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Abstract

Transportation foundations around the world exist predominantly in an unsaturated state. Support for
the adoption of unsaturated soil mechanics in routine geotechnical engineering is ever-increasing. However,
the measurement and characterization of soil suction is a potentially significant barrier thereto. To this
end, the efficacy of various measurement techniques was investigated, with the aim to characterize the
temporal variation in soil suction and temperature within the formation layers of a heavy haul railway
formation. Tensiometers, fixed-matrix soil-water matric potential sensors and capacitance-type volumetric
water content sensors were installed within the formation layers of a railway track and monitored for a period
of 18 months. The average suction measured over the observational period was 25.6, 12.7, 3.5 and 4.2 kPa
for the special subballast, subballast and two subgrade layers respectively. Suctions reached a minimum of
~ 0 kPa at the end of the rainfall season across all layers and reached a maximum, ranging between 10 and
60 kPa across all layers at the end of the dry season. Soil temperatures for the observational period varied
between 10 and 22 °C and displayed seasonality in-phase with the monitored air temperatures. The special
subballast layer (uppermost layer) showed the greatest variation in both suction and temperature and is
the layer which experienced the greatest stress changes as a result of seasonal variations in rainfall and air
temperature.

Keywords: railway formation, soil suction, soil temperature, in-situ measurement, field measurement,

weather

1. Introduction

Pavement and railway foundations are typically constructed above the water table. Thus, the soil directly

influenced by traffic loading exists predominantly in an unsaturated state. However, saturated soil mechanics
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principles are still mostly used as the basis for their design (Houston, 2019). The fundamental understanding
of unsaturated soil behavior has progressed significantly in recent decades (Fredlund, 2019). This progress
has lead several prominent figures in the field to advocate for the adoption of unsaturated soil mechanics in
routine geotechnical engineering practice (Rahardjo et al., 2019; Houston, 2019; Lu, 2020). Furthermore, the
important role of unsaturated soil mechanics in dealing with the effects of climate change on transportation
infrastructure has become increasingly evident (Toll et al., 2012b).

Soil suction and temperature are known to affect the resilient modulus and plastic strain accumulation of
soils in the foundations of transportation infrastructure (Khoury and Zaman, 2004; Ng and Zhou, 2014; Chu,
2020; Qian et al., 2021). Using cyclic triaxial and hollow cylinder apparatus tests, Blackmore et al. (2020)
found that useful estimates of resilient modulus could be made from measurements of soil suction. Using
box tests of a reconstructed railway formation in the laboratory, Schulz-Poblete et al. (2019) found that the
rate of plastic strain accumulation under cyclic loading in railway formation materials was dependent on
the suction and moisture state of the respective layers.

Resilient modulus and plastic strain accumulation form an important part of pavement and railway
design and performance assessment (Brown, 1996; Li et al., 2016). Thus, the prevailing suction and tem-
perature conditions influence the design and performance assessment of pavement and railway foundations.
However, the suction and temperature need to be known in order to account for their effect on pavement
and railway foundation performance. This requires field measurement of the temporal variation of suction
and temperature within railway formation materials.

One of the largest barriers to the implementation of unsaturated soil mechanics is related to the accurate
and reliable measurement of soil suction. These difficulties are compounded when the measurements are
made in the field (Bulut and Leong, 2008). As a result, studies in the literature concerned with the field
measurement of soil suction within the foundations of pavements and railways are very limited. Whilst a few
studies have been undertaken to monitor seasonal suction variation within pavement subgrades (Puppala
et al., 2011, 2012; McCartney and Khosravi, 2013), limited similar studies have been identified in the
literature concerned with the in-situ measurement of suctions within railway formations (Van der Raadt
et al., 1987; Cui et al., 2014).

Permanent strain accumulation, resilient modulus and shear strength are all important considerations for
railway formation design life prediction and performance assessment. Numerous laboratory and numerical
studies have shown the significant influence of suction in this context (Khoury and Zaman, 2004; Ng and
Zhou, 2014; Schulz-Poblete et al., 2019; Chu, 2020; Blackmore et al., 2020; Qian et al., 2021; Xie et al.,
2021). However, laboratory studies often apply arbitrary suctions during testing, which are not related in
any practical way to measured suctions within railway formation materials. Thus, the long-term in-situ
measurement of suction within railway formations is important to guide imposed suctions and validate

findings from laboratory studies.
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The objective of this study was to measure and characterize the temporal variation of soil suction and
temperature within the formation layers of a heavy haul railway formation. The efficacy of different suction
measurement techniques for in-situ suction measurement within these railway formation materials was also
assessed. The characterization of the temporal variation in soil suction and temperature can link well
with laboratory studies to determine the expected change in formation layer response to loading under the

measured in-situ conditions.

2. Suction Measurement Techniques

A review of various suction measurement techniques was conducted in order to determine which tech-
niques were best suited for field application within the anticipated suction range. Furthermore, previous
studies were reviewed to determine the extent to which soil suction and temperature had previously been
measured and characterized below transportation infrastructure specifically.

Total internal soil-water potential is divided into matric potential and osmotic potential (Gens, 2010).
Osmotic potential is generally only significant in high plasticity clay soils, which can display semi-permeable
membrane-like behavior (Leong and Abuel-Naga, 2018). Therefore, this study was concerned solely with
matric soil-water potential or matric suction. The term matric suction as used herein is defined as the
negative matric soil-water potential. As such, positive pore-water pressures are represented as negative
matric suctions.

Soil suction can vary over several orders of magnitude. This complicates its measurement and no single
technique or apparatus exists that accurately covers the entire suction range of 0 — 1 000 000 kPa (saturated
to oven-dry). Several suction measurement techniques are summarized in Table 1. Suction measurement
techniques can be divided into direct and indirect techniques. Indirect techniques may be further divided
into primary and secondary techniques. Tensiometers are an example of a direct measurement technique as
they measure the physical tensile stress of a liquid in equilibrium with the soil-water potential.

Primary indirect measurement techniques make a measurement of the soil-water energy state within the
soil. Examples of devices using such techniques include the psychrometer and dew-point hygrometer. These
devices make a measurement of the relative humidity or water vapor pressure in the air in equilibrium with
a soil sample. The relative humidity is related to total soil suction through Kelvin’s Law (Gens, 2010).

