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Abstract  

The Chalk aquifer is one of the main sources of water in South East England. In the city 

of Brighton and Hove, it provides about 98% of total water consumption. It is also a 

significant aquifer in North East England, Northern France and Denmark. The Chalk 

unsaturated zone plays an important role in the water cycle, controlling the timing and 

magnitude of recharge and the main pathway of contaminant transport. A range of 

previous work has addressed flow processes in the Chalk unsaturated zone, but our physical 

understanding is still incomplete. This thesis attempts to understand the flow mechanism 

in the Chalk unsaturated zone using statistical analysis and novel laboratory methods. New 

laboratory scale instruments have been used that are suitable for this condition and can 

measure matric potential and volumetric water content simultaneously. In addition, a 

statistical analysis has been applied to field recorded rainfall, potential evapotranspiration, 

groundwater level and groundwater electrical conductivity at three sites in the study area, 

North Heath Barn, Pyecombe East and Preston Park. With help of a physically based 

model, flow and recharge in the study area were simulated using parameters obtained from 

laboratory and field observation analysis.  

Results show that flow and recharge occur predominantly through the Chalk matrix, which 

requires months till the pulse of water reaches the water table. The slow matrix flow occurs 

when the Chalk unsaturated zone is not completely saturated, and it will continue through 

summer even when the rainfall has ceased. Faster flow occurs during recharge seasons 

when the Chalk unsaturated zone is saturated or close to saturation. At that point, flow 

occurs through the matrix by the action of piston flow and the time lag can be counted in 

days. Relatively modest increases in effective rainfall during winter trigger fracture flow 

which minimizes the time lag to hours. Delay in response and slower drainage results from 

the influence of the subsurface geology, mainly the presence of marl seam and fracture 

discontinuities.  Simulating results from the laboratory and statistical analysis using a 

physically based model (MODFLOW) shows that the model poorly matches the observed 

data, but it performs well at the scale of seasonal variation.  
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Notations  

𝜓𝜓   Matric potential [kPa] 

𝜓𝜓𝑠𝑠   Air-entry pressure [kPa] 

𝜓𝜓0    Matric potential at the outflow face of the centrifuged sample [kPa] 

𝑆𝑆𝑒𝑒   Effective saturation [-] 

𝐾𝐾    Hydraulic conductivity [mm/day] 

k  Permeability [m2] 

𝐾𝐾𝑢𝑢   Unsaturated hydraulic conductivity [mm/day] 

𝐾𝐾𝑠𝑠   Saturated hydraulic conductivity [mm/day] 

𝐾𝐾𝑚𝑚   matrix hydraulic conductivity [mm/day] 

𝐾𝐾𝑟𝑟    Relative hydraulic conductivity [mm/day] 

𝐾𝐾𝑚𝑚𝑠𝑠   Matrix saturated hydraulic conductivity [mm/day] 

𝐾𝐾ℎ   Horizontal hydraulic conductivity [mm/day] 

𝐾𝐾𝑣𝑣   Vertical hydraulic conductivity [mm/day] 

𝐾𝐾(𝜓𝜓)   Hydraulic conductivity as function of matric potential [mm/day] 

𝐾𝐾(θ)   Hydraulic conductivity as function of water content [mm/day] 

𝐾𝐾𝑢𝑢(𝜃𝜃)  Unsaturated hydraulic conductivity as a function of water content [mm/day] 

𝑞𝑞  Darcy velocity (m/d) 

𝜆𝜆          Brook – Corey exponent [-] 

𝜃𝜃   Volumetric water content [%] 

𝜃𝜃𝑠𝑠     Saturated water content [%] 

𝜃𝜃𝑟𝑟             Residual water content [-] 

𝑆𝑆𝑠𝑠   Specific storage [m-1] 
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𝑆𝑆𝑦𝑦   Specific yield [-] 

𝐶𝐶   Specific moisture capacity [m-1] 

𝑎𝑎   Centripetal acceleration (m/s2) 

𝑔𝑔   Acceleration due to gravity (m/s²) 

𝜔𝜔   Angular velocity (RPM) 

𝑁𝑁𝑟𝑟   Scale factor (g-level)  

𝜌𝜌   Density of water (g/cm3) 

𝑃𝑃𝑎𝑎  Pore air pressure [kPa] 

𝑀𝑀   Total mass of payload [kg] 

m   mass of each payload items [kg] 

𝑟𝑟   Radius of centrifugal rotation (m) 

ℎ𝑚𝑚   Hydraulic head in the centrifuge [-] 

𝑣𝑣𝑚𝑚  Water velocity in direction of axis of rotation [m/d] 

𝐿𝐿𝑚𝑚  Sample length [m] 

𝑟𝑟𝜏𝜏   Autocorrelation coefficient [-] 

∆𝑃𝑃   Pressure change [-] 

𝑃𝑃𝑖𝑖   Initial absolute pressure [-] 

𝑆𝑆𝑖𝑖   Initial degree of saturation [-] 

𝐻𝐻   Henry’s constant [-] 

VKS              Saturated vertical hydraulic conductivity for UZ [m/d]  

EPS              Brooks-Corey epsilon of the UZ [-] 

FINF001 Unit infiltration rate at land surface [m/d] 

PET001 Unite potential Evapotranspiration rate [m/d] 

EXTD_UR ET extinction depth [m] 
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EXTWC Extinction water content [m3 m-3] 

THTS               Saturated water content of the UZ [m3 m-3] 

THTR              Residual water content of the UZ [m3 m-3] 

Z   Unsaturated zone thickness [m] 

t   Response time [day] 

𝑔𝑔  Acceleration due to gravity [m/s2] 

𝜌𝜌   Density of water [kg/m3] 

ℎ   Hydraulic head [m] 

ℎ𝑣𝑣   Velocity head [m] 

ℎ𝑧𝑧  Elevation head [m]  

𝑅𝑅  Radius [m] 

BGL  Below ground level 

AOD  Above ordinary datum 

BC   Brooks and Corey model 

VG   Van Genuchten model 

KS   Kosugi model 

DM   Durner model 

ML   Seki model  
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Chapter 1 

1 Introduction 

1.1 Context  

The Chalk aquifer represents an important source of water in North West Europe (Downing 

1993). In England and Wales, near one-third of the total water used comes from subsurface 

water, of which about one-third comes from the Chalk aquifers (Price 1996). Moreover, the 

Chalk aquifers represent around 70% of total water consumption in South East England (Foster 

2000; Williams et al. 2006; Ireson et al. 2009). Furthermore, in the city of Brighton and Hove, 

the Chalk aquifer provides about 98% of total water (Mortimore 2011), thus, communities in 

this area solely depend upon the Chalk aquifer as the main source of water supplies. This makes 

the Chalk aquifer economically important, therefore, it has been the subject of intensive study 

for over one hundred years (Downing and Headworth 1990). The vast majority of these studies, 

however, have been focused on the understanding of the Chalk saturated zone, with fewer 

works dedicated to the unsaturated zone. 

In South East England, the Chalk aquifer is mainly covered by a thick unsaturated zone, which 

in some place exceeds 80 m. The variation in groundwater level is generally low due to the high 

transmissivity of the Chalk, with small variations depending on the topography of the area. In 

the unconfined Chalk aquifer, the unsaturated zone represents the main pathway of water to 

enter the aquifer; thus, it is very significant as it controls the time and magnitude of aquifer 

recharge, flooding events, and pollutant transport. It is also important for water storage as the 
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dynamic storage is estimated between 4x108 and 10x108  m3 (Lewis et al. 1993). Generally, water 

flows through the matrix and fractures of the Chalk during recharge periods, but there has been 

a long argument in relation to the flow domain (Mathias et al. 2005; Ireson et al. 2006; Lee et 

al. 2006).  

Studies on the Chalk unsaturated zone have focussed on information derived from field 

monitoring instruments with the exception of notable studies such as Price et al. (2000); 

Brouyère et al. (2004); Molyneux (2012).  These researchers also mainly studied unsaturated 

Chalk at shallow depth, with the exception of studies done by Wellings and Bell (1980), 

Zaidman et al. (1999) Gallagher et al. (2012). Other studies have addressed the movement of 

natural or artificial tracers to understand flow in the unsaturated zone (Smith et al. 1970; Foster 

1975). Fewer investigations have been carried out on the unsaturated zone compared to the 

saturated zone because it is thought that the study of unsaturated porous media is difficult and 

time-consuming. This has resulted in a deficiency of valuable and reliable information regarding 

many variables in the hydrological process that happen in the unsaturated zone. The previous 

studies mentioned above provide valuable information on flow in the unsaturated zone, but 

there is still uncertainty about flow mechanism and the influence of subsurface geology on flow 

and recharge process. This means there is a need for a fast and reliable method that can 

characterize the hydraulic properties of the unsaturated zone. A combination of field 

observation data with laboratory work may provide insight into these uncertainties.  

In an unconfined aquifer recharge could be defined as the time varying flow of water from 

unsaturated zone to saturated zone, where the water table is a border between the two zones 

(Scanlon et al. 2002). Early studies calculated annual recharge by subtracting the volume of 

infiltrated water from potential evapotranspiration, but calculating daily recharge might be 

harder to estimate in a simple equation due to the reduction of effective rainfall by the action 

of the unsaturated zone. In addition, other difficulties occur in calculating sub-annual recharge 



23 
 

related to the accurate spatiotemporal measurement of both precipitation and 

evapotranspiration, and determining recharge timing (Ireson and Butler 2011). For these 

reasons, investigations to find a possible model simulating daily recharge mechanism as it is 

controlled by the unsaturated zone, with consideration of recharge timing are important in 

quantifying pollutant transport and groundwater flooding (Jackson et al. 2007; Ireson et al. 

2009).  

The unsaturated zone commonly has a vertical extent from near zero to around 80 m. Two 

collaborative projects have been undertaken in the study area, the FLOOD-1 and CLIMAWAT 

projects (Adams et al. 2008; CLIMAWAT 2014), which enable the monitoring of weather 

conditions, deep unsaturated zone, water level and electrical conductivity. The focus of these 

two projects was to identify the impact of climate change on groundwater resources and 

groundwater flooding. The field observation data used in this study have been taken from these 

two projects, which enable investigation of flow process through all unsaturated zone depth 

and provide insight into the modelling process.  

The Chalk unsaturated zone (such as in South Downs) shows distinctive characteristics which 

cause difficulties in modelling subsurface flow and recharge estimation. The thick unsaturated 

Chalk remains relatively wet throughout a year and the matrix is saturated or near saturated 

(high matric potential) (Rutter et al. 2012). Moreover, the groundwater level shows a fast 

response to the weather conditions as it may increase several meters within a few days even 

when the water level is very deep. Ireson and Butler (2013) concluded that the inception of the 

rapid preferential flow (bypass flow) might be caused by a combination of rainfall event and 

soil state properties. In addition, they mentioned that preferential flow has implications for 

pollutant transport and diffusion to the aquifer. The Chalk is also has a high matrix porosity 

(about 40%) and low permeability (k) with high fracture permeability and low porosity (about 

2%) (Malek-Mohammadi and Nimmo 2012). Butler et al. (2009) mention that runoff is absent 
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in the Chalk covered area, with slow solute transport periods of years. Therefore, it is important 

to closely consider the way water moves through the unsaturated zone until it reaches the 

saturated zone and may need new tools that emphasize this flow. These phenomena might be 

related to the state of Chalk heterogeneity that may link to the presence of marl beds and 

fracture systems. The marl seams may enhance areas of high matric potential and fracture flow 

in the unsaturated zone.  

1.2 Aims and objectives 

This thesis aims to improve understanding of the key components of the flow and recharge in 

the Chalk unsaturated zone and assess the influence of subsurface geology on flow mechanism.  

The objectives of this thesis are: 

1- To use the extensive field data collected from the study area in South East England, for 

the years 2007 to 2014, to improve understanding of the flow mechanisms in the Chalk 

unsaturated zone, mainly the role of the matrix and fractures in conducting water, and 

the controls on the timing and magnitude of recharge using statistical analysis. 

2- To establish a methodology to determine hydraulic characteristic of the Chalk and 

identifying the influence of the subsurface geology on flow and recharge using novel 

experimental method under controlled environment. 

3- To represent flow in the unsaturated zone, a physical based model is presented, such 

that model is driven by variables from both field observation and laboratory 

investigation. 

To achieve these objectives, data from three field sites (North Heath Barn, Pyecombe East and 

Preston Park, from Brighton block, South East England) were selected. These sites have 

different unsaturated conditions. North Heath barn is a relatively undisturbed site with a thick 

unsaturated zone (about 80 m in summer) and is composed of Upper Chalk formations with 
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abundant marl seams and fracture discontinuities. Pyecombe East is an effluent disposal site, 

where the unsaturated zone reaches 50 m thickness during summer and is composed of Lower 

Chalk formations. Artificial recharge using secondary treated waste water at this site means the 

unsaturated zone stays close to saturation at all levels year round. Preston Park is an urban site, 

where the unsaturated zone reaches 20 m in thickness, and composed of the upper Chalk 

formations. Chalk samples have been collected from the unsaturated zone in the study area in 

order to investigate hydraulic parameters using a novel laboratory investigation technique. 

Details of the study area and borehole locations are presented in Figure 1.1. 

 
Figure 1.1: (A) simplified geological map of the study area showing borehole locations. (B) 

stratigraphic logs of the North Heath Barn (NHB1) and Pyecombe East (PE) boreholes. 

(Rutter et al. 2012). Detailed stratigraphy is not available for Preston Park (PP) but it is 

dominantly in the Seaford and Lewes Nodular Chalk. 
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1.3 Thesis outline  

This thesis consists of nine chapters. This chapter introduces the problem and outlines, the 

aim and the key research objectives. Also, it shortly introduces the importance of the Chalk as 

a source of water and related to the unsaturated zone. Moreover, the chapter gives an 

overview of some distinctive characteristics of the Chalk unsaturated zone in the study area. It 

also presents an overview of the study sites at different unsaturated condition. 

Chapter 2 is focused on reviewing the literature regarding recharge and water movement 

through the Chalk unsaturated zone, this is to introduce and outline some of the key 

principles and established knowledge used throughout the thesis. An overview of the Chalk 

composition, description and classification are first given, followed by understanding of the 

unsaturated zone process, the key concepts and theoretical background. Also, a reviewing of 

the centrifuge use and key concepts have been introduced. Particular considerations are given 

to the early work in the Chalk unsaturated zone, focusing on the study to understand the flow 

process in the zone. Chapter two concluded by proposing a number of key research questions 

that are to be addressed by this thesis.  

In Chapter 3, methods that used to understand flow process in the Chalk unsaturated zone is 

presented. This involves field monitoring sites with data processing, and details of the 

laboratory method with all the instruments and sensors used in the thesis; including details of 

sensors saturation process and calibration methods. In later stages of the chapter, sample 

collection and preparation in the study area have been presented. Finally, the method used to 

model flow and recharge in the Chalk unsaturated zone is introduced. 

In Chapter 4, data obtained from laboratory tests are presented including three series of tests, 

each series undertakes for a specific reason. The results include wetting and drying process, 

which enable understanding of the hysteresis in the soil moisture characteristic curve. Also, 
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the results from intact and fractured Chalk sample are presented. Later in the chapter, results 

from a Chalk sample with discontinuity barriers are demonstrated, this will help to determine 

the influence of subsurface geology on flow and recharge in the study area. 

Chapter 5 include a hydraulic characteristic of the Chalk calculated using data obtained from 

the laboratory method. The chapter begins with theoretical calculation and background of the 

Chalk under centrifuge condition. Followed by analysis of the laboratory data under steady 

state condition to obtain soil moisture characteristic curve and unsaturated hydraulic 

conductivity at different saturation conditions.   

Chapter 6 is dedicated for time series analysis of data obtained from three different sites in the 

study area. The analysis includes autocorrelation and cross-correlation of rainfall and water 

table, which enable to understand behaviours and mechanism of flow in the study area. To 

gain more insight into the key component in the flow mechanism, a relation between time lag 

and rainfall or unsaturated zone thickness were illustrated. The chapter ends with a discussion 

on the flow process occur in the Chalk unsaturated zone at three different locations in the 

study area. 

Chapter 7 deals with the timing of recharge and cause of delay in response due to subsurface 

geology. Particularly, the focus is on the delay due to the presence of marl seams and fractures 

in the Chalk unsaturated zone. 

In chapter 8 the UZF1 package was used to model flow and recharge in the Chalk 

unsaturated zone, which gain insights into the flow process by using data obtained from field 

and laboratory method. The results from the modelling may reveal how precisely the UZF1 

performs in the Chalk unsaturated zone by comparing the results to that obtained from field 

observation and laboratory work. 

Finally, in chapter 9, summary of finding in this study, the contribution to our knowledge, 

recommendation for further work are presented. 
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Chapter 2 

 

2 Literature Review  

 

2.1 Introduction 

Water is one of the most significant resources in nature. Without it, life on earth is impossible. 

There is sufficient water on the earth, but it is not always in the right place, at the proper time 

and may be of inadequate quality for human needs. Elements of the water cycle are studied 

through three main disciplines: a study of water in the atmosphere (meteorology), the study of 

water at the earth’s surface (hydrology), and the study of water in the ground (hydrogeology). 

The combination of these disciplines is integrated into the study of the unsaturated zone, which 

can be defined as part of the subsurface that is located between the ground surface and 

groundwater table. Study of the unsaturated zone combines these disciplines, as in this zone all 

the components of the water cycle will control water movement. This study requires knowledge 

and information about evaporation from the land surface and transpiration from plant cover, 

which is more related to metrological studies. Also, it needs data from surface water (hydrology) 

as water moves on the earth’s surface, forming runoff and infiltration to the ground; followed 

by a hydrogeological study which is more focused on the study of recharge and aquifer 

properties.  The unsaturated zone is extremely important in the water cycle as it controls 

groundwater recharge and it is the main pathway of pollutant transport to groundwater. Thus, 

it is important to understand it’s behaviour as far as possible. This chapter is focused on 
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reviewing the literature regarding recharge and water movement in the Chalk unsaturated zone, 

particularly the pathways of water through the unsaturated zone until it reaches the saturated 

zone.  

2.1.1 The Chalk  

Chalk is a pure, soft, white limestone composed mainly of shell fragments, coccoliths, and 

foraminifera, with a small portion of other biogenic fragments and clay minerals (Mortimore 

and Fielding 1990; Hjuler and Fabricius 2007). It was deposited during the Cretaceous period 

when the exceptional high sea levels combined with a lack of continental erosion led to 

deposition of chalk sediment (Downing 1993). Most of chalks in the world were deposited 

during this period. The term Chalk or “the Chalk’’ is used to refer to the Chalk Group that was 

deposited in North West Europe during the Upper Cretaceous period; this is to clarify the use 

of the term the Chalk as a formal term for the rock group and chalk as a sedimentary rock. 

The Chalk changes composition upward in the stratigraphical column. There is much clay in 

the Grey Chalk, concentrated in individual beds referred to as marl seams while the White Chalk 

is purer calcite. This purity is related to the depositional environment. The white Chalk is 

inferred to have been deposited at a greater distance from the land (more details in section 

2.1.3).  

The deposition of the Chalk was also interrupted by deposition of clay of volcanic origin, 

resulting in the deposition of a further set of marls. Another feature in the Chalk (mainly in the 

White Chalk) is the presence of the rhythmic layering of flint which is a hard, brittle, siliceous 

material. The flint mainly appears in bands in a pure carbonate Chalk (Mortimore et al. 2001). 

The Chalk Group has a large outcrop area which covers more than 21500 km2. This is more 

than all other major aquifer outcrops in the UK added together (Figure 2.1) (Allen et al. 1997). 
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2.1.2 Lithology and composition 

Chalk is a very fine grained, bioclastic (algal skeletal), pelagic deposit. The matrix of the Chalk 

consists of different size fragments ranging from coarse to fine size fractions. The fine grained 

fraction contains coccoliths and foraminifera of size less than 3 µm, and the coarse fraction of 

size between 10 µm to 100 µm, is derived from coccospheres and large shelled fossils (Allen et 

al. 1997).  

The deposition of the Chalk was interrupted by continental sediment deposition making marl 

layers. The marl beds within the Chalk are from both volcanic and detrital sources (Wray and 

Gale 1993). The marl layers vary in thickness and they are up to several centimetres, also, the 

marl beds can extend for several kilometres laterally. The Chalk is also characterized by the 

presence of flint, which often seen arranged parallel to the Chalk is bedding. The flint is 

composed of cryptocrystalline silica, the source of which is still arguable, but generally, it is 

thought to be of biogenic origin (Hancock 1975; Jones et al. 1999). 

 
Figure 2.1: outcrop and thickness of the Chalk in England (Whittaker 1985) 
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2.1.3 Classification and stratigraphy of the Chalk 

In England, the Chalk Group was deposited in two lithological provinces, the northern and the 

southern province. The Chalk in the southern province is generally softer, while the Northern 

Province tend to be harder with the presence of tabular flint in the part of the sequence 

(Brenchley et al. 2006). Many classifications of the Chalk have been developed through a 

hundred years of study (Price 1877; Jukes-Browne and Hill 1900; Jarvis and Woodroof 1984; 

Robinson 1986; Mortimore and Pomerol 1987; Bristow et al. 1997) and (Rawson et al. 2001). 

The most recent and widely accepted scheme was proposed by Bristow et al. (1997). They 

divided the Chalk group into three subgroups, which are, Lower, Middle and Upper Chalk 

determined by marl and flint bands, mostly depending on the basal markers of the Glauconitic 

Marl, Melbourne Rock, and Chalk Rock respectively (Bristow et al. 1997; Wray and Gale 2006). 

Most of the published hydrogeological study and data collection is tied to the traditional 

classification of the Chalk (Lower, Middle, and Upper Chalk). The Lower Chalk in the southern 

province is almost empty of flint but rich in a high amount of terrigenous sediments (deep-

sea sediment) creating marly Chalk. The marl content decreases upwards. The Lower Chalk is 

divided into two members, the West Melbury Marly Chalk, and the Zig Zag Chalk. The top of 

the Lower Chalk is defined by the presence of the Plenus Marls which in turn are overlain by 

the Middle Chalk. The Middle Chalk contains less flint and is classified into the Holywell 

Nodular Chalk and the overlying New Pit Chalk. The first appearance of flint is in the top of 

the Middle Chalk and it becomes common in the base of the Upper Chalk. The Upper Chalk 

is also classified into several formations, from the bottom to the top (Lewes Nodular Chalk, 

Seaford Chalk, Newhaven Chalk, Culver Chalk and Portsdown Chalk formation). The Middle 

and the Upper Chalk are also called the White Chalk subgroup and the lower Chalk called the 

Grey Chalk subgroup Figure 2.2.  
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Figure 2.2: The traditional and current stratigraphic frameworks showing key marker horizons 

and biostratigraphic zones for the Chalk of Southern England (Mortimore et al. 2001) 
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2.1.4 The Chalk as a major aquifer  

The Chalk is an important source of water in North West Europe particularly in Britain, north 

Germany, Belgium and northern France (Downing 1993; Brouyère et al. 2004). It contributes 

more than half of the subsurface water used in Great Britain. The significance of the aquifer is 

enhanced because it is existence in southern England where there are high population density 

and low rainfall compared to the north (Allen et al. 1997). The Chalk is a dual porosity system, 

consisting of a matrix with high porosity (primary porosity) (20-45)% and low permeability with 

about 0.5 µm average throat diameter; and a fracture system enhanced by dissolution (secondary 

porosity) with lower porosity and high permeability (Price et al. 1993). 

