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Abstract 

In situ measurements of near-saturated hydraulic conductivity in fine grained soils have been made 

at six exemplar UK transport earthwork sites: three embankment and three cutting slopes. This 

paper reports 143 individual measurements and considers the factors that influence the spatial and 

temporal variability obtained. The test methods employed produce near-saturated conditions and 

flow under constant head. Full saturation is probably not achieved due to preferential and by-pass 

flow occurring in these desiccated soils. For an embankment, hydraulic conductivity was found to 

vary by five orders of magnitude in the slope near-surface (0 to 0.3 metres depth), decreasing by 

four orders of magnitude between 0.3 and 1.2 metres depth. This extremely high variability is in 

part due to seasonal temporal changes controlled by soil moisture content, which can account for up 

to 1.5 orders of magnitude of this variability. Measurements of hydraulic conductivity at a cutting 

also indicated a four orders of magnitude range of hydraulic conductivity for the near-surface, with 

strong depth dependency of a two orders of magnitude decrease from 0.2 to 0.6 metres depth. The 

main factor controlling the large range is found to be spatial variability in the soil macro structure 

generated by wetting/drying cycle driven desiccation and roots. The measurements of hydraulic 

conductivity reported in this paper were undertaken to inform and provide a benchmark for the 

hydraulic parameters used in numerical models of groundwater flow. This is an influential 

parameter in simulations incorporating the combined weather/vegetation/infiltration/soil interaction 

mechanisms that are required to assess the performance and deterioration of earthwork slopes in a 

changing climate.  

 

Keywords: Hydraulic conductivity, engineered fill, field measurement, near-surface  
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Infrastructure slopes are complex structures made up of a composite of soil, water, air and 

vegetation. The mechanical and hydraulic properties of the in situ (cuttings) and compacted 

(embankments) materials play a controlling role in the stability of earthwork slopes (O’Brien, 2013). 

The UK experiences infrastructure slope failures that have primarily been triggered by changes in 

soil hydrology due to rainfall (e.g. Springman et al. 2003; Xue & Gavin 2007; Hughes et al. 2009; 

Glendinning et al. 2014; Briggs et al. 2016). Slope instability causes significant disruption to the 

UK’s road (Anderson & Kneale 1980; Garrett & Wale 1985) and rail (Loveridge et al. 2010; Ridley 

et al. 2004; Birch & Dewar 2002) networks. Large numbers of slope failures were recorded during 

periods of high precipitation in the winters of 2000, 2001, 2007, 2014 and summer of 2012. Cyclic 

seasonal effects, potentially influenced by a changing climate, also impact on slope structures. Dry 

summer periods remove water that leads to shrinkage and cracking; prolonged and intense rainfall 

events cause swelling and increased pore water pressures (Loveridge et al. 2010; Hughes et al. 2009; 

Smethurst et al. 2012; Briggs et al. 2013; O’Brien 2013; Glendinning et al. 2014). Repeated shrink-

swell cycles can lead to accumulation of shear strains resulting in strain softening and progressive 

failure (O’Brien et al. 2004; Vaughan et al. 2004; Loveridge et al. 2010; Take & Bolton 2011; 

O’Brien 2013). The spatial and temporal distribution of hydraulic conductivity of the soil (this term 

has been used with the same meaning as coefficient of permeability) governs the distribution, 

magnitude and rate of change of pore water pressures within a slope. The size and distribution of 

these pore water pressure cycles, and hence effective stress cycles, control the progressive failure 

mechanism. For example, soil with higher hydraulic conductivity, although still low compared to 

coarse grained soils, can lead to more rapid and larger changes in pore water pressure and effective 

stress at depths (Nyambayo et al. 2004; O’Brien et al. 2004; O’Brien 2013), promoting progressive 

failure of a slope, often after many years of stability (Briggs et al. 2016). Knowledge of hydraulic 

conductivity and how it varies with depth and over time is therefore needed if the movement of 

water and its influence on slope stability is to be quantified. 

 

Flow conditions in the near-surface of engineered slopes are both complex and transient. Wetting 

and drying weather cycles coupled with the influence of vegetation roots, result in the formation of 

a weathered mantle in the order of a few metres thick. This zone has a soil macro structure from 

desiccation cracking and roots that produces preferential flow conditions (Smethurst et al. 2012). 

Water enters the slope by infiltration of rainwater and is removed by evaporation and 

evapotranspiration processes. The availability of water in this near-surface zone controls the degree 

of saturation and the hydraulic conductivity with depth, and hence the magnitude of soil 

suction/positive pore water pressures and the magnitude and frequency of effective stress cycles. 
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The challenge is to measure soil parameters that can be used to describe the flow conditions under 

these changing conditions (i.e. changing degree of saturation).  

 

Hydraulic conductivity of a fine grained soil is controlled predominantly by the pore geometry and 

water content, which in turn controls the degree of saturation and magnitude and distributions of 

suctions (Rose 1966; Boynton et al. 1985; Brady & Weil 1999). Lower initial degrees of saturation 

lead to higher initial flow rates as water is taken into storage. Successive increases in degree of 

saturation then decrease the pore water suction gradients and decrease flow into the soil (Lili et al. 

2008). In partially saturated conditions, hydraulic conductivity can be obtained through 

measurement of soil water retention behaviour (i.e. the Van Genuchten-Mualem model that gives 

the relative hydraulic conductivity against suction or saturation/water content for a given Soil Water 

Retention Curve (van Genuchten 1980)). However, this aspect of behaviour is not covered in the 

current paper. At depth and during periods of prolonged rainfall the soil can become, or approach, 

saturated conditions and this controls the movement of water into and within the slope for 

significant periods of the year. The aim of the study described in this paper is to measure the 

hydraulic conductivity under these saturated, or near-saturated, conditions.   

 

Water introduced into a clay slope during a test to measure hydraulic conductivity will be under a 

low hydraulic head and coupled with the micro structure of the soil (e.g. clay blocks/peds separated 

by desiccation cracks and penetrated by roots) this will result in bypass (i.e. preferential) flow 

where an enhanced flux follows cracks, root channels and other connected meso and macro-pore 

channels. As a consequence of the relative short duration of the tests it must therefore be assumed 

that, in the zone affected by the test, the centre of the peds will not become saturated. Therefore, 

measured values of hydraulic conductivity reported in this paper should be considered near-

saturated values representing the bulk hydraulic conductivity of predominantly bypass flow, with a 

minor contribution from matrix flow in the soil pores through the edges of the peds. These soil 

conditions are comparable to those developed in slopes through infiltration of rain water during wet 

periods and hence are still relevant and important for the study of slope behaviour.   

