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Summary

Many parts of the UK’s rail network were constructed in the mid-19th century long before the advent of
modern construction standards. Historic levels of low investment, poor maintenance strategies and the
deleterious effects of climate change have resulted in critical elements of the rail network being at

significant risk of failure. The majority of failures which have occurred over recent years have been

triggered by extreme weather events. Advance assessment and remediation of earthworks is, however,
significantly less costly than dealing with failures reactively. It is therefore crucial that appropriate approaches
for assessment of the stability of earthworks are developed, so that repair work can be better targeted and
failures avoided wherever possible. This extended abstract briefly discusses some preliminary results from an
ongoing geophysical research project being carried out in order to study the impact of climate or seasonal
weather variations on the stability of a century old railway embankment on the Gloucestershire Warwickshire
steam railway line in Southern England.

Introduction

Many parts of the UK’s rail network were constructed in the mid to late 19th century, long before the
advent of modern construction standards. Historic levels of low investment, poor maintenance
strategies and the deleterious effects of climate change have resulted in critical elements of the rail
network being at significant risk of failure. A recent study conducted by Network Rail, who own the
largest network of earth structures in the UK, has revealed that 50% (or 5000km) of their network of
earthworks are considered to be in a “poor” or “marginal” condition (Network Rail 2011). According
to Department of Transport Rail Accident Investigation an average of 65 earthworks failures per year
were recorded during the period from 2004/5 to 2008/9 (RAIB 2008). The majority of these failures
occurred as cutting and embankment slips and a large portion were triggered by localised extreme
weather events (Network Rail 2011). Although there has been little change in winter precipitation
over the last half century, during this time there has been an increase in the proportion of winter
rainfall in the UK resultant from heavy precipitation events (Jenkins et al. 2009). Extreme seasonal
increases in pore water pressure (reductions in suction pressure) resultant from excessive rainfall may
significantly reduce the strength of earthworks leading to possible failure if triggered, for example, by
an extreme weather event (Wilks, 2010). It is not just extreme wet weather which causes failures, dry
conditions can lead to desiccation and cause cracking of slope surfaces, increasing their permeability
and providing pathways for rainfall infiltration. When the effects of wetting and drying are combined,
seasonal cyclical patterns may cause shrinking, swelling and strain softening of the fill materials
which may result in serviceability failures and eventual earthwork collapse (Kovacevic et al. 2001).
Advance assessment and remediation of earthworks is significantly less costly than dealing with
failures reactively. It is therefore crucial that approaches for assessment of earthwork stability are
developed, so that repair work can be targeted and failures avoided wherever possible. Geophysical
methods, when used as complimentary tools together with traditional geotechnical investigations, are
ideally suited for earthwork investigations (e.g. Donohue et al. 2011, 2012; Chambers et al. 2014). In
addition to being non-invasive a number of these techniques are cost-effective and rapid, allowing
detailed 2D and 3D information to be obtained, with repeated observations permitting temporal
variations to be measured. This may be particularly useful if the measured geophysical properties are
calibrated with relevant geotechnical parameters. This extended abstract briefly discusses ongoing
geophysical research in order to study the impact of climate or seasonal weather variations on the
stability of a century old railway embankment in Southern England.
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Figure 1 Laverton embaniment site lavour map, showing the location of Cone Penerrarion Test (CPT)
profiles and the MASW survey line. Evample CPT profiles are shown inset along with a picrure of

MASW data acquisition setup using a landstreamer.

Laverton Embankment

The railway embankment being investigated in this study is part of the heritage Gloucestershire
Warwickshire Steam Railway and is located near the village of Laverton, in the Cotswolds region of
Southern England. The embankment is approximately 5m high and is believed to have been
constructed circa 1900 — 1906 via end tipping of local Charmouth Mudstone. Currently the
embankment comprises a 0.9 m thick upper layer of ballast fouled with fines, ash and soil (rich in
humus), underlain by about 4m of a high plasticity clay fill (Charmouth Mudstone). A number of
significant earthwork failures on the Gloucester Warwickshire Railway have occurred over recent
years and there is also evidence of previous movement at the Laverton embankment. A site layout
map is illustrated in Figure 1, which also shows the results of two Cone Penetration Test (CPT)
profiles carried out at the site. From the CPT data it appears that the embankment may have been
constructed in two lifts, possibly with the boundary at about 3 m depth. Generally, the upper interval
exhibits very low penetration resistances (qc) of (between 0.5 - 1 MPa), while the fill between 3-5m
exhibits slight greater qc (between 1 - 1.3 MPa). Sampling of the clay immediately beneath the ballast
around CPT 3 indicated high levels of moisture and weathering. Below the embankment base (around
5m) qc increases considerably as the cone is pushed into the underlying formation.

In order to investigate the effect of climate or seasonal variation on the embankment, data

from a range of near surface geophysical methods (Multichannel Analysis of Surface Waves, Seismic
refraction & Electrical Resistivity Tomography) and permanently installed field sensors (for
measuring pore water pressure, soil moisture, electrical conductivity, temperature, rainfall, wind
speed, relative humidity) are being regularly monitored at the site. This extended abstract will briefly
discuss some of the initial MASW results that have been acquired.

