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Abstract

Measuring soil water content is crucially important and can affect soil strength which
is a key parameter in analysis, design and monitoring of geo-structures. In this study,
an optical fibre Bragg grating (FBG) sensor inscribed in Polymer Optical Fibre (POF)
was developed and for the first time its ability to measure soil water content was
investigated. The sensitivity of the sensor to different values of gravimetric soil water
content under different compaction conditions of loose and normal compaction was
tested. The effect of soil temperature on the sensor’s performance was considered.
To assess the sensor’s implementation, accuracy and reliability, a commercial soil
water content probe (SM150), which measures volumetric soil water content was
employed. The results indicate that the developed sensor when calibrated correctly,
is able to provide detailed data on any minor variation of soil water content (e.g. 0.5%)
with high precision. The outcomes of this study define an additional capability of the
POFBG sensors which is significantly important for long-term performance monitoring

of geo-structures.

Keywords: ground condition monitoring, gravimetric soil water content, polymer optical

fibre Bragg grating (POFBG) sensor, geostructures

1. Introduction

The performance and health condition of geotechnical assets such as retaining walls,
pavements’ subbase layers, embankments, cuttings, flood levees, slopes and earth

dams are considerably important in both developed and developing societies. Precise
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prediction of the remaining service-life of these assets can assist with taking the most
suitable engineering intervention to avoid/eliminate catastrophic failures. As such, it is
important to improve our understanding of the current condition of existing (often
aging) infrastructure (Soga, et al., 2015).

Generally, any failure or any condition which may cause failure in geo-structures, as
well as their supporting ground, could potentially result in substantial damage to the
infrastructure and disruption to their serviceability, and subsequently could affect
society’s function (Curioni, et al., 2018 a), (Du, et al., 2016), (Clarke, et al., 2017).
Changes in environmental (e.g. temperature and rainfall) and loading conditions alter
soil properties including its mechanical properties and, in some circumstances, this
can lead to permanent changes of the ground. Soil is a multi-phase material, typically
made of solid soil particles, water and air, with water significantly governing its
behaviour. Variations in soil water content due to global climate change (e.g. extreme
wet and dry weather cycles), seasonal fluctuations, or local site changes such as
leakage from utility pipes, will affect the strength and mechanical properties of soll
leading to soil volume changes (shrink/swell mechanism) in fine grained soils. Hence,
measuring soil water content is of critical importance to evaluate soil strength, which
is an important parameter in the analysis, design and monitoring of geo-structures.
Often very small changes in the soil water content over time can lead to collapse of
the ground and any supported infrastructure resulting in damages and deterioration to
our assets (Pritchard, et al., 2014), (Gunn, 2015). Examples of such events are land
sliding, collapse of expansive clays, and sinkholes. Additionally, several studies have
shown that the soil water content has a significant effect on roads’ and railways’
subgrade performance (Bryson, et al., 2012). In other words, strength and deformation

of subgrade materials are directly associated with the soil water content, hence this
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parameter must be accurately measured and monitored during construction and
service life of geo-structures (Mitchell & Soga, 2005).

In general, due to the complex, multi-phase, anisotropic and non-homogenous nature
of soils, the accurate measurement of their water content in the field is one of the
greatest challenges that geotechnical engineers face during the site investigation
stage of ground works as well as assessment and monitoring the condition of geo-
structures during their service life.

The soil water content (sometimes known as moisture content) is expressed as either
gravimetric basis (w) or volumetric basis (6). Soil gravimetric water content, w, is
calculated as ratio of mass of the water contents to mass of solid particles whilst
volumetric water content, 6, is defined as volume of water over total volume in any
given sample. For almost all basic relationships and calculations that are relevant to
the strengths of soils in geotechnical engineering, the gravimetric variant is the
preferred format as it can be accurately measured in the laboratory by the oven-drying
method (BSI, 1999 (a)) and can be directly used to describe the mechanical behaviour
of the soil (Curioni, et al., 2018 b). Volumetric and gravimetric soil water content and

their relationship can be expressed by Equations 1a-1c.

w = % (1a)
S
g = (1b)
v
6=w?rd (Ic)
Pw
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Where m,, is mass of water; m, is mass of soil (solid particles) in the sample; V;, is
volume of a soil mass which is occupied by water (m?3); V is total volume of soil being
investigated; p, is soil dry density; and p,, is density of the water.

