in amplitude and

shape, see Figure 4.7. The FBG responses to the cluster 2 follow the pore pressure

changes in Figure 4.7d, while the response to the cluster 3 is barely visible for

FBG1 and FBG3.

The extraction in w1 clearly influences the FBG sensors. The amplitude of

the fast response is approximately equal for the start and stop of the cluster 1

extraction. All soil strain is recovered after compression, which means that the

consolidation is in the primary (elastic) stage. Sensors FBG2 and FBG3 show the

fast response with the same sign as the fast pore pressure change, but they differ

in slow relaxation behavior. The initial fast response of FBG1 has an opposite sign

compared to the other sensors. FBG1 expands when the wells from the cluster 1
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Figure 4.7: Strain response of the FBG sensors during regular well operation with w1
switched off and on: (a) FBG1 at a depth of 17.7 m; (b) FBG2 at a depth of
18.4 m; and (c) FBG3 at a depth of 19.1 m. (d) Pore pressure change in the
reference piezometer in the 17.8–19.8 m depth range. ↑: a cluster of the cor-
responding color starts extracting; ↓: a cluster of the corresponding color stops
extracting.
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are switched on and compresses at shutdown of the wells. This means that the

pore pressure locally increases when the extraction from w1 starts. The explana-

tion could be related to an occurrence of a clay layer near FBG1. The disconti-

nuities at the sand-clay boundary might cause local accumulation of groundwater

and increase in the pore pressure. Compared to the piezometers, FBG sensors

provide high resolution consolidation data from different depths and capture local

heterogeneity of soil.

The observed FBG responses are not caused by volumetric changes of the fiber

due to pore pressure or temperature (Table 4.1), the FBG sensors most likely detect

soil consolidation. When the extraction from w1 is involved, the strain from soil is

not always transferred with a constant scaling factor β and various types of FBG

relaxation responses to the cluster 1 can be observed.

The FBG relaxation response against the fast response is visible only for FBG1

and FBG2 in Figure 4.7. This response might be linked to the rate of soil com-

pression/expansion. According to the results, if an FBG fiber in a Teflon tube

compresses/expands faster, it is more likely to show this relaxation behavior. Sim-

ilar effects were previously observed by Drusová et al. [22] in an aquifer simulator

filled with uniform sand. When the pore pressure/flow suddenly changed, the

FBG sensors with PVC and Teflon packaging both showed a relaxation response

against the pressure changes. It is known that polymers such as Teflon and PVC

respond differently to the applied strain rate [34]. When a shock impulse is ap-

plied to these polymers, the relaxation response looks similar to what is measured

by FBG sensors. In the case of Teflon, this type of relaxation becomes visible

with strain rates several orders of magnitude higher [35] than measured in this

study. The maximum applied consolidation strain rate expected in this study was

57 µεs−1 (calculated from the results in Figure 4.7d). Therefore, the consolidation

strain rate is not expected to be a factor that determines the FBG response.

The relaxation response of the FBG sensors in Figure 4.7 can be interpreted as

decoupling of soil-packaging interface. The Teflon tube slips in the soil and the

FBG fiber slips inside the tube back to its original position after compression/ex-

pansion. The limit when the soil-packaging interface starts decoupling is deter-

mined by the friction coefficient and the magnitude of consolidation strain [36].

The high magnitude of consolidation strain can explain why the relaxation

behavior only occurs when w1 starts/stops extracting. In the case of extraction

without w1, the consolidation strain is not sufficient to cause the slip – the soil-

packaging interface is fully coupled and consolidation strain is elastically trans-

ferred to FBG sensors.
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According to Zhang et al. [36], if normal interface pressure is lower, the friction

coefficient is lower and packaging is more likely to decouple from soil. In the

case of extraction with w1, the soil-packaging friction coefficient can be influenced

by groundwater flow. Groundwater flow close to an extraction well also has a

vertical flow component and there is a possibility that flow channels are created

along the packaging surface. This effect would decrease the coupling of the soil-

packaging interface.

The interface decoupling limit has been reached by FBG1 and FBG2. It is diffi-

cult to quantify the interface friction coefficient of the packaging in field conditions

because it is influenced by the fiber installation process. It is also not possible to

estimate how much strain was lost due to interface decoupling. The dependence

of the soil-packaging friction coefficient on groundwater flow and soil type needs

to be further investigated.

Several packaging options have already been tested for FBG consolidation sen-

sors. Wu et al. [30] used FBG fibers with a polyurethane, a metal sheath and a

steel conduit. Polyurethane seems to transfer the largest portion of consolidation

strain, but it is not durable enough to be deployed at more than 100 m depth.

Metal packaging can provide long-term protection of the fiber, but it will reduce

the strain transmission [37]. Huang et al. [15] placed an FBG extensometer in a

PVC tube and increased the friction with soil by adding friction rings. A Teflon tube

is a very suitable choice when it comes to protection of fibers in the subsurface be-

cause of its durability, low chemical reactivity and affordable price. A Teflon tube is

however not a suitable packaging for FBG consolidation sensors due to high strain

losses. On the other hand, due to the low friction coefficient, slow slip relaxation

could become a new method to detect groundwater flow changes. An ideal pack-

aging for this type of FBG groundwater flow and consolidation sensor would 0.still

be a Teflon tube with a smaller diameter filled with an elastic polymer to facili-

tate the strain transfer to the FBG sensors. The packaging should have a Young’s

modulus lower or comparable to soil to reduce shear deformation.

4.4 Conclusion

FBG sensors were deployed in an aquifer to find new methods to measure ground-

water flow. The sensors measured soil consolidation caused by groundwater ex-

traction from multiple wells. The magnitude of the FBG response to consolidation

depends on the distance to extraction wells. Extraction from the nearest well

causes the largest strain response, but nearby wells also need to be taken into ac-
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count as they all influence the pore pressure in the aquifer. FBG sensors respond

to wells from an area within 250 m radius (including the cluster 1, cluster 2 and

w9). The magnitude of the FBG response at the start and stop of extraction are

roughly equal, which means the soil deformation is elastic.

The FBG packaging is an important factor which determines the FBG strain

response. With our packaging (Teflon tube), we measured consolidation strain

one order of magnitude lower than the expected value. The influence of packaging

on the FBG response is different based on magnitude of the pore pressure changes

(groundwater flow). We compared two cases – with and without extraction from

the nearest well.

When the nearest well was not extracting, the FBG sensors measured soil con-

solidation caused by extraction from the further wells (starting from 80 m dis-

tance). The packaging in this case influenced the strain transfer magnitude be-

tween soil and FBG fiber. When the nearest well at 4 m distance started/stopped

extracting, the FBG sensors also showed a relaxation response influenced by a

slow slip of the packaging in soil. The results suggest that the friction coefficient

between the FBG packaging and the soil is influenced by the groundwater flow.

FBG sensors can be used to measure soil consolidation with high resolution and

show the occurrence of soil layers with different pressure.

A new packaging needs to be designed to increase the sensitivity of FBG sensors

to consolidation strain and groundwater flow and to discriminate between them.

More research needs to be conducted to translate the FBG data into groundwater

flow, perhaps in combination with hydrological modeling tools. Once deployed

in a well field, FBG sensors could measure continuously during regular operation

of the wells. Long-term monitoring of consolidation and flow with high spatial

resolution can show the first signs of clogging and identify the layers where it

occurs.
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Long-term temperature and

strain sensing near wells

5.1 Introduction

Groundwater, as the cleanest source for public drinking water supply, is extracted

from aquifers through wells. Series of pumping tests are performed before a well

starts long-term extraction. Pumping tests are the most suitable way to determine

groundwater quality, aquifer properties and appropriate depth of the pump from

single observation points [1]. During a pumping test, groundwater is extracted

from the well at a controlled rate and water levels are observed in monitoring

wells. The aquifer properties calculated from pumping tests are hydraulic conduc-

tivity, storage coefficient, and specific yield [2]. These values are used to estimate

the radius of influence of the area affected by pumping [3].