 

Numerous methods have been developed for field and laboratory determination of soil hydraulic 

conductivity. Testing methods in field conditions include the Guelph permeameter (Reynolds & 

Elrick 1986; Youngs et al. 1995; Kannangara & Sarukkalige 2011); single and double ring 

infiltrometers (Dyer et al. 2008; Li et al. 2011); the tension disc permeameter (Angulo-Jaramillo et 

al. 2000); and falling head permeameters (Merva 1987). Permeameters based on measured inflow 

into a zone of soil beneath the ground surface have become common practice and used with some 
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success to determine soil hydraulic conductivity (k) for agriculture, hydrology and geotechnical 

engineering applications.   

 

Soil macro structure features such as cracks, fissures and sand lenses control the hydraulic 

conductivity of fine grained soils at the near-surface as discussed above. Laboratory tests provide 

hydraulic conductivity (k) values that tend to increase with increasing sample diameter, as soil 

macro structure features are statistically more likely to be present in large soil volumes compared to 

small ones (Boynton & Daniel 1985; Li et al. 2011). In the laboratory, common methods include 

flexible wall permeameters (Daniel et al. 1984), constant and falling head rigid wall permeameters 

(Mohanty et al. 1994), and consolidation cell permeameter tests. These methods often yield 

dissimilar results as measurements are sensitive to sample size, hydraulic boundary conditions, flow 

direction and soil physical characteristics (e.g. density and degree of saturation). However, despite 

these limitations, laboratory tests are often favoured for determining hydraulic conductivity in fine 

grained soils as they are a quicker and cheaper alternative to in situ tests. Despite this, retrieval of 

undisturbed samples can be problematic with cracking and changes in soil density occurring during 

core recovery (Hight 2000). Side wall leakage can be a problem in laboratory permeameters (i.e. 

preferential flow rates at the interface between the soil and permeameter wall can be orders of 

magnitude greater than the soil), and bypass flow due to the presence of worm or root holes can 

influence the results (Mohanty et al. 1994; Youngs et al. 1995). The critical limitation is that typical 

samples sizes of 70-100mm diameter are often too small to capture the bulk hydraulic conductivity 

that is controlled by soil fabric.  

 

Field (in situ) hydraulic conductivity measurements avoid some of the problems described above. 

However, despite a range of field equipment types and test methods being available for measuring 

hydraulic conductivity, no single method is satisfactory for all conditions. Measurements in fine 

grained soils have historically been considered problematic due to the large number of tests often 

required to characterise heterogeneity and to the extended times taken to establish steady flow 

condition and hence useable data (Lee et al. 1985; Daniel 1989; Mohanty et al. 1994; Nagy et al. 

2013). Problems also arise from the inability of some test systems, such as the double ring, to 

measure hydraulic conductivity effectively on slopes.  

 

Hydraulic conductivity plays an important role in the behaviour of slopes formed in fine grained 

soils (e.g. O’Brien 2013), however, current uncertainty regarding the reliability and usefulness of 

commonly used in situ measurement techniques, justifies a review of available approaches and 

reporting of systematic studies of field hydraulic conductivity. In situ measurement techniques are 
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required that can be used to determine representative values of hydraulic conductivity at specific 

sites, depths and times. These can then be used in on-going studies to understand and model the 

time dependent stability of engineered slopes in fine grained soils (Glendinning et al. 2014; 

Glendinning et al. 2015). This paper reports an investigation of hydraulic conductivity at a number 

of exemplar UK infrastructure sites. Measurements were made primarily using two of the most 

commonly used field methods, the Guelph Permeameter and the Double Ring Infiltrometer (DRI). 

It considers the benefits and limitations of the methods for characterising the near-surface hydraulic 

conductivity of engineered slopes formed in fine grained soils, and details ranges of values to be 

found in such slopes. This research forms part of the EPSRC funded project called Infrastructure 

Slopes Sustainable Management and Resilience Assessment (iSMART) (Glendinning et al. 2015).  

 

Field methods 

Only a few studies in the literature have explored the application and effectiveness of field methods 

to measure near-surface hydraulic conductivity in fine grained soils forming engineered slopes (e.g. 

Dyer et al. 2009; Loveridge et al. 2010). This current study concentrates on the application of two 

commonly used field methods for in situ materials: Guelph permeameter and double ring 

infiltrometer. Brief details of the two methods are provided below.  

 

Guelph Permeameter 

The Guelph Permeameter (Reynolds & Elrick 1986) is an in-hole constant-head permeameter, 

employing the Mariotte principle to measure flow rates. The method measures the steady-state flow 

rate Q (m3/s) necessary to maintain a constant depth of water H (m) in an uncased cylindrical well 

of radius a (m), at the test soil depth. Under steady state flow conditions, field saturated hydraulic 

conductivity ks (m/s) is calculated using two or more measured pairs of Q and H for each test 

location with radius a, using the approximate analytical solution (Equation 1) proposed by 

Reynolds & Elrick (1986). C is a dimensionless shape factor primarily dependent on the H/a ratio 

relating to the soil type being tested. 

 

Q = 
2ʌH2 

+ʌa2 k   s   + 
2ʌH 

݊m  
    C C 

= Ak  + B݊ m      
 

s

          (1) 

Q = Steady state flow (m3/s) 

H = Well head depth (m) 
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a = Well radius (m) 

C = Shape factor – relating to soil type 

Ѱm = Soil matric flux potential (m2/s) 

ks = hydraulic conductivity (m/s) 

 

Soil matric flux potential represents a short-term absorption factor and is described in detail by 

Reynolds & Elrick (1986). The double-head procedure as used in the current study is considered the 

most accurate (Reynolds & Elrick 1985). When a constant well height of water is maintained in a 

cored hole in the soil, a bulb of ‘saturated’ soil with specific dimensions is established; noting that 

soil in the near-surface may not be saturated at commencement of a test. The bulb, its shape and the 

time required are dependent on the type of soil  (i.e. hydraulic conductivity), the radius of the well 

and head of water in the well. The unique bulb shape is established when the outflow of water from 

the well reaches a steady-state flow rate, which is measured (Fig. 1a). The rate of this constant 

outflow of water, together with the diameter of the well, and height of water in the well can be used 

from two or more tests at a location to determine the field near-saturated (i.e. reflecting the 

possibility of by-pass flow as discussed above) hydraulic conductivity (ks) of the soil using 

Equation 1.  

 

Double Ring Infiltrometer 

The double ring infiltrometer measures hydraulic conductivity of the surface soil, and consists of an 

inner and outer ring inserted into the ground. The double ring method works by directing water onto 

a known surface area within the inner ring. The rings are installed 100 mm into the soil minimising 

disturbance of the soil to form a seal. The outer ring allows water in the centre ring to flow 

primarily vertically downwards, creating a (near) saturated, one dimensional flow condition (Fig. 

