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Abstract

The performance of transportation networks is critically dependent on the performance of cutting
and embankment slopes. An instrumented embankment has been established at Nafferton farm in
North East England to investigate the response of an embankment to changing climatic conditions.
Higher pore water pressures (near to hydrostatic) were observed during winter months (typically
January) falling back to lower values in March. The pore water pressures showed generally positive
values in the upper 3 m of the embankment although suctions existed at 4.5 m depth. Soil water
retention curves (SWRC) are essential to understand the changes in water content and suction that can
take place during seasonal cycles and during extreme weather events. SWRCs for the embankment
soil have been measured in the laboratory using novel high suction tensiometer based equipment. The
results confirm that wetting and drying paths for the soil show significant hysteresis. The major
differences occur in the first cycle of drying and wetting and smaller differences are seen in
subsequent scanning curve paths.
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1 Introduction

The UK's transport infrastructure is one of the most heavily used in the world. The performance of
the transportation networks is critically dependent on the performance of cutting and embankment
slopes. Many of these slopes are old and suffer high incidents of instability (increasing with time).
There is evidence that the scenario of increased (and more intense) rainfall has already had an impact
on UK transport infrastructure (Kilsby ef al., 2009) and climate change scenarios for the UK present
the potential for these issues to accelerate. To investigate these issues, the research project iSMART
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(Infrastructure Slopes: Sustainable Management And Resilience Assessment) has been established as a
collaboration between six UK academic partners (Universities of Durham, Loughborough, Newcastle-
upon-Tyne, Queens Belfast and Southampton and the British Geological Survey) and 11 asset owners
and industrial partners. Together, the partners are using a combination of field measurements,
laboratory testing and development of conceptual and numerical models to improve our understanding
of the interaction between weather, vegetation and soil.

One of the sites being monitored within the iSmart project is an instrumented embankment to
investigate the response to changing climatic conditions. The BIONICS embankment was built at
Nafferton farm in North East England (Hughes et al., 2009). The fill material was a glacial till
(Durham Lower Boulder Clay), a common fill material in North East England and hence
representative of earthwork construction. The fill material can be classified as a sandy clay of
intermediate plasticity.

An important aspect of embankment fill behaviour is to be able to understand the changes in
suction during drying and wetting. The relationship between suction and water content is called the
soil water retention curve (sometimes also known as a soil water characteristic curve). A typical water
retention curve (in terms of volumetric water content) is shown in Figure 1. It is highly hysteretic in
nature. If the soil starts from a saturated state and is subject to drying, it will follow the Primary
Drying Curve. On wetting from an oven dried state, the soil will follow the Primary Wetting Curve
(Figure 1). When the suction is reduced to zero, the final volumetric water content may be lower than
the initial saturated value, 6, either due to air bubbles remaining trapped within the soil, or as a result
of irrecoverable shrinkage of the soil.
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Figure 1. Typical Soil Water Retention Curve (after Toll, 2012)

The primary drying and wetting curves define an envelope of possible states within which the soil
can exist. If drying is halted partway down the primary drying curve and wetting is started, the soil
will follow an intermediate Scanning Curve, that is flatter than the primary wetting curve, until the
primary wetting curve is reached. Similarly, if wetting is halted partway up the primary wetting curve
and drying is started, the soil will follow another Scanning Curve, that is flatter than the primary
drying curve, until the primary drying curve is reached.

The soil water retention curves (SWRC) for the BIONICS soil have been measured in the
laboratory using novel high suction tensiometer based equipment.
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2 Field Measurements of Suction

The objective of the iISMART project is to investigate what could happen to infrastructure
embankments in the UK when subjected to climate change. An experimental embankment has been
built in four panels (Figure 2) separated by vertical impermeable membranes and constructed using
different compaction efforts (Hughes et al., 2009). Panels A and D are poorly compacted (intended to
represent old rail embankments constructed more than 100 years ago) while panels B and C are well
compacted (representing modern embankments). Current measurements of suction have been obtained
during natural rainfall conditions. A climate control system can be used to impose expected future
climate patterns on the embankment, using a system of sprinklers (Hughes et al., 2009).
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Figure 2. Plan view of BIONICS Figure 3. Pore water pressure profiles for well
embankment (after Hughes et al., 2009). compacted panel B (after Toll et al., 2012).

Part of the instrumentation system installed in the BIONICS embankment used high capacity
tensiometers to obtain continuous direct measurements of suction or pore water pressure (Mendes et
al., 2008). Ten high capacity tensiometers capable of direct measurement of pore water pressure to
-2MPa (Lourenco et al., 2006; Toll et al., 2013) were installed in two borehole probe locators installed
below the crest of the embankment. Each locator includes five suction stations at depths of 0.5m, 1m,
1.5m, 2m and 3m. The borehole probe locator consisted of a 3m long PVC pipe with an outer diameter
of 90mm. Five guide tubes were inserted inside the borehole probe locator to individually connect
each suction station to the surface and allow insertion of the tensiometers. This design allows the
tensiometers to be removed individually whenever necessary. This is important as tensiometers can
cavitate when measuring high suctions for a long period of time and then require removal for
resaturation.