Secondary indirect measurement techniques make a measurement of the soil-water energy state within
a secondary porous medium which must be in equilibrium with the soil-water potential of the surrounding
soil (Bulut and Leong, 2008). The filter paper technique is the most commonly used secondary indirect
technique, especially in the laboratory (Marinho and Oliveira, 2006; Marinho and da Silva Gomes, 2012;
Kim et al., 2017). Numerous devices utilizing secondary indirect techniques have been developed, both for

research purposes and for commercial use. Such devices include thermal conductivity sensors (Feng et al.,
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2002), dielectric permittivity sensors (Malazian et al., 2011) and electrical conductivity sensors (Varble and
Chévez, 2011). Zhang et al. (2017) developed a novel apparatus that utilizes time domain reflectometry to
determine the dielectric permittivity of the porous medium, whilst also measuring the dielectric permittivity
of the surrounding soil. These types devices are sometimes collectively referred to as porous block sensors
or granular matrix sensors. The porous blocks are generally manufactured from gypsum or a proprietary
granular matrix (fixed-matrix) (Tarantino et al., 2008). These sensors are similar in the fact that they rely
on the measurement of the water content of a fixed-matrix porous medium. The means by which the water
content is measured varies between the different sensors (thermal conductivity, dielectric permittivity and
electrical conductivity).

Heavy haul railway formation materials are typically granular in nature with a clay content of less than
10 % by mass (Transnet Freight Rail, 2006). Granular materials do not gain significant strength in the
high suction range because the degree of saturation becomes too small. Thus, the contribution of soil
suction towards suction stress and effective stress diminishes in the high suction range (Lu and Likos, 2006).
Therefore, the suction range of interest for railway formation materials is likely to be in the low range of
0 —1 500 kPa. Suction measurement techniques with reasonable accuracy in this range were thus considered.

The filter paper, psychrometer and dew-point hygrometer techniques are not well suited for field use.
The filter paper technique requires regular placement and retrieval of filter papers within the soil profile
of interest. The filter paper technique will at best provide discrete measurements and will not be able to
capture the effects of rainfall events. Psychrometric methods are sensitive to temperature changes and are
not suited for measurements in the low suction range (Bulut and Leong, 2008). The dew-point hygrometer
apparatus requires material to be sampled and placed in the chamber of the apparatus and is thus not

feasible for continuous field monitoring. Furthermore, the dew-point hygrometer is not sufficiently accurate

Table 1: Suction measurement techniques and their applicable ranges

Total or

Technique/Apparatus Type Range References
matric
kPa
Bulut et al. (2001); Likos and Lu
Filter paper Secondary Both 0 — 100 000
(2002)
Psychrometer Primary Total 300 — 30 000 Bulut and Leong (2008)
Ridley (1993); Take and Bolton
High-capacity tensiometer Direct Matric 0 -1 500
(2003)
Conventional tensiometer Direct Matric 0 — 100 Fredlund and Rahardjo (1993)
Tripathy et al. (2016); Meter
FSP sensor Secondary Matric 9 — 100 000
Group, Inc. (2017)
Leong et al. (2003);Meter Group,
Dew-point hygrometer Primary Total 100 — 300 000

Inc. (2020)
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in the low suction range (Leong et al., 2003). Conventional tensiometers were not considered for use in this
study due to their limited suction range in combination with the unknown suction regime present within
the formation layers.

Two of the reviewed measurement apparatuses were identified for use for the field measurement of matric
suction within railway formations materials. These were the high-capacity tensiometer and a commercial
fixed-matrix soil-water potential (FSP) sensor (Meter Group, Inc., 2017). These apparatuses are suited for

the measurement of matric suction in the range of interest and are also deployable in the field.

2.1. High-capacity tensiometers

High-capacity tensiometers differ from conventional tensiometers in that they allow the measurement of
water pressures below 0 kPa absolute. This is achieved through the use of a high air-entry ceramic to separate
soil-air from the tensiometer-water and a robust saturation procedure which removes entrapped air from the
tensiometer and minimizes potential nucleation sites at which cavitation can occur (Take and Bolton, 2003).
Tensiometer saturation typically involves the application of a vacuum to an oven-dry tensiometer, followed
by the introduction and subsequent pressurization of de-aired water at the ceramic face. This is referred
to as the two-stage saturation procedure and is generally accepted as the best saturation procedure (Toll
et al., 2013). Tarantino and Mongiovi (2001) have found that cycles of cavitation and re-pressurization tend
to increase the subsequent cavitation pressures achieved. Tensiometers are usually calibrated in the positive
gauge pressure range and the calibration extrapolated into the negative pressure range. This procedure has
been verified by numerous studies (Ridley, 1993; Guan and Fredlund, 1997; Tarantino and Mongiovi, 2003).

Low-cost high-capacity tensiometers were developed at the University of Pretoria which routinely measure
suctions up to 500 kPa (Jacobsz, 2018; Le Roux and Jacobsz, 2021). These tensiometers were manufactured
in-house at the University of Pretoria and have a material cost of approximately 27 US$ each (based
on 2017 prices). Jacobsz (2018) verified the extrapolation of the positive pressure calibration into the
negative pressure range for these tensiometers. Le Roux and Jacobsz (2021) demonstrated the use of these
tensiometers for the measurement of soil-water retention curves (SWRCs) using the continuous tensiometer
technique (Lourencgo et al., 2011). Schulz-Poblete et al. (2019) identified that the tensiometers used by
Jacobsz (2018) and Le Roux and Jacobsz (2021) were sensitive to total stress applications. The total stress
response was mitigated by Schulz-Poblete et al. (2019) using an aluminum casing. For the current study
a similar tensiometer design was used except that the aluminium casing was replaced by a stainless steel
casing.

Fig. 1 shows an illustrative cross-section of the tensiometers built and used in this study. A 1 500 kPa
high air-entry ceramic was fixed onto the face of a commercial pressure sensor using cyanoacrylate glue. The
pressure sensing element is contained within a protective silicone gel. A small space between the silicone

gel and the ceramic acts as the water reservoir for the tensiometer. The water reservoir is approximately
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10 mm® in size (Jacobsz, 2018). After soldering the wires to the sensor, the ceramic and sensor are epoxied

into the stainless steel casing. The epoxy is allowed to dry for two weeks before first use.

2.2. Commercial FSP sensor

A commercial fixed-matrix soil-water matric potential (FSP) sensor was also used to measure matric
suction in-situ. The FSP sensors costed 310 US$ each (based on 2017 prices). The FSP sensor is a secondary
indirect matric suction measurement apparatus. The FSP sensor was investigated as a potential alternative
to the use of tensiometers for field measurement of matric suction. The FSP sensors are not subject to
cavitation and thus require minimal to no maintenance after installation. The FSP sensor specifications
according to the manufacturer are shown in Table 2. In addition to matric suction, the FSP sensors also
measure temperature using a thermistor located beneath the overmolding of the sensor.