1b). Each ring is supplied with a constant head of water either manually or from Mariotte bottles. 

Hydraulic conductivity can be estimated for the soil when the water flow rate in the inner ring 

reaches a steady state. When a steady infiltration rate is achieved (taken as 3 to 4 readings of similar 

values) the soil is assumed to be at or close to a saturated condition and the hydraulic conductivity 

of the soil (ks) in the vertical direction is calculated using D’Arcy’s (1856) relationship (Equation 2). 

 

ks = Q / i . A                      (2) 
  
 
Where ks is the ‘saturated’ hydraulic conductivity (m/s), Q is the infi ltration rate within the inner 

ring (m3/s), i is the hydraulic gradient (taken as a value around 0.2 based on pore water 
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pressure/suction measurements below some of the ring experiments described below) and A is the 

cross-sectional area of the inner ring (m2).  

 

A small number of single cell constant head tests are also reported. These use a square in plan cell 

with dimensions 100 x 100 mm installed in the same way as the ring infiltrometers. The low head 

in the cell (typically 50 mm) is kept constant using a float connected to a pump, with the volume of 

flow obtained by weighing the water entering the cell to maintain the constant head. Calculation of 

hydraulic conductivity is based on the same approach as for the Guelph permeameter.    

 

Field sites 

Hydraulic conductivity has been measured at six UK sites (Fig. 2). The sites form a network of 

exemplar engineered slopes that have been monitored over a number of years by the collaborating 

partners within the iSMART group (http://www.ismartproject.org/). These sites include road and 

railway cuttings and embankments formed in six different fine grained soils and with different ages 

and established vegetation. A total of 143 tests are reported in this paper: 97 in embankments and 

46 in cuttings. Summary details of the sites and information on the type, number and conditions for 

the tests are given in Table 1. 

 

Site descriptions: Embankments 

BIONICS Embankment (Northumberland, UK) 

Newcastle University and collaborators constructed an artificial embankment research facility in 

2005 located at Nafferton Farm, near Stocksfield, Northumberland (Ordnance Survey grid reference 

NZ 064 657). This has been engineered to form sections with variable properties (i.e. using 

Highway Agency standard compaction specification and also poorly compacted sections 

representative of older earthworks) and is extensively instrumented to monitor slope response to 

weather sequences. The embankment consists of Durham Lower Boulder Clay, a Glacial Till 

sourced from an industrial development to the east of Durham, and is underlain by stiff to hard 

Glacial Till to a depth in excess of 16 m underlain by Carboniferous Sandstone. The 6 metre high 

embankment has 22 degree slopes vegetated with grasses and the crest of the embankment is 

capped with a layer of coarse free draining material. A full description of the site, construction and 

instrumentation can be found in Hughes et al. (2009). In the period 2009 to 2014 a total of 85 tests 

to measure hydraulic conductivity were conducted on the side slopes, primarily using Guelph 

permeameters. The majority of tests were conducted in the zone 0.2 to 0.6 metres below ground 

level (m.b.g.l.) with a smaller number at depths to 1.4 m.b.g.l.. Key variables at this site are: degree 
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of fill compaction (well and poorly compacted sections) and slope aspect ratio (north and south 

facing).  

 

Charing (Kent, UK) 

A Gault Clay fill Network Rail embankment located in the South East of England (Ordnance 

Survey grid reference TQ 302 805) was monitored by Mott MacDonald between June 2007 and 

July 2008, and 4 Guelph hydraulic conductivity tests were conducted (Briggs 2010). It has a 

foundation of Gault Clay underlain by Folkestone Beds. The upper part of the embankment consists 

of tipped industrial ash. The embankment was constructed in ~ 1874 and is up to 8m high with 

typical slope angles of between 18 and 25 degrees. The slopes were vegetated with shrubs and 

mature trees including Oak, Hawthorn, Willow, Silver Birch and Elm trees. Details of the site can 

be found in Briggs (2010).  

Laverton (Gloucestershire, UK) 

Laverton railway embankment, forms part of the Gloucester and Warwickshire heritage railway and 

is located to the north east of Cheltenham (Ordnance Survey grid reference SP 067 360). It has been 

monitored by a consortium of British Geological Survey, Queens University Belfast and University 

of Bath since July 2013 (Bergamo et al., 2016). The railway was originally part of the Great 

Western Railway's Cheltenham–Stratford-upon-Avon–Birmingham line, known as the 

Honeybourne Line, and was built between 1900 and 1906. The Laverton embankment is around 5 

m high with 28 degree slopes   and is believed to have been constructed by end tipping of local 

Charmouth Mudstone. The side slopes were vegetated with mature trees and bushes, which were 

removed from the embankment slopes in October 2014 (after the infiltration tests). The upper layer 

of the embankment comprises 0.9 m of ballast fouled with fines and soil (rich in humus). A total of 

8 hydraulic conductivity measurements are reported for this site from 2013 comprising both Guelph 

and double ring tests.  

 

Site descriptions: Cuttings 

Newbury (Berkshire, UK) 

Newbury highway cutting is located on the A34 in Southern England (Ordnance Survey grid 

reference SU 463 562) and is being monitored by University of Southampton. The cutting was 

constructed in 1997 in London Clay. The London Clay at the site is about 20 m thick, highly 

weathered to a depth of about 2.5 m below original ground level, and underlain by Lambeth Group 

deposits and the Upper Chalk. The 8 m metre high 16 degree slope is vegetated with grasses and 

shrubs. A detailed description of the site can be found in Smethurst et al. (2006, 2012). Soil 
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moisture content, pore water pressures/suctions, and weather have been monitored at the site since 

2003. A total of 23 tests have been conducted to measure hydraulic conductivity using Guelph, 

double ring, bail out tests (e.g. rising head tests) and a small number of single ring constant head 

tests, all in the period 2003 to 2015. 

 

Loughbrickland (County Down, Northern Ireland) 

Loughbrickland road cutting is located 10 miles north of Newry, County Down, Northern Ireland 

(Ordnance Survey grid reference SB 205 983) and is being studied by Queen’s University Belfast.  

It was constructed in 2004 as part of the A1 dual carriageway upgrade, which is a major arterial 

route. Loughbrickland is located within Drumlin swarms and consists of glacial/lodgement till 

overlying Silurian Greywacke/Shale. The slope is 24 m high with a 25 degree average slope angle 

vegetated with grasses and shrubs. Further site details, information on the monitoring since 2004 

and analysis can be found in Hughes et al. (2016), Carse et al. (2009) and Harley et al. (2013).  A 

total of 12 Guelph hydraulic conductivity measurements are included in this study. 