In order to measure the soil water content, several different electrical sensors and
cable systems have been developed, some of which are for use in the field, to monitor
geo-structures. Often, these sensors are calibrated to measure volumetric water
content i.e. @ (Robinson, et al., 2008). They are exposed to harsh environmental
conditions (Huang Chien, et al., 2016) and therefore, the signal stability as well as
system durability of the monitoring system are significantly important. Of available
geophysical techniques, most notably is the time domain reflectometry or TDR (an
electro-magnetic -based method) that is used to measure 6 at point locations in the
field. However, this method suffers from lack of accuracy, particularly at low moisture
content, amongst other shortcomings, which limits its use (Curioni, et al., 2018 b).
Other techniques such as neutron probe, or ground penetrating radar are costly and/or
require expertise to set-up and interpret which may not be readily available (Robock,
2014). Additionally, they are limited to certain soil types or environmental conditions
(Huisman, et al., 2003). The study reported in this paper explores the feasibility of
using a novel type of fibre optic sensing technique that lies outside the conventional
electrical techniques and therefore does not suffer from the above limitations.

Over the past 40 years, fibre optic sensors have established themselves as a mature
technology in applications where their unique properties give them advantages
(Byoungho, 2003). These advantages include low fibre loss (enabling operation over
multi-kilometre distances without intermediate amplification), their dielectric nature
(granting them immunity to electromagnetic interference), their small size (enabling

embedding in smart materials) and the robust nature of silica, allowing them to be used
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in harsh environments, e.g. at temperatures of several hundred °C. A particularly
successful type of fibre optic sensor is the fibre Bragg grating (FBG). These take the
form of a laser-inscribed periodic axial spatial modulation of the fibre core refractive
index, which has the effect of reflecting back down the fibre light with a wavelength
determined by the period of the modulation and the value of the core index. From a
sensing perspective, it is important to note that the period of the modulation and the
fibre core index are both affected by any strain or temperature change applied to the
fibre, resulting in a shift in the back-reflected wavelength. Hence, by monitoring the
light reflected by the FBG the strain or temperature of the fibre may be deduced.
Whilst the majority of optical fibres are fabricated from silica, recent years have
witnessed the development of the technology of FBGs recorded in polymer optical
fibre (Webb, 2015). A feature of one of the common polymers used — poly(methyl
methacrylate) (PMMA) — is that it has an affinity for water, the absorption of which
causes a swelling of the fibre and an increase in its refractive index, both of which
contribute to a positive shift in the Bragg wavelength of any inscribed grating (Zhang
& Webb, 2014). This is an equilibrium process where the amount of water absorbed
by the fibre is determined by the degree of saturation of the fibre environment. The
shift in the Bragg wavelength can therefore be used to determine the humidity of the
air surrounding the fibre. The nominal response time for the equilibrium process of
polymer optical fibre Bragg gratings to humidity tends to be a few tens of minutes and
this does change considerably from fibre to fibre, which is related to the differing
molecular weight distributions of the fibres however reduced-diameter (etched) fibres
can have response times down to a few seconds (Rajan, et al., 2013).

Fibre optic sensors have been proposed for a number of geotechnical applications

(Gong, et al., 2019). Mainly these have required the monitoring of strain, force or
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movement, though a recent paper (Lopez Aldaba, et al., 2018) describes a soil
moisture sensor based on a fibre Fabry-Perot interferometer formed in a short length
of microstructured fibre coated with SnOx.