 

2.2 The unsaturated zone 

2.2.1 Basic concepts 

The unsaturated zone (sometimes called the vadose zone) is the zone located between the land 

surface and the water table (Price et al. 1993). In this zone, the pore space contains both water 

and air, with the exception of parts of the capillary fringe (Chapelle 2001). Thus, the water 

content of the zone is less than saturation and the pore-water pressures are less than 

atmospheric pressure. In some locally perched water bodies, the pore-water pressure may be 

greater than atmospheric pressure (Price et al. 1993). Perched water forms above 

stratigraphically controlled low permeability horizons formed by marl seams and flints. As the 

unsaturated zone is incompletely saturated, it is important to define the zone according to the 

pore-water pressure rather than the degree of saturation. If a pressure gauge is used to measure 

the pore-water pressure and considering the atmospheric pressure is zero, at the water table the 

pressure head (𝜓𝜓) is zero. Below the water table (saturated zone) the pressure head (𝜓𝜓) is above 
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zero meaning that the zone is under positive hydrostatic pressure, this pressure is called the 

hydrostatic pressure potential. In the zone above the water table (unsaturated zone), pressure 

head (𝜓𝜓) is less than zero (negative pressure), reflecting the fact that the water in the unsaturated 

zone is held in the pore space by the action of the surface-tension and capillary forces (Figure 

2.3). Also, this negative pressure head in the partially saturated rock explains why water cannot 

flow into a borehole.  

The term hydrostatic pressure potential (or only pressure potential with 𝜓𝜓𝑝𝑝symbol) usually 

implies that the soil or rock water is at a pressure greater that atmospheric pressure and thus 

the zone below the water table has a positive pressure value. This pressure can be calculated at 

any point below the water table in this equation  

𝜓𝜓𝑝𝑝 =  𝜌𝜌𝑔𝑔ℎ      2.1                                           

Where ℎ is the distance below the water table, 𝑔𝑔 is gravitational force and the 𝜌𝜌 is the density 

of water. 

 

Figure 2.3: Showing change in pressure head with the groundwater zones (𝜓𝜓 = 0 along water 
table, 𝜓𝜓 < 0 in unsaturated zone and 𝜓𝜓 > 0 at the saturated zone) (Schwartz and Zhang 2003) 
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2.2.2 Key concepts, understanding, and theory  

Generally, because of the presence of two fluid phases (water and air) in the unsaturated zone 

flow is complicated. As in the saturated zone, flow in the unsaturated zone occurs due to change 

in hydraulic head gradient. The hydraulic head can be defined as the mechanical energy per unit 

weight (Smith and Mullins 2001). In the unsaturated zone hydraulic head (ℎ) is considered to 

have three components, pressure head (𝜓𝜓), velocity head (ℎ𝑣𝑣) and elevation head (ℎ𝑧𝑧). The 

velocity head is neglected because the velocity of water in unsaturated zone is so slow, thus the 

hydraulic head is calculated by sum of the pressure head and elevation head: 

ℎ = ℎ𝑧𝑧 + 𝜓𝜓                                                          2.2 

In the unsaturated zone context, it is common to use matric potential as pressure head. Some 

other names are used to refer to matric potentials, such as soil water suction, tension, and 

suction, but this name takes the opposite sign to matric potential (Smith and Mullins 2001). In 

this study, the term matric potential is used with the symbol (𝜓𝜓), and all units are in Kilopascal 

(kPa) (1 kPa is equal to 10 hectopascal, 1 kPa is equal to 10.197 Centimetre of water column 

[cm H2O], and 1 kPa is equal to 0.01 Bar). 

Both volumetric water content (𝜃𝜃) and unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) depend on the 

pressure head (𝜓𝜓), or capillary pressure. The pressure head (𝜓𝜓) / moisture content (𝜃𝜃) 

relationship describes how a rock or soil sample behaves as water is added or removed.  With 

the hydraulic conductivity, as the soil dries out, an increasingly large negative pressure head (𝜓𝜓) 

is observed, which means that a mostly air-filled system has a large resistance to flow (or small 

𝐾𝐾𝑢𝑢 ) (Schwartz and Zhang 2003). 

Figure 2.4 from Price et al. (1993), shows a uniform aquifer which was saturated and then 

allowed to drain to equilibrium without any additional water, or extraction by evaporation. With 

enough time water will reach a state of static equilibrium. In this condition, flow will not occur 
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and this is known as a hydrostatic condition.  In this condition, the velocity head is equal to 

zero and the total head (ℎ) is constant everywhere (summation of the elevation head (ℎ𝑧𝑧) and 

pressure head (𝜓𝜓) is equal to zero), as the same head in the water table.  

Figure 2.4 shows that above the water table, elevation head (ℎ𝑧𝑧) increases with elevation (𝑧𝑧) 

with a gradient of +1, hence the pressure head (𝜓𝜓) must decrease with gradient -1. Below the 

water table, elevation head (ℎ𝑧𝑧) decrease linearly and pressure head (𝜓𝜓) increase linearly too, 

total head remain zero by summation of the elevation head (ℎ𝑧𝑧) and the pressure head (𝜓𝜓). At 

the water table, ℎ𝑧𝑧 = 0, 𝜓𝜓 = 0 (the pore pressure is equal to the atmospheric pressure) and the 

total head (ℎ) is equal to zero.  

 

Figure 2.4: Theoretical relationship between the head, depth and water content in the 

unsaturated zone of an aquifer after drainage to equilibrium: (left) head relationships; (right) 

water content in a uniform granular aquifer (Price et al. 1993). 

 

The hydrostatic condition is rarely achieved because of addition and removal of water in the 

profile by rainfall and evapotranspiration. Infiltration of water to the profile (wetting up) and 

extraction by drying out (evapotranspiration) affect both water content and head in the profile. 

Figure 2.5 illustrates a theoretical sequence for a homogeneous granular aquifer. The figure 

demonstrates an important concept which is the zero flux plane (ZFP) that has two conditions, 
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divergent (DZFP) and convergent (CZFP). For the DZFP, all water below the plane moves 

downwards and above the plane moves upwards, water flows away from the ZFP. Conversely, 

for the CZFP water below the plane moves upwards and above the plane moves downwards, 

water flow towards the ZFP. In both situations (DZFP and CZFP), no flow takes place across 

the ZFP plane. Figure 2.5 shows the way that the DZFP and CZFP develop, and Figure 2.6 

shows the annual cycle of the ZFP relating to the change in groundwater level.  

 

Figure 2.5: the Theoretical relationship between head and water content against depth, in the 

unsaturated zone above a fixed water table, during infiltration and evaporation processes (Price 

et al. 1993). 
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Figure 2.6: Diagrammatic representation of the seasonal partition of water fluxes by the zero 

flux plane method within the unsaturated zone of the Chalk (Wellings and Bell 1980) 

 

2.2.3 The moisture characteristic (water retention curve) 

For any certain porous medium such as soil, there is a relation between the matric potential (𝜓𝜓) 

and water content (𝜃𝜃), this relation is known as the moisture characteristic of the medium (Rose 

2004). It can be defined in this study as the relationship between the matric potential (𝜓𝜓) on the 

abscissa axis and the water content (𝜃𝜃) or degree of saturation (𝑆𝑆𝑟𝑟) on the ordinate axis. Figure 

2.3 and Figure 2.4 illustrate the water content profile, where below the water table the pore 

space is completely saturated. Accordingly, the water content (𝜃𝜃) is equal to the rock porosity 

or saturated water content (𝜃𝜃𝑠𝑠). The capillary fringe lies above the water table, which is totally 

saturated, but with negative matric potential (𝜓𝜓). The capillary fringe occurs because water in 

the pore space cannot drain to the water table until the pressure potential rises above a limiting 

value. This pressure is called air-entry pressure (some time recorded as bubbling pressure) and 

it is equivalent to matric potential with the symbol 𝜓𝜓𝑠𝑠 .The value of air-entry pressure is 

determined by the radius of the pore in which a small pore has a large air-entry value.  
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The Capillary rise phenomena can be described using a capillary tube (Figure 2.7). The rise in 

water occurs because of the surface tension of the air-water interface and the molecular 

attraction of the liquid and solid phases. The rise of water in the capillary tube can be calculated 

by the given equation: 

  𝜓𝜓𝑠𝑠 = 2𝜀𝜀 𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐
𝜌𝜌𝑤𝑤𝑔𝑔𝑔𝑔

                                          2.3 

 

Where 𝜓𝜓𝑠𝑠 is the air-entry pressure, which is equal to the negative height of the capillary rise in 

meters, 𝜀𝜀 is the surface tension of the fluid (for water at 18°C is 0.073 kg/s), Υ is the contact 

angle of the meniscus with the capillary tube (degrees), 𝜌𝜌𝑤𝑤 is the density of the fluid (in this case 

water) (kg/m3), 𝑔𝑔 is acceleration due to gravity (m/s2) and 𝑅𝑅 is the radius of the capillary tube 

in meters.  

  

Figure 2.7: Rise of water in a capillary tube (Fetter, 1994) 

 

With a smaller radius of the capillary tube, the capillary rise will be greater and with a higher 

negative matric potential (𝜓𝜓). This theory might be applied to the Chalk, in which the pore 

space act as the capillary tubes. Thus, the Chalk with a finer pore space will produce a larger 

capillary rise and then have a thicker capillary fringe.  
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With the increase in the elevation above the capillary fringe, the pressure head decreases, also 

the part of pore space that can hold water decreases under capillary forces. The water that is 

held within the pore spaces referred to as capillary water. As the rock dries, the gradual decrease 

in pressure (increase in tension) lead to a progressive end to drainage in smaller pores. This 

continues gradually until at high suction value only small amount of water remains in a very 

narrow pore space which is called hydroscopic water. Figure 2.8 shows a conceptual diagram 

of a partially saturated soil, where the small pore space still holds water and the larger pore space 

has drained (Hillel 1998).  

 
Figure 2.8: Water in an unsaturated coarse texture soil (Hillel, 1998) 

Also, Dingman (2002) classified the soil water status according to the water saturation and water 

held by grains. It was found that up to a pressure head -340 cm of water (equivalent to -33.34 

kPa), water might be drained by gravitational forces, ranging to the water that is available to 

plants and then hygroscopic water that is tightly held by grains and it is considered as unavailable 

water. Figure 2.9 by Dingman (2002) illustrates the relationship between water content (𝜃𝜃) and 

the matric potential (pressure head) (𝜓𝜓). With a gradual decrease in water content, the matric 

potential decreases too. This produces a physical basis for the relationship between matric 

potential (𝜓𝜓) and water content (𝜃𝜃) which defines the Soil Moisture Characteristic (hereafter 

SMC) (sometimes called the Water Retention Curve (WRC).  
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Figure 2.9: Soil water status as a function of pressure (matric potential) (Dingman 2015) 

 

Some typical SMC curves are shown in Figure 2.10. In the SMC of the clayey soil (which has a 

fine pore space), there is a gradual decrease in water content and matric potential (which 

represent wetness). While in the sandy soil (which has a large pore space), there is a rapid 

decrease in water content with relatively low suction. The figure on the right illustrates the effect 

of the structure of the soil moisture characteristic curve. When the same soil is compacted 

porosity will decrease and the pore size is minimized, which leads to a change in the curve shape.  

The soil SMC curve is a significant hydraulic property that describes the amount of water 

retained in a soil at a certain matric potential. The shape of the curve is related to the size and 

connectivity of the pore space; hence, it is strongly affected by soil structure and texture (Tuller 

and Or 2003). Modelling water flow and distribution in a rock and soil requires information 

about soil characteristic, therefore, it plays an important role in water management and 

prediction of pollutant transport. Commonly, a SMC curve is highly nonlinear and is almost 

difficult to obtain precisely. Because in practical application, matric potential extends over 

various orders of magnitude for the range of water content, thus matric potential is plotted on 

a logarithmic scale. 
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Figure 2.10: Soil moisture characteristic curve for different soil textures and structures (Hillel 

1998) 

 

From previous studies, it is understood that the SMC is hysteretic (Haines (1930); Richards 

(1941)). In other words, the relation between matric potential (𝜓𝜓) and water content (𝜃𝜃) is 

dependent on the history and direction of profile change (wetting or drying). The hysteretic 

phenomenon is associated with the following effects (Hillel, 2004): 

• The “ink bottle’’ effect, caused by non-uniformity in the shape and size of 

interconnected pores space Figure 2.11. Wetting is controlled by larger pore radius, 

whereas drying is controlled by the smaller pore radius. That is to say, the large pore 

space dries first but fills up last, while smaller pore space fills first but dries up last.    
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Figure 2.11: The ink bottle effect determines the equilibrium height of water in a variable width pore 

• The contact angle effect, by which the contact angle is larger for an advancing meniscus 

than a receding one Figure 2.12.  

 
Figure 2.12: The contact angle of water with solid  

 

• The encapsulation of bubbles in closed end, dead corner and blind pore space, which 

leads to further decreases in the water content of recently wetted soils.  

• Swelling, shrinking or ageing phenomenon, by which the pore size and conductivity 

changed according to the wetting and drying history. 

Figure 2.13 illustrates a typical soil moisture characteristic with hysteresis effects. Even with this 

understanding, in many agriculture and engineering applications, the soil moisture characteristic 

is assumed to be non-hysteretic. This is because getting a complete set of the soil moisture 

characteristic curves is costly and time consuming and there is not a single mathematical form 

to use in the calculation (Pham et al., 2005). However, several models have been introduced 

(Mualem 1974; Kool and Parker 1987). 
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Figure 2.13: Soil moisture characteristic curve showing the effect of hysteresis (Hillel 1998) 

 

Flow in unsaturated media is described by Richard’s equation, which is for one-dimensional 

vertical flow and is given by: 

𝜕𝜕𝜕𝜕(𝜓𝜓)
𝜕𝜕𝜕𝜕

=  𝜕𝜕
𝜕𝜕𝑧𝑧

 �𝐾𝐾(𝜓𝜓) 𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 𝐾𝐾𝑢𝑢�                        2.4 

 

Were 𝜓𝜓 is negative matric potential, 𝜃𝜃 is volumetric water content and 𝐾𝐾𝑢𝑢 is unsaturated 

hydraulic conductivity. For solving Richard’s equation, it is important to know the unsaturated 

hydraulic conductivity (𝐾𝐾𝑢𝑢) and soil water characteristic function 𝜃𝜃(𝜓𝜓).  

Several empirical and theoretical models have been suggested to represent SMC in functional 

form by obtaining a number of parameters (Brooks and Corey 1964; Van Genuchten 1980; 

Durner 1994; Kosugi 1996; Seki 2007). Assuming that the relation between matric potential (𝜓𝜓) 

and water content (𝜃𝜃) is unique (neglecting the hysteresis) for a given medium (Hillel 1998) and 

the relation function is nonlinear, the parameters require nonlinear fitting of the equation (Seki 

2007). It is important to obtain the parameters according to experimental data, for which, 
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according to Chávez et al. (2013), 6 to 9 points of matric potential and water content might be 

enough to obtain a complete soil moisture characteristic curve. 

The three most well-known unimodal methods to represent soil moisture characteristic are 

those of Brooks and Corey (1964) (hereafter the BC model), Van Genuchten (1980) (hereafter 

the VG model) and Kosugi (1994) (hereafter the KS model). Also, the two multimodal methods 

proposed by Durner (1994) (hereafter the DM model) and multimodal log-normal pore-size 

distribution by Seki (2007) (hereafter the ML model).  

Table 2.1: Five different models for the soil moisture characteristic curve.  

Model Equation Derived from 

BC 
𝑆𝑆𝑒𝑒 = �𝜓𝜓𝑠𝑠

𝜓𝜓
�
𝜆𝜆

   when 𝜓𝜓 <  𝜓𝜓𝑠𝑠     

𝑆𝑆𝑒𝑒 = 1   when 𝜓𝜓 ≥   𝜓𝜓𝑠𝑠       

Empirically (unimodal) 

VG 𝑠𝑠𝑒𝑒 = � 1
1+|∝𝜓𝜓|𝑛𝑛

�
𝑚𝑚

      Empirically (unimodal) 

KS 𝑆𝑆𝑒𝑒 = 𝑄𝑄 �In � 𝜓𝜓
𝜓𝜓0
� /𝜎𝜎 − 𝜎𝜎�   

Theoretically (log-normal pore size 

distribution) (unimodal) 

DM 𝑠𝑠𝑒𝑒 =  ∑ 𝑤𝑤𝑖𝑖 �
1

1+(𝛼𝛼𝑖𝑖𝜓𝜓)𝑛𝑛𝑖𝑖
�
𝑚𝑚𝑖𝑖

 (0 <  𝑤𝑤𝑖𝑖 < 1, ∑𝑤𝑤𝑖𝑖 = 1𝑘𝑘
𝑖𝑖=1 )   multimodal characteristic function 

ML 𝑠𝑠𝑒𝑒 = ∑ 𝑤𝑤𝑖𝑖𝑄𝑄 �
𝐼𝐼𝐼𝐼 � ψ

𝜓𝜓𝑚𝑚𝑖𝑖
�

𝜎𝜎𝑖𝑖
�  (0 < 𝑤𝑤𝑖𝑖  < 1, ∑𝑤𝑤𝑖𝑖 = 1)𝑘𝑘

𝑖𝑖=1       
Log-normal pore size distribution 

(multimodal)  

 

The BC and VG models are derived by empirical correlation to estimate the capillary pressure 

based on the concept of effective wetting and threshold pressure (Zahoor et al. 2009). While 

the KS model is derived theoretically by assuming a log-normal pore size distribution (Seki 

2007). Table 2.1 summarizes the different models with the equations which when written in 𝑆𝑆𝑒𝑒 

function form, 𝑆𝑆𝑒𝑒 defines effective saturation as a function of matric potential (𝜓𝜓), where 𝑆𝑆𝑒𝑒 is 

defined as: 
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𝑆𝑆𝑒𝑒 = 𝜕𝜕−𝜕𝜕𝑟𝑟
𝜕𝜕𝑠𝑠−𝜕𝜕𝑟𝑟

                                                                 2.5 

 

Where, 𝜃𝜃𝑠𝑠  is the saturated water content, and 𝜃𝜃𝑟𝑟  is the residual water content, and the 𝑆𝑆𝑒𝑒 

function of matric potential (𝜓𝜓) which can be obtained from equations in Table 2.1. The 

saturated water content ( 𝜃𝜃𝑠𝑠) is frequently considered to be equal to porosity, but in reality, it 

could be smaller than porosity because there is some pore space that entrapped air. The residual 

water content (𝜃𝜃𝑟𝑟) could be theoretically defined as the water that remain on the particles even 

when high matric potential is imposed (Seki 2007). The effective saturation 𝑆𝑆𝑒𝑒 value changes 

between zero and one.  

The BC model is given by the equation below: 

𝑆𝑆𝑒𝑒 = �𝜓𝜓𝑠𝑠
𝜓𝜓
�
𝜆𝜆

   when 𝜓𝜓 <  𝜓𝜓𝑠𝑠                      

𝑆𝑆𝑒𝑒 = 1   when 𝜓𝜓 ≥   𝜓𝜓𝑠𝑠                                  2.6 

 

Where, 𝜓𝜓𝑠𝑠 is the air-entry head value parameter, and ʎ is a dimension parameter characterizing 

the pore-size distribution (Campbell and Horton Jr 2002). The relation in the BC model does 

not include an inflection point, but alternatively, the model identifies a distinct air-entry value. 

Thus, it usually illustrates excellent agreement with media that have well-defined air-entry values 

and J-shaped moisture characteristic curves. However, Milly (1988) and Van Genuchten (1980) 

identified that the model might give relatively poor fits for media with S-shape curves. An 

improvement of the BC model was established by Van Genuchten (1980), which does not 

suffer from the previous problem. This model includes an inflection point, but it does not 

account for the air-entry value, which leads it to perform better for media of S-shape curve.  

The VG model is defined by below equation: 
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𝑠𝑠𝑒𝑒 = � 1
1+|α𝜓𝜓|𝑛𝑛

�
𝑚𝑚

                                       2.7 

Where 𝛼𝛼 and 𝑛𝑛 are parameters and 𝑚𝑚 is generally assumed to equal 1-1/𝑛𝑛 (𝑛𝑛 >1, 0 < 𝑚𝑚 < 1). 

The 𝑛𝑛 value is generally restricted to a value greater than 1, thus the slope of the moisture 

character curve d𝜕𝜕
d𝜓𝜓

 is zero (van Genuchten and Nielsen 1985). The equation in VG model could 

be simply combined with respect to matric potential (𝜓𝜓).  

Both models are basically curved fitting empirical equations, and the physical meaning of the 

model’s parameters are vague to some extent (Ireson et al. 2009). The ʎ (dimension parameter) 

in the BC model and the 𝑛𝑛 parameter in the VG model are connected to the pore size 

distribution. Also, the 𝛼𝛼 parameter in the VG model is connected to the inverse of the air-entry 

pressure.  

A more rigorous physical basis moisture characteristic model was the KS model. The model is 

built on the hypothesis that the pore radii in a soil are log-normally distributed (the previous 

model’s used empirical calculation). It is known from the capillary theory that the pore radius is 

inversely proportional to the negative pore pressure. Thus, = 𝐴𝐴
−𝜓𝜓

 , where 𝑟𝑟 is the pore radius, 

𝐴𝐴 is a constant and −𝜓𝜓 is pore pressure. Also, In(𝑟𝑟)  = In (𝐴𝐴) − In (−𝜓𝜓) therefore, the 

negative pore pressure is log normally distributed too, following from the pore radii log 

normally distribution.  

The Kosugi (KS) model is given by: 

𝑆𝑆𝑒𝑒 = 𝑄𝑄 �In � 𝜓𝜓
𝜓𝜓0
� /𝜎𝜎 − 𝜎𝜎�                                   2.8 

Where 𝜓𝜓0 is the mode, and 𝜎𝜎 is the standard deviation of In (𝜓𝜓), 𝑄𝑄 is the complementary 

normal distribution function that is given by: 
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𝑄𝑄 = ∫ 1
(2𝜋𝜋)1 2�

∞
𝑥𝑥 exp �− 𝑥𝑥2

2
�  𝑑𝑑𝑑𝑑                              2.9 

The model has the same number of parameters as the BC and VG model, but the KS model 

has more direct physical significant with using both 𝜓𝜓0 and 𝜎𝜎 parameters Figure 2.14.  

 

Figure 2.14: Comparison of BC, VG and KS models, based on Guelph Loam (drying) VG 

parameters and equivalent BC and KS parameters. The VG and KS model are a better fit than 

BC model.   

 

The BC, VG and KS models could represent many soil moisture characteristic curves having 

homogeneous pore space structure, but some media that have heterogeneous pore structure 

may not be represented very well by these models. Therefore, for soils with heterogeneous pore 

structure, Durner (1994) (referred as the DB model) developed a new model, which can be 

indicated as a superposition of a homogeneous pore structure curves with multimodal 

characteristic function. The basis of the model could be curves that have a homogeneous spore 

structure, for which Durner selected the VG model (Seki 2007). The DB model is expressed 

by: 

 𝑠𝑠𝑒𝑒 =  ∑ 𝑤𝑤𝑖𝑖 �
1

1+(𝛼𝛼𝑖𝑖𝜓𝜓)𝑛𝑛𝑖𝑖�
𝑚𝑚𝑖𝑖

 (0 <  𝑤𝑤𝑖𝑖 < 1, ∑𝑤𝑤𝑖𝑖 = 1𝑙𝑙
𝑖𝑖=1 )                 2.10 
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Where, 𝑤𝑤𝑖𝑖 is the weighing factor for the subcurves, and 𝑙𝑙 is the number of “subsystems’’ that 

form the pore-size distribution, and as in the VG model the condition is similar, and the model 

also applies. 

 𝛼𝛼𝑖𝑖 > 0,   𝑚𝑚𝑖𝑖 > 0 𝑎𝑎𝑛𝑛𝑑𝑑  𝑛𝑛𝑖𝑖 > 0 

More recent models have been developed by Seki (2007) (hereafter the ML model), the model 

proposed a multimodal pore size distribution function. The model has combined the ideas of 

Kosugi and Durner models, and it is given as follows: 

𝑠𝑠𝑒𝑒 = ∑ 𝑤𝑤𝑖𝑖𝑄𝑄 �
𝐼𝐼𝐼𝐼 � ψ

𝜓𝜓𝑚𝑚𝑖𝑖
�

𝜎𝜎𝑖𝑖
�  (0 < 𝑤𝑤𝑖𝑖  < 1, ∑𝑤𝑤𝑖𝑖 = 1)𝑘𝑘

𝑖𝑖=1                       2.11 

 

2.2.4 Unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) 

In theoretical terms, hydraulic conductivity describes a physical property which defines the 

ability of a medium to transmit water through pore space under an applied hydraulic gradient. 