 

Craigmore (County Down, Northern Ireland) 

Craigmore railway cutting is located just outside Newry, County Down, Northern Ireland 

(Ordnance Survey grid reference SB 156 886) and is being monitored by Queen’s University 

Belfast. The cutting is approximately 150 years old, and is excavated through stiff glacial till 

overlying granite. The 16 m high 36 degree slope is vegetated with grasses and shrubs. Further site 

details, information on the monitoring since 2007 and analysis can be found in Carse et al. (2009) 

and Harley et al. (2013). A total of 11 Guelph hydraulic conductivity measurements are included in 

this study.  

 

Site specific test conditions 

There are no guidelines for in situ tests on fine-grained materials (i.e. ks <10-7 m/s) using the 

methods employed in this study. ASTM (1998) reports that these (i.e. Guelph and Double ring 

infiltrometer) methods should typically be used in soils with hydraulic conductivity in the range 10-

3 to10-6 m/s. This is due to the extended time of testing required to establish steady state flow 

conditions in low hydraulic conductivity soils and the potential errors that can be introduced 

measuring the associated very low flow rates. However, Baumgartner et al. (1987) have 

demonstrated that the test method is feasible and an appropriate technique for use in clay fills, with 

measured ks values as low as 10-9 m/s, and this justifies use of the selected methods. In this study, 

measurements have been made over a variety of timescales at the sites, with experiments being 

conducted over a period of hours (e.g. BIONICS, Laverton, Loughbrickland and Craigmore), days 
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(e.g. BIONICS) and weeks (e.g. Newbury) to establish steady state flow conditions. The number of 

measurements recorded to establish steady state is also variable with between 5 to 14 observations 

being made and used to calculate hydraulic conductivity values. 

 

Measured hydraulic conductivity 

Fundamental differences between micro and macro structures of materials forming embankment fill 

slopes and cutting slopes makes it invalid to combine and compare hydraulic conductivity 

measurements, although comparison of trends and measurement techniques is valid. The results are 

therefore presented and discussed in two sections: embankments and cuttings. Table 2 summarises 

the mean, maximum, minimum and standard deviation of hydraulic conductivity for each site where 

there is a sufficient number of tests to warrant this analysis.  

 

Embankment slopes 

Spatial variability 

All the measured hydraulic conductivity values from this study at the BIONICS, Laverton and 

Charing sites are plotted against depth in Fig. 3. For BIONICS, the tests conducted in the well and 

poorly compacted sections are also differentiated. The most significant trend shown in Fig. 3 for 

BIONICS is the very large variability in hydraulic conductivity in the uppermost 1 metre. Below 1 

metre depth there are a smaller number of data points with lower variability and therefore to date, 

there is still limited data to indicate how variability may change with depth at this site. Although the 

number of measurements available for Laverton and Charing are limited in number, the groups of 

values for the three sites should be associated with the origin of the soils from which they are 

formed (i.e. BIONICS Glacial Till, intermediate plasticity; Laverton Charmouth Mudstone, high 

plasticity; and Charing Gault Clay, intermediate to high plasticity and potentially contaminated with 

sand rich local formations such as the Greensand), the age of the embankment, method of 

construction and vegetation history (e.g. Charing is more heavily vegetated). The small number of 

values for Laverton and Charing coupled with the large number of factors that can influence 

measured hydraulic conductivity, as discussed below, make a detailed comparison impractical. 

While the data for Charing are inconclusive regarding depth relationship, with all three values 

having a small range over the top 0.8 metres, the Laverton hydraulic conductivity measurements 

indicate greater than four orders of magnitude reduction in the top 1 metre.  

 

The higher hydraulic conductivity values for Laverton compared with the majority of the BIONICS 

measurements is indicative of a more open structure fill material, such that even though Laverton is 

formed from a relatively high plasticity clay, macro structures such as fissures, root paths, animal 
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burrows and fill clods in a softened matrix are controlling fluid flow (e.g. O’Brien 2013 and 

O’Brien et al. 2004). The age of both Laverton and Charing embankments means that they would 

have been formed from poorly compacted fill, with an extended time period for development of 

macro structures in the near-surface. At Charing, comparable hydraulic conductivity to BIONICS 

was measured near to the surface (Fig. 3).  However, the relatively small number of tests at Charing 

may mean that no statistical significance can be attached to this comparison  given the high spatial 

variability observed at the other sites. The measurements presented in Fig. 3 for Charing are all less 

than 1m deep. Borehole falling and rising head tests from old clay rail embankments below 3m 

depth are presented in O’Brien (2013). These are within the range of 10-6 m/s to 10-9 m/s supporting 

both the observations of lower ks at greater depths and a wide range of values depending on local 

conditions.  

 

The large number of measurements made at BIONICS over an extended time and under a range of 

conditions allows consideration of both spatial and temporal effects on hydraulic conductivity. The 

boundaries for the measured hydraulic conductivity measurements have an extreme spatial 

variability. Values in the top 0.8 metres have a range from 1x10-4 to 5x10-10 m/s (i.e. over five 

orders of magnitude) and there is also a marked trend of reducing hydraulic conductivity with depth. 

Maximum values decrease from 1x10-4 to 0.5x10-9 m/s (i.e. by over four orders of magnitude) 

between 0.2 and 1.4 m.b.g.l.. Considering the sets of measurements for the well and poorly 

compacted sections of embankment shown in Fig. 3, there is no significance difference (Table 2) 

although there is a tendency for the measurements in well compacted sections to be lower and for 

the poorly compacted hydraulic conductivity values to have a wider range as shown by the higher 

coefficient of variability (Table 2). This is consistent with the reduced control on the compaction 

process in the poorly compacted sections. When examining only the measurements made in 2009, 

Glendinning et al. (2014) show a significant and consistent influence of fill placement conditions, 

with the poorly compacted sections having a higher hydraulic conductivity at a range of depths (i.e. 

up to an order of magnitude). Including more data from different time periods has obscured this 

trend. Fig. 4 shows the BIONICS data re-plotted to denote the location of test positions relative to 

the West-East orientation of the embankment, which produces north and south facing slopes. Fig. 4 

and the summary data in Table 2 indicate that having either a southern or northern aspect does not 

produce a clear difference in measured hydraulic conductivities, with both data sets demonstrating a 

comparable magnitude of spatial variability as noted above when considering well and poorly 

compacted sections. Again, when considering only the 2009 measurements, Glendinning et al. 

(2014) demonstrate that the southern slopes have a higher hydraulic conductivity by up to an order 

of magnitude and attribute this to the increased drying that results in desiccation and hence macro 
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scale structures to form. The increased amount of data obtained over an extended period has 

obscured this trend. Although not shown in the figures presented, based on the available data there 

is also no appreciable difference in measured hydraulic conductivity related to the position of the 

test on a slope (i.e. crest, middle or toe), which may in part be a result of the test method producing 

near-saturated conditions as a function of establishing steady state flow under a constant head. 