The aim of this feasibility study was to assess the ability and accuracy of polymer
optical fibre Bragg grating (POFBG) sensors as the basis for an effective, accurate
and inexpensive approach for soil condition monitoring by measurement of gravimetric
water content (w). For the first time, the sensitivity of a fibre Bragg grating (FBG)
sensor fabricated in polymer optical fibre (POF) to soil water content changes was
investigated. The sensor was tested at various values of gravimetric water content in
different soil compaction conditions, and the obtained results were validated against
traditional methods for soil water content measurement. Additionally, the effect of soil
temperature on the sensor’s response was considered and a temperature correction

factor was determined.

2. Sensor fabrication and packaging

2.1 Polymer optical fibre Bragg gratings

Polymer optical fibre Bragg gratings (POFBGs) have been extensively studied and
utilised in many application in the past 20 years and yet they also remain a topic of
research, as people seek to exploit non-standard fibre types or develop new
applications; an example of this is the development of grating technology in polymer
optical fibres which have different measurand sensitivities compared to silica fibre
(Webb, 2015).

Fibre Bragg gratings (FBGs) can be photo-inscribed in optical fibres made from a
variety of polymers, including poly methyl methacrylate (PMMA), TOPAS, Zeonex,

polycarbonate and CYTOP (Mehravar, et al., 2019). The physical properties of
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polymers can obviously be very different to those of silica and this leads to FBG
sensors in polymer fibre having rather different features to those in silica fibre. In
particular, POFBGs can survive repeated straining in excess of 5% and even over
10%, depending on the fibre fabrication and drawing conditions. They have a lower
elastic modulus compared to silica based FBGs so when POFBGs are strained, the
tension in the fibre is typically 25 times less and so the sensor exerts much less
influence on its surrounding medium — important when FBGs are being used to sense
strain in compliant materials (Webb, 2015).

Polymer optical fibres (POFs) composed of PMMA have an affinity for water, which
when absorbed by the fibre, causes a swelling accompanied by an increase in
refractive index, both of which result in a shift of the Bragg wavelength to higher values.
The water absorption is a reversible process with the amount of water in the fibre being
determined by the equilibrium relative humidity in the region surrounding the fibre
(Harbach, 2008). Considering the POFBG sensitivity to the relative humidity of its
environment, this property also makes the POFBG sensitive to the concentration of
water containing liquid surrounding the fibre. POFBGs have been shown to be highly
effective at measuring very small (10-100 ppm) quantities of water (Zhang, et al.,
2019).

2.2 Sensor fabrication

For the research presented in this paper, the sensor was created by inscribing a FBG
with a nominal Bragg wavelength of 1531 nm in a 10 cm length of single mode, step
index PMMA based fibre using a 325 nm HeCd laser and the conventional phase mask
approach — see (Webb 2015). The fibre diameter was approximately 95 um. Because
the attenuation of PMMA based POF is around 1dB/cm in this spectral region, the

short sensing fibre was glued to a single-mode silica fibre (SMF-28) down-lead for
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connection to the interrogation system. The sensor was glued under a small amount
of tension (6me) to an invar plate, either side of the FBG, as shown in Figure 1 and
leading to a final Bragg wavelength around 1537 nm. This was done to prevent the
fibre from experiencing significant strain induced shifts in the Bragg wavelength. The
metal plate holding the fibre was inserted into a 8mm diameter steel tube to protect
the sensing fibre from being damaged by contact with the soil. The end of the tube
from which the fibre exits was sealed with glue, while the far end of the tube was
covered with a metallic mesh [ 0.3 mm holes on a 0.4mm spacing]. The mesh was
chosen so as to prevent soil particles from entering the tube and potentially damaging
the fibre but to allow free passage of moisture (and drainage of liquid water) to enable
the air space within the tube to achieve an equilibrium with the surrounding soil — see

Figure 2(a-b).