The components of the FSP sensor are illustrated in Fig. 2. The sensor comprises two engineered ceramic
disks with a fixed pore size distribution, sandwiched between two stainless steel screens with a printed circuit
board in the center. The printed circuit board makes a measurement of the relative dielectric permittivity
of the ceramic disks using the capacitance technique. The relative dielectric permittivity of a vacuum, the
solid ceramic material and water are 1, 5 and 80 respectively (Meter Group, Inc., 2017). Therefore, the
relative dielectric permittivity measured is strongly related to the water content of the ceramic disks. The
manufacturer determines a calibration curve for the FSP sensor in terms of measured relative dielectric
permittivity versus applied suction along a drying path using a pressure plate apparatus. This calibration
curve is analogous to the water retention curve for the ceramic except that the actual water content is not
known. This calibration is stored on the sensor by the manufacturer and is not editable by the end-user.

When the FSP sensor is placed in contact with soil, the ceramic matric suction and the soil matric

suction equilibrate over time. Equilibration occurs via the physical transfer of soil-water to or from the

Stainless steel casing
Epoxy ——| \
Sensor housing

Ceramic

Silicone membrane & ————+ " v ¢
borosilicate glass wafer S
sensing element R

H \
FAV‘S(:I’
1NN\5
: }\ 288

Water reservoir

Protective ——
silicone gel

Sensor cable
Figure 1: Cross-section of a low-cost high-capacity tensiometer indicating each of the components in their assembled position
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ceramic disks. The rate of equilibration is dependent on the hydraulic conductivity of the surrounding
soil, the hydraulic conductivity of the porous ceramic and the suction gradient between the soil and the
ceramic. The degree of hydraulic continuity between the soil and the ceramic will significantly influence
the equilibration rate. Once equilibrated, the water content in the ceramic disks is in equilibrium with the
matric suction of the surrounding soil. A measurement of the relative dielectric permittivity of the disks
is then made and used to back-calculate the matric suction in the disks by way of the calibration curve
determined in the pressure plate apparatus.

Limited independent studies have been conducted regarding the accuracy of the FSP sensor. Various
version of the sensor exist. The version used in this study was tested by Tripathy et al. (2016) and Karagoly

et al. (2017) who compared suction measurements from the FSP sensor to suctions measured using the

Table 2: Manufacturer’s specifications for the commercial FSP sensor used in this study (Meter Group, Inc., 2017)

Matric suction’ Temperature
kPa °C
Range 9 — 100 000 -40 - 60
Resolution 0.1 0.1
Accuracy + (10 % of reading + 2)* +1

 Dissolved salts can move through the sensor’s ceramic disk by diffusive or convective flow. Therefore, the osmotic potential of the

water in the sensor ceramic and the osmotic potential of the soil-water are expected to be in equilibrium. Thus, the FSP sensor

measures matric suction.

* This accuracy rating is only given for readings between 9 — 100 [kPa.

|Epgq:wgm|||||||||||||qtp|||||||||||||||||||1||||||||||| Iy
1. 2 33 Printed circuit board  Stainless steel screens

bty ot

=3 W
=0
Sensor head Polyurethane and 4
epoxy overmolding SR
containing electronics ol Ceramic disks
o
(a) Top view (b) Side view

Figure 2: Photographs showing components of fthe commercial FSP sensor used in this study
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WP4C dew-point hygrometer (Meter Group, Inc., 2020). The materials used were a bentonite clay, kaolin
clay, cement kiln dust and a quartz sand. The accuracy of the dew-point hygrometer as rated by the
manufacturer was + 50 kPa in the range 0 — 5 000 kPa. However, Leong et al. (2003) found that the
potential error in a similar device was £+ 150 kPa in the same range. Nonetheless, comparison of the FSP
sensor readings and the dew-point hygrometer readings in the low suction range are not meaningful due to
the limited accuracy of the dew-point hygrometer in this range. Furthermore, the dew-point hygrometer
measures total suction whereas the FSP sensor measures matric suction. Thus, only soils with no osmotic
suction can be compared. No significant conclusions can be drawn from these independent studies on the
accuracy of the FSP sensors in the suction range 0 — 500 kPa. It was beyond the scope of this study to
independently verify the accuracy of the FSP sensors.

The FSP sensor cannot measure positive pore-water pressure (negative suction) or suction changes in the
range 0 — 9 kPa. This suction limit is due to the air-entry value of the ceramic disks, which is approximately
9 kPa. At suctions smaller than the air-entry value, the ceramic disks remain effectively saturated. Therefore,
there is no detectable change in the ceramic disks’ water content for suctions smaller than the 9 kPa air-
entry value. The FSP sensors essentially measure the VWC of the ceramic disks and, therefore, if the water
content of the ceramic disks does not change, a corresponding suction change cannot be determined. This

is an inherent limitation of all porous block-type sensors.

3. Previous studies

Table 3 summarizes some studies that have attempted to measure soil suction below transportation
infrastructure. The only studies identified that took place below a railway track were the studies by Van der
Raadt et al. (1987) and Cui et al. (2014). Van der Raadt et al. (1987) used filter papers and AGWA-II
thermal conductivity sensors to measure suction in-situ. Undisturbed samples were also taken and suctions
measured in the laboratory using psychrometers. A 9 m long culvert was installed adjacent to the edge
of the sleepers at several sites. Sensors were installed at depths of 0.15, 0.3, 0.6, 1.2, 2.4 and 3.6 m by
drilling horizontally through the culvert into the soil profile underneath the track. The authors faced several
problems related to the acquisition of the data from the AGWA-II sensors. The filter paper measurements
also showed considerable scatter and the authors attribute this to uncertain filter paper contact conditions
and potential artificial wetting of the filter papers due to condensation. The frequency and accuracy of
the suction measurements meant that the variation of suction with rainfall events could not be identified.
Furthermore, seasonality was only partially characterized due to uncertainties and errors in the suction
measurements.