 

Temporal variability 

A key factor when interpreting hydraulic conductivity measurements at shallow depths in fine 

grained soils is the influence of the initial moisture content established by antecedent weather 

conditions, which controls the degree of saturation, suctions and hence desiccation macro structures 

such as cracking. However, it must be noted that conducting a hydraulic conductivity measurement 

introduces water into the soil, which may initially be partially saturated, with the aim being to 

saturate a bulb of soil and establish steady seepage conditions. Thus some swelling will occur as 

steady flow conditions are established, although this cannot be measured, which will lead to 

changes in the macro structure and hence fluid flow properties (i.e. the test modifies the measured 

property). Where the time required to measure hydraulic conductivity is short relative to the typical 

rate of swelling of such fill materials then values will still reflect the soil conditions at the start of 

the test. Tests at BIONICS typically took a few hours, with some up to 24 hours, to establish steady 

flow conditions and this is short compared to the time required for complete swelling of the 

intermediate plasticity soil fill.  

 

There are insufficient data for Laverton and Charing to consider temporal changes in hydraulic 

conductivity but the extended data set for BIONICS with measurement campaigns over a number of 

years means that temporal changes can be investigated. It would be expected that ‘near’ saturated 

hydraulic conductivity of the intermediate plasticity Glacial Till at a given plan location and depth 

will change over time; decreasing in periods of high moisture content (i.e. following periods of 

precipitation that close cracks) and increasing when the moisture content is lower (i.e. when 

desiccation cracks form), and noting that moisture content, degree of saturation and suctions are 

related through the soil water retention behaviour. Therefore, the timing of measurements in 

relation to antecedent weather conditions and hence time of year would be expected to have an 

influence. Fig. 4 shows the BIONICS data differentiated by year of measurement. Field campaigns 

were carried out in summer months (June to August) in the years 2009, 2010, 2013 and 2014, 

although the majority of measurements were made in 2009 and 2010. Measurements of near-surface 

volumetric water content (0.5 m.b.g.l.) and pore water pressures (0.5 m.b.g.l.) (Glendinning et al. 

2014) made in the southern slope are presented in Fig. 5 and the timing of the field measurement 
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campaigns are shown by the vertical bands. These indicate the soil conditions during the periods of 

hydraulic conductivity measurement. In both 2009 and 2010, hydraulic conductivity measurements 

were made during periods with initially low volumetric water content, which are assumed to equate 

to low degrees of saturation, and high pore water suctions. Saturation and pore water suctions then 

increase and decrease respectively during the measurement period as the soil wets up from the 

initial dry state as a combination of natural and artificially applied rainfall. The comparable 

conditions in the two periods is reflected in the similarity between the two sets of values (Fig. 4), 

although there is still the extreme variability as noted above, which in part will be a result of 

moisture conditions changing during the measurement periods in addition to spatial variability. 

Although there are only a smaller number of tests in 2013 and 2014 most of the measured hydraulic 

conductivity values are an order of magnitude lower than those measured in 2009 and 2010. In 2013 

and 2014 the measurements were made at a time of zero suctions in the near-surface (although there 

is a developing drying trend in 2013), indicating high water contents and possibly saturated 

conditions (the volumetric water content measurements are discontinuous in 2013). These high 

water contents in the upper zone (0 to 0.5 m.b.g.l.) will result in swelling of the soil, closing of 

macro structures (e.g. preferential flow paths such as shrinkage cracks), and hence lower hydraulic 

conductivity.  

 

To further investigate the influence of antecedent moisture conditions on hydraulic conductivity at 

specific locations, a number of repeat tests were conducted at the same location on the slope and 

depth before and following simulated rainfall events. A sprinkler system was installed on sections 

of both the southern and northern facing slopes to simulate intensive rainfall events. Fig. 6 shows 

changes in measured hydraulic conductivity in response to the simulated rainfall events in June to 

July both in 2009 and 2010. At the start of both experiments, large pore water suctions were 

measured using soil moisture sensors to determine the water potential representative of matrix 

suction (Fig. 5)  and these measurements indicate that generally across the slope at the start of the 

sequence of hydraulic conductivity measurements the fill was dry and potentially desiccated with an 

inferred low degree of saturation.  In 2009 the 10 day simulated rainfall amount was 220 mm and in 

2010 the 23 day event was 367 mm. The rainfall values also include natural rainfall amounts. It can 

be seen that in all cases the hydraulic conductivity decreased by up to one and a half orders of 

magnitude, which is a result of rainfall infiltrating the near-surface, increasing the moisture content 

and degree of saturation of the soil, which swells and closes macro structures that provide 

preferential flow paths. The magnitude of change experienced at each location is variable, which is 

to be expected due to the small volume of soil influencing the test and variable local structure of the 

soil including desiccation cracking and root systems that will influence the magnitude and rate of 
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changes in hydraulic conductivity as they close, as shown by Sinnathamby et al. (2014) in a study 

of a vegetated landfill cap. It should also be noted that each test alters the moisture conditions and 

degree of saturation at the test location as discussed above and this effect is incorporated in the 

observed behaviour on re-testing. However, the large changes in hydraulic conductivity measured 

following these prolonged periods of simulated precipitation demonstrate that swelling as a direct 

result of the water introduced during a test is probably a secondary effect. Also shown in Fig. 6 is a 

time series of 6 tests conducted at one location before, during and after the simulated rainfall event 

in 2010. Consistent with the other tests during this period, these show a progressive reduction in 

hydraulic conductivity of greater than one order of magnitude as the fill achieves increasing water 

content and degree of saturation. 

 

Of the 85 hydraulic conductivity tests reported for BIONICS, 80 were made using the Guelph 

Permeameter and therefore the observed variability is not a function of test method. In addition, 

although four different operatives carried out the testing in 2009, 2010, 2013 and 2014, there is no 

indication of a bias in the values. In particular, the large data sets for 2009 and 2010 have the same 

range and degree of variability. 

 

Cuttings 

Spatial variability 

All the measured hydraulic conductivity values from this study at the Newbury, Craigmore and 

Loughbrickland sites are plotted against depth in Fig. 7. The Craigmore and Loughbrickland slopes 

are formed in Glacial Till with Plasticity index ranges of 12 to 17 and 10 to 25 respectively. All 

measurements were made using the Guelph Permeameter. The two sites are similar but there are 

still differences as shown by the plasticity index ranges. Craigmore Till overlies granite and is more 

sandy and not as plastic, whereas the Loughbrickland Till overlies greywacke and is not as sandy. 