The POFBG was interrogated using a broad band source [Agilent 83437A] emitting
around 50uW across the C-band, with the reflected signal from the POFBG being
monitored using an I-Mon 52 USB spectrometer from Ibsen Photonics. This unit
provides 512 measurement points across the spectral region 1510-1595 nm. In this
study the POFBG sensor was calibrated to measure/predict variations of gravimetric

soil water content (w).

Figure 1

Figure 2 (a)

Figure 2 (b)
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An important feature of FBG sensors, that can significantly reduce the system cost
when many measurement points are required, is the ability to address multiple sensors
with a single interrogation system using some combination of wavelength, time or
spatial division multiplexing (Yun-Jiang, et al., 1996). A potential disadvantage of such
sensors is the cross-sensitivity to temperature and strain. In our device, we effectively
removed the sensitivity by fixing the fibre to a rigid metal plate that could not be
significantly deformed by the forces likely to be experienced in our experiments.
Temperature sensitivity was simply dealt with by separately monitoring the soil
temperature (Section 3). Note that in a practical system, a simple solution to the
sensor’s cross-sensitivity to temperature and strain would be to record a second FBG
in the silica fibre inside the sensor housing. This grating would respond to temperature
but not to water content, as silica is insensitive to humidity. The two grating responses
could be distinguished using wavelength division multiplexing, as was done in a

previous sensor used to monitor humidity and temperature (Zhang, 2010).

3. Effect of temperature on the sensor’s performance

Whilst the literature shows reasonable agreement over the normalised strain
sensitivities of various POFBGs, there is a much greater range of reported values
when it comes to temperature. Partly this is because in the early days of the
technology, many measurements were made in the open laboratory environment
where the humidity was not controlled leading to cross sensitivity issues (Webb, 2015).
In such experiments, sensitivities as high as -360 pm °C~"' were reported (Liu, et al.,
2001). Consequently, we calibrated the temperature response of our sensor using an
environmental chamber [Binder KBF 115] under constant humidity. Changes in
wavelength were observed and recorded at increasing temperature (shown by T in
Figure 3 (a-b)) increments of two degrees of Celsius. Figure 3(a) shows how the

10
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sensor responded to temperature changes at a constant relative humidity of 40%. It
can be observed that the sensor’s wavelength decreases with increasing temperature
(this arises because the negative thermo-optic coefficient of PMMA has a greater
contribution to the wavelength shift than the thermal expansion of the fibre). In order
to determine a temperature correction factor, for each temperature, the recorded data
over the last 10 minutes were used to provide a mean wavelength (Figure 3(b)). Using
a linear regression, a temperature correction factor of 0.11 nm per one Celsius
increment of temperature with regard to the normal room temperature of 20 °C (as the

reference temperature) was determined and applied to the results (Figure 3b).

Figure 3(a)

Figure 3(b)

4. Soil properties

All soil samples used in this study were silica sand (Leighton Buzzard sand), with index
data of specific gravity of 2.66, and nominal effective size of 0.63-0.85 mm. A particle
size distribution analysis was performed based on (BSI, 1999 (a)) and the results is
presented in Figure 4. It is worth noting that from this point onwards the term ‘soil’

refers to the silica sand that was used in this paper.

Figure 4

Two degrees of compactions ‘loosely’ and ‘normally’ compacted, were used
throughout the experiments. The following expressions (Equations 2 and 3) were used

to determine the soil porosity (n):

11
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n=1-ta (2)

Psolid

where

Psotia = Gs X Py (3)

and p,iq 1S the density of solid particles of soil; p, is the soil density in dry condition;
pw is the density of water; G is the soil specific gravity (2.66) and n is the soil porosity.
Table 1 shows the properties of the soil samples, including their porosity, used in this

study.