Multichannel analysis of surface waves (MASW)

The use of the MASW approach for the estimation of shear-wave velocity (Vs) profiles has received
considerable attention over the last number of years (e.g. Park et al. 1999; Donohue and Long 2008).
According to elastic theory, the small strain shear modulus, Gmax, is related to Vs by:

Gmax=p. Vs (1)

where Gmax = shear modulus (Pa), Vs = shear wave velocity (m/s) and p = density (kg/m3). Gmax (or

Vs) has been found to be dependent on effective stress and therefore pore/suction pressures. A number

of authors have explored the relationship between soil suction and Gmax on laboratory samples for a

range of materials (e.g. Mancuso et al 2002, Mendoza and Colmenares 2006). Much of this work has

been carried out on soil samples in a controlled laboratory setting, with limited field verification.

MASW data was acquired along the crest of the Laverton embankment using a roll-along approach with a land
streamer (Figure 1) consisting of 24 plate coupled 4.5 Hz geophones with a 1m inter geophone spacing and a
2m source to first receiver distance. A 4.5 kg sledgehammer was used to generate the seismic data and shots
were acquired at 5m intervals over a 100m section of railway embankment. As discussed above, seismic data
acquisition is ongoing and is being acquired at regular intervals throughout the year, along the exact same
profile. The results are also being analysed with respect to data from the permanently installed field sensors.
For this abstract, some preliminary results, acquired in July and November 2013 are shown. It should be noted



that the July 2013 data acquisition followed a period of particularly warm and dry weather, whereas the
November data acquisition followed a period of wet weather. All dispersion curves picked following the July
and November 2013 acquisitions are shown in Figure 2. Normally dispersive phase velocity — frequency
relationships was observed for all profiles, dominated by the fundamental mode Raleigh wave. As

shown, the phase velocities recorded were consistently higher during July, particularly at frequencies
greater than 15Hz (corresponding to the approximate embankment height). Overall, the phase

velocities are also found to increase with increasing distance (X) along the embankment crest.

Vs models were estimated using the approach detailed by Xia et al. (1999). A number of

different initial models were selected in order to test the robustness of the inversion and to determine

the model with the lowest misfit. In order to reduce the non-uniqueness of the inversion, P-wave

velocities from the seismic refraction surveys were included as apriori information. Each inversion

was stopped after the overall RMS error was less than 2 m/s and all converged within 4 iterations. It

was consistently found that a ten layer initial model produced the lowest RMS error. 2D depth sections were
generated by combining the inverted 1D Vs profiles. 2D Vs profiles for July and November 2013 are illustrated
in Figure 3, for the upper 5.5m. As shown, the embankment distribution of Vs was consistently less than
150m/s, which corresponds to a Gmax of less than 30MPa indicating a soft embankment fill, consistent with
the CPT data. Vs increases considerably below 5m depth at the boundary between the embankment fill and
the underlying formation. As expected, following the variation in dispersion curves observed between July and
November, a general reduction in inverted Vs was observed across the embankment in November when
compared with July. The mean difference in inverted Vs is just under 10%. As a significant amount of rainfall
was recorded in the weeks prior to the November MASW acquisition, it is possible that this reduction in

Vs reflects a reduction in soil suction, possibly as a result of rainfall infiltration. Research is currently

being carried out to investigate the in-situ relationship between Vs, soil moisture and soil suction

(from field sensors). This should provide a quantitative explanation for the observed variations in Vs.

This work will be disseminated at a later date.
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Figure 2 Dispersion curves picked for the July and November MASW data acquisitions.
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Figure 3 Inverted 2D T, profiles from Julv and November 2013 from the Laverton embankment.



Conclusions

Advance assessment and remediation of earthworks is significantly less costly than dealing with
failures reactively. It is therefore crucial that appropriate approaches for assessment of the stability of
earthworks are used and developed, so that repair work can be better targeted and failures avoided
wherever possible.

This extended abstract has briefly discussed some early results from an ongoing geophysical research
project being carried out in order to study the impact of climate or seasonal weather variations on the
stability of a century old railway embankment on the Gloucestershire Warwickshire steam railway

line in Southern England. The embankment itself is constructed from a high plasticity clay fill and

CPT profiles indicate that this material is very soft. A number of significant earthwork failures on the
railway have occurred over recent years and there is also evidence of previous movement at the test
embankment. In this abstract, some of the preliminary MASW data acquired at the site was discussed.
A general reduction in Raleigh wave phase velocity and corresponding inverted Vs across the
embankment was observed in November 2013 when compared with July 2013. As a significant
amount of rainfall was recorded at the site in the weeks prior to the November MASW data
acquisition, it is likely that this reduction in velocity reflects a reduction in soil suction at this location,
possibly as a result of rainfall infiltration. Research is currently being carried out to investigate the Insitu
relationship between Vs, soil moisture and soil suction. This should provide a quantitative

explanation for the observed seasonal variations in Vs.
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