However, the measured hydraulic conductivity values are for the near-surface and these differences 

may not be significant. The slopes also differ in age. In Fig. 7 and Table 2 it can be seen that 

minimum values are comparable but Loughbrickland has mean and maximum values one order of 

magnitude higher than Craigmore. The data and trend lines in Fig. 7 show that hydraulic 

conductivities for the two sites have a similar range of three orders of magnitude between 1x10-7 to 

1x10-4 m/s in the top 0.3 m.b.g.l. and at depths from 0.3 and 0.8 m.b.g.l. hydraulic conductivity 

values decrease by two orders of magnitude to between 1x10-8 and 1x10-7 m/s. The Newbury slope 

is formed in high plasticity London Clay. Hydraulic conductivity has been measured close to the 

surface using a double ring infiltrometer, Guelph permeameter and the single ring constant head 

apparatus. Fig. 7 shows a bi-linear relationship with no obvious depth dependency from ground 
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surface to 0.3 m.b.g.l and values indicative of reducing hydraulic conductivity beneath this depth. 

Between 0.1 and 0.3 m.b.g.l. the hydraulic conductivity values have a range of four orders of 

magnitude between 1x10-9 to 1x10-5 m/s. At 0.6 m.b.g.l., the range of measured values remains four 

orders of magnitude but shifts two orders smaller, following a similar trend of lower hydraulic 

conductivity with depth to the measurements for Loughbrickland and Craigmore. The lowest values 

of hydraulic conductivity measured at depth are as expected for in situ predominantly un-weathered 

London Clay (e.g. Chandler et al. 1990, Dixon and Bromhead 1999). Comparison of the trend lines 

for Newbury and Craigmore/ Loughbrickland cuttings shows differences in magnitude consistent 

with the properties of in situ London Clay and Glacial Till respectively, although rates of decrease 

with depth are similar. 

 

Tests in the zone from ground surface to 0.3 m.b.g.l. have been made using three different methods, 

which allows comparison of the test methods (Fig. 8). The double ring infiltrometer (DRI) 

measured greater values of hydraulic conductivity than obtained from the Guelph and single ring 

apparatus. This may reflect the greater volume of soil measured using the double ring test (the inner 

ring of the DRI has plan area of 7 times that of the single ring apparatus used, and 35 times the plan 

area of the borehole used for Guelph measurements). The values of hydraulic conductivity 

measured at 0.6 m depth by the Guelph and single ring are consistent with laboratory values 

obtained using triaxial apparatus to conduct constant head tests on small 38 mm diameter samples 

(also plotted in Fig. 8); it is likely that these particular tests did not incorporate macro structures 

such as desiccation cracks. Also plotted in Fig. 8 are the results from two sets of bailout tests carried 

out in unlined boreholes about 3.0 m deep; values are plotted at mid-depth of lowest and highest 

water levels on the recharge curve. These measure mainly horizontal radial flow out of the borehole, 

and the larger values of hydraulic conductivity obtained (of about 5x10-9 m/s) are likely to be 

representative of larger volumes of soil incorporating structural features including thin silty bands 

encountered in the London Clay at Newbury (Smethurst et al. 2012). It can be concluded that the 

measured hydraulic conductivity may be a function of the method of measurement, with methods 

measuring a larger volume of soil likely to give greater values of hydraulic conductivity, 

particularly for a limited number of tests (there are few Guelph and single ring results for Newbury). 

The coefficient of variation for all three cutting sites is high (i.e. 1.9 to 2.6), which is indicative of 

the spatial variability of macro structures found in these natural materials further modified in the 

near-surface by vegetation roots and desiccation features. 

 

Temporal variability 
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Loughbrickland values of hydraulic conductivity were measured in July and August 2009 and 

Craigmore in the same period, and hence the sites will have been conditioned by similar antecedent 

weather conditions, which would have produced comparable soil moisture contents at the start of 

testing at the two sites. Therefore, the measurements do not allow consideration of temporal 

changes in hydraulic conductivity for these cutting slopes. At Newbury, the measurement campaign 

for the double ring and bail out test was March to September 2012 and double ring, Guelph and 

single ring constant head tests measurements were made in July 2014 and April to June 2015. 

Repeat tests were conducted at a specific plan location and depth of ~0.3 m.b.g.l. in 2012, 2014 and 

2015. Concurrent with hydraulic conductivity tests, volumetric water content measurements beneath 

the slope were taken using moisture probes and at the same time using a Neutron Probe (Fig. 9) 

plotted as Soil Moisture Deficit following the methodology described in Smethurst et al. (2006). 

For comparison, Fig. 9 also plots the soil moisture deficit calculated from a simple water balance 

using site measured rainfall and evapotranspiration, again following the methodology given in 

Smethurst et al. (2006). In 2012 during March to August the volumetric water contents at 0.3 m 

depth were in the range 0.31 to 0.46 (note the bailout tests and DRI require measurements over 

periods of up to 4 weeks); Fig. 9 shows that 2012 was a wet summer with limited soil drying 

compared with others that are plotted such as 2011 and 2013. In July 2014 and in April to June 

2015 when the later sets of hydraulic conductivity measurements were made, the soil conditions 

were similar, having relatively high moisture contents as a result of antecedent weather conditions 

(i.e. levels of rainfall). It is therefore not possible to gain knowledge on the influence of soil state 

(i.e. volumetric moisture content) on hydraulic conductivity from this study at Newbury. However, 

significant changes over time would be expected as the high plasticity London Clay will undergo 

large volume changes, and hence modifications to macro structure in the near-surface zone, as the 

moisture content cycles between weather driven maximum and minimum moisture contents.    

 

Hydraulic conductivity trends 

Factors influencing measured values of hydraulic conductivity can be categorized as either due to 

inherent material spatial and temporal variability, test boundary conditions or measurement error. 

Although it is seldom possible to separate the relative contribution of these factors, Phoon & 

Kulhawy (1999) report comparative studies of errors in laboratory strength tests on soil. Statistical 

analysis of results from a number of test programmes indicates that measurement errors for most 

laboratory strength tests, expressed in terms of coefficient of variation are in the range of 0.05 to 

0.15. Inherent material variability results in coefficients of variation also of between 0.05 and 0.15 

and the combined influence of measurement error and inherent variability is expressed by 

coefficient of variation of measured strengths between 0.07 and 0.21. However, there is a dearth of 
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comparable information for these factors related to measurement of in situ hydraulic conductivity 

and in this study, measurement error is obscured by the many material influencing factors.  

 

Table 2 reports coefficients of variation for the hydraulic conductivity measurements, with values of 

2.20 to 4.26 for fill material (embankments) and 1.93 to 2.57 for the in situ materials (cuttings). 