All aforementioned parameters might change during a long-term operation, so

drinking water extraction wells need to be continuously monitored. A decrease

in the well yield and water quality is the first sign of well clogging [4]. Con-

tinuously decreasing water levels in monitoring wells indicate groundwater over-

drafting [5]. Consequently, groundwater gets extracted from a larger radius than

initially expected and water quality might degrade due to intrusion of polluted

or saline water. When overdrafting continues, accumulation of soil consolidation

might result in permanent land subsidence [6]. Long-term monitoring of the wells

is important to prevent these groundwater-related issues.
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Commonly monitored parameters in extraction well fields are flowrate of the

wells, pressure (water levels), temperature, water conductivity, and water qual-

ity (chemical composition) [7]. Another important parameter which needs to be

monitored is groundwater flow around the well, both its magnitude and direction.

Groundwater flow can be measured directly in the monitoring wells using bore-

hole flowmeters [8] and the spatial flow field near wells can be predicted using

groundwater flow models. The limitation of regional groundwater flow models is

a lack of field data for the model input [9]. One way the models can be improved

is by using input data with a higher spatial resolution collected by fiber-optic sen-

sors [10].

Promising fiber-optic sensors for groundwater monitoring are fiber Bragg grat-

ing (FBG) sensors because they can measure multiple parameters simultaneously

and spatial resolution can be customized [11]. FBG sensors are used to measure,

for example, temperature and pressure [12, 13], and pH [14]. An FBG sensor con-

sists of a refractive index modulation in the fiber core with a period Λ. The grating

acts as a mirror only for the Bragg wavelength λ0 - a wavelength that matches the

grating period:

λ0 = 2ne f f Λ (5.1)

where ne f f is the effective refractive index for the propagating light mode in the

fiber. FBG sensors are simultaneously sensitive to temperature and mechanical

strain. FBG sensors can measure multiple parameters if these are translated to

strain through FBG packaging. Sensitivity to a certain parameter can also be cus-

tomized by choice of packaging. FBG sensors have a wide range of applications in

monitoring subsurface structures. They are employed to prevent landslides [15],

monitor the stability of dams [16, 17], or measure pressure and temperature in oil

wells [18]. Groundwater-related FBG research is focused on measuring pressure

and temperature at remediation sites [19] and subsidence caused by groundwater

extraction [20, 21].

In this chapter we explore the potential of FBG sensors for groundwater moni-

toring in a drinking water well field. The wells in the field are used for groundwa-

ter extraction and injection. A small volume of the extracted water is injected into

the ground for subsurface iron removal [22], causing clogging in soil instead of

the well screen. The injected water can be used as a thermal tracer for groundwa-

ter flow and allows to identify clogged soil layers. FBG sensors were deployed for

measuring temperature and consolidation strain and a new method of separating

these effects is presented. FBG consolidation response was rescaled to show pres-
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sure distribution close to a well. The results from the FBG sensors are compared

to reference sensors for temperature, pressure and flowrate.

5.2 Materials and methods

5.2.1 Experimental site and sensor installation

The location of this study was a drinking water extraction field in Hengelo, Gelder-

land, the Netherlands. There are 12 wells in the area extracting with a flowrate of

128 m3 h−1, see Figure 5.1a for their location. Groundwater from this area is rich

in iron. Dissolved iron ions cause an unwanted yellow colorization in the drinking

water, so they need to be removed before the water is sent into the distribution

network. To remove iron, a part of the extracted water is enriched with dissolved

oxygen and is periodically injected back into the ground. 3000 m3 is injected into

a well at once at a rate of 60 m3 h−1, half of the normal extraction rate. As a result,

iron oxides and hydroxides precipitate in the soil. Soil samples from the field were

imaged with scanning electron microscope (SEM) and their content was analyzed

with Energy-dispersive X-ray spectroscopy (EDX) [23].
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Figure 5.1: A map of the drinking water well field: (a) Location of the extraction wells
sorted in clusters. The area in the white rectangle is displayed in (b). (b) Lo-
cation of the FBG bundles and reference piezometers near well 1. Data from
sensors circled in red is compared in the Section 5.3.
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Data from multiple sensors are processed and compared in this chapter:

• FBG sensors: consolidation and temperature

• reference divers: pressure and temperature

• weather station: atmospheric pressure

• flowmeter: horizontal flowrate in a well

• soil logs

• EDX: chemical content of soil particles

• status of 12 wells: on/off

FBG sensors and reference divers were installed at a distance of less than 10 m

from well w1 (Figure 5.1b). Boreholes were drilled down to 38 m depth using

the flush drilling technique. FBG fiber bundles with sensors were glued to a fish-

ing line with a weight to keep the fibers straight when they were placed in open

boreholes. The boreholes were refilled with the original sediment, although the

natural sediment layering was not precisely reconstructed. Divers are pressure

and temperature sensors that were suspended in piezometer tubes.

In total, three FBG fiber bundles A, B, C were installed near the well, each bun-

dle with 24 sensors equally spaced by 0.7 m, starting from 17 m depth to cover the

length of the well screen (17.8-32 m). Each bundle contains three fibers protected

by a 1-mm thick Teflon tube with 3 mm diameter (Loptek, Berlin, Germany). Six

divers (TD reference diver, van Essen Instruments, Delft, the Netherlands) were

installed at the depth of 10 m.

FBG data was collected using an FBG interrogator (Hyperion si155, LUNA,

USA) controlled by a microcontroller (Raspberry Pi model 3B, Raspberry Pi Foun-

dation, UK). The microcontroller was programmed to autonomously collect the

data and report the state of the unit. FBG data had a sampling period of 2.1 s.

Diver data had to be downloaded manually when the internal memory was full,

which means that divers had to be periodically taken out of the piezometers. Diver

data had a sampling period of 5 s. Since divers were placed inside piezometers,

corrections had to be made to get data comparable to the FBG sensors placed in

direct contact with the soil. Divers measure absolute pressure pdi ver , which is a

combination of hydrostatic pressure p and atmospheric pressure patm . Hydrostatic

(pore pressure) was obtained as:

p = pdi ver −patm (5.2)
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Figure 5.2: A diver installed in a piezometer several meters above the piezometer screen.
(a) When the nearby well starts extracting, the extracted groundwater does not
reach the diver. (b) When the nearby well stops extracting, groundwater flows
up to the diver and the temperature change at that moment corresponds more
closely to the groundwater temperature.

Atmospheric pressure was measured using a pressure sensor in a weather sta-

tion installed at the location. It is important to realize that for most of the time,

divers measured water temperature inside of the piezometer tube, not the ground-

water temperature directly. The divers were suspended at the depth of 10 m, while

piezometers screens were at 17.8–19.8 m and 22.5–24.5 m. When the nearest well

starts extracting, groundwater flows through the piezometer screen but it does not

reach the divers (see Figure 5.2a). When the water level in the piezometer drops,

the diver measures the temperature of the water column above. This temperature

tends to be higher due to stratification. When the nearest well stops extracting

(see Figure 5.2b), the water level in the piezometer rises and the groundwater

flows towards the diver. Inflowing water gets mixed with the water inside the

piezometer and the temperature is equalized. Divers therefore measure the tem-

perature of the groundwater in the aquifer only for a short time after the nearest

well stops extracting.
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Horizontal flowrate in w1 was measured using a propeller flowmeter (van Es-

sen Instruments, Delft, the Netherlands). The flowmeter was lowered inside the

well during extraction and measurement was taken every 0.5 m, in the depths of

the well screen. This measurement was taken shortly after the construction of the

well in March 2000. All other presented data was taken in 2018-2019.