The concept was originally introduced by Darcy (1856). He identified that flow in a porous 

material is proportional to a hydraulic gradient. The constant of proportionality between flow 

and gradient in a porous material is what we refer to as hydraulic conductivity (𝐾𝐾). The concept 

was used first in saturated soils and it was extended to unsaturated soils by Buckingham (1907) 

and Richards (1931) (Ireson et al. 2009). Saturated soil conducts water constantly, as the soil de-

saturates air will replace water in large pore space so that the soil conductivity will reduce. When 

the soil or rock start to dry out, a negative suction develops; the initial pores to dry are the 

largest ones, which are the most conductive. Flow in the unsaturated zone may occur as film 

layer on the wide pore walls, or as tube flow within narrow saturated pore space. These two 

flow methods may occur simultaneously and conjunctively together in a domains inside the 
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unsaturated zone (Hillel 1998). This dependence of unsaturated hydraulic conductivity on the 

pore size distribution emphasises the links that exists between the moisture characteristic and 

hydraulic conductivity functions (Haverkamp et al. 1998).  

The most direct and reliable method to calculate hydraulic conductivity (𝐾𝐾) is from the steady 

state flow method. This method was used by Cooper et al. (1990) to measure field hydraulic 

conductivity (𝐾𝐾) under imposed hydrological conditions on the Chalk, which involved steady 

state and drainage infiltration. This method is not widely applied because in a simple gravity-

driven application the method is slow and sometimes requires months to measure a single 

hydraulic conductivity. Also, it has a limitation in the wettest soil conditions. However, steady 

state flow can be established in a centrifuge in much less time. For example, McCartney (2007) 

conducted centrifuge experiments which reached a steady state in loam soil at 3 hours. A 

laboratory model built using steady state centrifuge (SSC) techniques can be used to estimate 

soil hydraulic parameters and measure hydraulic conductivity (Nimmo et al. 1987; Šimůnek and 

Nimmo 2005) 

The method that was developed by Nimmo et al. (1987) was spinning a soil sample in a 

centrifuge using a steady state condition.  He measured water content (𝜃𝜃), matric potential (𝜓𝜓) 

and flux density of the soil sample during and after the centrifuge run to verify that the steady 

state condition could be achieved. The method used allowed measurement of hydraulic 

conductivity (𝐾𝐾) of low conductivity soil in a few hours. It requires a constant flow rate and 

constant centrifugal force for an adequate time. At that time, both water distribution and flux 

within the sample become constant, and Darcy’s law is used to measure hydraulic conductivity.  

𝑞𝑞 = −𝐾𝐾(𝜓𝜓) �𝑑𝑑𝜓𝜓
𝑑𝑑𝑟𝑟
− 𝜌𝜌𝜔𝜔2𝑟𝑟�                                         2.12 
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Where: 𝑞𝑞 is the flux density (cm/s), 𝐾𝐾(𝜓𝜓) is hydraulic conductivity as function of matric 

potential or as function of water content (𝜃𝜃), 𝜌𝜌 is the density of water (g/cm3), 𝜔𝜔 is the angular 

velocity (rad/s) and 𝑟𝑟 is the radius of centrifugal rotation (cm). If the applied force in the 

centrifuge and the rotation speed is greater enough to ensure that  𝑑𝑑𝜓𝜓
𝑑𝑑𝑟𝑟

 << 𝜌𝜌𝜔𝜔2𝑟𝑟 , the matric 

potential pressure gradients developed in the sample during centrifuge runs are insignificant, 

and the flow is mainly occurring due to centrifugal force only, then the flow equation can be 

simplified to  

𝑞𝑞 ≈ 𝐾𝐾(𝜓𝜓)𝜌𝜌𝜔𝜔2𝑟𝑟                                                           2.13 

Some indirect methods have been developed to derive 𝐾𝐾(𝜓𝜓), which include monitoring matric 

potential (𝜓𝜓) (to calculate change in head) and volumetric water content (𝜃𝜃) (to calculate 

storage variation with time). Under laboratory conditions, the indirect method can be easily 

achieved as specimens can be relatively easily controlled and monitored. However, the specimen 

should be represent the real world as far as possible, which for heterogeneous samples might 

be difficult to represent in a small scale sample (Haverkamp et al. 1998). Ireson et al. (2006) 

attempted to use techniques based on monitoring the system in its natural condition by direct 

measurement of hydraulic parameters and calculating hydraulic conductivity indirectly. Others 

presented a numerical modelling for different porous media to represent soil moisture 

characteristic curve, for example, Burdine (1953), Brutsaert (1967), Nwabuzor (1984) and Vogel 

and Cislerova (1988), but the most widely used model is that developed by Mualem (1976). 

The Mualem model has been integrated with the three main SMC modelling approaches (BC 

1966, VG 1980, KS 1996). Also, the model is used in a range of flow software, for example, 

HYDRUS and ROSETTA (Ireson et al., 2009). The model is considered as a semi-physical 

model because it includes a range of correction factors, tortuosity being the most notable one.  

The model is based on an assumption that flow of water occurs through a number of parallel 
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capillary tubes, with the application of correlation factors for both pore connectivity and 

tortuosity (Ireson et al. 2009). The distribution of pore size in term of radius (𝑟𝑟) (varies 

from 𝑟𝑟𝑚𝑚𝑖𝑖𝐼𝐼 to 𝑟𝑟𝑚𝑚𝑎𝑎𝑥𝑥 defines the distribution of capillary tubes. For a specific water content, pore 

space of less than or equal to 𝑟𝑟 will be water filled, thus: 

𝜃𝜃(𝑟𝑟) = ∫ 𝑔𝑔(𝑟𝑟)𝑑𝑑𝑟𝑟𝑔𝑔
0                                           2.14 

Where 𝑔𝑔(𝑟𝑟) is a function of the volume of pore water distribution of radii [𝑟𝑟, 𝑟𝑟 + 𝑑𝑑𝑟𝑟] per unit 

volume of media, defined as below: 

 𝑔𝑔(𝑟𝑟) = 𝑑𝑑𝜕𝜕
𝑑𝑑𝑟𝑟

                                                        2.15 

In the Mualem model, relative hydraulic conductivity (𝐾𝐾𝑟𝑟) is defined by both unsaturated 

hydraulic conductivity (𝐾𝐾𝑢𝑢) and saturated hydraulic conductivity (𝐾𝐾𝑠𝑠) (which can be easily 

calculated in laboratory, like using a permeameter), as below: 

𝐾𝐾𝑟𝑟 = 𝐾𝐾𝑢𝑢
𝐾𝐾𝑠𝑠

                                                          2.16 

Only pore space that is filled with water will contribute to hydraulic conductivity, thus, the 

hydraulic conductivity is proportional to the square of pore radius (𝑟𝑟2). Based on this concept 

𝐾𝐾𝑟𝑟 is defined by below equation: 

𝐾𝐾𝑟𝑟 = 𝑆𝑆𝑒𝑒 
𝜏𝜏 �𝑓𝑓 (𝑆𝑆𝑒𝑒)

𝑓𝑓(1)
�
2

,   𝑓𝑓(𝑆𝑆𝑒𝑒) = ∫ 1
ℎ(𝑥𝑥)

𝑆𝑆𝑒𝑒
0 𝑑𝑑𝑑𝑑           2.17 

 

Where, 𝐾𝐾𝑟𝑟 is relative hydraulic conductivity, ℎ(𝑑𝑑) is an inverse function of 𝑆𝑆𝑒𝑒(ℎ), 𝜏𝜏 is an 

empirical parameter that refer to a pore connectivity and tortuosity, and  𝑑𝑑 is a dummy variable 

for 𝑆𝑆𝑒𝑒. 
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Figure 2.15 shows a comparison of the Mualem models simplified equation used in the three 

different unsaturated hydraulic conductivity models (BC, VG, and KS). The BC simplified 

Mualem equation model significantly shows a different shape compared to the VG and KS 

Mualem model which gives similar curve shape, particularly at low matric potential.  

Mualem (1976) used a value of 𝜏𝜏 equal to 0.5 for soil samples, which was then adapted by VG 

and KS models to calculate unsaturated hydraulic conductivity. However, a study by Schaap 

and Leij (2000) for 235 soil samples found that the results could be improved by using several 

values of 𝜏𝜏, which often has a negative value. Moreover, they found that the performance for 

𝐾𝐾𝑠𝑠 might be improved by using matching point values, instead of measuring saturation 

hydraulic conductivity. The value found by matching point was less than 1 order of magnitude 

than the measured 𝐾𝐾𝑠𝑠. This variation in measurements was associated to macroporosity, which 

influence saturated flow, but it has more influence on the unsaturated hydraulic conductivity. 

This finding indicates that the Mualem model is an empirical relationship in which some 

parameters needs optimisation. 

 
Figure 2.15: Comparison of the three models based on Mualem simplified equation (Ireson 

2008) 
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2.2.5 Flow in unsaturated medium  

As in the saturated zone, flow occurs in the unsaturated zone because of hydraulic head 

gradients. The flow process is described by Darcy’s law: 

𝑞𝑞 = −𝐾𝐾 𝑑𝑑ℎ
𝑑𝑑𝑧𝑧

                                                   2.18 

Where 𝑞𝑞 is the Darcy velocity (or specific discharge), 𝐾𝐾 is the hydraulic conductivity and 𝑑𝑑ℎ
𝑑𝑑𝑧𝑧

  is 

hydraulic head gradient. Considering flow occurring in vertical direction (𝑧𝑧) in volumetric 

porous media (Figure 2.16), where flow increases with 𝑧𝑧 (down word direction) and hydraulic 

head is defined by ℎ = 𝜓𝜓 − 𝑧𝑧, during steady state flow, the mass flow into the porous media is 

equal to the mass flow out of from the media, assuming that flow is vertical and horizontal flow 

is neglected, hence. 

 

Figure 2.16: Steady-state vertical flow through porous medium 

 

Mass inflow – mass outflow = 0 

𝜌𝜌𝑤𝑤𝑞𝑞𝑧𝑧 − �𝜌𝜌𝑤𝑤𝑞𝑞𝑧𝑧 + 𝜕𝜕
𝜕𝜕𝑧𝑧

 (𝜌𝜌𝑤𝑤𝑞𝑞𝑧𝑧)� = 0        
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− 𝜕𝜕
𝜕𝜕𝑧𝑧

 (𝜌𝜌𝑤𝑤𝑞𝑞𝑧𝑧) = 0                                                2.19 

When water flows through a volumetric medium, a change in storage condition can occur which 

in saturated condition is given by  

𝜌𝜌𝑤𝑤𝑆𝑆𝑠𝑠
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

                                                                2.20 

Where, 𝜌𝜌𝑤𝑤 is density of water, 𝑆𝑆𝑠𝑠 specific storage and 𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

  is change in head over time. 

By combining equation 2.19 and 2.20 which indicates continuity flow, the equation becomes as 

below, 

− 𝜕𝜕
𝜕𝜕𝑧𝑧

(𝜌𝜌𝑤𝑤𝑞𝑞𝑧𝑧) =  𝜌𝜌𝑤𝑤𝑆𝑆𝑠𝑠
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

                                       2.21 

The density is eliminated from the equation by chain rule and substituting 𝑞𝑞𝑧𝑧 by Darcy’s law 

(2.18), the equation becomes: 

𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾𝑧𝑧

𝜕𝜕ℎ
𝜕𝜕𝑧𝑧
� =  𝑆𝑆𝑠𝑠

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

                                                2.22 

When the media is not fully saturated the change in storage condition is defined by the change 

in water content over time. Also, hydraulic conductivity is changed as a function of 𝜃𝜃 and 𝜓𝜓. 

Thus, the hydraulic conductivity in unsaturated condition is represented by the 𝜓𝜓 term, thus 

the equation will be: 

𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓)

𝜕𝜕ℎ
𝜕𝜕𝑧𝑧
� =  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
                                                  2.23 

In the unsaturated zone, hydraulic head is given by (ℎ = 𝜓𝜓 − 𝑧𝑧), and introducing specific 

moisture capacity (𝐶𝐶) which is defined by the differentiating the moisture characteristic function 

𝜃𝜃(𝜓𝜓). 
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𝐶𝐶 = 𝑑𝑑𝜕𝜕
𝑑𝑑𝜓𝜓

> 0                                                         2.24 

The flow equation will be  

𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓) �

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 1�� = 𝐶𝐶 𝜕𝜕𝜓𝜓

𝜕𝜕𝜕𝜕
                                2.25 

Equation 2.25 is Richard’s equation in term of matric potential (𝜓𝜓), which can be also written 

in terms of water content (𝜃𝜃), or in terms of both which is called the mixed form equation. 

Additionally, it might be important to consider another reservoir of water, called sinks of water 

(𝑆𝑆) which can be used to indicate the amount of water extracted from the surface, such as that 

amount of water taken from plant roots. The amount of 𝑆𝑆 is subtracted in the equation as 

follow: 

𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓) �

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 1�� − 𝑆𝑆 = 𝐶𝐶 𝜕𝜕𝜓𝜓

𝜕𝜕𝜕𝜕
                               2.26 

Furthermore, it is important to consider the effect of elastic storage in the media pore space. 

Some amount of water might be released due to compression of pores and expansion of water 

(Domenico and Schwartz 1998). This could be calculated by a specific storage parameter 𝑆𝑆𝑒𝑒 

and the equation will be below:  

𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓) �

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 1�� − 𝑆𝑆 = (𝐶𝐶   + 𝑆𝑆𝑠𝑠𝑆𝑆𝑒𝑒 (𝜓𝜓) ) 𝜕𝜕𝜓𝜓

𝜕𝜕𝜕𝜕
             2.27 
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2.2.6 Numerical solution of Richard’s equation  

As was mentioned in the previous section, there are three forms of Richard’s equation 

(neglecting water sinks and elastic storage): 

In terms of matric potential 𝜓𝜓:    𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓) �

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 1�� = 𝐶𝐶 𝜕𝜕𝜓𝜓

𝜕𝜕𝜕𝜕
 

In terms of water content:            𝜕𝜕
𝜕𝜕𝑧𝑧
� 𝐷𝐷(𝜃𝜃) �𝜕𝜕𝜕𝜕

𝜕𝜕𝑧𝑧
− 𝐾𝐾(𝜃𝜃)�� =  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
  ;   𝐷𝐷(𝜃𝜃) =  𝐾𝐾(𝜕𝜕)

𝐶𝐶
    

In terms of both 𝜃𝜃  and 𝜓𝜓 (mixed form):    𝜕𝜕
𝜕𝜕𝑧𝑧
�𝐾𝐾(𝜓𝜓) �

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧
− 1�� =  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
                             2.28 

 

To solve Richard’s equation, it is necessary to know the functional relationships between soil 

parameters, for example,(𝜓𝜓), 𝐾𝐾(𝜓𝜓), 𝐾𝐾(𝜃𝜃), 𝐶𝐶 and diffusion 𝐷𝐷(𝜃𝜃). These relationships are non-

linear, and thus a numerical solution technique is used. The different forms of Richard’s 

equation are analytically identical but each have different numerical errors. Brunone et al. (2003) 

summarised the advantage in using each form of the equations, also Jackson (2007) presented 

a detailed review and the amount of error related with the use of each forms of Richard’s 

equation. The water content 𝜃𝜃 form of the equation has an advantage in that the parameters 

𝐾𝐾(𝜃𝜃) and 𝐶𝐶 are usually less non-linear than are used in matric potential 𝜓𝜓 form. But, in 

saturated media it is not applicable as no change in storage occurs during water flow. The mixed 

and matric potential 𝜓𝜓 forms are used for both saturated and unsaturated media, also, in multi-

layer media, it is more advantageous to use the matric potential 𝜓𝜓 form than the water content 

𝜃𝜃 from the equation. The mixed form of the equation has two unknown parameters and is not 

used directly in ODEs solver, which is a code use in calculating a solution. The 𝜓𝜓 form with 

one unknown parameters could be solved by ordinary differential equation or by finite 

difference methods.  
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2.3 Centrifuge application for physical modelling and 

characterization 

Generally, centrifuge techniques are employed in hydrogeology to minimize the time needed to 

reach steady-state condition due to imposing a centrifugal force on the infiltrated water. Hence, 

the main goal of using and developing centrifuge techniques is measuring all variables during 

water flow in soil or rock samples with less time required. The amount of infiltrated water and 

centrifuge acceleration can be independently controlled to get different target unsaturated 

hydraulic conductivity values (McCartney 2007).  

In reviewing the use of the centrifuge tests, herein, the focus is on determining hydraulic 

properties of unsaturated Chalk, in contrast to the broad application of the centrifuge for 

modelling geotechnical processes (Garnier et al. 2007) and pollutant transport (Arulanandan et 

al. 1988). The centrifuge system was used as a valid and efficient technique to measure the 

hydraulic character of the soil and rock samples (Nimmo and Mello 1991). Centrifuge force can 

be produced under well-controlled conditions with minimal disturbance to the sample 

heterogeneity. Indeed, there are several advantages of using centrifuge force rather than high 

pressure to measure hydraulic properties (Nimmo and Mello 1991). Some advantages in using 

centrifuge include: operation is simple and easy, complex pressure or complex fluid flow 

instruments are not needed, and it is possible to measure a range of unsaturated hydraulic 

conductivity values by use of different velocities, so less time is required to make a great number 

of measurements.  

2.3.1 Type of characterization tests in centrifuge 

The geotechnical centrifuge could be used to test hydraulic characterization by using different 

flow designs, including no inflow, steady state flow or transient flow. The no inflow design is 

mainly used to measure specific storage, compressibility, and settlement and to extract fluid 
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from pore space (Lee and Fox 2005). A steady state flow can be defined as a constant amount 

of inflow of water through a sample that equivalent to the outflow of water, leading to the 

constant magnitude and flow direction is within the entire sample. By contrast, transient flow 

happens when the flow rate is not constant, where the amount of inflow and outflow are not 

in equilibrium and magnitude and flow direction is changeable with time. For steady state flow 

techniques, less complex instrumentation is needed to study flow, while for transient flow 

techniques multiple specialized pressure transducers are required (Nakajima and Stadler 2006). 

The table below Table 2.2 shows centrifuge design and type of test according to flow setups. 

Table 2.2: Centrifuge design and flow setups 

Flow setup Test types Selected examples 

No inflow 
Specific storage, pore water extraction, 

compressibility, and settlement 
Lee and Fox (2006); Sacchi et al (2001) 

Steady flow 
Permeability, unsaturated hydraulic 

conductivity, advective solute transport, 

Timms et al. (2014); Bouzalakos et al. 

(2013); McCartney (2007) 

Transient flow Soil moisture characteristic (SMC), permeability 
Parks et al. (2012), Zornberg and McCartney 

(2010); Simunek and Nimmo (2005) 

 

2.3.2 History of the centrifuge permeameter 

The centrifuge method has become standard in the scientific study over this century. The 

technique has become popular in contaminant flow in aquitard media and in the field of soil 

and earth physical studies (Šimůnek and Nimmo 2005). However, using the centrifuge in 

modelling of unsaturated flow has been developed recently (for example, Nimmo et al., 1987; 

Culligan et al., 1997; Nakajima et al., 2003, Timms, 2005 and McCartney, 2007). Generally, two 

methods have been used to calculate unsaturated hydraulic conductivity by the steady state 

centrifuge method, which is internal flow control (IFC) as shown in Figure 2.17, and the 

unsaturated flow apparatus (UFA) (Šimůnek and Nimmo 2005). In the IFC method, the flow 
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of water into the sample is controlled inside the centrifuge, while in the UFA flow is controlled 

from outside of the centrifuge. Both methods have their own advantages and disadvantages, 

the UFA method is faster and has less demand in operation while IFC is more complicated in 

the application and could be used in higher speed centrifuge (Nimmo et al. 2002).  

 
 Figure 2.17: Show IFC apparatus by (Nimmo et al. 1987), 1 - Supply reservoir, 2- Constant-

head reservoir, 3- Upper overflow reservoir, 4- Lower overflow reservoir. 

 

In the IFC apparatus, the sample (core sample) is positioned between fluid filled chambers, a 

ceramic plate installed above and below the sample. The upper chamber is filled with water and 

allowed to infiltrate (with constant head) to the sample by centrifugal force and in the lower 

part of the sample, a ceramic plate is used to apply pore pressure at the lower sample boundary.  

While, the UFA system for unsaturated flow allows water to flow over the sample in a controlled 

amount with free drainage at the base of the sample to the reservoir (Conca and Wright 1998; 

Timms et al. 2003). However, relatively fast angular velocity results in a significant change in 

acceleration along the length of the sample. Moreover, it is only possible to measure the 

effective flow in the sample by dissembling the core holder. In comparison, monitoring of pore 

pressure with time has been successful in good monitoring in large centrifuge systems 
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(McCartney 2007). The UFA apparatus operates with sufficient space to fit instrumentation on 

the sample and a relatively large beam. 

2.3.3 Flow under centrifuge conditions   

Equation (2.28) (Richard’s equation) describes flow in unsaturated media under normal 

gravitational conditions in a real flow situation, which is usually solved numerically using finite 

element or finite differences techniques. A solution of these equation forms can be challenging, 

as the essential functions 𝜃𝜃(𝜓𝜓) and 𝐾𝐾(𝜓𝜓) are nonlinear and might have zero or undefined 

derivation. However, using a centrifuge method, Richard’s equation can be solved analytically 

for steady-state water flow. Centrifuges have been applied for many industrial purpose mainly 

to separate liquids and solids. Flow of water in a porous sample using a centrifuge leads to an 

increase of the acceleration field, which in turn produces a high hydraulic gradient through the 

entire sample. Centrifugation produces centripetal acceleration oriented outward in a radial 

direction and at a distance from the axis of rotation, as in the equation below: 

a = ω2r = Nrg                                             2.29 

Where 𝑎𝑎 is centripetal acceleration, 𝜔𝜔 is angular velocity of the centrifuge, 𝑟𝑟 is distance from 

the axis of rotation, 𝑔𝑔 is acceleration due to gravity and  𝑁𝑁𝑟𝑟 is the ratio between the centripetal 

acceleration and 𝑔𝑔, the subscript 𝑟𝑟 indicates that 𝑁𝑁 changes linearly with radius. 

Figure 2.18 illustrates a schematic view of a centrifuge composed of a container in which to 

place a soil sample with length 𝐿𝐿𝑚𝑚 which spins in the centrifuge around a central axis at angular 

velocity 𝜔𝜔. The centrifuge container has an inlet face at radius 𝑟𝑟𝑖𝑖 from the central axis and outlet 

face at radius 𝑟𝑟0. To be consistent with the convention used in 1g column tests, a coordinate 

𝑧𝑧𝑚𝑚 is defined as positive from the base of the sample toward the central axis of rotation (Avanzi 

et al. 2004) as below: 
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zm = r0 − r                                                     2.30 

The value of the 𝑁𝑁𝑟𝑟 at the midheight of the sample is equal to  𝑧𝑧𝑚𝑚 = 𝐿𝐿𝑚𝑚
2

  of the sample, so the 

𝑁𝑁𝑟𝑟  at the mid-height in the sample is used 𝑁𝑁𝑟𝑟,𝑚𝑚𝑖𝑖𝑑𝑑 which hereafter is referred in this study as 

the “g level’’ and it is used to give a single representative value of 𝑁𝑁𝑟𝑟. This does not indicate 

that the g level is constant through the entire sample. However, the height of the sample is 

usually small compared to the radius (r). 

