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ABSTRACT: The mechanism behind desiccation cracking and its implications on earth structure stability have
been under increasing study in recent decades, largely due to the uncertainty around our changing climate. The
resilience of our geotechnical infrastructure to projected climate change is of particular concern, making the
need to understand the complex soil-vegetation-atmosphere interaction all the more crucial. A diverse suite of
instrumentation and geophysical techniques have been employed to gain a detailed understanding of embank-
ment behaviour within the vadose zone subject to cycles of seasonal weather. Alongside soil-water content and
matric suction sensing, high resolution linear displacement transducers have been used to track the highly sensi-
tive crack aperture response to seasonal evapotranspiration trends and rainfall events. The transient influence
of cracks on infiltration-runoff partitioning of rainfall has been investigated via runoff catchment monitoring. In
addition to studying natural responses at the slope scale, 2D Electrical Resistivity Tomography has enabled
visualisation of elevated water content ‘plumes’ beneath crack features. This paper highlights salient aspects of
crack maturation, atmospheric field condition sensitivity, and the influence of vegetation presence on cracking
and provides a reference point for full-scale, in situ behaviour of desiccation cracking beyond the constraints of

laboratory settings.

1 INTRODUCTION

Desiccation cracking is observed in numerous con-
texts, from geotechnical engineering, mining and re-
source management to agriculture and process-
materials engineering. Understanding the behaviour
of compacted clay fills prone to environmentally
driven cracking is of particular importance for infra-
structure earthworks where structures are spatially
extensive and expectations on long-term performance
are high.

Compacted clay fills are subject to shrink-swell
driven by transient soil-water content. This is pri-
marily the result of seasonal fluctuation in precipita-
tion/evaporation in addition to the effects of vegeta-
tion demand and the infiltration potential of the soil
surface and is therefore largely governed by climate.
Predicted UK climate change scenarios are recog-
nised to have the capacity to more frequently bring
about conditions conducive to increased desiccation
cracking because of the increased occurrence of
warmer and drier summers experiencing rainfall
events of shorter duration and higher intensity (Hul-
me et al., 2002; Jenkins et al., 2010). Slope pore-
water pressure response to rainfall events is heavily
influenced by the enhanced infiltration capacity of

cracked soils (e.g. Anderson et al, 1982, Rouainia et
al. 2009).

Study of the desiccation cracking mechanism is
typically conducted using laboratory experimentation
(e.g. Nahlawi and Kodikara 2006, Peron et al, 2009,
Tang et al, 2011) or by numerical simulation (e.g.
Stirling et al, 2017, Vo et al. 2017). The size effect in
soil cracking is well established (i.e. Lakshmikantha
et al, 2012, Tollenaar et al. 2017) and yet, full-scale
site-based studies are limited in number (e.g. Zhan et
al. 2006; Dyer et al. 2009) with reports from densely
vegetated slope sites representative of UK rail and
highway networks particularly lacking from the liter-
ature. Understanding cracking in this situation is con-
sidered a fundamental step in the application of new
and existing numerical tools to better assess the in-
fluence of cracking and climate on infrastructure
slope stability.

2 RESEARCH EMBANKMENT

The BIONICS full-scale research embankment is a 6
m high, 90 m long embankment orientated in an east-
west direction with a 1 in 2 slope that is representa-
tive of typical UK infrastructure (Figure 1). The em-
bankment is located at Nafferton Farm, Stocksfield,



Northumberland, UK (Ordinance Survey grid Refer-
ence NZ 064 657).
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Figure 1. Embankment schematic depicting desiccation crack
distribution.

2.1 Construction and material

The embankment was constructed in four 18 m long
sections with the central sections constructed accord-
ing to UK Highways Agency specifications (termed
‘well compacted’) and the two outermost sections
built with reduced compaction to represent poorly
constructed/heterogeneous rail embankments.
Further details of design, construction process, in-
strumentation and materials testing are provided in
Hughes et al. (2009); its behaviour over a 4 year pe-
riod is further discussed by Glendinning et al, (2014).