These values are exceptionally high, being more than an order of magnitude greater compared to 

measurements for other soil parameters reported in the literature (e.g. Phoon & Kulhawy 1999). The 

wide range of hydraulic conductivity values measured in this study for a specific site is a function 

of three factors: 

• Test method boundary conditions (e.g. volume of soil influencing measured behaviour and 

direction of flow in soil volume); 

• Operator/test procedure including installation disturbance and errors identifying steady flow 

conditions; and 

• Variability of the soil material in the volume subject to flow, including temporal changes in 

moisture content, degree of desiccation and discontinuities such as shrinkage cracks. 

 

From the analysis of these factors for the BIONICS (Figs. 4 and 6) and Newbury (Fig. 7) data it can 

be concluded that test method (although soil volume size is a factor as discussed) and operator are 

secondary effects, and that spatial and temporal material variability is the primary cause of the 

measured variation of hydraulic conductivity in the slope near-surface. Further, the repeat tests at 

BIONICS (Fig. 7) demonstrate that while temporal changes in hydraulic conductivity due to 

moisture content changes can be significant (e.g. greater than one order of magnitude), spatial 

variability due to material and macro structure heterogeneity is the dominant factor.    

 

A comprehensive study of hydraulic conductivity measurement and variability is reported by Deb & 

Shukla (2012) who investigated multiple factors. Their study focussed on measurements for 

agricultural applications that are controlled by soil-water-vegetation interactions at the near-surface 

and for very fine or silty sands with hydraulic conductivity values typically in the range 10-5 to 10-6 

m/s. A summary of results from multiple studies gave coefficients of variation for field 

measurements of hydraulic conductivity typically in the range 0.5 to 1.0, but with some studies 

reporting coefficient of variations as high as 3.5. This large variability was considered to be a 

function of both spatial and temporal factors controlling the properties of the porous media such as 

structure, pore connectivity as well as properties of the fluid such as viscosity and temperature. It is 

not surprising that the field measurements of hydraulic conductivity in the fine grained soils 

reported in the present study have even higher coefficients of variation, because the intermediate to 
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high plasticity of the soils result in moisture driven volume changes that generate highly 

heterogeneous macro structures. These structures will alter and evolve over time as the slopes are 

subjected to season cycles of wetting drying, and associated vegetation growth and die-back. These 

processes are less dominant in the predominantly silt and sand soils that form the core of data 

presented by Deb & Shukla (2012).  

 

Influence of test method and operator 

It is clear from previous studies (e.g. Deb & Shukla 2012; Nagy et al. 2013) that the test method 

will affect field measurement of hydraulic conductivity due to differences in zone (i.e. volume) of 

soil influencing the measurement, boundary conditions and direction of flow. This is also shown by   

the near-surface tests at Newbury discussed above. The larger volume of soil involved in the double 

ring infiltrometer tests may explain why the measured hydraulic conductivities are at the higher end 

(Fig. 8) due to greater tendency to incorporate macro features, cracks fissures etc. However, there is 

no evidence that the test method and operator can be used to explain the large range of hydraulic 

conductivity values measured in the current study. The test methods are well established and are 

mechanistic thus minimising the influence of the operator on values obtained. This is demonstrated 

by the BIONICS data sets for 2009 and 2010, both of which used the Guelph Permeameter but had 

different operators. There is no significant statistical bias in the two data sets that can be attributed 

to the operator, which cannot be explained by other factors of antecedent conditions, aspect and 

compaction.  

 

The majority of studies in the literature considering the magnitude and variability of soil near-

surface hydraulic conductivity have been for ecological and agricultural applications (e.g. Deb & 

Shukla 2012) and these typically involve soils with relatively high hydraulic conductivities 10-5 to 

10-6 m/s compared to the materials that are the focus of the current study. The small number of 

studies that have explored the hydraulic conductivity of fine grained soils is explained by the recent 

emergence of interest in the controlling influence of the near-surface on long-term performance of 

engineered slopes (Glendinning et al. 2014; Smethurst et al. 2012; Springman et al. 2012). Another 

factor is the difficulties associated with the long periods of time often needed to reach steady state 

conditions in constant head tests. Measurements taken at Newbury in double ring infiltrometer tests 

used extended periods of time to record data (up to 28 days). Difficulties with logistics of consistent 

measurement recording over extended periods, particularly if logged measurement techniques are 

not available, and impacts of weather events during the measurement period changing the soil 

response can both be problematic.  
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Temporal and spatial variability 

Although changes in hydraulic conductivity at a specific location with time are significant (Fig. 6), 

the range is orders of magnitude less than for the whole data set for each of BIONICS and Newbury. 

Therefore, differing antecedent conditions for a test cannot be used to explain the overall trend in 

values for these and, by extension, other embankments and cuttings formed in fine grained soils. 

However, there are still limited data available for location specific time series of measurements of 

hydraulic conductivity and further studies are required. It should also be acknowledged that 

conducting a test in an initially partially saturated soil, a condition common in the slope near-

surface, introduces water into the volume of soil governing the measurement and hence this alters 

the moisture content regime, soil macro structure and thus value of hydraulic conductivity obtained.  

 

An important finding of this study is that the hydraulic conductivity in an embankment formed in 

intermediate plasticity fine grained soil (i.e. BIONICS) can vary across the slope plan in the first 0.3 

m.b.g.l. by up to five orders of magnitude. Hydraulic conductivity is also strongly depth dependent 

in the near-surface zone with up to four orders of magnitude decrease between 0.3 and 1.2 m.b.g.l..  

For a cutting formed in high plasticity fine grained soil (i.e. Newbury), the variability in hydraulic 

conductivity at shallow depths (i.e. <0.3 m.b.g.l.) was found to be around four orders of magnitude, 

while the same strong depth dependency was found with two orders of magnitude decrease from 0.3 

to 0.6 m.b.g.l.; although it should be noted that these trends are based on a smaller data set than for 

BIONICS. The depth dependency of ‘near’ saturated hydraulic conductivity within the soil profile 

is due to increased stress levels and reduced numbers and size of desiccation and vegetation features 

than are found near-surface (Boynton et al. 1985). 

 

Conclusions 

This study has for the first time investigated the application of standard and established methods for 

in situ measurement of ‘near’ saturated hydraulic conductivity for use in fine grained soils that form 

embankment and cutting slopes. There are many challenges to address when conducting such tests 

including the soil often being partially saturated at the start of the test, working on slopes, dealing 

with vegetation and the relatively long time (up to 28 days) to establish steady state flow conditions. 

The measurements reported in this paper are described as ‘near’ saturated because the macro 

structure of the near-surface soils investigated will result in by-pass flow through discontinuities 

that will leave partially saturated zones. However, despite this uncertainty in the degree of soil 

saturation, the reported hydraulic conductivity measurements are uniquely valuable. They are 
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required for use in on-going research by the authors’ as inputs for numerical models to help 

understand the interactions between weather, vegetation, infiltration and hence pore water and 

effective stress changes that influence the mechanisms and deterioration of infrastructure earthwork 

slopes.  