 

Figure 2.18: Schematic view of a centrifuge permeameter with relevant variables (Zornberg and 

McCartney 2010) 

 

Like in normal gravity, water flow in a centrifugal field is due to a gradient in the total hydraulic 

head, which has two main components pressure head and elevation head (neglecting velocity 

head). In this study, air is free to move into and out of the sample, therefore, the pore air 

pressure 𝑃𝑃𝑎𝑎 is assumed to be atmospheric (𝑃𝑃𝑎𝑎 = 0). Accordingly, matric potential 𝜓𝜓 can be 

substituted for the water pressure 𝑃𝑃𝑤𝑤 (𝜓𝜓 = 𝑃𝑃𝑤𝑤). According to these assumptions, hydraulic 

head (ℎ𝑚𝑚) in the centrifuge is defined as below: 

 ℎ𝑚𝑚 = −𝜔𝜔2

2𝑔𝑔
(𝑟𝑟0 − 𝑧𝑧𝑚𝑚)2 − 𝜓𝜓

𝜌𝜌𝑤𝑤𝑤𝑤
                         2.31 
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The first part in the right-hand of the equation (2.31) corresponds to the centrifuge elevation 

head and the second part corresponds to the suction head. In Darcy’s law, hydraulic 

conductivity 𝐾𝐾(𝜓𝜓) is the coefficient of proportionality between total hydraulic head ℎ𝑚𝑚 and 

water flow velocity 𝑣𝑣𝑚𝑚 through the sample. Nimmo et al. (1987) studied the flow of water in 

steady state condition using Darcy’s law at 1600 g. They defined water velocity  𝑣𝑣𝑚𝑚 as positive 

in the direction of axis of rotation (same as 𝑧𝑧𝑚𝑚). Equation 2.31 could be incorporated into 

Darcy’s law to define 𝑣𝑣𝑚𝑚 as below: 

𝑣𝑣𝑚𝑚 = −𝐾𝐾(𝜓𝜓) �𝜔𝜔
2

2𝑔𝑔
(𝑟𝑟0 − 𝑧𝑧𝑚𝑚)� − 1

𝜌𝜌𝑤𝑤𝑤𝑤

𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧𝑚𝑚

                 2.32 

 

2.3.4 Scaling in centrifuge test 

Scaling is one of the significant points in the use of centrifuge which highlights the importance 

of decrease testing time and one of the main objectives of using a centrifuge. Some variables 

that do not depend on gravity can be scaled 1:1, for example, matric potential, water content, 

viscosity, density, temperature and intrinsic permeability. While, other variables that depend on 

gravity are powered by a scale factor, for example, acceleration, discharge velocity, flow rate and 

travel time. It also involves some other variables that have a scaling relationship like sample 

dimension (length, width and depth) (McCartney 2007). The scale factor is the g-level (𝑁𝑁𝑟𝑟) 

which in this study 300 was used. Butterfield (2000) and Cargill and Ko (1983) defined the 

scaling relation for water flow based on dimensional analysis. They concluded that unsaturated 

discharge velocity is scaled by 1 : 𝑁𝑁𝑟𝑟 , time scaled by 1 : 𝑁𝑁𝑟𝑟2 and flow rate is scaled by 𝑁𝑁𝑟𝑟 (Avanzi 

and Zornberg 2002). The length scale in centrifuge modelling is conventionally assumed to be 

equal to 𝑁𝑁𝑟𝑟, and the acceleration is scaled as in equation (2.29). 
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2.4  Early work in the Chalk unsaturated zone 

Since the 1970s, a variety of studies and methods have been employed to investigate and better 

understand behaviours and flow mechanism is the Chalk unsaturated zone. The approaches 

have been based on the field (Smith et al. 1970; Wellings and Bell 1980), or laboratory 

techniques (Price et al. 2000), and in some recent studies, a combination of both methods is 

used (Brouyère et al. 2004; Mathias 2005; Ireson et al. 2006). Therefore, it is difficult to go 

through each study individually, instead, previous studies have been classified according to the 

main advances of each group. Table 2.3 show some notable works that lead to advancements 

in understanding the Chalk unsaturated zone.  

Table 2.3: Table show key advancement in understanding the Chalk unsaturated zone 

 

Early works  Authors Key advancement (contribution) 

Solute transport studies Smith et al, 1972 
The first study that was formally conducted to study flow 
process in the Chalk unsaturated zone.  It was believed 
that the 85% of the water was transported by matrix flow 
and the remaining 15% by fracture flow. 

Soil physics studies 

Wellings (1984a) 

Using different instruments to monitor physical change in 
the Chalk unsaturated zone during wetting and drying 
process. The study comes out with a concept that 
fractures will start to conduct water only when matric 
potential reaches a certain threshold.  

Gallagher et al. (2012) 
The study was focused on lithostratigraphic controls on 
recharge covering the entire unsaturated zone. 
 

Modelling studies Ireson et al. (2006) 
Develop a model based on the equivalent porous 
medium (EPM) model, where the matrix and the fracture 
are considered as a porous media for conducting water. 

Laboratory studies  

Price et al. (2000), 
 

Study the storage and drainage in the Chalk unsaturated 
zone. Found that the Chalk drainage is about 0.5 to 1% 
of the Chalk pore space.  

 Molyneux (2012). 
The study showed the variation of the hydraulic 
properties of the Chalk from almost zero matric potential 
to lower matric potential using high capacity 
tensiometers, which was impossible to measure before. 

Recharge modelling  Keim et al. (2012) 
Monitor flux from the top unsaturated zone and measure 
amount of discharge in the deep unsaturated zone in a 
tunnel.  
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2.4.1 Solute transport studies 

Flow in the Chalk unsaturated zone was initially supposed to be predominantly through 

fractures. Rapid response of the groundwater level after a rainstorm (Headworth 1972) and 

observation of bacteria boreholes (Maclean 1969) have both been taken as evidence of fracture 

dominated flow. However, a study done by Smith et al. (1970) is considered as the first study 

that was formally conducted to study flow process in the unsaturated Chalk. From 1954 to 1963 

above ground thermonuclear testing was carried out and resulted in the release of tritium to the 

atmosphere. Therefore, the peak level of atmospheric tritium occurred in 1963, and this high 

level of tritium in the atmosphere can be used to study flow in the unsaturated zone. A vertical 

section of samples of the Chalk was taken from the Lambourn catchment, a tributary of the 

Kennet and the Thames. These samples were used to evaluate the distribution of the 

concentration of tritium and water content over depth. The concentration of tritium in rainfall 

was established from 1953 to 1968 from different sources, no measurement was recorded prior 

to 1965 in the UK. Therefore, rainfall tritium concentration data for that period were established 

by correlating from Valentia, Ireland, and Ottawa, Canada. Foster and Smith-Carington (1980) 

concluded that the correlation coefficient between rainfall tritium concentrations of these 

different locations was poor and tritium concentration in the UK rainfall was subjected to 

serious limitations and these correlations should only be taken as a general indication. Smith et 

al. (1970) draw a tritium distribution against Chalk depth (profile) and compared this with the 

tritium concentration of rainfall that was plotted against time (from 1953 to 1963), see Figure 

2.19. It was concluded that the tritium peaks in the depth profile corresponded to the peaks of 

the tritium in the rainfall. According to that peak in the depth profile, they estimate downward 

flow to be 0.88 m/yr. Considering the flow of tritium at that speed rate, then no tritium 

concentration should be presented below depth 13m. However, in this profile, 15% of total 

tritium was observed below this depth. It was believed that the 15% of the water was 
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transported by fracture flow and the remaining 85% by matrix flow. This evidence at that time 

seemed to contradict the widely held view of fracture flow dominated unsaturated flow in the 

Chalk. 

On the basis of this study, several conceptual models for flow mechanism in the unsaturated 

zone have been built (for example, Young et al., 1976; Oakes et al., 1981; Ragab et al., 1997). 

They used 10-15% fracture flow as directly passing to groundwater from effective rainfall. 

However, according to Mathias et al. (2005), the Smith et al. finding may not be reliable because 

they calculated evaporation using Penman’s formula (Penman 1950), for which the result might 

be underestimated by using 120 mm as the upper limit of soil moisture deficit. Also, they 

neglected tritium decay as it has a half-life of 12.3 years. Similarly, from mass balance 

calculations, tritium did not reach the saturated zone, and all remained in the unsaturated zone. 

 

Figure 2.19: Tritium content in the Chalk unsaturated zone from a Berkshire site with rainfall 

tritium concentration in the UK against time (Smith et al. 1970) 
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On the basis of the Foster idea, Young et al. (1976) developed a simple model for solute 

movement which suggests that flow occurs mainly in fractures, while solutes transport and 

diffuse into the matrix. Only tritium concentration was used as a parameter to study flow and 

diffusion between the two domains (fracture and matrix). Some similar studies, Oakes et al. 

(1981); Wellings (1984b); Geake and Foster (1989) and Gardner et al. (1990), have all discovered 

that solute movement is consistent with a uniform velocity model. From these studies, it seems 

that they recognized that both solute and water flow in the Chalk unsaturated zone occur at 

different rates. Thus, the study of solute transport to identify flow mechanism in the Chalk 

unsaturated zone has failed to identify the flow domain in the Chalk. 

A study was done by Zaidman et al. (1999) on solute transport in the unsaturated zone which 

was different from the above studies in that they employed multiple-methods to investigate 

flow process. Methods included laboratory tests, soil physics instrumentation, and remote 

sensing methods. By use of a conductive tracer and then monitoring flow in unsaturated zone 

using resistivity over a ten month period in Yorkshire, UK. The study illustrated that fracture 

flow is a significant mechanism in solute transport, also, the study linked lithological variation, 

the occurrence of marl layers and the incidence of bypass flow. The results of this study illustrate 

the influence of the Chalk heterogeneity on the flow and recharge. The only disadvantage is 

that it is difficult to relate the solute concentration to electrical measurement and ultimately 

measure the percentage of solute that is transported by the matrix.  

2.4.2 Soil physics studies 

The first soil physical study of the Chalk was developed by Wellings and Bell (1980), which 

related to the flow and water storage in the unsaturated zone. Since that time, several studies 

have been carried out including Gardner et al. (1990); Cooper et al. (1990); Mahamood-ul-

Hassan and Gregory (2002); Haria et al. (2003) and Ireson et al. (2006). All these studies have 
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used nearly the same methodology to understand the physical movement of water by using 

different instruments to monitor change in matric potential (𝜓𝜓) and water content (𝜃𝜃).  

The majority of these studies are based on the conceptual framework proposed by Wellings 

(1984a) Table 2.4, which was based on the idea that fractures will start to conduct water only 

when matric potential reaches a certain threshold. Fractures become active when water pressure 

in the matrix exceeds fracture air entry pressure or water fills all the matrix pore space and the 

matrix become saturated or near saturated. It appears that the fracture flow works almost like a 

system closely connected to a threshold active value, which been taken as -5 kPa using capillary 

theory (Equation 2.3) (Price et al. 1993). 

Field measurement of matric potential leads to the calculation of hydraulic conductivity (𝐾𝐾) and 

several charts have been derived based on this relation, for example, Cooper et al. (1990) and 

Mahmood-ul-Hassan and Gregory (2002). The value of saturated matrix hydraulic conductivity 

is between 1-6 mm/day and saturated fracture hydraulic conductivity value is between 50-500 

mm/day using different instantaneous profile methods. According to (Barker 1993), this 

method for calculating hydraulic conductivity cannot be characterized adequately because of 

sloping layers and heterogeneous strata that may cause lateral movement. Also, the value of 

saturated fracture hydraulic conductivity of the saturated zone has been found to be in the range 

between 0.01-100 m/day using packer test (Nativ et al. 2003; Williams et al. 2006). This obvious 

difference in using different methods for fracture saturated hydraulic conductivity may be 

related to two main factors, first, the instantaneous profile method may not observe fully 

saturated fractures; and secondly, there may be enlargement of the unsaturated fracture due to 

dissolution.  
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Table 2.4: Studies carried out on soil physics investigation in the Chalk unsaturated zone, 

instrumentation, study depth and sample frequency (Molyneux 2012).   

Study  Instruments Depth range Sample frequency 

Wellings (1984a) Neutron probe  

Mercury manometer tensiometer 

Gypsum block 

Combined gypsum block and pressure 
transducer tensiometer 

0.2 - 3.0 m 

0.2 - 3.0 m 

0.2 - 3.0 m 

6.0 - 20.0 m  

Weekly  

Daily  

Hourly  

Hourly  

Cooper et al. (1990) Neutron probe  

Mercury manometer tensiometer 

0.2 - 3.0 m 

0.2 - 3.0 m  

1 to 5 per week  

1 to 5 per week  

Hodnet and Bell (1990) Neutron probe  

Mercury manometer tensiometer 

Pressure transducer tensiometer  

0.2 - 3.0 m 

0.2 - 5.0 m 

0.4 - 3.0 m 

Weekly  

Daily  

Hourly  

Mahmood-ul-Hassan and 
Gregory (2002) 

Neutron probe 

Theta probe 

Puncture tensiometer 

Pressure transducer tensiometer  

0.2 - 3.6 m 

0.2 - 1.5 m 

0.2 - 3.6 m  

0.2 - 1.5 m 

Weekly  

Half – hourly 

Weekly 

Half – hourly  

Haria et al. (2003) Neutron probe 

Pressure transducer tensiometer  

0.1 - 6.0 m 

0.1 - 3.0 m  

Weekly  

Hourly  

Ireson et al. (2006) Neutron probe 

Puncture tensiometer 

Pressure transducer tensiometer  

Equitensiometer 

Profile probe  

0.1 - 4.1 m 

1.5 - 3.0 m 

0.2 - 1.2 m 

1.0 - 4.0 m  

0.1 - 1.0 m 

2 weeks  

2 weeks  

15 min 

15 min 

15 min  

Rutter et al. (2012) Shallow tensiometer  

Equitensiometer  

Deep tensiometer  

0.1 - 3.0 m 

3.0 - 5.0 m 

10.5 - 60.5 m 

15 min  

15 min  

15 min 

 

In almost all these studies data were from shallow depth profiles covering soil and the weathered 

part of the Chalk, except the study by Wellings (1984a), which covered profiles of 20m depth. 

However, Rutter et al. (2012) covered matric potential through all the unsaturated zone depth. 

Data used in these studies requires a long time monitoring sites, usually over a number of years. 

Most of these studies poorly recorded the influence of subsurface geology on flow and recharge 
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in the Chalk unsaturated zone. Generally, the presence of the Chalk heterogeneities complicates 

the flow process. For these studies, by not considering the site-specific variation, this may have 

biased the results. This means that the potential influence of chalk heterogeneity in the 

unsaturated flow process remains to be investigated.  

The most comprehensive work was done by Gallagher et al. (2012) and Rutter et al. (2012) 

taking into account the deep unsaturated zone and stratigraphic influence on recharge. 

Gallagher et al. (2012) were focused on lithostratigraphic controls on recharge covering the 

entire unsaturated zone. The research was focused on two main sites in Southern England, the 

North Heath Barn site in Brighton, Sussex (abundant marl seams) and East Ilsley in the 

Berkshire Downs (rare marl seams or undeveloped). Two methods were used in this study, a 

borehole CCTV to show water films in borehole wall and tensiometers which cover from 

topsoil to deep unsaturated zone using Deep Jacking tensiometers. In addition, climate 

conditions and change in groundwater level were monitored. The results show that in the 

Berkshire Downs, where the unsaturated zone is more homogeneous, the matric potential 

generally decreases with depth and much of the time it is below the fracture flow threshold (-5 

kPa). Also, the CCTV survey shows a very limited wet horizon. However, at the North Heath 

Barn site where abundant marl seam was observed by CCTV survey, matric potentials generally 

were high throughout the year and above fracture flow threshold. Also, Gallagher et al. (2012) 

suggested that recharge is occurring throughout the year and through the matrix. Similarly, 

Rutter et al. (2012) studied data obtained from tensiometers installed through 60 m BGL 

through the Chalk unsaturated zone at North Heath Barn. This study showed that the deep 

unsaturated zone remains wet throughout the year, therefore, there is a high potential for 

fracture flow throughout the year. These studies by Gallagher et al. (2012) and Rutter et al. 

(2012) might be complete if water content was monitored simultaneously with matric potential 

through the unsaturated zone which gives a better idea of flow and recharges in the Chalk 



71 
 

unsaturated zone. Also, it would be significant if the results from the field observation could be 

associated with laboratory simulations. 

2.4.3 Modelling studies 

Most recent studies are more focused on modelling the unsaturated zone with intensive studies 

by Mathias (2005), Brouyère (2001) and Ireson et al. (2006).  All these models built on the same 

concept. The approach is based on the equivalent porous medium (EPM) model. The Richard’s 

equation (for flow in porous media) is used in the EPM approach, where the matrix and the 

fracture are considered as a porous media for conducting water. Where fracture flow was not 

individually explicitly modelled but a simulation of representative volume element (RVE) used 

(this is the smallest volume which is sufficient to represent whole physical properties of the 

media (Bear 1979).  

Generally, these three approaches are similar, but the main differences are in the manner in 

which matrix and fracture domains are combined to get whole properties defining the 

behaviour of the equivalent porous medium. Mathias (2005) and Ireson et al. (2006) obtained 

all flow properties by summing matrix and fracture properties while Brouyere (2001) defines 

the matric potential threshold as a switch in flow between matrix and fracture. The method 

used by Mathias (2005) and Ireson et al. (2006) is summarised in Figure 2.20, which illustrates 

how the soil moisture characteristic curve for matrix and fracture domains are linked by use of 

continuity condition.  
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Figure 2.20: Matrix and fracture domain combination in EPM model in the chalk. Subscript s 

and r indicates saturated and residual states, superscript m and f indicate matrix and fracture 

respectively 

 

Brouyère (2001) studied core samples from the Cenonian Chalk of Belgium. Matric potential 

was incrementally decreased to -150 kPa from initial saturation to examine the Chalk matrix 

properties. The fast desaturation (0> 𝜓𝜓 >-0.4 kPa) was neglected which was recognized as 

fracture drainage. The other matric potential and water content data were fitted as a porous 

media using the Van Genuchten model. In the model, the residual saturation (𝜃𝜃𝑟𝑟) is fixed to 

1% in order to decrease the number of fitting parameters. Similarly, fracture porosity is 

supposed to be 1% and fracture air entry pressure was assumed to be -1 kPa, for de-saturation 

of the fracture at low matric potential. The Van Genuchten parameters for fracture (𝑛𝑛𝑓𝑓) and 

fracture residual saturation (𝑛𝑛𝑓𝑓𝑟𝑟) were derived by suggesting the matrix threshold continuity at 

𝑛𝑛𝑓𝑓𝑟𝑟 = 𝑛𝑛𝑚𝑚𝑠𝑠. 

Mathias (2005) used the mercury intrusion method, described by Price et al. (1976), to estimate 

the saturation curve of the Chalk matrix using the Brooks and Corey model. The effective 

saturation for the fractures was estimated at 1% and the fracture saturation matric potential 
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assumed to have a value of -0.005 kPa. This value was chosen arbitrarily in order to obtain 

fracture domain parameters. In contrast, Ireson et al. (2006) calculated Kosugi parameters (KV) 

of the fracture directly from field data. He was able to find more rigorous parameters describing 

the fracture domain. Similar to Mathias (2005), Ireson used the same test method of Price et al. 

(1976) to define matrix properties. The conceptualization of the shallow depth modelled by 

Ireson is characterized by:  

• The proportion of the matrix bulk volume was reduced  

• The proportion of the fracture bulk volume was increased  

• The distribution of the fracture pore size is modified in the way that there is more 

fracture in the near surface with a wider aperture. 

• No change in the distribution of the matrix pore size.  

• It is unlikely that fracture exists in the topsoil profile  

Figure 2.21, Figure 2.22 and Figure 2.23 show the main differences in the results of the main 

three models, wherein Brouyere the matric potential tends to desaturate at values near to -100 

kPa, while in Ireson it tends to desaturate at around -200 kPa, in the Molyneux study (details in 

section 2.4.4), is about -220 kPa (Molyneux, 2012) and in Mathias in -330 kPa (not shown in 

the plot). Each method depended on different matrix and fracture properties which show 

various results. These results and the assumption of the matrix drainage indicate new methods 

are required and a re-examination of these results.   
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Figure 2.21: Comparison of soil moisture characters curve for West Ilsley and Warren farm, 

proposed by Mathias (2005) and Brouyere (2001) (Ireson 2008) 

 

 

Figure 2.22: Soil moisture characteristic curve for West Ilsley and Warren farm proposed by 

(Ireson 2008) 
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Figure 2.23: Typical soil moisture characteristic curve for of the Chalk by (Molyneux 2012) 

 

2.4.4 Laboratory studies  

There is less laboratory work published related to the Chalk unsaturated zone, apart from 

studies by Price et al. (2000), Brouyère et al. (2004) and Molyneux (2012). The work done by 

Price et al. (2000) tested a saturated Chalk sample to examine the matrix drainage for matric 

potential value between -4.9 kPa to -150 kPa using air-water capillary pressure (AWCP) 

apparatus.  With the AWCP method, a mercury intrusion technique was also used to determine 

the pore size distribution of the Chalk, and the internal structure of the Chalk sample 

investigated was observed under scanning electrical microscope (SEM). The results from the 

AWCP indicates that the Chalk matrix drainage (in the absence of irregular surfaces, like 

fractures and fissures) is of the order of 0.15 to 0.4% of the Chalk bulk volume or it is about 

0.5 to 1% of the Chalk pore space. Also, there was a noticeable relationship between the Chalk 

block surface roughness and the amount of drainage, where more water was drained from the 

rougher surface. Likewise, there was a correlation between the ratio of the surface area and the 

amount of drained water, where more water is drained from a larger surface area. These results 

were authenticated with complementary Mercury intrusion porosimetry (MIP) tests conducted 
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on the Chalk blocks and fragmented Chalk samples, which show storage in the narrow pores 

to the fracture aperture Figure 2.24. 

 

Figure 2.24: Diagrammatic representation of the initiation of flow in a fissure between two 

Chalks blocks (Price et al. 2000) 

 

This finding leads to the application of the new concept of the Chalk fissure and fracture filling 

and draining and bring a new conceptual model for flow in the unsaturated zone. Furthermore, 

Price et al. (2000) suggested that fracture flow could be generated at any depth and probably 

initiated at a depth where the matrix hydraulic conductivity is moderately low. Also, the model 

suggested that fracture flow may generate at a level of uniform vertical permeability and mainly 

near the groundwater level rather than near surface zone. However, it is concerning in the study 

by Price et al. (2000) that the upper limit of the matric potential (𝜓𝜓) was -4.9 kPa, which is 

known in soil physics studies as fracture flow threshold. This limit may preclude valuable 

information about fracture saturation and flow, thus, it is possible to say that this study may 

provide partially quantitative analysis of flow and storage in the Chalk unsaturated zone. 
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Therefore, further investigation (field and laboratory) is required to better quantify flow and 

storage in the chalk unsaturated zone. 

A recent study was undertaken by Molyneux (2012) used a combination of laboratory tests, 

geophysical logs, and field instrumentation. Laboratory tests were carried out on Chalk samples 

from three different locations, South Downs (Brighton), North Downs and Berkshire Downs. 

The sample size that was selected to represent the Chalk formations was 38 x 76 mm. These 

samples were investigated in both wet range (0 to -50 kPa) and dry range (-50 kPa to less). The 

instrument used in this study was a high capacity tensiometer (the Durham University–

Wykeham Farrance tensiometer (DU-WF tensiometer)) that has the capability to measure high 

suction of the Chalk and has a small size and automatic records with a data acquisition system. 

The objective of the laboratory work was to investigate the role of surface and water film 

development in the Chalk by determining the soil moisture characteristic curve (SMC). The 

field data provide supporting evidence of the water flow and storage in the unsaturated zone 

and highlighted the role of a geological profile on the flow and recharge process.  