In Chapter 4 [24] we examined which effects cause a measurable response of

the FBG sensors in this well field. It was discovered that the FBG sensors measure

predominantly soil consolidation caused by groundwater extraction. The ground-

water temperature is quite stable with seasonal variations being lower than 0.5 °C,

so the temperature contribution to the FBG response during extraction is negligi-

ble. In this chapter we present a case where temperature contribution is significant

and explain how to quantify it. Temperature changes can be related to the ground-

water flow around a well. The FBG consolidation response was used to calculate

the groundwater pressure.

5.2.2 Pressure sensing

The installed FBG sensors are not directly sensitive to pressure changes; they can

measure pressure through consolidation. The FBG consolidation (strain) response

depends on the pressure change ∆p, the compressibility of the soil (represented as

Young’s modulus Esoi l and Poisson’s ratio νsoi l ) and a friction coefficient β between

the FBG packaging and soil [24]:

∆λc

λ0
= (1+νsoi l )(1−2νsoi l )

(1−νsoi l )Esoi l
(1−pe )β∆p (5.3)

Consolidation strain from the soil is coupled to a wavelength shift through the

strain-optic coefficient pe=0.22 (Section 4.3). The amplitude of the consolidation

itself depends on the distance to a well.

The compressibility of soil varies with depth and distance but stays constant

in time. The majority of sensors is surrounded by sand, occasionally mixed with

stones or clay. Our previous research [24] showed that the friction coefficient

β between the soil and FBG packaging is not constant in time. When the FBG

sensors measure consolidation caused by a very close well w1, the friction coef-

ficient is most likely influenced by the groundwater flow that causes decoupling

of soil-packaging interfaces. This effect is not well studied in the literature. The

decoupling causes an FBG response that is small compared to the consolidation

response, so that the friction coefficient can be assumed to be constant. Except
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for the groundwater flow, the friction coefficient is likely influenced by the surface

roughness of the FBG packaging and orientation of the FBG fiber in the soil.

The friction coefficient and soil compressibility are difficult to measure sepa-

rately. However, if the pressure change ∆p is known, it is possible to calculate

one constant scaling factor F for each sensor which includes the effect of both soil

compressibility and friction:

F = ∆λc

λ0∆p
= (1+νsoi l )(1−2νsoi l )

(1−νsoi l )Esoi l
(1−pe )β (5.4)

Scaling factors F were calculated from a dataset where the nearest well w1 was

not extracting. Pressure changes were caused by the extraction from further wells

in the field. In this case, ∆p measured in all piezometers P1−P6 was nearly equal

even though the piezometer screens are located at different depths (12–37 m).

Since the FBG bundles are located within 10 m distance of the piezometers at 17–

33.1 m depth, it can be assumed that the ∆p measured by all FBG sensors is equal

to the ∆p measured by the divers.

The ∆p from the divers was averaged and this curve was used to calculate

the scaling factors F . The averaged ∆p and FBG curves were parsed into several

intervals in such a way that ∆p is monotonically increasing or decreasing in the

interval, see Figure 5.3. Since FBG sensors also measure temperature, parsing

the FBG response into smaller intervals minimizes the temperature contribution

because temperature varies at much larger time scale. The scaling factor F for

each FBG sensor was calculated using (5.4) in these intervals and averaged. Data
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Figure 5.3: Average pressure change measured by all divers when w1 was not extracting.
The pressure curve is parsed into several intervals divided by dashed lines where
the scaling factor F was calculated.
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from noisy FBG sensors was discarded. These sensors had a small signal-to-noise

ratio where the maximum wavelength change within an interval in Figure 5.3 was

smaller than 1 pm.

The scaling factor F for each FBG sensor was then used to scale the measured

data and calculate ∆p when w1 was extracting:

∆p = ∆λc

Fλ0
(5.5)

5.2.3 Consolidation models and temperature sensing

The temperature in the aquifer is normally quite stable. Temperature changes oc-

cur during and after the injection of oxygen-rich water. The oxygen-rich water

is stored in the reservoir in the basement of the pumping station and it travels

through hundreds of meters of pipes before it reaches the aquifer. Due to heat

exchange with the ground and the walls of the reservoir, oxygen-rich water has

a higher temperature than the groundwater in the aquifer. Once the injection is

finished, the groundwater temperature around a well is changed by heat convec-

tion due to extraction. The injected water can therefore be used as a tracer for the

groundwater flow.

The FBG response during and after injection is a combination of consolidation

strain and temperature, see Figure 5.4. The consolidation response is a variation

on a scale of several hours, whereas the temperature response varies more slowly,

on a scale of several days. These differences in time dynamics can be used to

separate both effects. The consolidation response can be predicted by a model

as a response to the extraction wells. This predicted consolidation response can

be then subtracted from the measured FBG response to recover the temperature

variation. The model thus requires training data not influenced by temperature.

We assume that the FBG fibers placed in the soil behave as a linear time-

invariant system. Soil consolidation is related to pressure changes caused by

groundwater extraction, hence the FBG consolidation response is a sum of con-

solidation responses caused by the wells in the area.

The model type chosen to analyze the FBG data is an ARX model. ARX model

belongs to a general class of dynamic model structures and ARX stands for Au-
toRegressive with eXogenous variables. The model has an autoregressive part which

captures the output dynamics and the exogenous part represents the influence

of the inputs. An ARX model is described by the following difference equation
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Figure 5.4: FBG response (consolidation strain and temperature): (a) during the injection,
(b) after the injection of oxygen-rich water. Temperature response is the base-
line variation, consolidation response are the peaks.

between time-dependent input u(t ) and output y(t ) [25]:

y(t )+a1.y(t−1)+...+ana .y(t−na) = b1.u(t−nk)+...+bnb .u(t−nb−nk+1)+e(t ) (5.6)

with the following terms:

y(t ), ...y(t −na) - time shifted output values

u(t −nk), ...u(t −nb −nk +1) - time shifted input values

e(t ) - error term

a,b - model coefficients

na - backward time shift in the output

nb - backward time shift in the input
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nk - number of input samples that occur before the input affects the output, also

called the dead time in the system.

Equation (5.6) can be simplified using a time shift operator q. The unit back-

ward shift operator applied on a function f (t ) is written as:

q−1 f (t ) = f (t −1) (5.7)

The ARX model equation (5.6) then becomes:

A(q)y(t ) = B(q)u(t −nk)+e(t ) (5.8)

where

A(q) = 1+a1q−1 +a2q−2 + ...+ana q−na and

B(q) = b1 +b2q−1 +b3q−2 + ...+bnb q−nb+1.

Thus na and nb determine the order of polynomials in q−1. Dividing (5.8) by A(q)

we can identify the transfer function G(q) and the transfer function of the noise

model H(q):

y(t ) = B(q)

A(q)
u(t )+ e(t )

A(q)
=G(q)u(t )+H(q)e(t ) (5.9)

Commonly, the coefficients a,b are found via least-squares estimation.

The consolidation response of every FBG sensor placed in the ground was mod-

eled separately. The output data for each model was the wavelength shift ∆λ of an

FBG sensor and input data was the status of the 12 extraction wells. The status is a

binary input represented as 0-off, 1-on, measured with a sampling period of 1 min.

The FBG data was smoothed with a 2 min moving average and downsampled to

1 min period to match the pump data. MISO (multiple input single output) ARX

model has the following structure:

y(t ) =G1u1(t )+G2u2(t )+ ...+GN I uN I (t ) (5.10)

where G1, ...,GN I are the transfer functions for each input up to the number of

inputs N I .

The optimal number of parameters for the models was chosen by comparing

each estimated parameter value to its standard deviation to prevent overfitting.