During an investigation into the behavior of interlayer soil (a mixed soil layer created by the interpen-

etration of ballast into the formation), Cui et al. (2014) installed suction probes at two different locations
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at a railway site in France. The suction probes were installed at depths of 200, 300 and 500 mm below the
bottom of the ballast layer at each of the two locations. Two more suction probes were installed at a third
location adjacent to the track at depths of 300 and 500 mm. Each suction probe was located within its own
specifically drilled borehole. The type of suction probes used are not mentioned. Therefore, the expected
accuracy of the suction probes and the component of suction measured (matric or total) is unknown. It is
also not clear whether the suction probes were installed within a bedding material to assist with hydraulic
contact. The suction measured during the presented period did not increase beyond 10 kPa, which limits
the ability to assess the high suction performance of the sensors used. The study concluded that the effect
of the ballast layer limited evaporation below the railway track, resulting in the monitored suctions below
the railway track not increasing beyond 2 kPa.

High-capacity tensiometers were successfully used in a trial embankment near Newcastle Upon-Tyne
by Mendes et al. (2008), Toll et al. (2011) and Toll et al. (2012a). The novelty of their work lies in the
design of a tensiometer probe locator that facilitated the easy installation and removal of tensiometers for
maintenance. Unfortunately, suctions did not increase beyond 40 kPa during the observational period due
to an abnormally wet period in the region. Thus, the high suction performance of the tensiometers in-situ
could not be verified. A drift in the calibrated offset of the tensiometers was observed of approximately
5 kPa over a 2 year period. This suggests the need to check the zero readings of the tensiometers at regular
intervals.

McCartney and Khosravi (2013) developed a novel method to monitor soil suction below pavements. A
borehole was drilled and back-filled with alternating layers of silica flour and bentonite. Capacitance-type
volumetric water content (VWC) sensors were installed within the silica flour layers. The bentonite layers
served to mitigate piping or preferential flow of water through the silica flour. The measured VWC in-situ
was then used to back-calculate the suction in the silica flour using a SWRC determined in the laboratory for
the silica flour. The advantage of this method lies in the fact that VWC sensors in the past have generally
proven more robust and reliable than suction measurement sensors for in-situ measurements. However, this

method has several potential shortcomings. The accuracy of the method is influenced by:
e the void ratio of the silica flour which affects the SWRC expressed in terms of VWC
e hysteresis in the silica flour SWRC
e the slope in the area of the SWRC of concern
e the accuracy of the VWC determination

McCartney and Khosravi (2013) did not verify the suctions determined using any other devices or tech-
niques. Their method of back-calculation is similar to the operating principle of the FSP sensor. However,
the silica flour acts as the porous medium rather than the fixed-matrix porous ceramic. Therefore, there is

9
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less control over the variability of the porous medium. Nonetheless, this novel technique is interesting as
various materials could be used as the interfacing material to target suction measurements throughout the
expected range.

There are several difficulties associated with the field measurement of matric suction. In their review
of field measurement techniques, Harrison and Blight (2000) concluded that consistent, simple and reliable
in-situ suction measurement techniques still alluded geotechnical engineers. With newer sensors this may
potentially be overcome. However, records of long-term continuous in-situ suction measurement within the

formation layers of a conventional ballasted railway track are still very limited.
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Table 3: Summary of literature pertaining to the in-situ measurement of suction at transportation infrastructure

1T

Ne Monitoring Suctions
References Location Sensors used . Comments
sensors period measured
e Sensors took 1-2 months to equilibrate
AGWA-II R
e Readings taken manually
Van der Raadt thermal
Railway shoulder 6 ~ 4 months 60 — 275 kPa e Filter paper measurements also taken, but
et al. (1987) conductivity .
showed considerable scatter
sensors
e Local weather not monitored
e Data recording automated
Mendes et al.
e Maintenance visit every 2 weeks
(2008); Toll
Test e Shift in calibrated zero value suspected
et al. (2011); 107 Tensiometers ~ 24 months -15 — 40 kPa .
embankment e Local weather monitored
Toll et al.
e Due to wet conditions, high suction performance
(2012a)
could not be verified
e Local weather not monitored
Puppala et al. . .
Pavement e No redundancy in suction measurement
(2011); Puppala 4f FTC sensors ~~ 18 months 0 — 8 000 kPa .
shoulder e Readings taken manually
et al. (2012)
e Only single sensor used at each site
e VWC sensors were buried in silica flour and
suction inferred from the SWRC of the silica
Capacitance- flour
McCartney and Pavement
58 type VWC ~ 18 months 7 — 3 000 kPa e Only drying curve was considered
Khosravi (2013) shoulder
sensors? e No attempt made at controlling in-situ dry
density
e Local weather not monitored
e Local weather was monitored
. Railway . .
Cui et al. (2014) 8* Unknown ~ 10 months 0 — 10 kPa e No redundancy in suction measurement
formation

e Suction remained < 2 kPa below railway track

 Five sensors per hole.
* One sensor per site.
§ The exact number of sensors is not explicitly stated but data are presented for one of the seven sites showing five VWC sensors.

1 Decagon 5TM sensors using the capacitance technique were used.
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4. Field Installation

The site used in this study is located approximately 25 km southwest of Ermelo in Mpumalunga, South
Africa. The formation was designed and constructed according to the Transnet Freight Rail (2006) ‘Specifi-
cation for Railway Earthworks S410’. The design axle load for the line is 26 tonne/axle. The line forms part
of the Ermelo-Majuba Rail Project that was constructed to supply coal from the Mpumalunga coal fields
to the Majuba Power Station. The site is located at chainage 21.5 km. To-date, however, there has been no
operational traffic on the line. A modem was used to facilitate remote data retrieval as due to the location

of the site, regular visits were not possible.

4.1. Site Selection and Layout

The safety of the sensors and logging equipment was paramount. Thus, a site adjacent to a relay room
was selected which provided ample security. Fig. 3 shows a labeled aerial photograph of the site. A palisade
fence and a 24-hour guard were present at the site. These security measures were necessary due to the
nature of the equipment inside the relay room and the high risk of theft of copper cables, batteries and
electronics.

The logging equipment was placed inside the relay room and all cabling was ducted through galvanized

steel pipes installed below the ground surface. Only the weather monitoring equipment and the solar panel

On-site security guard
Line 1

Line 2

gy Palisade fence

Relay room

s Solar panel and
weather station

Location of soil sensors

Figure 3: Aerial photograph of the instrumented site showing the general layout and security features
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were located above ground. Power was provided at the site by a solar panel that charged a 12 V lead-acid
battery via a solar charge controller. The battery was used to power the data logging hardware and modem.
No alternate electricity was available at the site due to theft of the overhead traction lines which would

normally supply electricity to the relay room.