Table 1

5. Experimental apparatus and soil samples preparation

A standard proctor mould was employed to place and compact the soil samples in
three equal layers. A minor modification was applied to the mould wherein the base
plate of the mould was completely sealed to the cylinder in order to prevent any water
leakage particularly for higher water content (Figure 5). The soil samples were oven
dried at 105°C overnight and then kept in the laboratory environment for at least 24
hours until the soil moisture and temperature equalised with the laboratory condition.
In this study, we refer to this state as the ‘dry soil' condition. The soil samples in the
laboratory were initially mixed at dry soil condition to ensure the individual components
were as homogenous as practically possible. In order to generate the predefined
different gravimetric water content (w))), tap water was added using a pipette to the dry
soil and the soil-water mixture was mixed for a duration of 3 minutes using an electrical
stand mixer. It should be noted that a fixed amount of dry soil was measured for the
samples prepared in this study while the amount of the added water was different; as

we wanted to keep the soil dry unit weight constant in each sets of experiments.

12
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Two sets of experiments were carried out based on the level of compactions. The first
set was compacted according to BS 1377-4 standard (BSI, 1999 (b)), using a standard
proctor, we refer to this as the ‘normally’ compacted set or set (i). Set (ii) of the
experiments were carried out under a loose compaction condition.

After the soil was sufficiently mixed with water, then the samples in set (i) and (ii) were
compacted in three equal layers in which each layer received 27 blows. A 2.5 kg and
0.5 kg rammer were used for compaction purpose in set (i) and (ii), respectively. For
both experiments, drop height was 30 cm and the volume of the mould was kept
constant at 1000 cm?. Various predefined soil water contents (w;) were tested per
each set of experiments (a summary of this information is presented in Table 2). To
ensure consistency of the experiments and their results, each test, for both sets, were
repeated three times.

The POFBG sensor was inserted into the soil sample to a depth of 5cm (Figure 5) and
the sample was carefully wrapped using an airtight cling film to minimise evaporation
during each test. The soil temperature varied between tests in the range 20 to 23
degrees °C due to room temperature fluctuations. In each test, the soil temperature
was recorded and the POFBG temperature calibration correction applied. In order to
evaluate the sensor’s performance, after each test, the moist soil sample was used to
calculate the gravimetric soil water content (w') using the oven-drying method (Table

3) (BSI, 1999 (a)).

Table 2

Figure 5

13



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

6. Initial sensor response to dry-wet-dry soil environment

As an initial test of the sensor response, the sensor was moved between dry and wet
(wy = 20%) in one of the samples in set (i), with the results being presented in Figure
6. In this graph, changes of the wavelength are presented versus time. Immediately
after the first dry phase, when the sensor was introduced to the wet soill, it can be
observed that the measured wavelength increases towards a limiting value of
1537.82nm. This somewhat exponential response with a time constant of 1.5 hours is
typical response of the sensor to a step change in humidity. The slow response is due
to the time needed for the air space in the sensor tube to escape and the polymer fibre
itself to reach equilibrium with the soil mixture. Depending on the application, the
sensor can be redesigned to have a shorter response (as short as few minutes or less)
by reducing the volume of airspace around the fibre (Zhang, et al., 2011). From ¢, the
sensor’'s wavelength starts to rise once again until it reaches a new position at f2. This
second increase was unexpected, but we attribute it to a gradual movement of water
through soil voids due to gravity. We expect this would be less pronounced for the
normally compacted samples given the higher porosity of loosely compacted soll
facilitates the gradual water movement through the initially homogenous soil medium
resulting in a variation of water content with depth and therefore a change in the
measured wavelength. After f2, the sensor has reached a stable stage and did not
show any significant subsequent changes. The POFBG sensor was removed at {3 and
placed in a dry soil sample again and it can be seen that there is a noticeable drop in
the sensor’s wavelength from f3 until it gets to a steady wavelength which is almost
equal to the recorded wavelength in the first dry phase. The slight difference between
two dry phases is due to the change in the soil temperature (from 20 °C to 21 °C) over

the period of the experiment (= 9 hours).
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Figure 6