There were more b coefficients assigned to the input from the nearest well to

model this most dominant contribution more accurately. The time delay between

inputs and output also varied. The input from the nearest well had no time delay

and all other inputs were modeled with a delay of 1 sample (1 min). The delay
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corresponds to the time it takes to mobilize large volumes of water from a dis-

tance larger than 80 m. The number of parameters used for the model is shown in

Table 5.1.

Table 5.1: The number of ARX parameters used for the FBG consolidation models.

Output Input well
∆λ w1 w2−12

na 6
nb 8 2
nk 0 1

In total, 24 ARX models were created for all FBG sensors in the bundle A and

24 models for the bundle B (for their location see Figure 5.1b on page 105). The

performance of the models was evaluated in terms of the root mean square error

(RMSE) between modeled and measured data. Temperature changes during the

training and the validation period were measured by the divers and they were

smaller than 0.1 °C, which translates into 1 pm of ∆λ. 1 pm corresponds to the

noise level of the interrogator, so that the temperature contribution in the training

and validation data was negligible. The length of the training dataset was 5 days

and 7 days for the validation. Data for the training was chosen in such a way

that all 12 input trajectories were unique to correctly estimate the contribution of

each input to the FBG response. This was only possible for data when w1 was

extracting, not when w1 was injecting.

The ARX models were applied to predict the consolidation response ∆λc af-

ter injection of oxygen-rich water. The temperature response ∆λT can then be

calculated from the measured FBG response ∆λ as:

∆λT =∆λ−∆λc (5.11)

For a schematic representation, see Figure 5.5. Since the temperature changes

were expected to be smooth, a moving average filter was used on ∆λT to reduce

errors caused by imperfect model predictions.

Without any further strain effects, the temperature change ∆T can be calcu-

lated from ∆λT as:

∆T = ∆λT

αTλ0
(5.12)

The value of the temperature sensitivity coefficient αT = 7.8×10−6 °C−1 was calcu-

lated from a thermal calibration experiment in a hot bath.
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Δλ

Δλ
c

Δλ
T

ARX model

Figure 5.5: An ARX model for the FBG consolidation response was created using the status
of 12 wells as an input (on/off). The predicted consolidation response was
subtracted from the measured data to isolate the temperature response.

5.3 Results and discussion

5.3.1 Soil clogging

The first section is focused on analysis of soil logs to understand the soil clogging

process.

The majority of soil samples in Figure 5.6 show sand with occasional gravel.

All samples have an orange color, which is a layer of iron oxides created after an

injection of oxygen-rich water in the soil. Even though the oxygen-rich water is

injected through the well screen at 17.8–32 m, iron oxides are present in samples

above and below this range. This means that the groundwater flow around the

well during the injection is not purely horizontal, and oxygen-rich water reaches

up to 4 m above and below the well screen.

The soil samples also show the heterogeneity of the subsurface near the well.

There is a clear clay layer at 33–34 m at the location A, while there is little to no

clay in samples from the location B. The 34–36 m sample from the location A con-

tains more gravel than the sample from the corresponding depth at the location B.

Therefore it is expected that the groundwater flow near the well varies both in

depth and direction.

EDX analysis of soil samples helps to understand the soil clogging on a micro-

scopic level. Soil clogging is related to decreased permeability. Decreased perme-
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(a)

(b)

Figure 5.6: Soil samples from boreholes with (a) the fiber bundle A (b) the fiber bundle B.
The well screen of w1 is located at 17.8–32 m depth, the FBG sensors are at
17–33.1 m depth.
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Figure 5.7: Results from the EDX analysis: peaks of the characteristic X-rays that were used
to identify the chemical content of a soil particle. The particle was gold-coated
to make the surface more conductive to electrons.
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ability can be explained by iron oxide crystals filling up the voids in sand, or sand

particles growing in size due to iron oxide coating. Particles of different sizes were

analyzed under SEM. EDX analysis showed that all of them contain predominantly

sand (silicon oxide) with iron oxide coating, see Figure 5.7. There were no parti-

cles which contained only iron oxide crystals. These small particles are most likely

extracted and did not accumulate in soil at the tested locations.

5.3.2 Pressure distribution

Pressure distribution near w1 was calculated by rescaling the FBG consolidation

data. FBG pressure data were compared to data from the reference divers (circled

areas in Figure 5.1b). The compared FBG sensors and divers are placed in the

same radial direction towards w1.

The majority of the FBG sensors in bundles A and B measured a negative pres-

sure change after the start of extraction from w1, see Figure 5.8. This response was

expected. When groundwater gets extracted, the groundwater pressure decreases.

The amplitude of pressure change measured by the FBG sensors is comparable to

the nearby reference divers in piezometers P1 and P2. To be specific, only the

maximum ∆p from the FBG sensors in this piezometer screen interval is compa-

rable to the ∆p from the divers. Each piezometer tube has a screen that is 2 m

long, so that a diver likely measures the largest pressure difference from a 2 m

layer. Some FBG sensors are influenced by decoupling of soil-packaging interfaces

which introduces small error in the pressure calculations.

The pressure data from the reference diver in P3 at 22.5–24.5 m shows a much

larger change than measured by the FBG sensors (Figure 5.8a). The piezometer

P3 is located further from w1 than the FBG bundle A, so this result seems counter-

intuitive as pressure is expected to decrease with distance from the well. There

are several possible explanations for this behavior. One possible explanation is

that soil at P3 is more permeable. This could be caused by the presence of gravel

or stones. When boreholes were refilled with the original sediment, the natural

layering was not completely restored, and maybe gravel got concentrated in this

layer. The natural layering in the boreholes should be restored in the future ex-

periments for more reliable results. The most likely explanation is that there is a

high-pressure layer in between two FBG sensors that are 70 cm apart. The pres-

sure difference from this layer is visible in the diver data because divers measure

maximum ∆p from the piezometer screen depth.

There are two FBG sensors that show a pressure increase after the start of the
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Figure 5.8: Groundwater pressure change after the start of the extraction from w1. (a) The
FBG sensors from the bundle A compared to two divers in the piezometers P2
and P3. (b) The FBG sensors from the bundle B compared to a diver in the
piezometer P1. Compared sensors are from the red-circled areas in Figure 5.1b
on page 105. The piezometer tubes have screens in the displayed depth range,
FBG are point sensors. Missing FBG data had a low signal-to-noise ratio.
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extraction. They are located at 33.1 m depth for the bundle A and 17.7 m depth for

the bundle B. The FBG sensor with a reversed response in the bundle A is located

in a clay layer according to Figure 5.6a. The clay layer seems to swell during

extraction and compress when the extraction stops. More detailed soil samples

were not available for the bundle B. The sign of the FBG pressure response can

potentially be used to identify clay layers in the subsurface.

5.3.3 Consolidation models

Consolidation models were created to separate the temperature response from the

FBG data. This section discussed the accuracy of the models and its influence on

the temperature calculation.

The amplitude of the consolidation response did not change during a three-

month-long experiment. Any changes could have indicated soil clogging or dete-

rioration of FBG packaging, but three months is most likely a short period of time

to observe any of these effects. The FBG consolidation models were trained to an

accuracy larger than 90 % and had an accuracy larger than 75 % for the valida-

tion data, see Table 5.2. The models are not accurate for several FBG sensors with

a consolidation response ∆λc smaller than 3 pm, which is very close to the noise

level of 1 pm. However, these noisy sensors could still be used for extracting ∆T .
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Figure 5.9: Comparison of the measured with modeled FBG data. The displayed FBG sen-
sor is from the bundle B at 18.4 m depth. (a) ARX model training and model
accuracy, (b) Prediction using the ARX model after the injection of oxygen-rich
water.
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Table 5.2: Consolidation models for the FBG sensors in the bundle A and B: RMSE for the
training and validation data. Values greater than 85 % are in bold. Noisy sensors
are underlined.
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Even though the consolidation response was small, the temperature response was

still visible in the baseline variation and was obtained after the FBG response was

post-processed with a moving average filter.