4.2. Sensor Location and Installation

An access pit was excavated adjacent to the edge of the sleepers beneath the shoulder ballast to facilitate
insertion, maintenance and removal of the sensors. A cross-section indicating the position of the access pit
and sensor access pipes is shown in Fig. 4. The length of the holes was determined so that the sensors could
be kept within eyeshot during the installation process. This was done to enable visual assurance of proper
embedment of the sensors at the end of each hole. This limited the depth to which the sensors were installed
and prevented the positioning of the sensors at the center line of the track.

Fig. 4 also shows the layer works at the site. The formation layer works consist of four layers namely

the:

special subballast (SSB) layer,

subballast (SB) layer,

subgrade A layer and

subgrade B layer.

Material was sampled during excavation of the access pit for characterization. A summary of the specifica-

tions to which the layer works were constructed as well as the results of the characterization tests conducted

Centre line

NGL -— 1:25

200 mm Class SSB

I

| 200 mm Class SB
Access pit ——— \ 200 mm Class A

|

\

i
T 300 mm Class B

I—

In-situ material

500 mm 600 mm

Figure 4: Transverse cross-section detailing the layer works, access pit location and sensor access pipe depths
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on the sampled material are given in Table 5. Grading analyses, foundation indicator tests and compaction
tests were conducted. The SSB and SB layer material was classified as a poorly graded gravel with silt and
sand whilst the A and B layer material was classified as a clayey sand according to the unified soil classifi-
cation system (USCS) (ASTM, 2018). The SSB and SB material was in fact material from the same borrow
pit and therefore classify as the same material. The same is true for the A and B layer material. Therefore,
only a single compaction test was conducted on the SSB/SB material and A/B material respectively. A
photograph of the exposed layer works is shown in Fig. 5a. The Roman numerals I — IV in Fig. 5a identify
the SSB, SB, A and B formation layers respectively.

The following four types of sensor installations were done:
e F'SP sensors embedded within silica flour material

e tensiometers embedded within silica flour material

Table 5: Details of formation layer works at the site

Min. compaction of Plasticity
Layer Mod. AASHTO MDD Thickness USscCS
mod. AASHTO MDD index
kg/m?> % mm %
SSB 2505 98 200 4 GP-GM
SB 2505 95 200 3 GP-GM
A 2139 95 200 9 SC
B 2139 93 300 9 SC

(b)

Figure 5: Photos showing the construction of the soil sensor access pit: (a) excavated pit indicating the formation layers (b)

complete installation

14



280 e VWC sensors embedded within parent material
o VWC water content sensors embedded within silica flour material

One of each of these types of installations was done within each formation layer for a total of 16 sensors.
The respective locations of each sensor in the formation are shown in Fig. 6.
The silica flour was used to embed the FSP sensors and high-capacity tensiometers to assist with hydraulic

25 continuity between the sensors and the soil-water of the formation layers. This is a common practice and a

—~—— Direction of predominant rail traffic

Rail

Ballast
SSB layer 8 5
N L © S =
SBlayer 8 JAN O [ \%
R S
Alayer 8 A O [ \V4
Blayer 8 JAN O ] \V/
In-situ material 3%0 350 3%0

VWC sensor directly in formation material
Tensiometer

FSP sensor

VWC sensor embedded in silica flour

<gopb

Figure 6: The relative location of each sensor installed in the formation
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requirement of the bedding material is that the air entry value should at least be larger than the air-entry
of the parent material (Nichol et al., 2003).

Capacitance-type VWC sensors were used (Meter Group, Inc., 2018). These sensors make a measurement
of the capacitance of the surrounding medium which is related to the relative dielectric permittivity of the
medium. The relative dielectric permittivity can be used to determine the VWC using the popular Topp
(1980) equation. Several authors have shown that the accuracy of the VWC calculated from the measured
dielectric permittivity may be improved if a soil-specific calibration is conducted. However, the accuracy of
+ 3 % typically obtained when utilizing the Topp (1980) equation was deemed satisfactory for the present
study (Matula et al., 2016; Parvin and Degré, 2016; Meter Group, Inc., 2018). The VWC sensors used also
measure temperature in a similar fashion to the FSP sensors. Four VWC sensors were embedded within
parent material and four VWC sensors within silica flour material. The VWC sensors within the parent
material were aimed at providing an indication of the VWC of the formation layers. However, the VWC
sensors could not be installed directly into the formation due to the granular nature of the material. Instead,
a small amount of parent material finer than 2 mm was compacted down the sensor hole and the VWC
sensor was embedded within this material. This process disturbed the dry density and void ratio of the
material within which the sensor is embedded. Thus, the VWC sensors only provide an indication of VWC
changes and should not be regarded as an absolute measurement.

Four more VWC sensors were embedded within a pocket of silica flour material. The aim of this
installation type was to estimate the suction using the back estimation procedure as detailed and described
earlier by McCartney and Khosravi (2013). Briefly, this relies on the measurement of the VWC of the silica
flour in-situ which is in equilibrium with the suction of the surrounding soil. The VWC measured in the
silica flour is then related to the silica flour suction by way of a laboratory measured SWRC. The dry density
and void ratio of the silica flour were not controlled during installation as this was impractical.

Fig. 7 shows the general installation procedure followed for all the sensors installed in the formation.
Using an electrically powered drill, holes 50 mm in diameter were drilled horizontally into the formation
towards the center line of the track. The holes were ~ 500 mm deep from the face of the excavated pit.
Polyvinyl chloride (PVC) pipes of the same diameter were inserted into the holes to facilitate placement and
retrieval of the sensors. An =~ 150 mm gap was left between the end of the drilled hole and the PVC pipe
(Fig. 7a). This is where the sensors were positioned after final installation. A large plastic bin was used as
a manhole to facilitate future maintenance activities (Fig. 5b).

An &~ 120 mm bedding layer of material was compacted down the hole using a hand operated compaction
ram (Fig. 7b). As previously stated, the bedding material used was either sieved parent material or silica
flour, depending on the sensor that was installed. Thereafter, the sensors were inserted using a specially
manufactured probe locator into the compacted material. The probe locator was used to firmly press the
sensor into the bedding material. Parent material or silica flour was then used to backfill the remaining space
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behind the sensor in the PVC pipe. This material was compacted behind the sensor using the compaction
ram to ensure good contact between the installed sensor and the surrounding soil. Each of the access pipes
was sealed using an end cap and an adhesive polyurethane sealant to ensure water could not seep into the
access pit from the formation layers or vice versa. A photograph of the access pit after complete installation
of the sensors is shown in Fig. 5b.