The study showed the variation of the hydraulic properties of the Chalk from almost zero matric 

potential to lower matric potential using high suction tensiometers. The result was linked to 

lithological changes occur in the study area. Moreover, the study provided insights into flow 

and storage in the Chalk unsaturated zone (Figure 2.25). However, the laboratory study 

determined soil moisture characteristic curves (SMC) based on just the change of water storage 

in a small sample (38 x 76 mm) and it could not representative of the way of water flows in the 

unsaturated zone at large scale. Also, the field instrumentation used in the study has a limitation 

in matric potential to -85 kPa. Moreover, in some laboratory data, there is some overstatement 

in the matric potential of the chalk, which in some graphs is extended to -1000 kPa (-10 bar) 

whilst all previous literature records the Chalk matric potential to around -300 kPa, such as 

Mathias (2005); Ireson (2008). Also, the study could not give the change of unsaturated 
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hydraulic conductivity with a change of matric potential and give insight during dry season 

recharge. 

 

Figure 2.25: Data from Molyneux (2012); a. raw test data of matric potential and mass loss 

versus time b. soil moisture curve for a chalk sample  

 

Furthermore, the laboratory work was based on the saturated Chalk sample dried under 

ambient conditions. This method may not be enough to represent flow in unsaturated Chalk, 

and it is better to monitor change in matric potential and water content during actual flow. This 

situation would not be achieved under normal conditions (field), but it could be possible by 

forcing or accelerating water to flow and pass through a chalk sample in different saturated and 

unsaturated condition.  Also using a larger chalk sample (block shape) allow for the investigation 

of flow in different profiles and the use of heterogeneous chalk samples. For detailed mapping 

of flow in the unsaturated zone, it is worth linking groundwater chemistry change to the flow 

process in the unsaturated zone with the data taken from tensiometers during storm events. 

Change in groundwater conductivity will give a good idea of chemical changes in groundwater. 

2.4.5 Recharge modelling in the Chalk 

Various works have attempted to understand recharge mechanism in the Chalk and to identify 

the role of matrix and fracture in the recharge; for example, Wellings (1984a) (more details in 



79 
 

section 2.4.2), Cooper et al. (1990) (more details in section 2.2.4); Haria et al. (2003) (more 

details in section 2.4.2). These studies provide insight into the way that water flows through the 

unsaturated zone, but it still difficult to interpret the recharge process without considering some 

important points, which make these studies are less reliable.  

• Accurate characterization of groundwater responses 

• Monitoring change in both water content and matric potential simultaneously  

• Quantify the effect of top layers and addressing the influence of the Chalk heterogeneity 

to the recharge process 

• There may be a continual recharge in the Chalk unsaturated zone, which it is not 

possible to account using previous methods  

• Choosing appropriate modelling methods that simulate the actual recharge process   

A recent study was done by Keim et al. (2012) on the recharge and flow in the unsaturated zone 

of Cretaceous Chalk, northern England. They monitored change in matric potential and 

volumetric water content of the near surface profile (topsoil and weathered part of the Chalk, 

about 1.5 m depth) with measuring discharge into a 45 m depth subsurface tunnel. A rain gauge 

was used to collect rainfall data, tensiometers to measure matric potential, time domain 

reflectometry (TDR) to measure water content and a drip water collection system was installed 

in the tunnel. The dripper is used to collect water that dripped from the tunnel ceiling and 

collected in a rain gauge to measure recharge (Figure 2.26). The study site was monitored at 15 

min intervals starting from 1st Oct. 2009 to 30th Sept. 2010. The data were interpreted using 

HYDRUS code for one-dimensional (1D) variably saturated media for only winter recharge 

season. HYDRUS 1D was used to estimate drainage fluxes from the near surface profile (1 m 

depth). The profile that was monitored in the near surface was composed of three layers, the 

top silty clay loam layer (0 - 0.3) m, the second silty clay loam with weathered chalk (0.3 - 0.6) 

m and the third weathered chalk (0.6 - 1) m. 
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 Generally, the model prediction gives a good simulation of the recorded data from the top 

surface data and the discharge Figure 2.27. The parameters applied to the model were from the 

periods of December 2009 to March 2010. It was observed that the major discharge events 

occur between December and March where there are highly effective rainfall and less 

evaporation, where the maximum peak discharge was recorded at a rate of 3 mm/h.  Cumulative 

rainfall during that time was 206 mm, where cumulative drainage to 1m depth was 168 mm and 

the rest were gone as evapotranspiration.  

 
Figure 2.26: Subsurface tunnel drip monitoring unit (Keim et al. 2012) 

 

Mainly the outcome of the study was: 

• The near surface profile is important in recharge as it acts as a buffer to rainfall input  

• Recharge depends on the intensity of rainfall event and soil moisture content, rainfall 

events that exceed 48 mm/day produce significant soil drainage peaks 

• It suggested that flow below the soil is largely facilitated through fractures, mainly when 

the response is between 0.5 to 5 days  

• Instead of a matrix and fracture flow threshold, in this study, a convergent flow was 

suggested  
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Figure 2.27: a. time series evapotranspiration and rainfall b. HYDRUS simulated moisture 

content along with observed data, (C and d) HYDRUS simulated matric potential alone with 

observed data, (e) HYDRUS simulated soil drainage at 1 m depth and (f) subsurface discharge 

over the period (Dec. 2009 to March 2010) (Keim et al. 2012) 

 

Like the previous studies, monitoring profiles covered the topsoil and weathered Chalk and the 

modelled flow represented just 1m depth, which neglected the deep thick unsaturated zone, 

which will bias the results. The subsurface monitoring in the tunnel drop ceiling was in the 

middle of the unsaturated zone which may not represent the recharge to the groundwater, 
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whereby recharge definition means the water that is adding to groundwater. Moreover, the 

groundwater response was not considered in this study, which is one of the main parameters in 

study recharge. The study just relies on winter recharge. In general idea this idea is correct, but 

because the chalk has a high storability recharge may continue after that time. 

A thick unsaturated zone has a high storage capacity which causes rainfall attenuation because 

of absorbing rainwater. Consequently, fracture flow events at these thick unsaturated zone sites 

are rare (Haria et al. 2003). Therefore, it is not possible to have a convergent flow where both 

fracture and matrix are conducting water, which most of the water may flow through the matrix. 

Convergent flow may occur when the matrix is saturated or near saturation, but it is not possible 

to happen when the matrix is dry. Also, flow in the fracture is faster than flow in the matrix, 

thus it may not be possible that flow in matrix and fracture occur in a convergent way. Generally, 

this study provides insight into the recharge process, but it is not possible to identify recharge 

without examining the flowing points: 

• Change in vertical and horizontal hydraulic conductivity through the thick unsaturated 

zone 

• Slow drainage in the summer  

• Effect of unsaturated zone heterogeneity on preferential flows 

• It is possible to look at the variability of different layers hydraulic properties in the 

catchment area or in the stratigraphic column using the centrifuge method 

• In the recharge process, it is important to consider water storage and transmission in 

the unsaturated profiles 

• Take into consideration all necessary parameters that involve the recharge process  

A study done by Ireson and Butler (2013) focused on a point scale groundwater recharge in 

both simple and complicated physical based model. It evaluated the use of simple simulation of 

recharge in the Chalk and compares it to more complicated recharge models. Many studies 
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addressed in the previous section, mainly the studies by Ireson et al. (2006), Mathias et al. (2005) 

and Haria et al. (2003) have focused on the development of integral physical recharge models 

to reproduce field observations. However, these studies lead to a complex methodology and a 

large number of parameters with a detail and expensive numerical solution.  

The Ireson and Butler (2013) study were applied in two stages, the first stage involved using a 

physical based hillslope model (the Benchmark model) and the second stage entails using simple 

models (Rushton 2005). Both stages were used to simulate water table response to rainfall 

events, which allows exploration of the validity of both models in recharge in the Chalk. The 

application of the study was to the Chalk in the Pang catchment in Berkshire, England. The 

study site has been monitored extensively for a long time thus, there was plenty of data available 

for this study. The geology of the area was based on the 3D geological model of British 

Geological Survey and boreholes log, which consist of Lower and Middle Chalk. The site 

boundary condition was an ideal for the study of flow process, as water flows through a 

homogeneous media where the flow is parallel with transect (does not converge or diverge) 

(Ireson and Butler 2013). 

The result shows that the simple model performed well at reproducing the water table response 

Figure 2.28. Also, the model suggested that the fracture flow was responsible for sustaining 

recharge in summer periods when the top layers were dry. It was recognized from the literature 

that fracture flow initiated over a threshold and during a specific rainfall condition. Thus, it may 

not be the fracture flow that sustains recharge during summertime, but it can be from slow 

drainage from the Chalk unsaturated zone. (Price et al. 2000) suggested that recharge is 

continuous from the Chalk unsaturated zone throughout the year. Furthermore, by applying 

the simple model it was found that the rainfall intensity threshold did not improve the model 

performance, hence every single rainfall event leads to bypass recharge. In contrast,  Ireson and 

Butler (2011) observed that among 536 rainfall events only 18 of them lead to bypass recharge. 
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A certain rainfall threshold (depends on volume, intensity and duration) was inferred to generate 

this bypass flow, which also depends on antecedent soil moisture. Consequently, a simple 

recharge model provided consistent answers but for incorrect reasons. For example, for a study 

that depends on average yearly water resource assessment the simple model may fit for the 

purpose, but under extreme wet or dry condition, this type of model cannot be adequate.  

These methods based on a comparison of different types of modelling can be suitable and 

useful in identifying the mechanism of recharge and may examine the influence of unsaturated 

zone and profile change on the recharge and flow path. This may be simulated using different 

methodologies, for example, laboratory analogue modelling with actual field data observation 

and use a physically based simulation model.  

 

Figure 2.28: Simple model result (monthly time step), the grey line represents the performance 

of the simple model and the black line benchmark model (Ireson and Butler 2013) 
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2.5 Conclusion  

In this chapter, following the introduction section on the Chalk as a water resource, a summary 

of works that have been carried out to understand the flow and recharge in the Chalk 

unsaturated zone has been presented. This shows the way ideas and techniques have been 

developed during the past three decades of study. This includes inconclusive studies which tried 

to understand the flow and recharge in the Chalk unsaturated zone from tracer studies. This is 

mainly because of the inability to distinguish whether the solutes move through the matrix or 

fracture and how the water exchange between the matrix and the fracture.  

During the past 40 years, various studies have been carried out in the Chalk unsaturated zone 

depending on the physical properties of the Chalk, mainly the physical measurement of the 

matric potential and water content, for example, Wellings (1984a), Cooper et al. (1990), Hodnet 

and Bell (1990), Malek-Mohammadi and Nimmo (2012) and Haria et al. (2003). The techniques 

developed to measure frequency data require long monitoring time and installing adequate 

instruments to measure field data. Most of the work concluded that the matrix is the flow 

domain during the recharge process, with some cases leading to fracture flow probably occur 

in the upper unsaturated zone. Therefore, a new methodology and technique are required to 

measure the Chalk unsaturated properties with less time consumption, to understand recharge 

and flow mechanism in the Chalk unsaturated zone, and understand the influence of subsurface 

geology on flow and recharge. This forms a key research question for this thesis, and the novel 

technique developed and methodology, discussed in the next chapter, are one of the ways that 

progress can be made.  

Other studies attempted to understand the flow mechanism in the Chalk unsaturated zone, for 

example, Price et al. (2000) and Haria et al. (2003). Particularly, the role of the fractures in 

conducting water and storage in the unsaturated zone, these authors note that the matric 

potential controls the degree of saturation in both fracture and matrix (details in Chapters 5 and 

6).  
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Lewis et al. (1993) and Rutter et al. (2012) suggested that there is a potential for continual 

drainage from the unsaturated zone to the saturated zone during summer periods. This creates 

another research question:  is there a continual recharge due to the water retain from the 

unsaturated zone? (details in Chapter 6). 

Rutter et al. (2012) interpreted the matric potential data in North Heath Barn site along the deep 

unsaturated zone, and they noted that the zone remains wet throughout the year. This is because 

of the presence of marl seam along the Chalk unsaturated zone profile (see discussion of the 

influence of subsurface geology in Chapter 7).  

Ireson and Butler (2011) recommended that a simple recharge model provides consistent 

answers in the recharge process in the Chalk if the study depends in average yearly data, but for 

extreme wet daily data condition, the model cannot be adequate. This forms another key 

research question for this study: can a physically based simple model be used to understand 

flow and recharge in the Chalk aquifer (details in Chapter 8).  

 From the literature review, the research questions that arise are: 

• Would be possible to develop and a new technique that addresses the Chalk hydraulic 

properties with less time consumption? 

• What mechanisms control flow and transport in the Chalk unsaturated zone? 

• Can we quantify the influence of the Chalk heterogeneity of recharge and flow in the 

Chalk unsaturated zone? 

• Can modelling methods represent flow and recharge in the Chalk in an adequate 

manner? 
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Chapter 3 

 
 

3 Methodology 

 

3.1 Introduction  

In the previous chapter, the main questions relating to the key components in flow and recharge 

in the Chalk unsaturated zone and the influence of the subsurface geology on the flow process 

were introduced. In this chapter, in order to understand these questions, field and laboratory 

analysis methods have been used to develop an understanding, with the background of existing 

literature, in the recharge process in the Chalk unsaturated zone. The study area has unsaturated 

zone records measured over a long period of time involving installing tensiometers at different 

depths and monitoring rainfall, water level, and groundwater electrical conductivity. In addition, 

a new laboratory method was developed to study unsaturated behaviour of the Chalk, and 

examine the influence of the Chalk heterogeneity on the flow mechanism. Results obtained 

from the field monitoring data analysis and the laboratory method are used in a physically based 

model to identify the suitability of modelling and improve understanding of the flow process. 

In this chapter, these methods are described in more details to give an insight of the methods 

used in this study. 
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3.2 Field monitoring sites and data processing  

The study area (Patcham catchment area in Brighton, UK) has been monitored since 2006 as 

part of the FLOOD-1 project, the focus of that study was in North Heath Barn in north 

Patcham (TQ287105) (Adams et al. 2008). The North Heath Barn site is a relatively undisturbed 

site with a thick unsaturated zone (about 80 m in summer), composed of Upper Chalk 

formations. Two boreholes have been drilled to monitor flow and transport of water in the 

unsaturated zone using three types of tensiometers: shallow tensiometers at depth (0.2, 0.4, 0.6, 

0.8, 1.0, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, and 3.0) m BGL , Equi-tensiometers at depth (1, 2, 3, 4 and 

5) m BGL and deep Jacking tensiometers at depth (15.5, 20.5, 25.5, 30.5, 35.5, 40.5, 45.5, 50.5, 

55.5 and 60.5) m BGL. These tensiometers allow recording of matric potential throughout the 

unsaturated zone profile. Also, a tipping bucket and an accumulative rain gauge have been 

installed to measure rainfall hourly. The water level has been monitored to identify an hourly 

change in groundwater level.  

In addition, data from the CLIMAWAT project were used in this study. This project examined 

the effects of climate change on the Chalk recharge in SE England (CLIMAWAT 2014). The 

study area was almost the same study area in Flood-1 project with updating and modifying of 

the study site and monitoring of some other boreholes. However, CLIMAWAT also recorded 

meteorological data, temperature and groundwater electrical conductivity in North Heath Barn 

site, Pyecombe East and Preston Park (more details in section 6.3) (Figure 3.1). Other 

investigations the study area were carried out as part of a PhD thesis by Molyneux (2012). The 

study was focused on the unsaturated behaviours of the Chalk in south-east England (more 

details in Section 2.4.2). 
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Figure 3.1: a. NHB experimental site, b. NHB tensiometers and rain gauges location, c. NHB 

meteorological station, d. NHB borehole location, e. PP borehole location, f. PE experimental 

site. 

 

This project used the same study area that was used during the Flood-1 project with an update 

and modification of the study site. Modifications included installation of an updated weather 

station including variables necessary for the calculation of evapotranspiration, besides 

conductivity, depth and temperature loggers at North Heath Barn and Pyecombe East.  
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Before analyzing the data, the daily trend in the time series (both water level and electrical 

conductivity) was removed by differencing series values. This step is important to identify any 

hidden seasonal dependencies in the series. Also, it makes the series stationary which is 

necessary to show any daily correlation in the time series data. Correlation of rainfall, 

groundwater level, and electrical conductivity was carried out using daily time series data for the 

two sites. The data was then subdivided into a set of monthly durations according to seasons 

(winter, spring, summer, and autumn) for each year. These seasonal subdivisions were selected 

to identify seasonal differences and response to weather conditions for each site. Individual 

rainfall events were studied to identify any response from the groundwater level and electrical 

conductivity to these events and to build a simple model to detect the flow mechanism in the 

Chalk unsaturated zone. Results vary significantly in shape and patterns for each season and 

between sites. 

Two correlation methods have been used to evaluate the data. These are autocorrelation and 

cross-correlation. Autocorrelation is a correlation of the time series data with itself in both past 

and future values (Chatfield 2004). Autocorrelation is also called serial correlation. If raw data 

is correlated with itself, the result is obviously a correlation coefficient of 1.0. The 

autocorrelation process starts by duplicating the time series data, which are then offset relative 

to each other (Swan et al. 1995). In other words, the two sets of time series data to be correlated 

require pairing each value 𝑦𝑦𝑖𝑖 with 𝑦𝑦𝑖𝑖+𝜏𝜏, where 𝑖𝑖 gives a position in the time series and 𝜏𝜏 is the 

time lag. The correlation coefficient between the time series and a displaced copy of itself is 

known as the autocorrelation coefficient (𝑟𝑟𝜏𝜏). The main use of autocorrelation in this study is 

to investigate any repeating patterns in time series data, such as the presence of seasonality or 

other trend of repetition. The time series is considered to show autocorrelation if there is 

correlation between the lagged times of the time series data. At zero lag the autocorrelation 
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coefficient (𝑟𝑟𝜏𝜏) is 1.0 and it will decrease as the lag increase. The increase in lag time smooths 

the data, and any high positive peaks in the (𝑟𝑟𝜏𝜏) indicate a degree of cyclicity in the data.  

rt = (n−τ)∑yiyi−τ−(∑yi ∑yi−τ)

��(n−τ)∑yi
2− (∑yi)2�  �(n−τ)∑yi−τ

2 −(∑yi−τ)2�
            3.1 

Cross-correlation can be defined as the comparing of two-time series data with each other to 

determine positions of pronounced correspondence (Davis 2002).  In this correlation, it is 

possible to calculate the strength of the comparison between two-time series data and measure 

the time lag or offset of time corresponding to each other. The equation of the cross-correlation 

can be defined as below, if we designate the two time series as (𝑑𝑑) and (𝑦𝑦) and the number of 

overlaps between the two time series as (𝑛𝑛). 

rm = n∗∑xy−∑x∑y
�[n∗∑x2−(∑x)2][n∗∑y2−(∑y)2]

                                3.2 

This correlation is used most appropriately to measure similarity and differences of two-time 

series data as a function of the time lag, or in other words to investigate the correlation of two-

time series data one relative to the other. The relation between the two variables results in cross-

correlation function (CCF) which varies between 1.0 to -1.0, where, if the result is positive, 

mean that with an increase in one variable the other will increase too. Negative correlation 

means that with an increase in one variable the other will decrease. Also, if the result is zero it 

means there is no correlation. These two correlations (autocorrelation and cross-correlation) 

were calculated in this study from time series data using a statistic software known as Statistical 

Package for the Social Sciences (SPSS), by IBM (IBM SPSS statistics 22). A significant 

correlation at 95% confidence level is selected to be greater than the standard error ~ 2
√𝑁𝑁

 (Diggle 

1990), where 𝑁𝑁 is the number of values in the time series data set. This will efficiently test the 

assumption of no correlation and consider that the variance is finite and normally distributed 

about a mean of zero.  
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These two correlations (autocorrelation and cross-correlation) were calculated in this study 

from time series data using SPSS. Figure 3.2 shows an example of a cross-correlation between 

rainfall and daily change in groundwater level, in December 2012, at North Heath Barn site. 29 

mm of rainfall occur on the first day, the pulse reaches the groundwater on the third day, which 

during this period most of the correlation was positive except in the first two days and day nine 

where the correlation was negative. The negative lags are generally neglected in this study as 

they do not give extra information and indicate that these two time series data are out of phase. 

On the third day, the positive correlation is above the significant level, and is hydrogeologically 

significant, showing the groundwater response to the rainfall event.   

 

 
Figure 3.2: An example of cross-correlation result (in the bottom) for the rainfall and response of 

groundwater level to the rainfall event (top).  
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3.3 Centrifuge techniques 

Centrifuge techniques have been developed over the past few decades to provide accelerated 

models for water and solute transport through low permeable materials that would take 

significantly long periods to study otherwise (Nimmo and Mello 1991; Conca and Wright 1998; 

McCartney 2007; Timms et al. 2009). In this study the main reason for using centrifuge 

experiments are:   

• To provide a short time scale for experiments with variable input conditions.  

• To provide a novel route for determination of unsaturated zone hydraulic parameters.  

• To provide a controlled environment for the experimental investigation of the effects 

of the Chalk heterogeneities on recharge process.  

3.3.1 Centrifuge acceleration 

Centrifuge force can be defined as a body of force that accelerates solid and liquid face of a soil 

or rock samples (Timms et al. 2014). The samples (physical model) experience a stress equal to 

a full-scale prototype (Nimmo and Mello 1991). According to Newtown’s second law, the 

centrifugal force is produced by a circular rotation of a mass (m) with a tangential velocity (𝑣𝑣) 

at a distance (r) from the centre of rotational axis. 

𝐹𝐹 = 𝑚𝑚𝑎𝑎 = 𝑚𝑚𝑣𝑣2

𝑟𝑟
                                            3.3 

Where 𝑎𝑎 is the centrifugal acceleration in m/s2, and 𝑟𝑟 is the radius of the rotation, the angular 

velocity (𝜔𝜔) is equal to velocity over radius. Thus, acceleration force is equal to, 

𝐹𝐹 = 𝑚𝑚 𝜔𝜔2 𝑟𝑟                                                    (3.4) 

The centrifuge acceleration at any point from the centre of rotation (𝑟𝑟) is calculated as below: 

𝑎𝑎 = 𝜔𝜔2𝑟𝑟 = 𝑁𝑁𝑔𝑔                                             (3.5) 
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The angular velocity in the centrifuge is recorded in RPM (rotation per minute), so angular 

velocity related to RPM write as flow  

𝜔𝜔 = 2𝜋𝜋 𝑔𝑔𝑅𝑅𝑅𝑅
60

                                                   (3.6) 

The N scale for a given rotation (RPM) and radius is calculated by substituting equation 3.3 and 

3.4 which give equation 3.5 as below 

𝑁𝑁 =  1.118𝑑𝑑10−3 𝜔𝜔2𝑟𝑟                                      (3.7) 

Where 𝑁𝑁 is scale factor (scale related the centrifuge acceleration to Earth’s gravity constant, g), 

𝜔𝜔 is a rotational speed in RPM and 𝑟𝑟 is radius from the axis of rotation. 

The centrifuge driving force for accelerating water flow and the 𝑁𝑁 scale is directly proportional 

to the radius and the square of rotational speed. A suitable value of 𝑁𝑁 scale and water flow 

could be found by finding the value of the centroid radius of the sample. To minimise the 

problem of the variability of 𝑁𝑁 scale throughout the sample and acceleration of flow with a 

specified acceleration, a centrifuge needs to have a large radius and slower angular velocity 

(Timms et al. 2009). For that reason, the Broadbent Geotechnical Centrifuge (BGC) has 750 

mm radius with 683 RPM which allows provision of 300 g. This makes this centrifuge suitable 

to use for hydrological studies. 