The consolidation response of the majority of the installed FBG sensors is a

rescaled version of the pressure response measured by the divers, as for example

in Figure 5.4 (or Figure 4.7c-d in the previous chapter on page 92). Figure 5.9
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shows an example of an FBG sensor which behaves differently due to decoupling

of soil-packaging interface. The ARX model can also capture this behavior because

it has an autoregressive part, as long as this behavior is consistent.

5.3.4 Temperature distribution

The temperature difference ∆T at each FBG sensor was calculated by subtracting

the modeled consolidation response from the measured response. The ∆T from 24

sensors at two locations (A, B) was linearly interpolated to display the temporal

and spatial temperature variation near w1 after the injection of oxygen-rich water.

The two heat maps are shown in Figure 5.10.

For both fiber bundles A and B, temperature changes are visible only after

w1 starts extracting again, which is at t=1.4 d after injection, see Figure 5.4b on

page 111. This means that visible temperature changes are caused by heat con-

vection with extracted groundwater. Groundwater and soil near the well warm

up during the injection of oxygen-rich water (Figure 5.4a) and temperature starts

decreasing when colder water from the aquifer is drawn towards the well. The

rate of temperature decrease can therefore be associated with the magnitude of

groundwater flow. The sensors which cool down faster are likely in a more per-

meable layer. Layers with varying permeability can be identified in Figure 5.10a.

The layers are less visible further from the well in Figure 5.10b.

To quantify the groundwater flow it is necessary to know also the temperature

difference between the injected and extracted water. This is not possible with the

presented method. First it was assumed that all FBG sensors in a bundle have

the same absolute temperature after the injection. This assumption is based on

the observation that absolute temperature measured by the divers in the piezome-

ters P2−P3 was 10.6 °C and 10.47 °C. The reference piezometers have screens at

different depths, so temperature along the fiber bundle most likely does not vary

considerably after injection. The same applies for regular extraction - the tempera-

ture measured in the piezometers P2−P3 shortly before the injection was 9.4 °C in

both. If our initial assumption is true, this means that thermal conductivity coeffi-

cient is constant within the well screen depth. The well screen area contains sand

of grain sizes 0.3-0.5 mm and, according to experiments by Smits et al. [26], grain

size has almost no effect on the thermal conductivity coefficient. FBG sensors can

therefore detect relative differences in horizontal groundwater flow as a function

of depth.



5.3 Results and discussion 121

32

30

28

26

24

22

20

18

D
e

p
th

 (
m

)

Time (days)

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

ΔT (°C)

more
permeable
layers

clay

1.5 2.5 3.5 4.5 5.5 6.5

Bundle A

(a)

32

30

28

26

24

22

20

18

D
e

p
th

 (
m

)

Time (days)

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

ΔT (°C)

more
permeable
layers

clay

1.5 2.5 3.5 4.5 5.5 6.5

Bundle B

(b)

Figure 5.10: Temperature difference measured by the FBG sensors in the (a) bundle A,
(b) bundle B after the injection of oxygen-rich water. The injection finished at
time t = 0. The data starts at 1.4 d after the injection, right when w1 started
extracting again. Data from 48 FBG sensors was linearly interpolated. Since
FBG sensors could measure only relative temperature, all 24 sensors in each
bundle were assumed to have an equal absolute temperature at the start of
the extraction.
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Figure 5.11: Temperature difference measured by the FBG sensors in the (a) bundle A,
(b) bundle B, compared to the horizontal flowrate (white line) measured in-
side w1.

The FBG temperature data was compared to horizontal flowrate measured in-

side the well w1, see Figure 5.11. Layers with varying permeability from the loca-

tion A are also visible in the flowrate data. The most permeable layer according

to flowrate data is clearly identified in Figure 5.11a around 17 m as the most rapid

temperature decrease. Two less permeable layers with flowrate below 2 m3 h−1 are

also visible in this figure, around 22 m and 30 m. The flowrate data and FBG data

do not match at 31 m. There is a highly permeable layer with flowrate of 14 m3 h−1,

but FBG data from this depth imply the contrary. However, the permeable layer

at the bottom of the well screen is visible in Figure 5.11b. At the location B, the

depth of 19–31 m contains less permeable layers.

Based on these results, it looks like the groundwater flow velocity varies with

direction and depth. Permeable layers are more visible at the location A, which is

1.7 m far from the well. Therefore there is likely more flow in the south-south-east

direction than south-east-east towards the location B, see Figure 5.1b on page 105.

Low permeability at the bottom of the well screen at the location A means this
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layer does not contribute to the flowrate in the well at all. It is not clear whether

this has always been the case or the soil got clogged with iron over time. The

flowrate data were collected shortly after the construction of the well, and FBG

data were collected 19 years later.

Subsurface iron removal favors certain soil layers due to preferred flow paths

[22]. When specific layers are more permeable during the extraction, they are

most likely also more permeable during the injection. Higher flow means that

oxygen-rich water reaches further from the well. If we know the magnitude of

groundwater flow near the well, it is possible to estimate the maximum distance

from the well where iron oxide formation is expected. Pressure and temperature

data measured by the FBG sensors can be used as inputs to hydrological models to

quantify groundwater flow near wells. Periodically collected FBG data can show

development of soil clogging near wells.

Both figures in Figure 5.10 show one layer where temperature increases at the

start of the extraction and decreases afterwards. For the bundle A, this layer is

located at 31.5–32.5 m and for the bundle B at 18–19 m. These layers are close to

the sensors with a reversed pressure response, as seen from Figure 5.8 on page 117

(33.1 m depth at the bundle A, 17.7 m depth at bundle B). The FBG sensors with

reversed pressure response indicate the presence of clay that may be partially or

completely blocking the groundwater flow. As a result, the groundwater may ac-

cumulate near the clay layer. This effect can also be seen in Figure 5.12. The

response during the first extraction period at t=1.4 d considerably differs from

1 1.5 2 2.5 3
-15

-10

-5

0

5

10

15

20

Time (days)

Δ
λ

(p
m

)

Figure 5.12: The response of an FBG sensor from the bundle A at 31.7 m depth, consoli-
dation and temperature are not separated. The sensor is placed above a clay
layer. The red arrow shows the start of the extraction in w1 after the injection
of oxygen-rich water finished.
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the following extractions, both in amplitude and shape. An expected consolida-

tion response at the start of an extraction is a negative wavelength shift showing

compression of soil. The measured FBG response at t=1.4 d shows an expan-

sion instead, which is most likely caused by local accumulation of groundwater.

Accumulation can also be linked to the temperature increase of 1 °C. Since the

accumulated water is rich in dissolved oxygen, ions can form by oxidation of min-

erals like pyrite, which is accompanied by heat release [27, 28]. This exothermic

reaction might be the cause of the observed temperature increase in the FBG data.

The FBG temperature was compared to the temperature measured by the refer-

ence divers to assess if the ∆T calculation method suggested in this chapter gives

realistic results. For three cases presented in Figure 5.13, temperature curves

measured by both types of sensors had a similar shape, and differences in the am-

plitudes were smaller than 0.2 °C. These differences are realistic considering the

fact that the FBG bundles and corresponding divers were not placed at identical

locations. Small oscillations in the FBG curves are caused by imperfect predictions

of the FBG consolidation model. The FBG sensors can be used as temperature

sensors in the soil, offering a much higher spatial and temporal resolution than

divers. Even though the natural soil layering was not completely restored when
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Figure 5.13: Temperature measured by the FBG sensors and the reference divers from the
depth of piezometer screens. (a) FBG sensors from the bundle A and the
divers in piezometers P2 and P3. (b) FBG sensors from the bundle B and the
diver in piezometer P1. Compared sensors are from the red-circled areas in
Figure 5.1b on page 105.
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the boreholes were filled, the results from the FBG sensors and divers are still com-

parable. Boreholes are not expected to cause considerable changes to the overall

groundwater flow in the aquifer.