The tensiometer installation differed from the other sensors somewhat. The tensiometer locator probe
was left in place and sealed rather than the access pipe being back-filled over its entire length. This was
done to facilitate easy retrieval if necessary. A screw was used to fix the tensiometer probe locator to the
PVC access pipe to ensure that it did not move after installation and that adequate hydraulic contact was
maintained. The tensiometer data was monitored during installation to ensure that the tensiometers did
not cavitate.

Fig. 8 shows a photograph of the solar panel and weather monitoring equipment mounted to the northern
wall of the relay room. An all-in-one weather station was installed at the site to monitor meteorological
parameters including air temperature and rainfall amongst other parameters not presented herein. The rain
gauge in the all-in-one weather station proved unreliable and prompted the installation of a separate tipping
bucket rain gauge. Rainfall data from a South African Weather Service weather station located at Ermelo
Airfield was used for dates on which erroneous rainfall data was recorded by the all-in-one weather station.

There were only five instances of this during the observational period.

17



50 mm

oo,

X
X

pedsaRess

:
R
000

s

7,77
N
ORone
RN
N IAIIANTD

N
\\
N
X ‘f“f“f
000

ol

5002000002020 000020 202000

19efe0e0eSe a0t 0000 0 00"

120 mm

f“fr
K

7 B R R D R T e T ]

- " T 0,0, 7 TR
Probe insertion ()00 00,00 ) IR
Ll R

w‘uU‘:‘::‘w:&‘:::‘::::::::M:::ﬁ:ﬁfﬁiﬁrj&%ﬁg
- 000 e R
Compaction ram —e——w |/ /) () )T L) )T T ) T ) TR
L/L/L—/L—//——/Lju IO 555

T g ) it

= T — D ot T T T "aTa ST ST TaTa! TaTa! ,’:’,—f,—f
e e e aentaesnaeatassstatasetatatasetatatatetatatatetstatatatatatatatstatatatatatasatatasasatstatatatstasasy

(e)
Parent material < 2 mm
D Compacted backfill % In-situ material OR
silica flour
: 7 -
—— PVC pipe % Plastic bin wall w  Sealant
%
(f)

Figure 7: Schematics illustrating the installation of the sensors: (a) approximate depth to which the PVC pipes are inserted
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behind the sensor is back-filled and compacted (e) the PVC pipe is capped and sealed (f) legend
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Figure 8: Photo showing the mounted all-in-one weather station, tipping bucket rain gauge and solar panel

5. Results

The observational period is defined as 1 Aug. 2019 — 31 Dec. 2020. The initial installation was completed
on 27 July 2019. Water damage at the site resulted in a data unavailability period for the soil sensor data
from 26 Oct. 2019 — 27 Feb. 2020. This period corresponds to the summer months when most of the annual

rainfall is expected in this region.

5.1. Suction

Fig. 9 shows the suctions measured by the tensiometers and FSP sensors over the full observational
period. The tensiometer installed in the SSB layer showed fluctuations in phase with relative humidity and
air temperature during the first three months and is, therefore, not shown for this period. This behavior
is indicative of poor saturation or poor hydraulic contact and has previously been reported by Toll et al.
(2011). All tensiometers were replaced on 27 Feb. 2020 during the repairs to the water damage at the site
and appeared reliable from this date onward.

Evidence from the literature has shown that tensiometer measurements may show drift of + 5 kPa during
prolonged periods of use (Mendes et al., 2008). Therefore, tensiometer offsets were measured at the site in
Dec. 2019 for the tensiometers installed on 27 July 2019. It was determined that the offsets remained within
+ 2 kPa of those determined at initial installation. Tensiometer offsets after initial installation were not
determined for the tensiometers installed on 27 Feb. 2020.
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The FSP sensors were installed dry and took 1-2 months to equilibrate. The varying equilibration rates
may be due to varying degrees of hydraulic contact between the FSP sensors and the silica flour within which
they were embedded. Tripathy et al. (2016) showed that wetting the FSP sensors before installation could
improve the equilibration time. After equilibration, the tensiometers and FSP sensors displayed similar
suction trends. The only clear deviation in suction trends between the tensiometers and the FSP sensors
occurred for the period 1 Oct. 2020 — 31 Dec. 2020 in the SB layer. The reason for this is not clear but
may be due to poor tensiometer hydraulic contact or a delayed response of the FSP sensor to increasing
suctions. Loss of adequate hydraulic contact may arise due to movement of the tensiometer ceramic face
away from the silica four into which it was embedded. This movement may be caused by collapse settlement
of the silica flour upon wetting or minor void ratio changes of the silica flour around the ceramic face of
the tensiometer during repeated drying and wetting cycles. The lowest suction that the FSP sensors can
measure is limited by the air-entry of the ceramic disks to ~ 9 kPa. For this reason, the suction trends
between the tensiometers and FSP sensors cannot be accurately compared for suctions less than 9 kPa. This
lower suction limit of the FSP sensors is a severe limitation in near saturated conditions as were experienced
at the monitored site.

From Fig. 9 it is also evident that the SSB and SB layer suctions varied more than the A and B layer
suctions. The suctions in the A and B layers remained near 0 kPa for the majority of the observational
period. This suggests that there was not adequate drainage at the site to sustain significant levels of suction
for significant periods of time, particularly in the A and B layers. There was no formal drainage at the site
and during one of the site visits the water table was observed at the level of the formation layers.

Fig. 10 shows a direct comparison between the suctions measured by the tensiometers and the suctions
measured by the FSP sensors in the SSB and SB layers. The data for these layers are shown as the suction
in these layers displayed significantly more variation over the observational period than the suctions in the A
and B layers. Data for the period 1 Mar. 2020 — 31 Dec. 2020 are shown as reliable tensiometer data for the
SSB layer were unavailable before this period. The largest differences occurred in Dec. 2020 for the SB layer,
during which the suction measured by the tensiometer increased to ~ 30 kPa but the suction measured by
the FSP sensor remained at ~ 9 kPa. If one excludes the deviation in trend shown in the SB layer for Nov.
— Dec. 2020, Fig. 10 shows that the differences in measured suctions between the tensiometers and FSP
sensors remained within a + 10 kPa band. This difference is significant at the low suction levels dominating
at the monitored site. Due to the fact that the tensiometers could measure suctions below 9 kPa, their data
are presented and discussed further herein with regard to seasonal trends.