Embankment fill material was locally sourced gla-
cial till (Durham Lower Boulder Clay). The Atter-
berg limits, tested in accordance with BS 1377
(1990), were 43% and 21% for Liquid and Plastic
Limits respectively which classifies the material as in-
termediate plasticity. Compaction characterisation
was conducted to BS 1377 (1990) using normal
Proctor (light) compaction which found the maxi-
mum dry density to be 1.71 Mg/m’ at a 15% opti-
mum water content. Particle size distribution testing
found the soil to be relatively well-graded in the por-
tion >2 um. The results of quantitative XRD analyses
on the sub 2 um fraction of the embankment fill ma-
terial suggests that the clay mineral assemblages are
generally similar and composed of variable amounts
of illite/smectite (ranging from 42 to 54%, with a
mean of 49%), chlorite/smectite (3—7% range, mean
5%), illite (1626 % range, mean 19%) and kaolinite
(23-31% range, mean 26%). Finally, the SWRC as
determined by dewpoint potentiameter is presented in
Figure 2.

2.2 Embankment vegetation

The slopes were seeded immediately after placement
of 300 mm topsoil with a grassland/highways mixture
typical of the North East of England. Vegetation sur-
veys conducted in the period 2014-2015 indicate a
shift towards wind-blown colonization by other plant
species on the south facing slope. There exists
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Figure 2. Soil-water retention curve (after Hen-Jones et al.
2017).

a marked difference between the north and south as-
pect, particularly evident in May-August time. The
northern aspect is characterised by lower plant diver-
sity, predominantly grasses (e.g. Alopecurus pratense
(Meadow foxtail) and Lolium perenne (Perennial
Ryegrass)) while the southern aspect accommodates
a higher diversity of wildflowers (e.g. Leucanthemum
vulgare (Oxeye Daisy), Filipendula ulmaria (Mead-
owsweet), Achillea millefolium (Yarrow) and Knau-
tia arvensis (Field scabious))). Excavations conduct-
ed in the course of instrument installation indicated
an average rooting depth of approx. 400 mm, below
which rooting density diminishes.

2.3 Embankment instrumentation

Instrumentation comprises a catalogue of predomi-
nantly volumetric water content and soil-water po-
tential sensors in addition to dual aspect meteorolog-
ical monitoring and runoff catchments. The soil
sensors employed were manufactured by Decagon
Devices, namely the STE and MPS-1/2 and MPS-6
models. The STE measures the dielectric permittivity
of the soil to determine the volumetric water content
while the MPS range measures permittivity across a
ceramic disc in equilibrium with soil-water to deter-
mine the water potential. In the interests of brevity,
technical specifications for these sensors may be ac-
cessed directly from the manufacture’s literature.

These sensors are typically located at the slope
toe, mid-point and shoulder on both aspects on the
western ‘poorly’ and well compacted panels. Installa-
tions were conducted at 0.5, 1.0 and 1.5 m depths
within a spacing of no more than 150 mm at each
monitored location.

3 CRACK SURVEYING

A campaign of manual crack surveys was carried out
annually from 2009-2015 and typically during the
months of June-August. Crack observations com-
prised their location, length, width at regular inter-
vals along the length and approximate depth — estab-
lished manually by gradated probe (discussed further
by Eminue et al. at this conference). This process is



inherently labour intensive and relies upon successful
discovery of crack sites amongst what is usually tall
vegetation in this period (up to 0.5 m). This factor is
particularly important in the discovery of newly initi-
ated cracks since once established, crack sites can of-
ten be reliably studied year on year.

Figure 3 shows a crack seen on the embankment
(Crack 4 — Figure 1). Linear cracks with limited
branching are almost exclusively seen in this context
and indicate the significant influence of vegetation
presence, likely a result of root mass reinforcement.

Desiccation cracking research, both physical and
numerical commonly focuses upon crack reproduc-
tion in a laboratory setting using processed clays.
Therefore, the scale is rarely representative of field
conditions and such experiments struggle to account
for heterogeneity as observed in full-scale structure
materials — a fundamental consideration in stress lo-
calisation. This makes the understanding of cracking
in the field, over long time scales particularly im-
portant if existing research into cracking is to be ap-
plicable to geotechnical infrastructure.

Figure 3. Typical linear cracking style on vegetated slope in-
frastructure in UK.

4 HIGH RESOLUTION MONITORING

To understand the behaviour of desiccation cracks at
full-scale on vegetated infrastructure slopes, linear
transducers were installed across an active crack site
(Figure 4). The site selected was crack 9 shown in
Figure 1. This crack is positioned towards the centre
of the south facing ‘poorly’ compacted panel and as
such is considered to not be influenced by any
boundary effect as a result of embankment construc-
tion. Crack surveying identified this crack as being
representative of typical crack activity.
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Figure 4. Transducer configuration at monitored crack site.