5.4 Conclusion

FBG sensors were placed near a drinking water well to investigate the possibilities

for groundwater monitoring. The FBG sensors simultaneously measure consolida-

tion strain and temperature. Consolidation strain is always measured as long as

the well is in operation - extracting or injecting water, while temperature effects

are visible only for a few days after injection. Therefore, it was possible to select

FBG data that contained only a consolidation response and use that to train ARX

models. The consolidation response predicted by the models was subtracted from

the measured FBG data following injection to separate the temperature contribu-

tion.

The consolidation response is caused by changes in groundwater pressure. Ex-

tracting the pressure from the response is not straightforward because the friction

coefficient between the soil and fibers and compressibility of the soil are unknown.

However, the FBG sensors can be calibrated using the pressure measured by ref-

erence divers. Rescaled FBG consolidation data were used to calculate a pressure

distribution near an extracting well.

The spatial distribution of pressure and temperature that was extracted from

the FBG data can be used to study subsurface processes near wells. Water in-

jected into the aquifer has a higher temperature than the groundwater, so it can

be used as a tracer for groundwater flow. Soil layers with varying permeability

were identified from the temperature data. The temperature data also showed

layers where groundwater accumulates close to a clay layer. Clay layers were

identified from the pressure distribution because FBG sensors in clay continuously

show a reversed pressure response.

Compared to divers, FBG sensors offer higher spatial and temporal resolution

and give more information about heterogeneous environments. ARX modeling can

be used to decouple pressure an temperature and accurately predict these values.

FBG consolidation, pressure, and temperature data can support groundwater flow

models to quantify the flow near wells. FBG sensors are a helpful tool for long-

term well monitoring and they can reveal the first signs of soil clogging.





REFERENCES 127

References

[1] R. Boak, “Technical Review: Practical guidelines for test pumping in

water wells,” International Committee of the Red Cross, Tech. Rep., 2011.

[Online]. Available: https://www.icrc.org/en/publication/4033-technical-

review-practical-guidelines-test-pumping-water-wells

[2] X. Chen, J. Goeke, J. F. Ayers, and S. Summerside, “Observation well net-

work design for pumping tests in unconfined aquifers,” Journal of the Amer-
ican Water Resources Association, vol. 39, no. 1, pp. 17–32, 2003.

[3] W. Walton, Groundwater Pumping Tests. Taylor & Francis, 1990. [Online].

Available: https://books.google.nl/books?id=s2W18cw9mCsC

[4] C. (Kees) van Beek, “Cause and Prevention of Clogging of Wells Abstracting

Groundwater from Unconsolidated Aquifers,” Ph.D. dissertation, VU Amster-

dam, 2015.

[5] J. J. Harou and J. R. Lund, “Ending groundwater overdraft in hydrologic-

economic systems,” Hydrogeology Journal, vol. 16, no. 6, pp. 1039–1055,

2008.

[6] Z. Du, L. Ge, A. H. M. Ng, Q. Zhu, Q. Zhang, J. Kuang, and Y. Dong, “Long-

term subsidence in Mexico City from 2004 to 2018 revealed by five synthetic

aperture radar sensors,” Land Degradation and Development, vol. 30, no. 15,

pp. 1785–1801, 2019.

[7] P. J. Lienau, “Data acquisition for low-temperature geothermal well tests

and long-term monitoring,” U.S. Department of Energy, Idaho Falls, ID,

USA, Tech. Rep., 1992. [Online]. Available: http://www.osti.gov/servlets/

purl/7105205-ijwxMO/native/

[8] F. Paillet, “Borehole flowmeter applications in irregular and large-diameter

boreholes,” Journal of Applied Geophysics, vol. 55, no. 1-2, pp. 39–59, 2004.

[9] Y. Zhou and W. Li, “A review of regional groundwater flow modeling,”

Geoscience Frontiers, vol. 2, no. 2, pp. 205–214, 2011. [Online]. Available:

http://dx.doi.org/10.1016/j.gsf.2011.03.003

[10] J. S. Selker, L. Thévenaz, H. Huwald, A. Mallet, W. Luxemburg, N. van de

Giesen, M. Stejskal, J. Zeman, M. Westhoff, and M. B. Parlange,

“Distributed fiber-optic temperature sensing for hydrologic systems,” Water

https://www.icrc.org/en/publication/4033-technical-review-practical-guidelines-test-pumping-water-wells
https://www.icrc.org/en/publication/4033-technical-review-practical-guidelines-test-pumping-water-wells
https://books.google.nl/books?id=s2W18cw9mCsC
http://www.osti.gov/servlets/purl/7105205-ijwxMO/native/
http://www.osti.gov/servlets/purl/7105205-ijwxMO/native/
http://dx.doi.org/10.1016/j.gsf.2011.03.003


128 REFERENCES

Resources Research, vol. 42, no. 12, dec 2006. [Online]. Available:

http://onlinelibrary.wiley.com/doi/10.1029/2006WR005326/full

[11] C. E. Campanella, A. Cuccovillo, C. Campanella, A. Yurt, and V. M. Passaro,

“Fibre Bragg Grating based strain sensors: Review of technology and appli-

cations,” Sensors (Switzerland), vol. 18, no. 9, p. 3115, 2018.

[12] J.-Y. Huang, J. V. Roosbroeck, J. Vlekken, E. Daerden, A. B. Martinez,

T. Geernaert, F. Berghmans, B. V. Hoe, E. Lindner, and C. Caucheteur,

“Packaged FBG based optical fiber sensor for simultaneous pressure and

temperature monitoring,” in Fiber Optic Sensors and Applications XV,

A. Mendez, C. S. Baldwin, and H. H. Du, Eds., vol. 10654, International

Society for Optics and Photonics. SPIE, 2018, pp. 93 – 99. [Online].

Available: https://doi.org/10.1117/12.2305095

[13] O. F. Ameen, M. H. Younus, M. S. Aziz, A. I. Azmi, R. K. R. Ibrahim, S. K.

Ghoshal, R. K. Raja Ibrahim, and S. K. Ghoshal, “Graphene diaphragm

integrated FBG sensors for simultaneous measurement of water level and

temperature,” Sensors and Actuators A: Physical, vol. 252, pp. 225–232,

2016. [Online]. Available: http://www.sciencedirect.com/science/article/

pii/S0924424716306951http://dx.doi.org/10.1016/j.sna.2016.10.018

[14] L. Dinia, F. Mangini, M. Muzi, and F. Frezza, “FBG multifunctional pH sensor-

monitoring the pH rain in cultural heritage,” Acta IMEKO, vol. 7, no. 3, pp.

24–30, 2018.

[15] M. Bellas and G. Voulgaridis, “Study of the major landslide at the

community of Ropoto, Central Greece, mitigation and FBG early warning

system design,” Innovative Infrastructure Solutions, vol. 3, no. 1, pp. 1–14,

2018. [Online]. Available: https://doi.org/10.1007/s41062-018-0133-8

[16] M. Wang, J. Chen, H. Wei, B. Song, and W. Xiao, “Investigation on seismic

damage model test of a high concrete gravity dam based on application of

FBG strain sensor,” Complexity, vol. 2019, 2019.