Figs 11-14 show the suctions measured by the tensiometers and FSP sensors in the SSB, SB, A and B
layers respectively over the full observational period. The average monthly suction and total average suction
for the observational period are also shown in each figure for each respective layer. The daily rainfall data
are also superimposed on each figure.
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Figure 9: Formation layer suction measured by the tensiometers and FSP sensors over the observational period
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Figure 10: Direct comparison between FSP and tensiometer measured suctions in SSB and SB layers for the period 1 Mar. 2020

— 31 Dec. 2020
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The SSB layer shows the greatest variation in suction over the observational period. The SB layer shows
a similar trend in suction variation to the SSB layer. However, the range of suction variation is subdued in
comparison to the SSB layer. This is expected as the SSB layer is closer to the surface and is thus most
affected by rainfall infiltration. The maximum suction recorded in the SSB layer was 30 kPa in Sept. 2020.
However, it is suspected that a higher suction would have been recorded in Oct. 2019 if the tensiometer was
functioning correctly on this date. This was assessed using the suction measured by the FSP sensor in the
SSB layer during this period. According to the FSP sensor, the suction approached 60 kPa in the SSB layer
in Oct. 2019. The maximum suction recorded in the SB layer was 32 kPa in Sept. 2019.

Both the SSB and SB layer suctions show an inverse relationship with rainfall. Suctions in these layers
were observed to dissipate completely after the rainfall in the wet summer months. In the drier winter months
that followed, the suctions increased steadily until the next summer rainfall period started. Comparison of
the average monthly suction and the daily rainfall illustrate the relationship between rainfall and suction
within the SSB and SB layers clearly.

Suction variation in the A and B layers was minimal (Figs 13 and 14). Similar suctions were recorded
in both the A and B layers. A fairly constant suction of ~ 10 kPa was measured before the wet summer
months started. By the end of the summer months, the suction in both the A and B layers had dissipated
to between 0 and 5 kPa. The suction in the A layer for Oct. 2020 and part of Dec. 2020 was negative,
indicating positive pore-water pressure. However, the B layer suction did not indicate positive pore-water
pressure for the same period. This is contradictory as positive pore-water pressures are indicative of a water
table which means that the B layer should also have registered a positive pore-water pressure. This may
be indicative of an offset error that had developed between the A and B layer tensiometers. This was not
confirmed and would require another assessment of the tensiometer offsets.

Further indication of potential drift in the tensiometer measurements can be seen when comparing the
suction data for the period 1 Oct. 2020 to 1 Jan. 2021 for the SSB and SB layers (Figs 11 and 12). During
this period the suction measured by the tensiometers in these layers appears to increase gradually despite
frequent rainfall events. Maximum and minimum daily air temperatures (Fig. 17) had significantly increased
during this period as compared to the previous months, which would have significantly increase evaporation
rates from the surface. This could lead to excess water extraction and an increase in suction despite rainfall
events. However, the suction measured by the FSP sensors did not increase with the suctions measured by
the tensiometers in these layers. This supports the theory that the tensiometers in the SSB and SB layers
may have drifted in the last three months of the full observational period. Similar tensiometer drift has
been reported by Mendes et al. (2008).

Fig. 15 shows soil suction profiles at four different dates during the observational period. The figure
clearly demonstrates that soil suction fluctuates more in the shallow layers of the formation than the deeper
layers. Thus, suction variation appears to be related to the depth of the soil below the surface. The suction
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Figure 11: Temporal variation of suction in the SSB layer with rainfall

Figure 12: Temporal variation of suction in the SB layer with rainfall
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Figure 14: Temporal variation of suction in the B layer with rainfall
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range observed in Fig. 15 in the SSB layer is 0 — 60 kPa, whilst the suction range observed in the B layer is
0 — 12 kPa. The suction profiles for 28 Sept. 2019 and 23 Oct. 2019 correspond to periods with minimal to
no rainfall, where evaporation from the surface dominates. The suction profile for 4 May. 2020 shows that
the suction in all the formation layers was effectively zero after the summer rainfall months. The suction
profile for 4 Sept. 2020 shows a gradual recovery of the suctions in the uppermost layers due to an extended
period with no rainfall accompanied by evaporation from the surface.

The average suctions in the SSB, SB, A and B layers over the observational period were 5.5, 12.7, 3.5
and 4.2 kPa respectively as measured by the tensiometers. The average suctions as measured by the FSP
sensors were 25.6, 15.6, 11.2 and 9.8 kPa. The average suction measured by the tensiometers for the SSB
layer is skewed due to the lack of data in the first few months when the highest suctions occurred. Thus, the
FSP average suction in the SSB layer is more representative of the true average suction in the SSB layer.
The average suctions over the observational period indicate that the suction in the upper most layer is the

highest and a decrease is observed with an increase in depth. This is, however, only true on average.

5.2. Water Content

Fig. 16 shows the VWC measured within the formation layer material over the observational period.
These VWC sensors were embedded within the parent material passing the 2 mm sieve, which was subse-
quently re-compacted down the access hole. The measured weekly rainfall is superimposed over the VWC
data. The VWC sensor in the SSB layer malfunctioned on 1 Mar. 2020 and is thus not shown in Fig. 16.
The dielectric permittivity measured by the VWC sensors was converted to VWC using the Topp (1980)
equation.

VWC is observed to increase with depth. This result is expected for a soil profile which is at equilibrium
with a water table. The measured VWC did not fluctuate in the same manner as the measured suctions. The
B layer showed the most fluctuation in VWC, however, the B layer suctions only showed minor variations in
suction. The VWC in the SB layer showed minor variation. The peaks in VWC in the B layer are believed
to correspond to a rising and lowering water table. This would indicate that the water table is near the
surface during the rainfall months and corroborates the low suction readings obtained at the site by the
tensiometers and FSP sensors. The measured VWC was not as sensitive to rainfall events as the measured
suctions. This is potentially due to air gaps around the sensor prongs.

The VWC sensors which were embedded within the silica flour material did not perform as expected.
The VWC measured by these sensors did not correspond to the suction or VWC hierarchy measured by the
other sensors. The data from the silica flour VWC sensors are not shown herein as the data was clearly
unrepresentative of the conditions within the layers as measured by the other sensors. It is believed that
many of the silica flour VWC sensors suffered from inadequate soil contact. The silica flour material does

not compact well due to its particle size distribution. Furthermore, erosion and piping was observed in the
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Figure 16: Temporal variation of VWC in the formation material with rainfall during the observational period
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silica flour material for the holes within which these sensors were located. It is believed that this may have
created air pockets around some of the sensors which were registered as an unreasonably low VWC. Due to
the poor data recorded by the VWC sensors in the silica flour, the efficacy of the back-calculation technique
used by McCartney and Khosravi (2013) could not be assessed herein. It is felt that better results may be
obtainable if the VWC sensors are installed in a vertical hole rather than a horizontal hole where erosion

and piping of the silica flour material can occur.