 

Careful analysis of 143 in situ tests at six exemplar infrastructure sites has shown that: 

1. The saturated hydraulic conductivity can vary by up to five orders of magnitude in the top 

0.5m of infrastructure slopes. At greater depths within the slopes there is a pattern of 

decreasing hydraulic conductivity as well as decreasing variability.  

2. The primary factor influencing the variability of hydraulic conductivity in engineered 

infrastructure slopes is spatial changes in materials and particularly material macro structure. 

This macro structure is dependent on construction methods and stress history as well as 

seasonal cycles, although temporal variation due to seasonal changes in moisture content 

and degree of saturation is secondary compared with overall spatial variability.  

3. There is some influence of the test method on the hydraulic conductivity results, primarily 

related to the size of the zone being tested, with larger zones giving larger conductivity. 

However, again this factor is secondary compared to spatial variability. The influence of the 

test operator is minimal.  

4. For in situ materials tested, higher plasticity stiff clays were seen to be of lower hydraulic 

conductivity compared with lower plasticity glacial tills.  
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Figure captions 

Fig. 1. Descriptions of in situ field permeability principles, a) Guelph Permeameter, b) 

Double Ring Infiltrometer 

Fig. 2. Location of UK study sites 

Fig. 3. Hydraulic conductivity (m/s) vs Depth (m) measurements at BIONICS (differentiated 

by degree of compaction – well and poorly) and Laverton and Charing embankments (poorly 

compacted, aged embankments) 

Fig. 4. Hydraulic conductivity (m/s) vs Depth (m) measurements at BIONICS defined by 

slope orientation (solid symbols north, open symbols south) and year of measurement 

Fig. 5. BIONICS embankment indicative volumetric water content and pore pressure 
measurements, with hydraulic conductivity measurement periods in 2009, 2010, 2013 and 
2014 defined by the vertical bars 

Fig. 6. Time series of hydraulic conductivity measurements at BIONICS showing response of 

measured hydraulic conductivity to simulated precipitation events: Initial tests were 

conducted prior to each of two simulated precipitation periods using sprinklers (220mm in 10 

days, June 2009; 367mm in 23 days June-July 2010) and a re-test was then conducted at the 

same location of each initial tests. The sequence of tests was conducted at one location during 

the simulated precipitation event in 2010. 

Fig. 7. Hydraulic conductivity (m/s) vs Depth (m) measurements at Newbury, 

Loughbrickland and Craigmore cuttings 

Fig. 8. Hydraulic conductivity (m/s) vs Depth (m) measurements at Newbury cutting defined 

by test method and year of measurement  

Fig. 9. Site specific soil moisture deficit (SMD; units of mm) and volumetric water content 

readings; both plotted with time for the Newbury site. The periods during which hydraulic 

conductivity tests were carried out are marked by the vertical bars. 
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Table 1. Summary site descriptions and hydraulic conductivity test methods employed 

Site Type 

/vegetation 

Age of 

Structure 

Predominant 

materials 

Operator Test methods  No. of 

tests 

Newcastle 

(BIONICS) 

Trial – 

Embankment/ 

Grasses 

<10 years Glacial till (PI 

= 16%), 

capped with 

a 0.5 metre 

coarse gravel  

Newcastle Guelph / single cell  85 

Laverton, 

Gloucestershire 

Rail – 

Embankment/ 

Mature trees and 

bushes 

>100 

years 

End tipped 

local 

Charmouth 

Mudstone (PI 

= 30-40%)  

Queens / Bath / 

BGS 

Guelph / Double 

Ring  

 8 

Charing, Kent Rail –Embankment/ 

Mature trees and 

shrubs 

>100 

years 

Gault Clay 

(PI = 35%), 

Industrial ash 

Southampton / 

Mott 

MacDonald 

Guelph  4 

Newbury, 

Hampshire 

Road – Cutting/ 

Grasses and shrubs 

<20 years London Clay 

(PI = 35%) 

Southampton Double Ring / 

Guelph / single cell 

/ Bail 

 23 

Craigmore, 

Northern 

Ireland 

Rail – Cutting/ 

Grasses and shrubs 

>100 

years 

Glacial till 

deposits (PI 

= 12-17%) 

Queens, Belfast Guelph  11 

Loughbrickland, 

Northern 

Ireland 

Road – Cutting/ 

Grasses and shrubs 

<10 years Glacial till 

deposits (PI 

= 16-25%)  

Queens, Belfast Guelph  12 
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Table 2. Summary of hydraulic conductivity measurements for BIONICS embankment and 

Newbury, Loughbrickland and Craigmore cuttings 

Site No. of  
tests 

Mean 
m/s 

 Max 
m/s 

Min 
m/s 

SD* CoV
x 

BIONICS (all) 85 3.3x10
-6

  9.6x10
-5

 3.6x10
-10

 1.2x10
-5

 3.69 

Well compacted
+ 

34 3.6x10
-6

  4.5x10
-5

 1.1x10
-9

 1.1x10
-5

 2.92 

Poorly compacted
+ 

51 3.1x10
-6

  9.6x10
-5

 3.6x10
-10

 1.3x10
-5

 4.28 

North facing
+
 49 4.7x10

-6
  9.6x10

-5
 3.6x10

-10
 1.6x10

-5
 3.36 

South facing
+ 

36 1.4x10
-6

  1.3x10
-5

 8.1x10
-10

 3.1x10
-6

 2.20 

Loughbrickland 12 1.0x10
-5

  8.6x10
-5

 2.4x10
-9

 2.4x10
-5

 2.35 

Craigmore 11 1.0x10
-6

  9.4x10
-6

 3.8x10
-9

 2.7x10
-6

 2.57 

Newbury
$
 18 1.1x10

-6
  7.3x10

-6
 1.0x10

-11
 2.1x10

-6
 1.93 

*SD = Standard deviation 

x
CoV = Coefficient of variation (Standard deviation/Mean) 

+ Note that the entire BIONICS data set is reported in the ‘compaction’ and ‘slope orientation’ 
statistics, hence the repetition of max and min values. 

$
 Newbury data set only includes measurements shallower than 1.0m below ground level 

 

 

 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on September 26, 2018http://qjegh.lyellcollection.org/Downloaded from 

http://qjegh.lyellcollection.org/


  

 
 

Outer Ring

Inner Ring

Soil Surface

Wetting front 
advancement 
over time

Outer Ring produces downward and lateral flow and constrains inner ring flow 
to predominantly downward.

D
epth

b)

Auger Hole

Soil Surface

Guelph

t1

t2

t3

t4

Well Head

Pattern of wetting 
front 
advancement 
over time (t1 - t4; 
Dingman, 1994).

D
epth

a)
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Line from Fig. 7 
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