[17] C. Monsberger, F. Klug, and W. Lienhart, “Performance assessment of a

fiber Bragg grating sensor network inside a hydro power dam using opti-

cal backscatter reflectometry,” in Fiber Optic Sensors and Applications XIV,

vol. 10208, 2017, p. 102080R.

http://onlinelibrary.wiley.com/doi/10.1029/2006WR005326/full
https://doi.org/10.1117/12.2305095
http://www.sciencedirect.com/science/article/pii/S0924424716306951 http://dx.doi.org/10.1016/j.sna.2016.10.018
http://www.sciencedirect.com/science/article/pii/S0924424716306951 http://dx.doi.org/10.1016/j.sna.2016.10.018
https://doi.org/10.1007/s41062-018-0133-8


REFERENCES 129

[18] X. Qiao, Z. Shao, W. Bao, and Q. Rong, “Fiber Bragg Grating Sensors for

the Oil Industry,” Sensors, vol. 17, no. 3, p. 429, 2017. [Online]. Available:

http://www.mdpi.com/1424-8220/17/3/429

[19] H. Alemohammad, R. Liang, D. Yilman, A. Azhari, K. Mathers, C. Chang,

B. Chan, and M. A. Pope, “Fiber optic sensors for harsh environments: En-

vironmental, hydrogeological, and chemical sensing applications,” in 26th
International Conference on Optical Fiber Sensors, 2018.

[20] K. Gu, B. Shi, C. Liu, H. Jiang, T. Li, and J. Wu, “Investigation

of land subsidence with the combination of distributed fiber optic

sensing techniques and microstructure analysis of soils,” Engineering
Geology, vol. 240, pp. 34–47, 2018. [Online]. Available: https:

//doi.org/10.1016/j.enggeo.2018.04.004

[21] J. Wu, H. Jiang, J. Su, B. Shi, Y. Jiang, and K. Gu, “Application of distributed

fiber optic sensing technique in land subsidence monitoring,” Journal of Civil
Structural Health Monitoring, vol. 5, no. 5, pp. 587–597, 2015.

[22] D. Van Halem, W. de Vet, J. Verberk, G. Amy, and H. van Dijk,

“Characterization of accumulated precipitates during subsurface iron

removal,” Applied Geochemistry, vol. 26, no. 1, pp. 116–124, 2011. [Online].

Available: http://dx.doi.org/10.1016/j.apgeochem.2010.11.008

[23] “Energy-dispersive X-ray spectroscopy,” https://en.wikipedia.org/wiki/

Energy-dispersive_X-ray_spectroscopy, accessed: 2020-05-30.

[24] S. Drusová, R. M. Wagterveld, A. D. Wexler, and H. L. Offerhaus, “Dynamic

consolidation measurements in a well field using fiber Bragg grating sen-

sors,” Sensors (Switzerland), vol. 19, no. 20, pp. 1–12, 2019.

[25] K. J. Keesman, System Identification An Introduction. London: Springer,

2019, vol. 53, no. 9.

[26] K. M. Smits, T. Sakaki, A. Limsuwat, and T. H. Illangasekare, “Thermal Con-

ductivity of Sands under Varying Moisture and Porosity in Drainage–Wetting

Cycles,” Vadose Zone Journal, vol. 9, no. 1, p. 172, 2010.

[27] M. Schoonen, A. Elsetinow, M. Borda, and D. Strongin, “Effect of tempera-

ture and illumination on pyrite oxidation between pH 2 and 6,” Geochemical
Transactions, vol. 1, pp. 23–33, 2000.

http://www.mdpi.com/1424-8220/17/3/429
https://doi.org/10.1016/j.enggeo.2018.04.004
https://doi.org/10.1016/j.enggeo.2018.04.004
http://dx.doi.org/10.1016/j.apgeochem.2010.11.008
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy


130 REFERENCES

[28] E. C. Dos Santos, J. C. De Mendonça Silva, and H. A. Duarte, “Pyrite Oxida-

tion Mechanism by Oxygen in Aqueous Medium,” Journal of Physical Chem-
istry C, vol. 120, no. 5, pp. 2760–2768, 2016.







Summary and outlook

6.1 Summary

Since their invention, fiber Bragg grating sensors have been used to measure mul-

tiple parameters in a large variety of environments. This thesis describes our ex-

perience in a unique FBG application - groundwater flow sensing near drinking

water wells. This final chapter briefly summarizes the main results and outlines

the possibilities for further research.

The original idea on how to apply FBG sensors for flow measurement was us-

ing heat as a flow tracer, as this is a common approach in hydrogeology. In Chap-

ter 2 FBG sensors were compared to other types of fiber-optic sensors and resis-

tance thermometers to learn about their (dis)advantages for temperature sensing

in the subsurface. PT100 probes, FBG sensors, distributed temperature sensors

(DTS), and continuous fiber Bragg grating (CFBG) sensors were placed together

in a groundwater flow simulator in a laboratory. Controlled flow conditions and

homogeneous sand distribution allowed to study the effect of sensor installation

and different packaging materials. The chapter also explains how to calculate the

accuracy and resolution of fiber-optic temperature sensors from the calibration

measurements. All fiber-optic sensors need to be experimentally calibrated using

thermometers and, in some cases, this determines their accuracy and resolution.

The results of the heat tracing experiment showed that all tested fiber-optic

sensors had a similar accuracy around 0.2 °C, which was sufficient for the planned

field research. DTS needs continuous calibration in the field to achieve this ac-

curacy. FBG and CFBG sensors need to be calibrated only once in the laboratory.
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DTS has the best resolution, but it needs temporal averaging, so that it cannot be

used to monitor fast temperature changes. FBG and CFBG have resolution of less

than 0.1 °C which is sufficient for heat tracing experiments in the field.

Strain effects were visible in the data from the groundwater flow simulator.

Fibers with PVC and Teflon packaging were sensitive to pre-stretching, and even

fibers with steel packaging were sensitive to sharp bends and strong pressure

points. Polymer packaging was chosen for further experiments because the sens-

ing fiber can adapt its shape during installation in the soil and strain effects could

be minimized.

Out of the tested fiber-optic sensors, FBG sensors were chosen for the follow-

ing research mainly due to their versatility - it is possible to engineer the spatial

sampling interval, sensitivity, and accuracy.

In Chapter 3 temperature sensing was explored further for detecting flow. A

prototype of an FBG temperature-flow sensor was proposed and validated in a

computer simulation. The sensor measures spatial temperature differences caused

by heat advection and translates them into flow direction and magnitude. The

prototype can measure a flow velocity of 1 md−1 after approx. 10 min of continu-

ous heating. Since groundwater flow is slow, registered temperature differences

caused by heat advection are also small (close to the noise limit of an interroga-

tor). This is why the prototype requires all FBG sensors to be strain-free. It was

assumed that strain effects caused by the flow would be negligible once the FBG

fibers were firmly placed in the soil. To investigate the validity of this assumption,

FBG fibers were placed in the groundwater simulator again. The performance of

the FBG sensors was evaluated in a heat tracing experiment with varying inflow

conditions.

Using a network of FBG sensors, it was possible to trace the propagation of

the thermal plume in the sand. Some sensors however showed strain effects even

though their packaging was designed to make them strain-free. The strain effects

caused by flow changes were the most dominant strain contribution. The mecha-

nism for flow-FBG strain coupling was not clear.

Chapter 4 contains results from the field research. FBG fibers were placed

down to 38 m depth in a drinking water well field. Since FBG sensors are simul-

taneously sensitive to temperature and strain, it was necessary to identify which

physical parameters cause the FBG response. The suggested parameters were tem-

perature, soil consolidation, pressure, and drag force. The response to each param-

eter was estimated using pressure and temperature data from reference sensors.

According to the calculations, the dominant parameter was soil consolidation



6.2 Flow measurement with fiber Bragg grating sensors 135

caused by groundwater extraction. Consolidation is the compression and expan-

sion of soil which causes strain in the FBG fibers. The magnitude of the FBG

consolidation strain depends on the distance to the extracting wells. The results

showed that wells within 250 m distance influenced the FBG response.

Consolidation responses were compared during high and low groundwater

flow situations. When the flow was low, the measured FBG strain was one or-

der of magnitude below the expected value which is likely due to a low strain

transfer between FBG packaging and the soil. High flow caused partial decoupling

of soil from the FBG packaging interface - slippage.