4.1 Crack monitoring installation

The three stainless steel transducers had a 200 mm
stroke range and were capable of operating between
-40 to +150°C using contactless (inductive coil)
sensing. At the time of installation, grass cover was
cut back to expose the crack, as depicted in Figure 4
by the white line. PVC plates fitted with six 80 mm
spikes were used to fix each transducer end to op-
posing sides of the crack. Care was taken not to
place the fixings too close to the crack aperture so
not to disturb the crack as well as to leave sufficient
travel to accommodate either direction of movement
following installation.

4.2 Crack response to environmental conditions

The behaviour of the crack from May 2015 to No-
vember 2016 is presented in terms of transducer dis-
placement in Figure 5. Also presented is correspond-
ing volumetric water content and soil matric suction
data from a monitoring profile 1.6 m away from the
crack site. Rainfall, potential evapotranspiration
(ETo) and runoff data is also presented for the same
period. A diurnal signal in transducer displacement
was detected with a maximum of 1.5 mm recorded.

The crack transducers indicate the onset of crack
aperture opening at the start of June. This aligns well
with the onset of suction generation as measured at
0.5 m depth and follows a period of limited rainfall
and high ETo. Once open, a series of rainfall events
are shown to produce a response in suction and most
noticeably, result in a rapid reduction in crack aper-
ture (highlighted). Continued high levels of ETo dur-
ing this period is seen to maintain suctions between
200-320kPa, enabling the crack to re-open between
the three major rainfall events.

Transducer 1 exhibits the greatest response to en-
vironmental variation. However, all three transducers
capture the interaction between dominant ETo and
punctuated rainfall events throughout the summer
months. Following the fourth highlighted rainfall
event, total ETo reduces and rainfall dominates. The
crack aperture is shown to reduce consistently from
October to mid-November 2015, with assumed clo-
sure (return to original displacement in transducers 1
and 2) simultaneously with the loss in suctions.

During the 2015-2016 winter, little to no dis-
placement is evident on the monitored crack. Rela-
tively high water content is sustained suggesting sat-
urated conditions which result in previously
undetectable runoff following high rainfall (January
2016).

Transducers were disturbed in mid-March through
April 2016. This is attributed to burrowing activity
observed across the embankment by rabbits
(Oryctolagus cuniculus). The influence of macrobio-
ta on the enhancement of infiltration on vegetated
slopes 1s a little addressed aspect of ecological-
geotechnical engineering.
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Figure 5. Crack and environmental monitoring time series da-
ta.

Despite its obvious difference in mechanism, it is
recognised to have a not insignificant deteriorative
effect on a wide range of geotechnical infrastructure.
In 2016, the crack aperture is again shown to
open in May during a period of sustained high ETo
and low rainfall. The rapid response of crack dis-
placement to rainfall events is seen again, although
unlike the previous year, a wet period late-June — Ju-
ly is experienced which limited the development of
deeper suctions and results in measurable runoff.

There exists a clear connectivity between cracking
behaviour, near-surface (<1 m) saturation and runoff.
Taking the period May-May, despite relatively high
rainfall events during the active crack season, no
runoff is measured.

Conversely, once the crack is assumed to have
closed (post- mid-November 2015), runoff is pro-
duced from similar magnitude rainfall events. Alt-
hough the occurrence of runoff is linked to soil sur-
face saturation, it is also considered that reduced
runoft is linked to the presence of open cracks on the
slope surface and that these result in the interception
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of this flow. Therefore, the infiltration potential of
cracking is necessary to progress the understanding
of these transient and dynamic features.

5 CRACK DEVELOPMENT USING ERT

A 4m wide x 6m high, south-facing slope section to
the west of the embankment (Figure 1) is the site of a
3D electrical resistivity tomography (ERT) array op-
erated by the British Geological Survey and Newcas-
tle University. The array comprises a total of 281
electrodes at 0.7m grid spacing, arranged with a di-
pole-dipole configuration, which is highly-sensitive to
horizontal resistivity variations. Alternating pairs of
electrodes are used to impart current and to record
the resulting change in potential. This is then related
to resistance via Ohm’s law (V=IR), and corrected
for geometry, allowing the volumetric subsurface re-
sistivity distribution to be imaged. Due to the sensi-
tivity of resistivity to temperature, standard proce-
dure is to correct images to a reference value, which
in this study was taken to be the mean annual air
temperature at the embankment site, 9.35°C. The
basic principal of the ERT method as a tool for imag-
ing moisture dynamics is that low water content cor-
responds to high resistivity values, and vice versa.