7. Results and discussion

7.1 Sensor response to changes in water content and in degree of compaction
Samples with different water contents ranging from 0.5% to 20% for the loosely
compacted and from 0.5% to 18% in the normally compacted soils were prepared in
a controlled laboratory environment. The effect of different water content in addition to
the impact of compaction on the sensor’'s wavelength response, were investigated.
Each single test was repeated at least three times to reduce potential errors in the test
procedure, or data collection. In both sets (set i and ii) samples were compacted up
to nearly saturation condition. Therefore, it was impractical to perform the standard
compaction test above 18% water content, as the samples become fully saturated at
water content of 21% (Table 1 and Equation 6). Results of all the experiments for both
sets, as well as their corresponding water content values (determined using the oven-
drying method w'), are shown in Table 3. It should be noted that the temperature
correction factor of 0.11 nm per one Celsius increment of temperature has been
applied to all recorded wavelengths. These values were obtained from the average

sensor’s response in its last 15 minutes per each sample.

Table 3

Figure 7 and 8 demonstrate the sensor’s response to various soil water contents for
all samples in set (i) and (ii), respectively. Each test was repeated three times and all

three measurements per each water content in set (i) and (ii) are presented in Figure

15
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7 and 8, respectively. It is evident that the sensor is able to detect small changes in
soil water content even as low as 0.5%.

Out of a total of 36 tests, data from three tests were considered out of the range and
therefore excluded from the rest of analysis. These corresponded to those samples in
set (i) where wj = 0.5 and in set (ii) where w; =0.5 and 1%, (shown by red filled circle
symbols in Figure 7 and 8). The decision to consider these out of the range were
justified by comparing the values with those measured by the oven-drying method
(w"). The most likely reason for these differences is loss of added water during sample

preparation.

Figure 7

Figure 8

Using the mean values of each test, the sensor’s sensitivity to soil water content were
estimated as 0.011+£0.001nm/percent and 0.0081+0.0003nm/percent for normally and

loosely compacted samples, respectively. Additionally, standard error values in water

0.009 0.005
contents were calculated as oors = 0-82% for loosely and 5005 = 0-63% for normally

compacted samples. The relatively low values of standard error indicate consistency
of the obtained data throughout the test and demonstrate the ability and accuracy of

the developed sensor for soil water content measurement.

Additionally, it can be observed that in both sets of experiments we can establish a
linear relationship between soil water content (w) and the sensor’'s wavelength (1)

which can be expressed by Equation 4 and 5 for loosely and normally compacted

16
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samples, respectively. This further demonstrates the suitability of the sensor for use

in this application.

A+0.11 (T51;—20)—1537.72

o1 X 100 in Loosely compacted samples 4

w(%) =

A40.11 (T5p;;—20)—1537.64
0.01

w(%) = X 100 in Normally compacted samples )

Note in the above equations T, ;; is in degree of Celsius and these equations are valid
to predict the soil water content up to nearly saturation condition in the sandy soils

presented in Table 1.

For comparison, the sensor's response to changes of water content for both
compaction conditions are shown in Figure 9. The sensor’s wavelength (1) in set (i)
is smaller than those of set (ii) which can be explained by the smaller porosity in the
normally compacted samples compared to the loosely compacted ones and the fact
that in more compacted soil, where the porosity is lower, less water content (soll
moisture) is required to make the sample fully saturated. Using Equation 6, the degree
of saturation for all samples with different moisture content are calculated and
presented in Figure 10. This equation explains the relationship between soil water

content (w), soil void ratio (e), degree of saturation S, and specific gravity (G):

S, Xe=wX G (6)

Figure 9

17
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Figure 10

7.2 Evaluation of the sensor’s performance

For comparison and completeness, a commercial soil water content measurement
sensor, the SM150 probe (Figure 11) was used to measure the volumetric soil water
content (8) in the samples tested above. The probe measures volumetric soil water
content by responding to changes in the apparent dielectric constant of the moist soil
(Delta-T Devices, 2017). The probe was placed in 4 different locations of the sample
in close proximity to and at the same depth where the POFBG sensor was buried.
Table 4 shows the measured data by the Probe in a number of the tests for the
normally compacted samples. The Probe measurement was recorded when the

POFBG sensor reached an equilibrium and a constant wavelength was observed.