The results obtained using centrifuge techniques have been used to provide an expedited 

measurement of soil moisture curve (SMC) and unsaturated hydraulic conductivity for a single 

chalk sample in a single test using steady state infiltration. The advantage of the centrifuge use 

for hydrological purposes is the method developed non-intrusively and non-destructively 

measurement of the matric potential and water content in the sample during centrifugation. A 

data acquisition system was used to collect data and store data while the centrifuge was inflight 

situation.  
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3.3.2 Geotechnical centrifuge  

The Broadbent Geotechnical Centrifuge (BGC) is an upgraded geotechnical centrifuge which 

is able to produce a high acceleration environment. It is used to subject a soil or a rock specimen 

to high artificial gravity in order to allow small scale models tested over a short time to be 

representative of much larger real life structures over a much longer period of time. This high 

artificial gravity is produced by centrifugal acceleration due to high-speed rotation which 

depends on rotation speed and radius of the beam (rotational axis).  

𝑔𝑔 = 𝜔𝜔2𝑟𝑟
895

                                                    (3.8) 

Where: 

𝑔𝑔 = centrifugal acceleration, in this study we refer to it as a Ng (number of the Earth’s gravity 

field)  

𝜔𝜔 = rotational speed (rotation per minute, RPM)  

𝑟𝑟 = radius from axis of rotation (meters) 

The centrifuge performance is defined by the mass of the payload that could be connected to 

the centrifuge rotation beam at Ng. Thomas Broadbent and Sons Limited (2010) state that  

“The payload is defined as all the exponential mass added to the bare centrifuge, for example, 

swinging cradle, drum channel or permeameter body, experimental sample, sample container, 

instruments, cables, and pipes’’. As each payload item has a different radius and, therefore, 

different accelerations, the actual payload capacity is appropriately defined as the total mass 

moment of payload (summation of all mass x radius of all items) allowed at a given speed.  

𝑀𝑀 = ∑𝑚𝑚  

𝑀𝑀𝑅𝑅 = ∑𝑚𝑚𝑟𝑟                                                        (3.9) 

Where  

𝑀𝑀 = total mass of payload (kilograms, kg) 
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𝑚𝑚 = mass of each payload items (kg) 

𝑟𝑟 = radius of centre of gravity of each payload item (meters, m) 

𝑀𝑀𝑅𝑅 = total mass moment of payload (kilogram meters or kg x m) 

The applied payload force on the centrifuge beam is the sum of the product of mass and 

centrifugal acceleration for each payload items. 

 

 𝐹𝐹 = 𝑅𝑅𝑔𝑔𝜔𝜔2

91.2
                                                     (3.10) 

𝐺𝐺𝐺𝐺 = 𝑅𝑅𝑔𝑔𝜔𝜔2

895000
                                                  (3.11) 

Where: 

𝐹𝐹 = total centrifugal force (Newtons or N) 

𝐺𝐺𝐺𝐺 = total centrifugal force (G-tonnes)    

The Broadbent GT6/0.75 geotechnical centrifuge is built by Thomas Broadbent and Sons, with 

7.5 kW drive motor and a variable speed of 10 to 638 RPM. A cross section of the centrifuge 

used in this study is shown in Figure 3.3. The centrifuge is set up with a spindle and a bearing 

assembly connected with a belt-driven motor (D160M, 7.5 kw, 3 phase, 4 poles) to spin the 

centrifuge container. The maximum rotation speed of the motor is 638 rotation per minute 

(RPM) which is equivalent to 300 g acceleration. A beam rotor pivot of radius 375mm is placed, 

with 2 payloads (container) attached at both ends to be in balance. The maximum payload 

attached to pivots at each end is 20 kg (90 KN) centrifugal load at 638 RPM) and the payload 

at each strongbox should be balanced and the maximum allowed weight differences is 1 kg. 

The total radius from the centre of the spindle to the base of the strongbox (including the beam) 

is 750 mm which the largest force is on the base of the strongbox Figure 3.4. Table 3.1 describes 

the specification and performance of the centrifuge system used in this study.  

 

http://www.unitconversion.org/force/kilonewton-conversion.html
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Table 3.1: Specification and performance details of the centrifuge used in this study 

Centrifuge Dimensions 

Diameter (lower rotary stack) 75 cm 

Radius to the top of the Chalk sample 57 cm 

Radius to the base of the Chalk sample 69 cm 

Radius to the base of the reservoir  75 cm 

Reservoir capacity  1000 ml 

Centrifuge Performance 
Rotation al speed  10-638 RPM 

Maximum sample length 30 cm 

Maximum sample width  12 cm 

Maximum sample depth  12 cm 

Maximum continuous out of balance Mass moment 1 kg x m 

 

 

Figure 3.3: The Broadbent Geotechnical centrifuge (left) and the centrifuge setup (right) 

(constructed by Thomas Broadbent and Sons LTD)(Thomas Broadbent and Sons Limited 

2010) 
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Figure 3.4: Centrifuge strongbox (left), and radius (in mm) for some strongbox item inside the 

centrifuge (right) (Thomas Broadbent and Sons Limited 2010) 

 

 

The maximum dimension that can be tested in the centrifuge strongbox is 300 mm (L) x 180 

mm (H) x 120 mm (W) (of size 6480 cm3, equivalent to 6.48 litre), which is related to prototype 

(real scale) dimensions of 90 m × 54 m × 36 m at 300 g. This is adequate to test a varied range 

of scaled models. Image and video can be captured through the viewing Plexiglas window in 

the strongbox which permits in-flight observations in the model.  

The centrifuge has hydraulic rotating fluid connections placed at the centre of the shaft which 

allows delivery of air and water in flight. Many centrifuges in the world use a cylindrical strong 

box to measure hydraulic properties as shown in Figure 3.5, but in this research, the rectangular 

container is used in the same way as a cylindrical strongbox.  
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Figure 3.5: Hydraulic characterization centrifuge permeameter (McCartney and Zornberg 2010) 

 

Figure 3.6 shows the modified container used instead of cylindrical shape which is normally 

used in centrifuge permeameter (as shown in Figure 3.5). A 300 mm × 100 mm × 50 mm 

aluminium plate was built to be used as a reservoir with the ability to collect 1000 ml outflow 

water. Above the reservoir, a 300 mm × 100 mm × 3 mm slot and the porous aluminium plate 

are used to hold the Chalk sample and add strength to the reservoir and allow water to pass into 

the reservoir as shown in Figure 3.7. 

The modified strongbox can hold a rectangular sample having 300 mm length, 100 mm width, 

and 120 mm height. The strongbox has 8 holes (4 on each side), of which two are used to drain 

water from the reservoir; another hole is used as an air vent. The air vent, located at the top of 

the outflow reservoir close to the bottom of the aluminium plate which connected the reservoir 

with the outside (atmosphere) (Figure 3.21). In that way a zero pressure outflow boundary will 

be produced, thus, atmospheric pressure can be neglected. 
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Figure 3.6: a. the centrifuge strongbox, b. the lateral view of the modified strongbox that suitable 

to use for hydraulic propose (Thomas Broadbent and Sons Limited 2010), porous aluminium 

plate to hold the Chalk sample and allow water to pass through. 

 

 

Figure 3.7: the Chalk sample inside the strongbox  
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3.3.3 Flow system 

Water can enter the system from outside of the centrifuge through two fluid channels (Figure 

3.3) and it will pass along the rotary union and leave from a flexible plastic tube (4 mm outer 

diameter and 2 mm inner diameter). These features in the centrifuge permit self-control of flow 

rate, which allows investigation of wetting and drying conditions. The plastic tube is used to 

permit free rotation of the cradle as it swings up during centrifugation. The tube is connected 

to an aluminium pipe (of 4 mm outer diameter and 0.5 mm inner diameter) by 4mm T-shape 

connector above the sample. The aluminium pipe used to distribute water uniformly along the 

top of the sample by 6 small holes along the pipe in the way that each side contains 3 holes 

Figure 3.8. The diameter of the holes is different from the centre to the end of the pipe to 

minimize loss of water pressure along the pipe. The first hole from the inlet water is 0.3 mm, 

and in the middle there is 0.35 mm and the last hole has 0.4 mm diameter. The pipe is located 

just above the Chalk sample, it is connected to a supporter at both ends, to allow spreading 

water over the sample. 

Water is supplied to the centrifuge using a Jasco 980U HPLC pump, which provides flow rates 

range from 1 µl/min to 10.0 ml/min in 1 µl/min steps, with a flow rate accuracy of ± 2% of 

setting or ±10 µl/min. The pump was selected as it can apply a continuous and steady flow rate. 

This pump allows control of the infiltration rate in the centrifuge, and it allows measurement 

of different hydraulic conductivity values. Also, the pump allows use of different fluids, but in 

this study distilled water is used in all infiltration test study, having 0.067 µS/cm electrical 

conductivity. A 1000 ml graduated cylinder is used as an inflow reservoir. Water flows to the 

top of the sample through the aluminium pipe (as mentioned in the previous paragraph) as the 

top of the sample is open to the air which allows air to enter the system and from the open hole 

in the reservoir air freely leaves the system. This situation leads air pressure inside the sample 

to be equal to the atmospheric pressure.    



102 
 

 

 

Figure 3.8: Show infiltrated water system used to add water over the Chalk sample, (top) the 

sketch of the water system, (bottom) the water system in the centrifuge  

 

After water flows through the Chalk sample, it will collect in the outflow reservoir. The outflow 

reservoir is shown in Figure 3.6 (b). The reservoir has l000 ml capacity which is connected to 

the base of the Chalk sample by the aluminium porous plate as shown in Figure 3.7 (c). Water 

can be emptied from the reservoir by opening the screw located at the bottom of the container 

without extracting the chalk sample and instruments. This situation made it possible to run 

many tests with the same sample arrangement and save a lot of time. The amount of water 

collected in the reservoir is measured using a PDCR-81 pore pressure transducer (hereafter ppt) 

which has a small size and low mass. The ppt is installed in the bottom of the reservoir 
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horizontally and 100 ml of water are added so that the sensor is covered, which allows it to 

record any additional water.  

Figure 3.9 illustrates a schematic view of the centrifuge container with the sample with height 

𝐿𝐿𝑚𝑚 which spins in the centrifuge around a central axis at angular velocity (𝜔𝜔). The centrifuge 

container has an inlet face at a radius 𝑟𝑟𝑖𝑖 from the central axis and outlet face at a radius 𝑟𝑟0. To 

be consistent with the convention used in 1 g column tests, a coordinate 𝑧𝑧𝑚𝑚 is defined as 

positive from the base of the sample toward the central axis of rotation (Avanzi et al. 2004) 

(Equation 2.3). 

 
Figure 3.9: Schematic view of a centrifuge permeameter with relevant variables 

 

 

3.3.4 Instrumentation  

There is a limitation in using sensors in this centrifuge because there are only 16 slip-rings that 

allow wiring to pass through the rotary union Figure 3.3. These slip-rings allow continuous 

measurement of data during inflight condition, but depending on the flight speed (𝜔𝜔), the slip 
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ring may cause noise to the data during recording (more details in section 3.6.2). With the 16 

slip-rings, it is possible to connect only 6 sensors to any sample in the cradle and only 5 sensors 

when using a camera with lighting for recording. The wiring in the centrifuge could be changed 

according to the type and number of sensors used in the centrifuge. The outlet wires were 

connected to a data acquisition system, and this, in turn, was connected to a computer unit. The 

sensors used in this study were mainly used for recording matric potential, water content, and 

water discharge from the sample. In this section, each sensor will be described in detail with the 

method of saturation and calibration. 

 

3.3.4.1 The Durham University–Wykeham Farrance tensiometer (DU-WF 

tensiometer) 

This type of tensiometer has the ability to measure direct water suction up to -1000 kPa (-10 

bar) relative to atmospheric pressure. This sensor is generally used in hydrological studies to 

determine the soil characterization curve and unsaturated hydraulic conductivity (Lourenço et 

al. 2008). The high suction tensiometer is composed of a high air entry pressure porous stone, 

a small reservoir of water and in behind a pressure transducer as shown in Figure 3.10. When 

the tensiometer comes into contact with the sample surface, the water in the reservoir 

equilibrates to the water pressure in the Chalk. This pressure is then transmitted to the pressure 

transducer. Saturation and calibration of the Tensiometer and water pressure transducer are 

described in section 3.3.5 and 3.3.6. This tensiometer was tested in the centrifuge to measure 

the Chalk matric potential, but due to the size of this tensiometer, the conection with the Chalk 

sample was loss under the high centrifuge force. Thus, a smaller tensiometer (called water 

pressure transducer) was used in most of the centrifuge test (details in section 3.3.4.3). 



105 
 

 

Figure 3.10: Typical high suction tensiometer (The Durham University–Wykeham Farrance 

tensiometer) (Lourenço et al. 2008). 

 

3.3.4.2 Pore pressure transducer (PDCR-81) (ppt) 

This ppt has a miniature design by Druck Ltd model PDCR-81 which has a small size and low 

mass. The maximum estimated pressure is 100 kPa (in both positive and negative pressure) that 

is expected to be measured during the test by the transducer. The main components of the 

transducer are the head which contains a porous stone in the front. A water reservoir which 

connected to a silicon diaphragm, the diaphragm has four strain gauge (Wheatstone bridge) 

attached in a full bridge configuration. The porous stone from the front and the steel casing 

protects the reservoir and the diaphragm. These parts are protected by a strong construction 

that is composed of a steel outer casing Figure 3.11. A thin cable is used to connect the sensor 

to a data acquisition system. 

 
Figure 3.11:  Pore pressure transducer (ppt) (PDCR-81) (Take and Bolton 2003) 
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This sensor is used to measure the amount of water discharged to the reservoir after it passes 

through the Chalk sample during centrifuge flight. The ppt is sealed horizontally to the base of 

the reservoir allowing the porous stone to have a maximum space to record the amount of 

water passed through the Chalk sample. A known amount of water (100 ml) is added to the 

reservoir in advance to begin to records water discharged from the sample, and it is not allowed 

the pore stone to dry out in the beginning of the test. The sensor has been calibrated during a 

centrifuge flight with different amount of discharge Figure 3.12. The accuracy of the sensor is 

+ 0.2% with the ability to detect 0.1ml of discharged water. 

 

Figure 3.12: Calibration of the pore pressure transducer (ppt) in the centrifuge (outflow)  

 

3.3.4.3 EPB-PW Miniature Water Pressure Transducer (WPT) 

The EPB-PW pressure transducer (wpt hereafter) is specifically designed for pore water 

applications in either centrifuges or laboratory equipment. It can be used on clay or sand based 

materials. The aim in using this sensor was to measure matric potential of the Chalk sample in 

centrifuge condition. It has the ability to measure absolute pressure (positive and negative) circa 

15 kPa. The sensor has a rugged construction made of Titanium which could not be affected 

by external clamping force when it used, particularly in centrifuge condition. It has a miniature 
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design of 6.4 x 11.4 mm which is as same as an IP81 model from Druck but this sensor is more 

rugged than this model Figure 3.13.   

 
Figure 3.13: The properties of the sensor are as follow (Measurement Specialties Ltd. 2014) 

 

Pressure range  +, -1500 kPa sealed gauge  
Output  125 mv 
Operating temperature  -40 to 80c 
Excitation  5 volt DC 

 

Three wpt are used in this study to monitor matric potential gradient in the Chalk sample. The 

sensors were installed at different depths starting from the top to the bottom of the Chalk 

sample, 3, 6 and 9 cm. Figure 3.14 show schematic dimensions and locations of the wpt installed 

in the Chalk sample. The length of the chalk sample (120 mm) allows instalment of three wpt 

which has a miniature design. These pressure transducers are not only used to measure the 

matric potential, but it can be used to measure a suction gradient. (Saturation and calibration of 

wpt are described in section 3.3.5 and 3.3.6).  

 
Figure 3.14: Instrumentation layout in the centrifuge permeameter with dimension 
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3.3.4.4 Frequency Domain Reflectometry (FDR)  

Frequency domain reflectometry (FDR) is used in many science and engineering applications 

to calculate Apparent Dielectric Permittivity (εa) and electrical conductivity of the surrounding 

medium, from which the volumetric water content can be determined (Siddiqui et al. 2000). 

The FDR uses an electromagnetic field to measure the dielectric permittivity and it involves 

measuring the travel time of the electromagnetic pulse applied from the sensor prongs (Ju et al. 

2010). Typically, the sensor prongs (waveguide) are buried inside the medium mass. The pulse 

is reflected by any variation in the impedance along the transmission probes. The dielectric 

permittivity of the water in the pore space of the medium affects the velocity of the reflected 

pulse, which is greater than that of air and media particles. the velocity of the reflected pulse 

indicates the dielectric permittivity of the medium mass, which it can be correlated with the 

volumetric water content of the medium (McCartney 2007). Water has a high dielectric 

permittivity (approximately 81) compared to that of soil particles (4) and air (1), thus, the pulse 

is sensitive to the water content in the medium (McCartney and Zornberg 2010). 

The FDR system used in this study is the Decagon GS3, developed by Decagon Devices, Inc. 

Pullman, USA. The GS3 has a slim shape with dimensions 93, 24 and 65 mm, and the 

waveguides are three stainless steel cylindrical 55 mm long prongs. It is developed to be used in 

different type of substrates because of its slim shape and stainless steel needles. In this study, 

the FDR was used to measure volumetric water content in the Chalk.  

The GS3 measurement volume is shown in Figure 3.15, where the measurement dimension has 

an ellipsoidal cylinder shape with 70 mm length and 25 mm radius. This measurement 

dimension is suitable to use with the Chalk in a centrifuge container. The FDR supplies a 70 

MHz oscillating wave to the prongs that charge depending on the dielectric constant of the 

Chalk. According to Xu et al. (2012), 70 MHz is the frequency that has the least influence on 

temperature and salt content in the media. Also, with measuring volumetric water content the 
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Decagon GS3 measures, electrical conductivity and temperature. The stored charge is 

proportional to the Chalk dielectric constant and water content. The GS3 microprocessor 

calculates the charge and outputs a value of dielectric permittivity of the Chalk. The output 

values are converted to the volumetric water content by a calibration equation specific to the 

Chalk.  

 
Figure 3.15: Show Decagon GS3 with idealized measurement volume  

 

To calibrate of the GS3 probe, it is recommended to conduct a specific calibration for each 

material, in this study a Chalk sample was used. To perform the probe calibration, a known 

volumetric Chalk sample was used with dimensions suitable for idealized measurement volume 

of the probe, which is around 175 cm3. The probe was connected to a dry Chalk sample and 1 

ml of water for every 10 cm3 of Chalk sample added, this will increase volumetric water content 

by 10%. Water was added to the Chalk sample in even increments and the probe reading 

recorded until saturation was reached Figure 3.16. The accuracy in most mineral soils is 

approximately ± 5%. 
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Figure 3.16: Calibration of the FDR (GS3 sensor) with the Chalk to measure water content  

 

3.3.5 Saturation of matric potential sensors 

Matric potential sensor performance strongly depends on the porous stone saturation 

(saturation controls maximum measurement of water suction) and accurate calibration. Recent 

studies concentrate on the tensiometer saturation (such as duration and magnitude of the 

positive pre-pressure stage (Lourenço et al. 2008). De-aired water was used to saturate the 

porous stone by using a vacuum pump to extract trapped air and positive pressure to force the 

de-aired water to enter the stone and the reservoir. The pressure that is used to saturate the 

porous stone depends on the design of the sensor and porous stone air entry pressure. A high 

air entry stone requires high pressure with a cycle of negative and positive pressure. The 

maximum measurable water pressure is limited by the porous stone air entry pressure, the 

presence of gas bubbles in the porous stone and nucleation of air bubbles (Take and Bolton 

2003). If any of these mechanisms in the porous stone separate water in the reservoir from 

water in the Chalk, any further matric pressure leads to gas expansion. If all pore space in the 

porous stone is saturated with de-aired water, the water pressure in the Chalk can simply be 
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measured. A variable technique of saturation procedures has led researchers to adopt a 

saturation practice derived from experimental experience.  

(Lowe and Johnson 1960) have applied Boyle’s law (about pressure and volume of the bubble) 

and Henry’s law (bubble solubility) to describe filter element saturation. They applied these laws 

to diagnose problems related to saturation of the elements through the application of back 

pressure. The equation that used was as below: 

∆𝑃𝑃 = 𝑃𝑃𝑖𝑖
(𝑆𝑆−𝑆𝑆𝑖𝑖)(1−𝐻𝐻)
1−𝑆𝑆(1−𝐻𝐻)                                     (3.12) 

Where ∆𝑃𝑃 is the pressure change, 𝑃𝑃𝑖𝑖 initial absolute pressure, 𝑆𝑆𝑖𝑖 is initial degree of saturation, 

𝐻𝐻 is Henry’s constant. The Henry’s constant which the value of air per ml of water at 25°C is 

about 0.02 ml of air (Take and Bolton 2003). Thus, the equation could be written as: 

∆𝑃𝑃100 = 49𝑃𝑃𝑖𝑖(1 − 𝑆𝑆𝑖𝑖)                                     (3.13) 

Where, ∆𝑃𝑃100 is the pressure required for full final saturation; For example, if a filter element 

is dried at atmospheric pressure at 25°C and is simply submerged in de-aired water for saturation 

it requires 4860 kPa pressure to be fully saturated. On the other hand, the same filter element 

could be saturated from an initial vacuum and positive pressure. Therefore, according to the 

equation (3.13) saturation of the pore pressure requires two stages, initial saturation under high 

vacuum then a positive pressure for approaching full saturation.  

3.3.5.1 Initial saturation 

A triaxial cell was fabricated and connected to a single stage vacuum pump with the capability 

of -100 kPa maximum pressure and 0.05 kPa minimum absolute pressure. Two holes were 

drilled in the top plate of the triaxial cell to install the ppt and wpt into the chamber and plugged 

with bungs. A vacuum pump was connected using a pipeline from the top of the cell. The base 

of the triaxial cell is filled with water and vacuum is applied for one hour to de-air the water. 
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The air dry ppt and wpt are inserted and sealed in the cell. Once the sensor’s reading signifies 

that the sensor is in equilibrium with the evacuated cell, the cell is rotated to allow water to 

cover the transducers while under vacuum (Figure 3.17). The transducers were allowed to be in 

this state for 20 minutes, then the vacuum was released and cycles of positive and negative 

pressure were applied as explained in the next step. 

 

Figure 3.17: Triaxial cell used for initial saturation of pore pressure transducer, a. de-airing of 

water and evacuation of the cell, b. saturation. 

 

3.3.5.2 Pre-pressurisation  

The next stage to complete the saturation process includes cycles of positive and negative 

pressure, the vacuum was used to place negative pressure on the sensors while an automatic 

pressure control (APC) was used to apply the positive pressure. The positive pressure that is 

applied depends on the sensors porous stone air entry pressure. For the DU-WF tensiometer 

which has a -1000 kPa air entry pressure, a 1000 positive pressure could be used to enhance 

saturation of the porous stone and force water to pass through it to reach the tensiometer 

reservoir. Also, the positive pressure will extract any remaining air phase within the porous 

De-aired water 
De-aired water 
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stone. Each cycle involves introducing the sensors that are installed in de-aired water, under 

vacuum for 1 hour and then releases the vacuum and applies 1000 kPa pressure for another 

hour. The saturation then will be completed after 5 cycles (Figure 3.18), and the tensiometer 

left in de-aired water under atmospheric pressure to allow for saturation until it is used. 

 
Figure 3.18: Show saturation of wpt using cycle of negative and positive pressure 

 

3.3.6 Calibration of the matric potential sensor 

Each pore pressure transducer needs to be calibrated before and after use depending on the 

expected pressure range of the sensors. The performance of the pressure sensors strongly 

depends on their accurate calibration. Calibration could be defined as the relation between a 

known imposed value and the measured value from the sensor (Lourenço et al. 2008). From 

the tensiometer and water pressure transducer (wpt), the imposed value (input) is water pressure 

and the sensors reading (output) is a DC voltage. The input (in kPa) and output (in Volts) 

relation is used to derive a calibration factor (assuming a linear relationship). It is also important 

to calculate calibration error, which is the difference between the imposed value (in kPa) and 

the value obtained from calibration equation. 
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All water suction sensors (Tensiometers and water pressure transducer) that are used in this 

study are working in a negative pressure range and calibration would ideally be done by 

imposing the negative pressure. However, tensiometers are generally calibrated in a positive 

range because of the difficulty in generating a negative water pressure in the laboratory. The 

positive pressure is subsequently extrapolated to a negative water pressure (Meilani et al. 2002; 

Take and Bolton 2003). Lourenço et al. (2008) concluded that the extrapolation of the 

calibration from positive to negative water pressure is sufficiently accurate and matches the 

conditions of real use. To assess the accuracy of the extrapolation calibration from the positive 

range, it is significant to get the error (𝑒𝑒) ratio from the equation bellow. 