5.3. Temperature

Fig. 17 shows the daily maximum and minimum air temperature recorded by the all-in-one weather
station over the observational period. A seasonal trend is evident. Daily maximum and minimum air
temperature fluctuate in a cyclic manner with higher minimum and maximum air temperatures occurring in
the summer months (Dec. — Feb.) as opposed to the winter months (June — Aug.). It is worth noting that
the difference between the daily maximum and minimum air temperature increases in the summer months
and decreases in the winter months.

Good agreement was observed between the FSP and VWC sensor temperature data within each layer.
Thus, the average of the three sensors in each layer was used as the representative temperature value for
that layer. Fig. 18 shows the average formation layer temperature for each layer over the observational
period. Seasonality is evident, with minimum soil temperatures approaching 10 °C in July and maximum
soil temperatures approaching 22 °C at the end of Dec. The true maximum soil temperature may be higher
than 22 °C due to the data unavailability period, which corresponded with the hot summer months. The
seasonal variation of ~ 12 °C is expected to have a small, yet measurable effect on the formation layer
response to cyclic loading by trains. This has been shown in laboratory studies (Zhou and Ng, 2016).

The range in formation layer temperatures at a given time is larger during the winter months than the
summer months. The cooler air temperatures in the winter months appear to drive the SSB and SB layers’
temperatures below that of the A and B layers. However, in the summer months, the SSB and SB layers’
temperatures are in general equal to or greater than the A and B layers’ temperatures. The summer rainfall
appears to drive down the SSB and SB layers’ temperatures occasionally which results in a smaller range of
formation layer temperatures in the summer months. The minimum soil temperature recorded during the
observational period of 10 °C indicates that freeze thaw phenomena are likely not of concern in this region
of South Africa.

Fig. 19 shows soil temperature profiles at four different dates during the observational period. The
formation layer temperatures were all similar on 8 Oct. 2020. In the absence of any rainfall, the formation
layer temperatures increased from 8 Oct. — 10 Oct. 2020. On 11 Oct. 2020 a rainfall event of 16.8 mm
occurred. This rainfall event along with subdued air temperatures resulted in a decrease in soil layer

temperature as seen by the profile dated 13 Oct. 2020. The temperature decrease is inversely related to
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Figure 18: Temporal variation of formation layer temperature during the observational period
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the depth of the layer. The profile dated 20 Oct. 2020 corresponds to a time seven days after the rainfall
event of 16.8 mm. The temperature profile shows that the formation layers’ temperatures all increased to
beyond their pre-rainfall temperature within seven days. Fig. 19 also illustrates that the relative magnitude
of the temperature changes observed decreases with an increase in depth. The absolute range of temperature
changes observed at a given depth, however, will be influenced by the duration of the observation period

(An et al., 2017).

6. Conclusions

High-capacity tensiometers and commercial fixed-matrix soil-water matric potential (FSP) sensors were
used to monitor the temporal variation of soil suction within the formation layers of a heavy haul railway.
The commercial FSP sensor was investigated as a potential alternative to the use of tensiometers for field
suction measurement. Volumetric water content (VWC) was also monitored using a capacitance-type VWC
sensor. The FSP and VWC sensors were also used to monitor soil layer temperature. Air temperature
and rainfall were monitored at the site. One of each type of soil sensor was placed within each of the four
formation layers namely the special subballast (SSB), subballast (SB), A and B layers.

Reasonable agreement was found between the suction trends measured by the FSP sensors and the
tensiometers. In terms of absolute accuracy, the FSP sensor readings remained within + 10 kPa of the
tensiometers readings throughout most of the 18-month observational period. The tensiometers showed some
drift in their offsets, which was confirmed to be within + 2 kPa over a 4-month period. Drift over longer
periods was not verified. The FSP sensors required no maintenance during the observational period whilst
the tensiometers were replaced approximately midway through the observational period as a precautionary
measure and to rectify a problematic tensiometer in the SSB layer. The lower suction limit of ~ 9 kPa was
found to be a major limitation of the FSP sensors due to the low suction conditions at the monitored site.

The average suction measured over the observational period was 25.6, 12.7, 3.5 and 4.2 kPa for the
SSB, SB, A and B layers respectively. The suctions in the SSB and SB layers responded to individual
rainfall events and showed appreciable seasonal variation. The suctions in the SSB layer showed the greater
variation with rainfall events between these two layers. The suctions in the A and B layers did not show
any apparent variation with individual rainfall events and also showed minimal seasonal change. Suctions
reached a minimum of ~ 0 kPa in Mar. 2020 (the end of the rainfall season) across all layers and reached a
maximum, ranging between 10 and 60 kPa across all layers in Oct. 2019 (the end of the dry season).

Soil temperatures displayed seasonality that was in-phase with the observed seasonality in the daily
maximum and minimum air temperature measurements. Soil temperatures for the observational period
varied between 10 and 22 °C. A wider range in soil layer temperature was observed between the formation

layers during the winter months when compared to the summer months. Rainfall events in combination
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Figure 19: Temperature profiles within the formation layers at different times

with subdued air temperatures were observed to decrease the formation layers’ temperatures, the extent of
which was inversely related to depth. Therefore, the SSB layer showed the greatest variation in temperature
over the observational period. Thus, it is concluded that the SSB layer showed the greatest variation in
both suction and temperature and is the layer which experienced the greatest stress changes as a result of
seasonal variations in rainfall and air temperature.

Field monitoring of suction beneath transportation infrastructure remains a time consuming and chal-
lenging task. However, recent developments in suction measurement apparatuses and techniques has allowed
for the continuous monitoring thereof with minimal maintenance. The accuracy of these techniques still re-
quires further research. The use of tensiometers for field suction measurement is a valuable technique but
requires continuous maintenance. Data on the movement of ground water levels would be valuable and it
is suggested that future work include the installation of piezometers in this regard. Suction conditions are
expected to vary according to infrastructure type, location and climate and thus further research in this area
is encouraged. It is recommended that future studies expand on the the number of monitored sites as well
as the horizontal area monitored at each site, if possible. This could provide valuable data on the geospatial
variation of soil suction along linear infrastructure such as railway lines. Furthermore, these studies may

provide insight into any potential horizontal flow effects.
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