Chapter 5 shows how long-term FBG data can be used to study subsurface pro-

cesses near wells. FBG data was collected for six months during regular operation

of the well field. Apart from extraction, part of the extracted water is periodically

injected back into the ground to deironize the drinking water. This process reduces

the permeability of soil layers and helps to avoid well clogging. The injected water

has a higher temperature than groundwater, so the injected water can be used as

a tracer for groundwater flow.

The FBG sensors respond to temperature and consolidation after injection. A

method to separate both responses is shown in Section 5.2.3. The consolidation

response for each FBG sensor was predicted with an ARX model using the status

of extracting wells as input. The predicted consolidation response was subtracted

from the combined FBG response to isolate the temperature contribution. Time

development of temperature along the fiber revealed soil layers with different

permeability based on the cooling rate. Near clay layers, it was possible to see the

accumulation of oxygenated water and temperature increase due to oxidation of

minerals.

The FBG consolidation response was calibrated using reference pressure sen-

sors to get the pressure distribution along the fiber. Pressure data can similarly be

used to identify impermeable soil layers.

6.2 Flow measurement with fiber Bragg grating sen-

sors

There were three basic research questions at the beginning of this research project:

1. Which physical quantities can be measured by FBG sensors in the subsur-

face?
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2. How can these quantities be linked to groundwater flow?

3. What would be a suitable FBG packaging for groundwater flow sensing?

FBG sensors can measure temperature and soil consolidation near wells. The

results demonstrate that FBG sensors can detect groundwater flow, although it has

not been yet quantified. Quantifying the magnitude and direction of groundwater

flow requires further research. Some ideas on how to improve the methods in this

thesis are discussed below, also in relation to suitable packaging.

FBG consolidation models were created to separate the FBG temperature and

consolidation responses. The accuracy of the models can be improved when the

output data (FBG consolidation strain) has a larger signal-to-noise ratio. This sug-

gestion is based on the observation that the effects of further wells were often

difficult to separate from the noise. A higher amplitude of the FBG consolidation

strain can be achieved by increasing the friction coefficient between the fibers and

the soil. For this work, the FBG fibers were loosely suspended in a Teflon tube,

which turned out to be unsuitable packaging for this application. The FBG fibers

should be glued to the packaging. The packaging should be flexible, have a rough

surface and must not release chemicals into drinking water. Teflon is a good choice

because it is chemically inert and thermally stable polymer, but it is very smooth.

One idea is to coat Teflon or other polymer with a rough surface layer [1]. Another

option would be gluing disks or rings around the sensors that will dock them in

soil, as used in [2].

Section 5.2.2 describes how to calculate the pressure from the FBG consolida-

tion strain. Groundwater flow is driven by pressure differences over a distance l

(∂p/∂l). The flow velocity v in a porous media can be calculated from Darcy’s law

as:

v =− k

µϕ

∂p

∂l
(6.1)

where ϕ is the porosity of the soil, µ is the viscosity of water, k is soil permeability.

Since groundwater temperature is quite stable, viscosity is constant in different

depths of the aquifer. Porosity and permeability vary with depth and distance

from the well. These values can be obtained from more detailed soil logs gathered

during drilling.

The decoupling of the soil-FBG packaging interface observed in Section 4.3.2
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is most likely caused by fast groundwater flow near the well, so that the friction

coefficient is not constant. To confirm this hypothesis, the FBG behavior can be

modeled based on equations proposed by Zhang et al. [3]. The FBG data collected

during six months contains responses to different combinations of extracting and

injecting wells, causing a flow of varying magnitude and direction. This data can

be used for model training in combination with horizontal flow measurements in

wells. The most suitable packaging for this application has a smooth surface to

enhance the decoupling effect.

The temperature data can be converted to flow velocity using modeling tools

performing coupled groundwater and heat flow simulations. The input for such

models are temperature and pressure data, soil properties, for example see appli-

cations in [4, 5]. The flow velocity can also be calculated using travel-time-based

thermal tracer tomography [6].

The temperature measured by the FBG sensors in this work is calculated by

subtracting predicted consolidation response, so it can be improved by increasing

the accuracy of the consolidation models. This can be done by training the models

on more input data. FBG sensors in the current configuration could detect only

the relative temperature. If an FBG sensor is protected with a rigid tube like

PVC (no strain), it can also be calibrated to measure absolute temperature. This

kind of FBG sensors is commercially available. Absolute temperature can also be

measured by DTS sensors.

6.3 Outlook

This thesis demonstrates that FBG sensors are a helpful tool for groundwater mon-

itoring near drinking water wells. The techniques developed during this research

are more widely applicable for monitoring environments where liquids are ex-

tracted or injected in the soil.

For example, in-situ consolidation data can be used to determine when water,

oil, or gas extraction leads to land subsidence. FBG sensors can monitor consoli-

dation over large distances in hundreds of meters. High-resolution consolidation

data can be valuable in investigating what causes the drying of peatlands [7]. FBG

sensors showing the accumulation of water can help to prevent landslides or fail-

ure of dams [8]. A network of FBG sensors can be deployed to monitor the impact

of hydraulic fracturing on the environment and development of fractures [9]. FBG

temperature sensors show signs of biological or chemical activity which opens up

possibilities for monitoring remediation sites.
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Reflections from the

underground

2016 and I’m excited

for a new site and a new place

to shine light on in a new

town at my own pace.

Since it’s water I’m observing

– optical fibers in the ground –

I am fortunate to be among

the Dutch; plenty of water going ’round.

This shouldn’t take too long.

After all what could go wrong!

One burnout. You? Your supervisor too?

That’s two. Or I could add to that list

the only geologist?

That sounds hard to overcome.

But some time in a town called Plum

helped bring the Buddhist out in me.

A new perspective I could apply,

a calmer way to see.

And back to work I went. I had a

puzzle left to crack!

I learned to talk to lasers
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to shine light down to the fibers I had

hidden underground and measure the

reflection that comes back!

Here’s what I found!

Faulty lazers! Faulty lazers!

They have sold us faulty lazers

and should be made aware!

CEO: Hello, this is the CEO!

SANDRA: Your stuff is crap! It’s much too loud and I thought that you should

know!

CEO: No.

SANDRA: No?

CEO: They are fine. And who are you?

SANDRA: I use them for my work.

CEO: Try again.

SANDRA: No. I’ll come to you by train

and show you where the errors lie!

CEO: You won’t.

And so I did. And was proven right.

So new machines and to the lab

where we could finally begin

and bring costly new equipment in IKEA bags in-

-to the test facilities. All worked as planned.

So as the all-important scientists we are. . .

we set out to shovel sand.

POLICEMAN: Sand? How much sand?

SANDRA: Give or take two tons!

POLICEMAN: And you’re hiding nothing in it?

Open the trunk! Check for drugs, check for guns!

You can’t expect the German police

to leave your sand in peace.
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The lab results are in and looking well!

So time to drill out in the field and plant our fibers deep below

40 meters down beneath the soil and winter snow.

After that, we read the data from the comfort of our . . .

SANDRA’S REALITY: No.

SANDRA’S IMAGINATION: No?

SANDRA’S REALITY: The weather here is too cold,

So you’ve got to be on top

of things and on location!

Look alive!

You’re programming outside at -5.

SANDRA’S IMAGINATION: Well I should be able!

SANDRA’S REALITY: Yeah, too bad you cut that cable!

At last, some data’s coming in

there’s so much I now can tell

you on the changes in the soil and what

that says about the placement of your well!

In fact, I’ve such an extensive log

I can tell you when your well will clog.

That’s well and good, but

how can this be practically applied?

Knowing when to stop

and when to leave the water or the gas inside.

Sandra Drusová & Olaf Meems

Research meets poetry competition

Groningen, January 2020
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