The ERT array took measurements on an approx-
imately daily basis. The images presented here show
“slices”, extracted along the central line of the array
from 3D volumetric images during a period of rapid
drying over the course of summer 2013. Figure 6a
shows the initial resistivity distribution recorded on
15™ June, and highlights the highly permeable crest
ballast (approx. 150-250 Qm), the near-saturated
embankment core (approx. 20-50 Qm) and a strati-
fied slope flank. The following images present the ra-
tio change in resistivity with respect to the first date -
the associated colour scale has been chosen to high-
light features characterised by a resistivity increase
greater than 30 % (orange to red).
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Figure 6. Developing crack features as imaged using electrical
resistivity.

The development of crack features on the South-
ern flank of the BIONICS embankment may be im-
aged, which tallies with observations made during
field surveys over the same period. The development
of these crack features may be described as follows:
in Figure 6b (15" July 2013), taken one month after
the iitial resistivity distribution image, significant
drying has occurred at the south-facing portion of the
crest ballast, extending into the fill material, this is at-
tributed to the embankment orientation. The south-
facing aspect of the ERT monitored section is ex-
posed to both the prevailing wind direction (South-
westerly) and the longest daily sunshine making this
region experience the greatest degree of evapotran-
spiration. The influence of slope exposure is further
demonstrated by the prevalence of cracking to the
south-west end of the embankment (Figure 1).

Further down the slope flank, localised increases in
resistivity are observed at 5.5 and 8m, corresponding
to the locations of known cracks from previous field
surveys; walkover surveys confirmed the presence of
these cracks during the summer 2013 period.

By 27" July (Figure 6¢c), the two crack features
have increased in volume, and much of the upper Im
of the slope flank is characterised by significant resis-
tivity increases; observations during this time de-
scribed significant extensive drying of the topsoil.
Following heavy rainfall over the subsequent two
weeks, the embankment surface wets up rapidly, and
on 10" August (Figure 6d), only the bottom anomaly
is visible, as the other features heal due to swelling
associated with infiltration of rainwater into the clay
fill. Drying of the near-surface then resumes: on 29"
August, (Figure 6¢), the anomalies have increased in
volume, clearly illustrating four distinct crack loca-
tions where soil resistivity has increased by more
than 30 % with respect to the baseline date at the
start of the summer drying period. As well as being
noted during summer 2013 field surveys, these four
cracks are reoccurring features captured in multiple
annual field surveys. In Figure 7, the resistivity distri-
bution for the same embankment segment is shown
during the winter of the following year (December
2014; scale same as in Figure 6).

1 23-12-2014

112

| |

10 15 20
Figure 7. Low resistivity values associated with elevated water
contents beneath crack locations.

Blue contours highlight low resistivity values in the
vicinity of the existing crack locations. These values
are associated with elevated water content “plumes”



arising from infiltration of rainwater via the cracks,
and demonstrate the capacity of ERT imaging to cap-
ture the soil response to both rapid drying and wet-
ting, in terms of crack development and evolution.

6 CONCLUSIONS

An overview of desiccation cracking in a full-scale,
vegetated UK infrastructure-style embankment is
presented, which for the first time, includes quantita-
tively the transient behaviour of cracking in the field.

Characterisation of cracking in densely grassed
slopes is established and the contrast in style between
these observed features and those commonly repro-
duced in the laboratory is highlighted. The influence
of compaction (e.g. Victorian vs. modern highway
specification) and slope aspect (i.e. exposure to pre-
vailing wind direction) is demonstrated to have a sig-
nificant effect on the distribution and extent of crack-
ing.

The sensitivity of crack aperture to underlying un-
saturated soil conditions and the atmospheric condi-
tions that drive them in the near-surface is shown.
The seasonal life-cycle of these features is also pre-
sented in parallel with rainfall-runoff monitored data
which has enabled the implications of crack-based in-
filtration to be considered.

Lastly, the ability of ERT to provide visualisation
capability to identify isolated crack features is pre-
sented. The development of these features during the
summer of 2013 is depicted in addition to the ulti-
mate implication of crack presence — namely, en-
hanced infiltration capacity.
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