𝑒𝑒 = |(𝑢𝑢𝑤𝑤)𝑒𝑒−(𝑢𝑢𝑤𝑤)𝑎𝑎|
|(𝑢𝑢𝑤𝑤)𝑎𝑎| ∗ 100%                           (3.14) 

Where 

(𝐾𝐾𝑤𝑤)𝑎𝑎 is the applied target negative pressure  

(𝐾𝐾𝑤𝑤)𝑒𝑒 is the estimated pressure measured by the tensiometer  

Several methods have been studied to calibrate tensiometers in positive and negative rates 

(Lourenço et al. 2008).  Table 3.2 contains a summary of the calibration methods. Calibration 

in a positive way is one of the direct calibration methods that is possible to use; some techniques 

that have been used, include saturation manifold, isotropic and anisotropic condition. In this 

study, the tensiometer, wpt and ppt were calibrated in the direct isotropic technique (Figure 

3.19), with an error below 2.5%.   
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Table 3.2: Different methods for tensiometer, pore pressure transducer and water pressure 

transducer calibrations 

Range Name of technique Direct or indirect Imposed  Medium in with 
measurement is taken 

positive Saturation manifold, 
Isotropic, anisotropic Direct Water pressure Water 

negative 

Vacuum 
Back pressurisation 
Isotropic unloading 
Axis translation 
 

Direct 
Direct 
Indirect 
Indirect 
 

Water pressure (> - 100 kPa) 
Air pressure  
Cell pressure  
Air pressure  

Water 
Air 
Saturated soil 
Saturated/unsaturated soil  

 

On the other hand, two main direct methods were used to impose a negative pressure by using 

a vacuum and back pressurisation methods. The vacuum method is applied a direct negative 

pressure down to -100 kPa. This method is useful for low suction pressure transducers but 

could not be used for high suction sensors due to the limitation of the vacuum pressure.  

 

Figure 3.19: Arrangement for isotropic positive calibration method 

 

 

De-aired water 
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3.4 Methods to calculate unsaturated hydraulic conductivity 

(𝐾𝐾𝑢𝑢) 

Unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) is one of the main significant parameters that govern 

flow in an unsaturated zone, but it is not easy to measure accurately. Researchers have 

developed many methods and techniques to calculate 𝐾𝐾𝑢𝑢 using physical or numerical models. 

The recent numerical method developed by Mathias et al. (2005) and Ireson (2008) estimated 

matrix air entry pressure between -320 to -290 kPa in order to calculate 𝐾𝐾𝑢𝑢, where Brouyère 

(2001) estimated the air entry pressure of the Chalk matric to be -100 kPa. Other researchers 

studied field measurement of 𝐾𝐾𝑢𝑢 (Wellings and Bell 1980; Cooper et al. 1990; Gardner et al. 

1990; Mahmood-ul-Hassan and Gregory 2002), these studies are of limited use as they used 

conventional tensiometers to measure matric potential which is limited to less than -85 kPa due 

to cavitation.  

One of the direct and reliable laboratory methods that used to study 𝐾𝐾𝑢𝑢 of soil is the centrifuge 

permeameter. This method was developed by Nimmo et al. (1987) to measure 𝐾𝐾𝑢𝑢 of soil in 

steady state centrifuge using unsaturated flow apparatus (UFA) (Nimmo et al. 2002). Following 

this study, several studies (Nimmo and Mello 1991; Šimůnek and Nimmo 2005; McCartney 

2007; McCartney and Zornberg 2010) examined centrifuge results such as transient infiltration 

analyses and inverse analysis. Measuring 𝐾𝐾 in the centrifuge requires solving flow equations 

modified for flow conditions in centrifuge techniques (more details in section 2.3.3). The 

transient infiltration method requires numerical solution while steady state flow requires 

physical modification of flow equations. The physical solution of Darcy-Buckingham’s equation 

for steady state one dimension infiltration in a centrifuge field could be expressed as below 

(Nimmo et al. 1987; Conca and Wright 1992). 
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 𝑞𝑞 = −𝐾𝐾𝜓𝜓 �
𝑑𝑑𝜓𝜓
𝑑𝑑𝑟𝑟
− 𝜌𝜌𝑤𝑤𝜔𝜔2𝑟𝑟�                                      (3.15) 

Where  

𝑞𝑞 is the Darcy flux expressed by (L/T) 

𝜓𝜓 is the matric potential  

𝜌𝜌𝑤𝑤 is the density of water (M/L3) 

𝐾𝐾𝜓𝜓 is the hydraulic conductivity in matric potential function (L/T) 

𝜔𝜔2 is the angular velocity (rad/T) 

𝑟𝑟 is the radial coordinate (L) 

Using this equation leads to finding hydraulic conductivity with a formula that is not frequently 

used. It requires simple transformation to calculate hydraulic conductivity in commonly used 

formula (L/T) as below. 

 

𝑞𝑞 = −𝐾𝐾𝜓𝜓 �
𝑑𝑑𝜓𝜓

𝜌𝜌𝑤𝑤𝑔𝑔𝑑𝑑𝑟𝑟
− 𝜌𝜌𝑤𝑤𝜔𝜔2𝑟𝑟

𝜌𝜌𝑤𝑤𝑔𝑔
� =  −𝐾𝐾 �𝑑𝑑ℎ

𝑑𝑑𝑟𝑟
− 𝜔𝜔2𝑟𝑟

𝑔𝑔
�               (3.16) 

 

Where 𝐾𝐾 is in (L/T), 𝑔𝑔 is gravitational acceleration (9.81 m/s2) and ℎ is the pressure head (L). 

While Richard’s equation modified for centrifugal field is  

 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝜕𝜕
𝜕𝜕𝑥𝑥

 �𝐾𝐾 �𝜕𝜕ℎ
𝜕𝜕𝑥𝑥

+ 𝑐𝑐𝑐𝑐𝑠𝑠𝛼𝛼��                                            (3.17) 

Where 

𝜃𝜃 is water content (L3/L3) 

𝛼𝛼 is the angle between gravity and flow direction (0° for vertical flow) 

Zornberg and McCartney (2010) solved Darcy’s equation in more details to measure hydraulic 

conductivity (𝐾𝐾) under centrifuge conditions at steady state infiltration, as follow. 
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𝐾𝐾 = − 𝑣𝑣𝑚𝑚
𝜔𝜔2
𝑤𝑤

(𝑟𝑟0−𝑧𝑧𝑚𝑚)− 1
𝜌𝜌𝑤𝑤𝑤𝑤

 
𝑑𝑑𝜓𝜓
𝑑𝑑𝑧𝑧𝑚𝑚

                              (3.18) 

 

Where, 𝑣𝑣𝑚𝑚 is inflow rate (cm3/min), 𝜔𝜔 is the centrifuge angular velocity (in RPM), g is the 

acceleration due to gravity which is equal to 9.807 m/s², 𝜌𝜌𝑤𝑤 is the density of water at 30°C 

(995.7 kg/m3), 𝑑𝑑𝜓𝜓 is a change in matric potential from one point suction to another and 𝑑𝑑𝑧𝑧𝑚𝑚 

is a change in  𝑧𝑧𝑚𝑚 from the point that suction taken to the other. 

Equation 3.18 shows that hydraulic conductivity (𝐾𝐾) strongly depends on inflow rate and 

centrifuge angular velocity. Therefore, it is possible to get different target hydraulic conductivity 

(𝐾𝐾) by changing the imposed value of flow rate and centrifuge angular velocity. Also, it is 

possible to measure unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) using this method. Similarly, the 

equation does not neglect the matric potential gradient and allows demonstration of a change 

of hydraulic conductivity with a change in the Chalk suction gradient. Different Chalk samples 

were tested using diverse flow rate (less than saturated amount) to test the unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) change with different flow rate and different suction.  

 

3.5 Fieldwork and sample preparation 

The Upper Chalk group is the dominant group that covers the area. It consists of Lewes 

Nodular chalk, Seaford chalk, Newhaven chalk and Culver chalk formations. The main place 

from which it was convenient to collect samples was from local quarries, where also it is possible 

to collect large block samples. Shoreham quarry was chosen as it has a large open outcrop and 

several chalk formations are accessible, including the Seaford and Lewes Nodular chalk 

formations, which are the two formations that cover large parts of the Brighton catchment area. 
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Samples have been collected in the quarry from 6 places as shown in Table 3.3, with coordinate 

and codes.  

Table 3.3: Sample collection from Shoreham quarry, coordinates, and formations 

S. NO. Code Coordinate  Date Created Formation Porosity % 

1 SCW1 N50° 52.061' W0° 
16.990' 07/05/2015 10:33 Seaford Chalk  36.5 

2 SCW2 N50° 52.032' W0° 
16.968' 07/05/2015 10:42 Seaford Chalk  35.7 

3 SCW3 N50° 52.021' W0° 
16.967' 07/05/2015 10:45 Seaford Chalk  35.3 

4 SCW4 N50° 52.109' W0° 
17.007' 07/05/2015 10:51 Seaford Chalk  34.6 

5 SCW5 N50° 52.099' W0° 
17.246' 07/05/2015 11:38 Lewes Nodular Chalk 33.6 

6 SCW6 N50° 52.029' W0° 
17.651' 07/05/2015 12:35 Lewes Nodular Chalk 33.7 

 

Samples 1, 2, 3 and 4 were taken from Seaford chalk formation, all the samples were taken from 

below the Seven Sisters Flint band, and are from the Belle Tout beds which contain Belle Tout 

Marls. Sample 5 was taken from the chalk that lies just above the Shoreham Marls, thus if the 

sample could be properly cut it could be very good to look at the flow with marl in the lower 

chalk rock. 

The Chalk samples needed to be prepared to fit the centrifuge container (300 mm × 180 mm × 

100 mm). Because the Chalk is a soft rock, it was possible to cut it to the required size by normal 

hand saw if there was no flint in the sample. Then, the samples were glued to Plexiglas from 

lateral sides with silicone epoxy to prevent lateral flow between the Chalk sample and the 

strongbox wall.  The top and bottom part of the Chalk remained open to allow recharge and 

discharge water (Figure 3.20). Also, part of the Chalk sample was drilled by a drill corer with 

size 40 mm and 70 mm to measure porosity.  
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Figure 3.20: The Chalk samples glued to a Plexiglas from lateral sides (left), connect of the 

wpt to the side of the Chalk sample (right) 

 

 

3.6 Laboratory preparations  

3.6.1 Sensor connection to the chalk sample 

It is important to connect the sensors (tensiometer, water pressure transducer, and GS3) 

properly to the Chalk sample to secure the best contact with the sample and fix the sensors 

during the centrifuge test. The tensiometer and water pressure transducer sensors were inserted 

into the Chalk sample through a lateral side hole with depth 50mm and 6.5 mm diameter. The 

sensors were stabilized in the holes of the Chalk sample by a screw and spring, which fixed and 

kept the sensor stable during the flight. While the GS3 sensor is installed through 3 holes drilled 

in the lateral side of the Chalk sample Figure 3.21. 
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Figure 3.21: Show connection of the water pressure transducer sensors to Chalk sample 

 

3.6.2 Centrifuge noise  

Because the wiring system passes through the central shaft of the centrifuge by the slip-rings, it 

causes noise to recording data during flight. This noise decreases with increasing acceleration as 

shown in Figure 3.22. Mainly at 250g and 300g the amount of noise is low and has less influence 

on the data recording. In this test, the ppt is used to know the amount of noise caused during 

centrifuge flight. The ppt is left free in the cradle and spin at different centrifuge accelerations.  

 

Figure 3.22: Amount of noise during centrifuge flight relating to the acceleration 
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3.7 Modelling method 

The MODFLOW UZF1 package was selected to simulate unsaturated zone flow in the study 

area, the method developed by Niswonger et al. (2006). The package represents a combination 

of groundwater package and a boundary condition package, where the package can simulate 

evapotranspiration, infiltration and groundwater flow. The UZF1 package is compatible with 

MODFLOW 2005 (Harbaugh, 2005), but not with the previous versions of MODFLOW. It is 

based on numerical solution of one-dimensional kinematic wave equation (Twarakavi et al. 

2008). In the kinematic wave equation, the gravity is the only flow driving force and relates the 

water fluxes to the degree of saturation. The Brooks and Corey (1964) model is used in the 

UZF1 package relating the volumetric water content, hydraulic conductivity and flux. The 

UZF1 package is used through the Groundwater Vistas 6 interface, which can optionally specify 

the unsaturated zone hydraulic properties and water content for the selected simulated area 

through dividing the area to a cell and layers (more details in chapter 8).   

 

3.8 Conclusion  

In this chapter, methods that used in the study were presented. A novel method was developed 

using different  instruments, including miniature water pressure transducer (wpt) to measure 

matric potential (𝜓𝜓) and frequency domain reflectometry (FDR) to measure volumetric water 

content (𝜃𝜃). Also, pore pressure transducers were used to measure the amount of water passing 

through the Chalk sample during wetting and drying tests. These instruments were tested and 

calibrated to be employed in the centrifuge condition.  The advantage of using the centrifuge is 

to provide an accelerated experiment with variable input conditions in a controlled 

environment. The method makes it possible to measure hydraulic properties of the Chalk 

sample in controlled environmental condition. Moreover, the method is used to identify the 
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influence of the subsurface geologies in the flow and recharge along the unsaturated Chalk in 

the study area. The results of the centrifuge tests are presented in chapter 4, and the hydraulic 

properties of the Chalk establish using the centrifuge is presented in chapter 5. Furthermore, 

the influence of the subsurface geology on flow and recharge is presented in chapter 7. 

Time series analysis is presented to use for analysis of the field observation data in three sites in 

the study includes North Heath Barn site, Pyecombe East and Preston Park. These areas have 

been monitored for the past ten years containing, rainfall, matric potential, water level and 

electrical conductivity. Two time series methods are used to evaluate the time series data which 

they are, autocorrelation and cross-correlation. Autocorrelation is used to show any pattern of 

seasonality or repetition in the time series data. Then cross-correlation is used to calculate the 

time required for the water level to respond to rainfall events during varies seasons. The results 

of the statistical analysis are presented in chapter 6. 

Results from laboratory method and field data analysis are used in build physically based 

modelling using MODFLOW UZF1 package, which gives insight into the flow and recharge 

process in the unsaturated zone. With comparing the modelling and the field and laboratory 

results, suitability of using this type of modelling in dual porosity system will be considered. The 

result of the modelling is presented in chapter 8. 
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Chapter 4 

 

 

4 Results from the centrifuge Experiments  

 

4.1 Introduction  

In the previous chapter the methods that were used in this study were introduced, including the 

testing installation used to define the hydraulic characteristics of the Chalk sample in the 

centrifuge model is described in section 3.3, including centrifuge acceleration, flow system and 

instrumentation used during the tests.  

In this chapter data provided from the centrifuge tests are presented in three stages. The testing 

procedure are shown beside the results. The results include wetting tests (saturating a high 

negative potential Chalk sample by adding water from the top of the sample) and drying test 

(desaturation of a saturated Chalk sample under centrifuge force). These results enable 

understanding of the hysteresis of the soil moisture characteristic curve. Tests to determine the 

influence of subsurface geology on flow and recharge were also undertaken. 

The purposes of the centrifuge tests labelled from PA1 to PA10 are summarized in Table 4.1. 

These tests were conducted in three stages using wetting and drying processes with intact and 

fractured Chalk samples in a controlled system. However, it was not feasible to carry out a 

wetting test with a vertically fractured Chalk sample as the water will pass through the Chalk 
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fracture before the Chalk matrix becomes saturated (i.e. the fracture flow rate exceed the 

infiltration rate on the fracture surface); therefore only a drying test was used with a vertically 

fractured Chalk sample. In the centrifuge tests, Chalk samples from Seaford and Lewes Nodular 

Chalk Formation have been used. These formations cover most parts of the Brighton Block. 

Every single test required careful preparation to achieve good quality data. For example, 

saturation of the tensiometers, water pressure transducer (wpt), and pore pressure transducer 

(ppt) required 5 cycles (1 hour each cycle) of positive and negative pressure (for more 

information see section 3.3.5). Also, the Chalk samples had to be totally dry for the wetting tests 

or totally saturated for the drying tests. In the drying test, the saturated Chalk sample is spun to 

a maximum acceleration of 300 g without adding water from the top. In the wetting tests, 

different rates of water inflow were used to examine the behaviour of the Chalk under different 

infiltration conditions. The water inflow was sprinkled over the top of the Chalk sample which 

may cause loss of a small amount of water due to evaporation. The amount of this evaporation 

was calculated using the Stiver and Mackay (1983) method, and is equal to 0.01 ml/min of total 

water added to the top of the sample, this amount is considered in the water calculation that 

entered the centrifuge. The full speed capability of the centrifuge (638 RPM, equivalent to 300 

g) was used in all tests because it gives more accurate data with less noise and requires less time 

for water to infiltrate through the Chalk sample. An overview of the centrifuge tests is Table 

4.1 given in below. 
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Table 4.1: Showing the centrifuge tests with the Chalk condition and purpose of the tests  

Test 
Series 

Test 
name 

Purpose of the 
tests Sample condition Sensors used Inflow rate 

(ml/min) 
Duration of the 
tests (h:min) Formation porosity 

 PA1 (A)  Wetting Intact Chalk 3 water pressure transducer 
1 pore pressure transducer 

2 7:30 Seaford Chalk 36.5 

I PA1 (B) 
To measure 𝐾𝐾𝑢𝑢 

 
Wetting Intact Chalk 3 water pressure transducer 

1 pore pressure transducer 
4 5 Seaford Chalk 36.5 

 PA1 (C)  Drying Intact Chalk 2 water pressure transducer 
1 pore pressure transducer 

0 3 Seaford Chalk 35.7 

 PA2  Drying Fracture Chalk 3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

0 4 Seaford Chalk 35.3 

II PA3 
To draw SMC curve 
and measure 𝐾𝐾𝑢𝑢 

Wetting Intact Chalk 3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

5 and 4 4 Seaford Chalk 35.3 

 PA4  Drying Intact Chalk 3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

0 9:30 Seaford Chalk 35.3 

 PA5  Wetting Horizontal 
fracture discontinuity 

3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

4 6 Lewes Nodular Chalk 33.6 

 PA6  Wetting horizontal 
Kaolin discontinuity 

3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

4 5:30 Seaford Chalk 34.6 

III PA7 

To examine Subsurface 
geology on flow and 
recharge, measure 𝐾𝐾𝑢𝑢 
and draw SMC curve 

Drying horizontal 
kaolin discontinuity 

3 water pressure transducer 
1 Frequency Domain Reflectometry 
1 pore pressure transducer 

0 5:30 Seaford Chalk 34.6 

 PA8   3 water pressure transducer 
1 pore pressure transducer 

0 5:30 Seaford Chalk 34.6 

 PA9  Wetting inclined 
fracture discontinuity 

3 water pressure transducer 
1 pore pressure transducer 

5 4 Lewes Nodular Chalk 33.6 

 PA10   2 water pressure transducer 4 3 Lewes Nodular Chalk 33.6 
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4.2 Test Series І 

The first series was conducted in three tests named as PA1 (A), PA1 (B) and PA1 (C). These tests 

were designed to give the insight to flow of water in unsaturated Chalk, and they were used to 

measure unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) in the Chalk sample.  

In the PA1 (A) test, 2 ml/min was sprinkled above a dry Chalk sample (850 ml of water for 450 

min). This test was conducted to analyse the performance of the sensors under centrifuge 

acceleration and examine the amount of water needed to saturate the Chalk sample. Three water 

pressure transducers (wpt) were connected to the Chalk sample from lateral side, arranged with 

3cm spacing. The Chalk sample was dried at 95°C for 72 hours prior to the test. Two ml/min of 

water was sprinkled to the top of the sample with 638 RPM angular velocity producing 300g 

acceleration (Table 4.2). 

Table 4.2: summary of test PA1 (A)  

𝑸𝑸 (ml/min) 𝒗𝒗𝒎𝒎 (mm/sec) 𝝎𝝎 (RPM) g-level Duration (h) 

2 3.1E-06 638 300 7.5 

 

Figure 4.1 shows the results from the PA1 (A) test, with (a) matric potential (𝜓𝜓) results recorded 

from the three water pressure transducers (wpt), and (b) outflow water accumulated in the reservoir 

and measured using the pore pressure transducer (ppt). As water start to fill the pore space of the 

upper part of the sample, the top water pressure transducer (wpt1) respond first, after 20 min of 

the start of the test. The second water pressure transducer (wpt2) starts to respond after the first 

one reachs -5 kPa, and then the last water pressure transducer (wpt3) respond after 90 min. This 

indicate that water infiltrated to the Chalk sample gradually from the top to the bottom of the 

sample under centrifugal force. It is notes that the water start to drain from the Chalk sample to 

the reservoir after 320 min, this is because 2 ml/min of water was used and it takes longer time till 
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the Chalk pore space filled with water and water start to drain. The amount of water seems to start 

to pass through the sample when it reaches above -5 kPa.  

 

 

Figure 4.1: Test PA1 (A): (a) matric potential 𝜓𝜓 recorded during the test, (b) volume of water 

(ml) passed through the Chalk sample. 

 

The PA1 (B) test is similar to PA1 (A) with the only change being the amount of water flow, which 

was increased to 4 ml/min. By using higher flow rate, water saturated the Chalk sample and passed 

through it faster than in test PA1 (A). The ppt start to respond after 162min of the beginning of 

the test which is half the time compared to the previous test. A summary of the test is shown in 

Table 4.2. 
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Table 4.3: Summary of test PA1 (B) 

𝑸𝑸 (ml/min) 𝒗𝒗𝒎𝒎 (mm/s) 𝝎𝝎 (RPM) g-level Duration (h) 

4 6.2E-06 638 300 5 

 

Figure 4.2 shows the results of the PA1 (B) test, with (a) showing the matric potential (𝜓𝜓) recorded 

at three levels in the Chalk sample, it is clear that the response time is faster with use of higher 

amount of water. The wpt1 at the top start to respond after 6 min followed by the wpt2 amd wpt3. 

The Chalk sample reach a saturation level within 100 min. water start to drain from the Chalk 

sample after 150 min and the ppt in the reservoir start to respond. Figure 4.2 (b) show the volume 

of water collected in the reservoir representing the amount of water passed through the Chalk 

sample with time.  

With the use of higher amount of water in this test the response time decreased and the shape of 

the curve get smoother compared to the previous test. The response time from the wpt1 

minimized to 6 min instead of 20 min and the water drained from the Chalk sample after 150 min 

of the test instead of 320 min from the previous test. It is noted that the response from the ppt 

installed in the reservoir to measure the amount of water drained from the Chalk sample was not 

respond instantly in the both tests. This situation occurs because water needs to cover the sensor 

pore stone then it can respond instantly to the amount of water drained from the sample. For that 

reason, from next test 100 ml of water will add to the reservoir to cover the sensor to get instant 

response.  
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Figure 4.2: Test PA1 (B): (a) Matric potential (𝜓𝜓) (from wpt) during the test, (b) ppt measure 

volume of water in the reservoir 

 

A drying test was carried out in the PA1 (C) test, where water was not used and a saturated Chalk 

sample was drained under centrifuge acceleration. Water drained from the sample very quickly until 

the matric potential in both water pressure transducers (wpt1 and wpt3) reached -45 kPa. This 

quick drained is related to fracture and large pore desaturation, which they have higher specific 

yield. While, the slower drainage start when most of the fracture and large pore were drained and 

the Chalk matrix start too, but in slower maner. In this case, water gradually drained until the 

remains of water are strongly tied to the grain in the pore space and no notable drainage from the 
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Chalk is observed. At this point, the matric potential (𝜓𝜓) in wpt1 reached -125 kPa and wpt3 

reached -75 kPa (Figure 4.3). 