Figure 11

Table 4

In Table 4 there are no data for soil water content of 0.5% and 1% as the probe was
not sensitive to any soil water content less than 3%. An average of the 4 readings by
the probe was calculated and converted to gravimetric soil water content using
Equation (1c) and then compared with the oven-drying method (w'), as well as the
POFBG sensor predictions (Equation 5) — results are presented in Table 5. Both
absolute and percentage errors using the two different measurement tools with respect
to the oven-drying method (w') are calculated and presented. Errors and Errorz are
the absolute error for water content measured by POFBG (Equation 5) and the probe,

respectively. Whilst the percentage error (%) value provides a base for relative

18
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comparison, the absolute error offers a better context for the error in this case since
they can provide clearer and direct knowledge of the expected accuracy in the
measurements.

Generally, the probe underestimates the gravimetric water content and in particular
for low water content where there is a significant percentage error (> 60%). The probe
was not able to measure soil water content less than 3%. Additionally, it is worth noting
that the corresponding absolute error (mean error) is not within the approximately 3%
water content error that is normally considered as an accuracy range of soil water
content sensors (Curioni, et al., 2018 a). On the other hand, it can be seen from Table
4 that the average percentage error predicted by Equation 5 is less than 9% and the

corresponding absolute value is less than 1.5%.

Table 5

Summary and conclusions

Continuous monitoring of changes in ground conditions by measuring the variations
of different ground properties such as water content is vital to analyse the stability of
the ground and geotechnical assets which facilitates prediction of their deterioration
processes. Soil water content is linked with many critical properties of soils including
its strength. There are several techniques available to measure soil water content
however, they each suffer from a number of drawbacks ranging from high costs to lack
of accuracy. This motivated the authors to develop a resilient and novel polymer
optical fibre Bragg grating (POFBG) sensor to accurately measure soil water content.
In this study, for the first time, the sensitivity of a fibre Bragg grating (FBG) sensor

fabricated in Polymer Optical Fibre (POF) to soil water content was investigated. We
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focused on calibrating the POFBG sensor to detect small changes of soil water content
rather than the absolute value since variation of the soil water content over time is
more critical for geomechanical behaviour of soils. The sensor was properly packaged
and buried vertically in a sets of sandy soil samples. The effect of soil temperature on
the sensor’s response was considered, and a temperature correction factor was
determined and applied to all measurements.

The sensor was tested at two different compaction soil conditions of ‘loosely’ and
‘normally’ compacted soils and its sensitivity and response to the various values of
gravimetric soil water content was investigated. The proposed sensor showed ability
to detect changes, even as low as 0.5%, in soil water content which is crucial to
monitor geostructures and ground conditions in general. Additionally, the results
showed that the sensor is highly sensitive to different soil porosity. It was observed
that the relationship between the water content and sensor's wavelength in both
compaction conditions is linear which can facilitate the estimation of soil water content
up to nearly saturation condition for each soil compaction.

Moreover, the accuracy, reliability and advantages of the sensor’s prediction was
evaluated by comparing its prediction with commercial soil water content probe
(SM150). The measurements by both sensing devices were assessed against the
oven-drying method using absolute and percentage error. The comparison results
indicated that the developed POFBG sensor’s prediction and its sensitivity to water
content variation is more accurate than the commonly used commercial probe with
mean absolute error of 1.21%.

The proposed sensor in this study can be developed and employed in geo-structures
as an early-warning system for monitoring geotechnical assets to detect any changes

caused by changes in soil water content (e.g. due to extreme weather condition or
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leaking pipe). The use of the POFBG sensor will facilitate in-situ measurement
allowing for continuous monitoring of change of water content at multi points and in
most cases will eliminate the need for the long and tedious sampling process.
Integrating the data collected from this sensor with other key parameters of soil
strength will provide a comprehensive picture of the system (soil and infrastructure)
where, currently such integrated system does not exist. The integrated model can
provide adequate information on structural integrity and stability of the system thereby
enabling the decision makers to prevent or tackle potential problems.