Toll et al. (2012) reported the results of monitoring since September 2007 and showed the cycles
of pore water pressure that might be expected within the central zone of an embankment (away from
the side slopes). Higher pore water pressures (near to hydrostatic) were observed during winter months
(typically January) falling back to lower values in March (Figure 3). Lower values might normally be
expected during summer months, but the climate during the summers of 2007 and 2008 were
“untypical” with high levels of summer rainfall, as well as being subject to artificial inundation using
the sprinkler system on the embankment.

The pore water pressures showed generally positive values in the upper 3 m of the embankment
although suctions existed at 4.5 m depth. These lower values could represent construction induced
suctions, but are also likely to be affected by under-drainage of the embankment by field drains. The
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values are generally lower than hydrostatic conditions, even in the upper 3 m, except following a
period of heavy precipitation during winter 2007/8.

It should be noted that much higher suctions have been observed on the side slopes of the
embankment. Glendinning et al. (2014) showed suction of 500-600 kPa being developed within the
top 1m of the side slopes.

3 Soil Water Retention Curves

The fill material used in the construction of the BIONICS embankment was tested. It was prepared
by sieving through a 2.8mm sieve to remove the larger particles to reduce the variation in properties.
The sieved material comprised 30% sand, 35% silt and 35% clay, i.e., a sandy clay soil. The Liquid
Limit was 43.3% and the Plastic Limit was 23.7%, resulting in a Plasticity Index of 19.6 (Mendes,
2011). The particle density was 2.66 Mg/m’. Specimens for testing were prepared by compaction into
a 100mm diameter mould using the equivalent compactive effort of the standard Proctor test (BS light
compaction) (BS1377, 1990). Samples were compacted wet of optimum at a water content of 24%.
This resulted in specimens close to saturation (degree of saturation, Sr > 95%). From the larger
compacted samples, smaller specimens having a diameter of 75Smm and a thickness of 20mm were
trimmed from the 100mm diameter compacted samples for testing in the tensiometer equipment.

4 The Durham SWRC Equipment

Measurements of the soil water retention curves (SWRC) were carried out using the Durham
SWRC equipment (Toll ez al., 2015). The experimental apparatus allows continuous measurements of
water content, suction and volume change. The apparatus is made up of a PVC frame (Figures 4 & 5)
placed on an electronic balance to determine the change in sample weight and hence water content (as
used by Lourenco et al., 2007; 2011).

Figure 4. The Durham SWR equipn{ent, showing the  Figure 5. The Durham SWRC equipmet, éhdwing the
frame sitting on the electronic balance. PVC frame with LVDTs to measure volume change.

For volume change measurements, four displacement transducers were installed through the four
outside beams of the frame to measure radial displacement of the specimen and two more dis
placement transducers were fitted through the upper beam to measure axial displacement (change in
height) (Figure 5). Volume change of the specimen could then be calculated from the radial and axial
deformations. A Durham University high suction tensiometer (Lourenco et al., 2006; Toll et al., 2013)
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was used to measure suction. The tensiometer was fitted through a hole in the support plate, with a
tight fitting rubber O-ring to secure it in place. All transducers were connected to a real-time data
acquisition system (Toll, 1999). Using the tensiometer technique, suction can be measured in samples
either dried continuously while exposed to the atmosphere (continuous procedure) or by drying in
stages (stage procedure). In the stage procedure, the specimen is sealed and allowed to equalise
internally after each period of drying. Both approaches are quicker than traditional methods for
obtaining SWRCs (e.g. pressure plate).

The results of a series of laboratory measured soil water retention curves obtained using the
tensiometer technique are plotted in Figure 6. The results were obtained by continuous drying are
show as continuous traces. The results of stage drying tests are shown as individual data points
(triangles). Good agreement is shown between all sets of results over the range 1 - 1000 kPa.

One set of tests followed the SWRC over two complete cycles of drying and wetting. Figure 7
shows that for each full cycle (drying and wetting) the hysteretic behaviour is quite different. For the
first cycle, the difference between the primary drying curve and the subsequent wetting curve is much

larger than for the second cycle. The last three paths (wetting - drying - wetting) lie very close to each
other.
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Figure 6. SWRCs for drying measured by the Figure 7. SWRCs for repeated drying and wetting
tensiometer approach. cycles (continuous approach).
Conclusions

A large part of any transportation network comprises slopes (in embankments and cuttings) and so
it is important that we understand the impact of climate change on this part of our infrastructure. This
paper reports on studies involving field measurements of pore water pressure responses to current
climatic conditions. It also discusses the soil water retention behaviour of embankment fill material,
which is essential for modelling the complexity of climate/soil interaction.

Results of field monitoring within the central zone of the BIONICS embankment in the UK shows
higher pore water pressures (near to hydrostatic) during winter months (typically January) falling back
to lower values in March. The pore water pressures showed generally positive values in the upper 3 m
of the embankment although suctions existed at 4.5 m depth. Much higher suctions (500 to 600 kPa)
have been observed on the sides slopes of the embankment.
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New laboratory equipment is described for measurement of soil water retention curves, using a
high capacity tensiometer. It provides continuous measurements of water content (from an electronic
balance), suction (from a high suction tensiometer) and volume change (using LVDTs to measure
changes in diameter and height). The equipment has been used to determine the soil water retention
behaviour in terms of volumetric water content.

The results confirm what is well known, that wetting and drying paths for soil show significant
hysteresis. The major differences occur in the first cycle of drying and wetting and smaller differences
are seen in subsequent scanning curve paths.
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