However, the sensor’'s performance should be further investigated by conducting
additional laboratory and field trials including different soil types (e.g. clay, clayey
sand) and soil properties (e.g. different compaction conditions) to ensure its reliability.
The response time of the sensor should also be re-designed and shortened for those
applications where small changes of water content in a short time is critical. The
current response time of the sensor is suitable for those applications where long-term
dynamic monitoring of the ground water table is required for their maintenance such
as slopes stability and ground water table variation monitoring. Furthermore, the
sensor’s stability in longer time from few days to few months needs to be tested in the

laboratory as well as in the field.
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Figure 11: SM150 probe to measure the volumetric soil water content



Table 1: soil properties

Bulk (dry) density : o
Test (glem?) Porosity (n) (%)
Normally compacted
(standard proctor) 1.69 36
Loosely compacted 1.55 42

Table 2: parameters for each set of experiments used in this study

No. of Drop Proctor standard Predefined soll
No. of Hammer
Test blows per ) height mould volume water content
layers weight (kg)
layer (cm) (cm?®) wg (%)
Set (i): normally 0.5,1, 5,10, 15,
compacted 3 27 25 30 1000 18
(standard proctor)
Set (ii): Loosely 0.5,1, 5,10, 15,
3 27 5 30 1000
compacted 20




Table 3: Results of all the tests for both sets (i) and (ii)

Set (i): normally compacted Set (ii): loosely compacted
Predefined Recorded Reference Predefined Recorded Reference
Test soil water wavelength w’ (%) by ngea;?r wavelength w' (%) .by
number co,nt?nt (nm) oven-dried (nm) oven-dried
wo (%) method wg (%) method
1 1537.65 0.47 1537.72 0.48
2 0.5 1537.64 0.48 0.5 1537.66 0.38
3 1537.57 0.39 1537.74 0.46
1 1537.63 0.95 1537.67 0.79
2 1 1537.67 0.96 1 1537.72 0.92
3 1537.65 0.97 1537.75 0.93
1 1537.69 4.87 1537.77 4.83
2 5 1537.72 4.89 5 1537.79 4.84
3 1537.73 4.91 1537.74 4.81
1 1537.76 9.86 1537.81 9.85
2 10 1537.75 9.78 10 1537.79 9.77
3 1537.74 9.73 1537.82 9.84
1 1537.78 14.40 1537.83 14.78
2 15 1537.81 14.52 15 1537.84 14.81
3 1537.82 14.54 1537.86 14.82
1 1537.83 17.82 1537.91 19.64
2 18 1537.87 17.87 20 1537.89 19.63
3 1537.86 17.74 1537.88 19.64

Table 4: Measured 6 by the probe at four different locations in Normally compacted samples

Reference w' (%) by oven-dried method 6 measured by the SM150 probe (%)

(gravimetric water content) (volumetric water content)

4.87 3.1,3.1,2.9,32
9.86 5.6,5.7,5.5,56.3
14.40 20.6, 20.9, 20.3, 20.2

17.82

27.4,26.8,28.3,27.5




Table 5: Validation of the SM150 probe measurements for a selected number of normally
compacted samples in partially saturated samples

Reference

; w (%) .
Soil sample W’ (%) by estimated by - ) ng t5h0e Errorz
condition oven-dried POFBG fror .
method (Equation 5) probe (%)

4.87 5 0.13 [2.67] 1.82 -3.00 [62.24]

Normally 9.86 12 2.14 [21.7] 3.27 -6.56 [66.73]

compacted soll 14.40 14 0.40[2.8] 12.13 -2.27 [15.76]

17.82 19 1.18 [6.62] 16.27 -1.48 [8.34]

Mean Error - - 1.21[8.44] - -3.33 [38.26]

"Values in square brackets are % error.