Figure 4.3(b) shows the volume of water released from the saturated Chalk sample under 300 g 

during the 2:30 hours test. In this test, 100 ml of water added to the reservoir, so it covered the 

pore pressure transducer (ppt). In this way, the pore pressure transducer has instant response to 

water added to the reservoir from the Chalk sample. The ppt respond to the drained water from 

the Chalk sample showing the fracture and matrix desaturation in the curve.  

 

 

Figure 4.3: Test PA1 (C): (a) wpt measurement during the test, (b) ppt measure volume of water 

in the reservoir 
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4.3 Test Series ІІ 

In this stage frequency domain reflectometry (FDR) was used to measure volumetric water content 

(𝜃𝜃) with the other sensors. It involves three tests (PA2, PA3 and PA4) where the data obtained are 

used to draw soil moisture characteristic (SMC) curves and calculate unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢).  

In the PA2 test the matric potential (𝜓𝜓) was measured same as in the PA1 tests, but in this test, the 

Frequency Domain Reflectometry (FDR) was added to measure the volumetric water content (𝜃𝜃). 

The FDR was installed in the upper portion of the Chalk sample. A saturated fractured Chalk 

sample was used with three inclined fracture from the top to the bottom of the sample. The sample 

dried in the centrifuge force at 300g. The arrangement of the transducers is shown in Figure 4.4.  

 

Figure 4.4: Scheme of the PA2 test showing fractured Chalk sample with connected sensors  

 

Figure 4.5 shows the result of the PA2 test. The test represented fracture desaturation and till 35 

min of the test, most of the fracture desaturated, at this time the matric potential (𝜓𝜓) for each wpt 

(wpt1   wpt2 and wpt3) reach a certain level. At the wpt1 the matric potential (𝜓𝜓) was -135 kPa, at 

wpt2 was -80 kPa and at wpt3 was -35 kPa. The deference in matric potential (𝜓𝜓) at each deep in 

the Chalk sample related the head varation for each wpt, which created by the centrifuge force. 

The matrix drainage will start with slower drainage and extend till 110 min after the test, which 
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there was no more drainage following this time. This is because most of the water remain in narrow 

pore space were strongly tied to the Chalk grains. Similarly, the volumetric water contain (𝜃𝜃) after 

this time shows smaller change (Figure 4.5 (c)). The test extend until the matric potential (𝜓𝜓) at 

wpt1, wpt2 and wpt3 reached -215 kPa, -155 kPa and -50 kPa respectively.  

With the decrease in the Chalk potential during the test, the volumetric of water (𝜃𝜃) decrease too, 

this occur simultaneously during the test. Sharp decline in volumetric water contain (𝜃𝜃) occur with 

fracture desaturation in the beginning of the test and become more gentle with matrix desaturation. 

However, the noise from the centrifuge disturbed the digital wave from the FDR sensor, so the 

data were interrupted, and only a part of the data is presented in Figure 4.5 (b). Following this test 

an improvement to the sensor signal was carried out by filtering the signal using an electrical circuit. 

As same as the PA1 (C) test, no water was added to the top of the Chalk sample, only allowing 

water to drain under accelerated gravity. 
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Figure 4.5: Test PA2: (a) 𝜓𝜓 measurement during the test, (b) 𝜃𝜃 measured druing the test, (c) amount 

of water in the reservoir during the test. 

 

In the PA3 test, the problem related to the frequency domain reflectometry (FDR) was solved, the 

data acquisition system became ready to measure the volumetric water contain (𝜃𝜃) without 

interruption. The summary of the PA3 test is shown in Table 4.4. 

Table 4.4: Summary of test PA3 

𝑸𝑸 (ml/min) 𝒗𝒗𝒎𝒎 (mm/s) 𝝎𝝎 (RPM) g-level Duration (h) 

5 7.7E-06 638 300 4 

 

Figure 4.6 shows results from the PA3 test, with (a) representing the matric potential (𝜓𝜓) results 

from water pressure transducer (wpt) 1, 2 and 3. The result from wpt3 did not respond as usual, 

this may have happened because of cavitation or the wpt may have lost contact with the Chalk 

sample during centrifugation. Figure 4.6(b) shows the volumetric water content (𝜃𝜃) recorded by 

the frequency domain reflectometry (FDR).  

The infiltrated water reaches the first wpt within 10 min from the test and 20 min till it reaches 

wpt3 at depth 90 mm. this was simultaneous with increase in volumetric water continent (𝜃𝜃). 

Infiltrated water start to drain to the reservoir after 100 min, and when the matric potential (𝜓𝜓) at 

the Chalk become -1 kPa and the volumetric water content become %32. At this level most the 
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pore space in the Chalk unsaturated zone become saturated and only fractures my not fill 

completely. This indicate that flow will occur when the Chalk matrix saturated.   

 

Figure 4.6: PA3 test, (a) 𝜓𝜓 values during the test, (b) 𝜃𝜃 values, (c) volume of water in the reservoir 
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water at the end of the test was recorded, which was 185ml. Also, there was some problem with 

the water pressure transducer 2 (wpt2) on some occasions but generally it shows the general trend 

of the data.  

At this test, fractures and large pore space desaturation is more clear in the volumetric water 

content (𝜃𝜃) curve. The large pore and fracture desaturated first in the begging of the test, and it 

takes 20 min, followed by matrix desaturation. The test takes longer time and the matric potential 

(𝜓𝜓) in the wpt1 reaches – 255 and volumetric water content reaches 6%, at this point most of the 

pore space was desaturated and the soil moisture curve was below the air entry pressure.   

 

 

Figure 4.7: PA4 test, (a) 𝜓𝜓 values during the test, (b) 𝜃𝜃 value recorded during the test 
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4.4 Test series III 

Most of the tests undertaken in this series were to examine the influence of the subsurface geology 

(in this study fractures and marl seams) on flow and recharge in the Chalk unsaturated zone. Also, 

the results were used to determine soil moisture characteristic (SMC) curves and measure the 

unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢). The tests undertaken in this series include, PA5, PA6, 

PA7, PA8, PA9 and PA10 test. 

In the PA5 test, a horizontal fracture at 6cm from the top divides the Chalk sample into two parts. 

One water pressure transducer (wpt1) is connected to the upper part of the Chalk sample and the 

second water pressure transducer (wpt3) connected to the lower part of the Chalk sample (Figure 

4.8). Also, the pore pressure transducer (ppt) was installed in the reservoir to measure the amount 

of the water passing through the Chalk sample. Four ml/min water was used to wet the Chalk 

sample under the centrifuge for 320min (Table 4.5). The result of this test, in comparison to the 

previous test, can indicate the influence of a horizontal fracture on the flow through the 

unsaturated zone. This test was repeated in PA9 test using 5ml/min of water, which lead to faster 

response compared to the PA5 test where less amount of water used.  Results from the PA5 test 

are shown in Figure 4.9. 

After a short time of the teat, water infiltrated to the top 30 mm of the Chalk sample, but it required 

longer time till it reaches the lower part of the sample, as the fracture delay the response and act a 

hydrological barrier that prevents water to infiltrate deeper. The water starts to infiltrate to the 

lower block after the matric potential (𝜓𝜓) from the upper block reach above -5 kPa. 

Table 4.5: summary of PA5 test  

𝑸𝑸 (ml/min) 𝒗𝒗𝒎𝒎 (mm/s) 𝝎𝝎 (RPM) g-level Duration (h) 

4 6.2E-06 638 300 6 
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Figure 4.8: Schematic view of the PA5 test showing fractured Chalk sample with connected sensors 

 

 

Figure 4.9: PA5 test, (a) 𝜓𝜓 values during the test, (b) volume of water passed through the sample 

during the test 
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In the PA6 test, a Kaolin layer separates the Chalk sample into two parts creating a low conductivity 

barrier Figure 4.10. The sensors were installed as same as PA5 test. The Chalk sample was dried at 

75°C in the oven until its weight stabilised, then the Chalk sample was wetted in the centrifuge 

using 4 ml/min of water (Table 4.6). The lower temperature was used to prevent cracks in the 

Kaolin layer and give it more time to dry out. The test was repeated in PA10 test with the same 

procedure, and the result was similar.   

Table 4.6: summary of test PA6 

𝑸𝑸 (ml/min) 𝒗𝒗𝒎𝒎 (mm/s) 𝝎𝝎 (RPM) g-level Duration (h) 

4 6.2E-06 638 300 5:30 

 

The result of the test is shown in Figure 4.11, where (a) shows the matric potential (𝜓𝜓) results from 

the top and bottom of the Kaolin layer; and (b) shows the amount of water passing through the 

Chalk sample and accumulating in the reservoir. The results of this test indicate that with presence 

of Kaolin layer, the response time become shorter compared to the fracture discontinuities, but 

the shape of the curve is different. With presence of the fracture, the curve shape remain as same 

as the upper block, as the water drain freely from the upper block to the lower one. While, the 

Kaolin layer allow water to infiltrate to bottom block in a level controlled by the hydraulic 

conductivity of the kaolin layer. This Kaolin layer works in the same way as the marl seam layers 

in the Chalk which may cause delay in response from the groundwater level after rainfall events.  

 
Figure 4.10: Scheme of the PA6 test showing kaolin layer in the Chalk sample with connected 

sensors, wetting test. 



140 
 

 

 

Figure 4.11: PA6 test, (a) 𝜓𝜓 values during the test, (b) volume of water passing through the sample 

during the test 

 

In the PA7 test, the same Chalk sample used in the PA6 test was saturated and drained under the 
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transducers (wpt) during the test. Figure 4.12 shows a schematic diagram of the test with the 
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Figure 4.12: Scheme of the PA7 test showing kaolin layer in the Chalk sample with connected 

sensors, drying test. 

Figure 4.13 shows the results obtained during the test, (a) shows the matric potential (𝜓𝜓) results 

from above and below the Kaolin layer, (b) shows the volumetric water content (𝜃𝜃) obtained from 

the upper part of the Chalk sample. The amount of water collected in the reservoir was 145 ml. 

The result of this test, compared to the previous test, indicates the influence of these type of lower 

conductive barrier on the flow through the unsaturated zone. Also, the results from the matric 

potential and volumetric water content can be used to draw soil moisture characteristic (SMC) 

curve.  

The desaturation process from the upper block of the Chalk sample become slower compared to 

the intact sample, this is because the kaolin layer work as barrier with lower hydraulic conductivity 

than the Chalk. This situation is clearer in the volumetric water content () data, as the volumetric 

water content remain about %16, but in desaturation of intact Chalk sample this level dropped to 

about %6. This indicate that the Kaolin work as a barrier causing delay in response and lead to 

accumulation of water in the upper block. This situation was observed in North Heath Barn site 

by Gallagher et al. (2012), the area with abundant marl seam remain wet throughout the year.  
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Figure 4.13: PA7 test, (a) 𝜓𝜓 values during the test, (b) 𝜃𝜃 measured during the test 
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and at the same depth (30 mm) of the wpt1 start to respond after 165 min of the test. As same as 

PA5 test, water start to infiltrate to the lower block after the Chalk matrix in the upper block 

become saturation. Moreover, the way these wpt response to the infiltrated water indicate that the 

fracture redirect the water to the direction of the inclined fracture.  

 

Figure 4.14: Scheme of the PA8 test showing inclined fracture in the Chalk sample with connected sensors 

 

Figure 4.15: Matric potential (𝜓𝜓) values for the three pressure transducers during PA8 test 
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4.5 Conclusion  

In this chapter data obtained from the centrifuge tests were presented including three series of test, 

each series undertakes for a specific reason. Two water pressure transducers (wpt) were used in 

minimum for each test recording matric potentials (𝜓𝜓), frequency domain reflectometry (RDF) 

was used to measure volumetric water content (𝜃𝜃), and amount of water passed through the Chalk 

sample. The data were recorded simultaneously in each sensor in a controlled environment and 

during inflight condition. The inflow water was added from the outside of the system, thus it was 

possible to control the amount of water added to the top of the Chalk sample. The results are used 

in the next chapters to measure hydraulic parameters of the Chalk and build soil moisture 

characteristic curve. Also some other results are used in physically based model simulating flow 

and recharge in the Chalk unsaturated zone.  

Chalk samples from Seaford and Lewes Nodular Chalk Formation have been used in the tests, 

which are covering most parts of the Brighton Block. The test including wetting and drying 

process with intact and fractured Chalk samples in a controlled system, which every single test 

required careful preparation to achieve good quality data.  
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Chapter 5 

 

5 Measurement of the hydraulic characteristics of the 

Chalk  

 

5.1 Introduction  

Flow of water through the Chalk unsaturated zone can be described using three related variables, 

which are matric potential (𝜓𝜓), volumetric water content (𝜃𝜃) and unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢). From the first two variables (𝜓𝜓,𝜃𝜃), it is possible to draw a soil moisture 

characteristic (SMC) curve, which can be defined as the relation between the 𝜓𝜓 and 𝜃𝜃. It describes 

the way that water saturates or desaturates in the unsaturated zone at a certain 𝜃𝜃 at a given 𝜓𝜓. 𝐾𝐾𝑢𝑢 

represents the relationship between 𝐾𝐾𝑢𝑢 and 𝜓𝜓 (or 𝜃𝜃) and it reflects the availability of the flow path 

during saturation or desaturation processes. 𝐾𝐾𝑢𝑢 represents the proportionality between the flow 

rate and the hydraulic gradient, thus it is only relevant for the condition in which the water phase 

in the soil is continuous (Zornberg and McCartney 2010). In other words, when the water in the 

pore space become discontinuous by air (the limit below air entry pressure), the hydraulic gradient 

applied in the water flow will no longer result in flow and water will be attached strongly around 

the pore space grains. Because there is no theoretical prediction to provide the lower boundary of 
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𝐾𝐾𝑢𝑢, it is difficult to assess. However, this boundary is likely to be determined from the soil moisture 

characteristic curve on the air entry pressure limits. 

Since the 1980s several studies have been carried out to study the Chalk unsaturated hydraulic 

properties based on theoretical (indirect method) or physical (direct method). Most of the models 

are based on the theoretical prediction of the SMC and 𝐾𝐾𝑢𝑢 assuming that Chalk behaves as a bundle 

of capillary tubes, for example Ireson (2008) and Mathias et al. (2005). The direct physical 

measurement of 𝜓𝜓 and 𝜃𝜃 to determine the SMC curve and calculate 𝐾𝐾𝑢𝑢were carried out on small 

scale data prior to development of adequate technique of continuous measurement of the dynamic 

response of the Chalk to rainfall events. Examples of physical studies are Gardner et al. (1990) 

Wellings (1984a) and Haria et al. (2003). The need for a direct, fast and reliable method for the 

calculation of the SMC curve and 𝐾𝐾𝑢𝑢 are not well documented, while with the improvement of 

technology and improvement of most instruments used in this field, it is possible to measure these 

hydraulic properties in a direct and reliable method in a short time.  

Results obtained in the centrifuge tests show water movement in the Chalk sample by fitting a soil 

moisture characteristic curve (SMC) using matric potentials (𝜓𝜓)  and water content (𝜃𝜃). These 

results are compared to the empirical formula models predicting effective saturation, (Brooks and 

Corey (1964), Van Genuchten (1980) and Kosugi (1996)). The program SWRC Fit is used to 

determine the fitting parameters by performing nonlinear fitting of five models, which are, Brooks 

and Corey, Van Genuchten, Kosugi, Fredlund and Xing, Durner and Seki. The program is 

developed by Seki (2018). The program automatically determines all the parameters for the SMC 

curve, the user can simply input 𝜓𝜓 and 𝜃𝜃 to the program and it returns all the necessary parameters.  

This chapter focuses on the simultaneous experimental measurement of the inflow rate, and 

outflow using a geotechnical centrifuge technique that addresses the shortcomings of previous 

approaches. The centrifuge technique is developed so that a reasonable sample size is used with 
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small scale instruments that record variables with the inflight condition. Use of this technique 

allows generation of fast and reliable hydraulic parameters under steady state conditions. This 

method has been used previously to characterize unsaturated soil in order to minimize the time 

requirement compared to other methods such as hanging column and pressure chamber test. This 

was the motivation for the development of the steady state centrifuge method  developed by 

Nimmo et al. (1987) and unsaturated flow apparatus by Conca and Wright (1992). However, these 

two methods used a high speed medical ultracentrifuge which not includes a data acquisition 

system to allow direct measurement during in-flight condition. Thus, these methods do not permit 

simultaneous measurement the hydraulic parameters 𝜓𝜓 and 𝜃𝜃. 

The objective of this chapter is to determine the hydraulic characteristic of unsaturated Chalk using 

a geotechnical centrifuge, and to compare results with previous studies. Moreover, the theoretical 

method has been used to evaluate and compare with the experimental data. Results obtained in 

this chapter will be used to understand flow mechanism in the Chalk unsaturated zone by 

comparing field and measured 𝐾𝐾𝑢𝑢 in the next chapter. 

 

5.2 Background on 𝐾𝐾𝑢𝑢 and SMC measurement using centrifuge 

technique  

The use of the centrifuge technique in hydrological studies has been developed during the past 40 

years, particularly after the study of Nimmo et al. (1987) in the development of the steady state 

centrifuge (SSC). This was followed by Conca and Wright (1992) in the development of 

unsaturated flow apparatus (UFA). These two methods determined 𝐾𝐾𝑢𝑢  under steady state 

conditions. However, they do not permit a simultaneous measurement of the 𝜓𝜓 and 𝜃𝜃, which may 

bias the results. In addition, both methods used a simplified form of equation (3.15) in which the 
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matric potential gradient is neglected. 𝐾𝐾𝑢𝑢 is defined as a function of gravimetric water content, 

which was achieved by stopping the centrifuge periodically and measuring weight change in the 

sample until observation of a steady state condition. In contrast, the result obtained in this study 

were obtained in the centrifuge allowing direct and concurrent measurement of 𝜓𝜓 and 𝜃𝜃, therefore 

the original form of equation could be applied (eq. 3.18), rather than the simplified form. Details 

about the centrifuge method developed in this study with all instrumentation are outlined in 

chapter 3. The data obtained from the centrifuge tests are shown in chapter 4. 

There are several approaches that can be used to interpret the results from the centrifuge, including 

transient infiltration analysis, inverse analysis, and steady state infiltration analysis which was 

adopted by Moore (1939). In this study the steady state method is used to analyse the centrifuge 

results, which uses the data after reaching equilibrium condition from a known flow condition in 

the Chalk sample. The one-dimensional flow in unsaturated media under centrifuge condition can 

be defined by Richard’s equation as below. 

 𝑑𝑑𝜕𝜕
𝑑𝑑𝜓𝜓

𝜕𝜕𝜓𝜓
𝜕𝜕𝜕𝜕

= 𝜕𝜕
𝜕𝜕𝑧𝑧𝑚𝑚

�𝐾𝐾(𝜓𝜓) �𝜔𝜔
2

𝑔𝑔
(𝑟𝑟0 − 𝑧𝑧𝑚𝑚) − 1

𝜌𝜌𝑤𝑤𝑔𝑔
𝜕𝜕𝜓𝜓
𝜕𝜕𝑧𝑧𝑚𝑚

��              5.1 

Šimůnek and Nimmo (2005) solved this equation numerically, which is difficult as the gradient of 

the soil moisture characteristic curve 𝑑𝑑𝜕𝜕
𝑑𝑑𝜓𝜓

 and the hydraulic conductivity 𝐾𝐾(𝜓𝜓)are highly nonlinear. 

However, an analytical solution to Richard’s equation has been developed by Avanzi et al. (2004) 

for steady state flow, which involves the use of an exponential model to represent the hydraulic 

conductivity as a function of 𝜓𝜓, as below. 

𝐾𝐾(𝜓𝜓) = 𝐾𝐾𝑠𝑠 𝑒𝑒−𝛼𝛼𝜓𝜓                                                                  5.2 

Where 𝐾𝐾𝑠𝑠 is saturated hydraulic conductivity of the saturated sample and 𝛼𝛼 is the fitting parameter, 

𝜓𝜓 can be obtained from following equations. 



149 
 

 

𝜓𝜓(𝑍𝑍𝑚𝑚) = − 1
𝛼𝛼

 𝐼𝐼𝑛𝑛 �𝑒𝑒�𝐼𝐼𝐼𝐼��
𝑣𝑣𝑚𝑚
𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠

�+𝑒𝑒−𝛼𝛼𝜓𝜓0�−𝛼𝛼𝜔𝜔2𝜌𝜌𝑤𝑤𝑧𝑧𝑚𝑚(𝑟𝑟0−
𝑧𝑧𝑚𝑚
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𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠
�  

If 𝑣𝑣𝑚𝑚
𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠

 + 𝑒𝑒−𝛼𝛼𝜓𝜓0     > 0 

𝜓𝜓(𝑍𝑍𝑚𝑚) = − 1
𝛼𝛼

 𝐼𝐼𝑛𝑛 �−𝑒𝑒�𝐼𝐼𝐼𝐼��
𝑣𝑣𝑚𝑚
𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠

�+𝑒𝑒−𝛼𝛼𝜓𝜓0�−𝛼𝛼𝜔𝜔2𝜌𝜌𝑤𝑤𝑧𝑧𝑚𝑚(𝑟𝑟0−
𝑧𝑧𝑚𝑚
2 )� − 𝑣𝑣𝑚𝑚

𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠
�  

If 𝑣𝑣𝑚𝑚
𝑁𝑁𝑟𝑟𝐾𝐾𝑠𝑠

 + 𝑒𝑒−𝛼𝛼𝜓𝜓0     < 0                                                            5.3 

Where 𝜓𝜓0 is the matric potential at the outflow face of the centrifuge sample, and 𝑁𝑁𝑟𝑟 is a function 

of 𝑧𝑧𝑚𝑚 as in equation 5.4 below. 

𝑎𝑎 = 𝜔𝜔2𝑟𝑟 = 𝑁𝑁𝑟𝑟𝑔𝑔                                                                      5.4 

Initial centrifuge technique studies (for example, Briggs and McLane (1910); Gardner (1937)) did 

not involve steady state flow through the sample. An initially saturated sample (𝜓𝜓0 at 𝑧𝑧𝑚𝑚 = 0) was 

drained under centrifuge force, the sample was said to be at equilibrium when the outflow stopped. 

In this case, the 𝜓𝜓 profile in the sample can be determined from the following equation 5.5. 

𝜓𝜓(𝑧𝑧𝑚𝑚) = 𝜌𝜌𝑤𝑤𝜔𝜔2

2
[2𝑟𝑟0𝑧𝑧𝑚𝑚 − 𝑧𝑧𝑚𝑚2 ] + 𝜓𝜓(0)              5.5 

The theoretical 𝜓𝜓 profile at steady state obtained using equation (5.3) is compared to the 𝜓𝜓 profile 

using equation (5.5), and the result is shown in Figure (5.1). The 𝜓𝜓 profile was calculated for a 

saturated bottom boundary sample, and a known imposed surface infiltration velocity, the 

parameter 𝛼𝛼 in the VG model is related to the inverse of the air entry pressure of the Chalk, which 

is equal to 0.005 kPa-1 supposing the Chalk air entry pressure is equal to -200 kPa (Ireson 2008). 

The height at any point in the sample, 𝑧𝑧𝑚𝑚, is normalized by the sample height Lm (0.12m). 
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Calculating the 𝜓𝜓 profile using equation (5.5) lead to a positive matric potential value, while 

equation (5.3) lead to a negative matric potential; however, this does not influence the shape of the 

curve. The equilibrium 𝜓𝜓 profile has a more linear shape compared to the steady state 𝜓𝜓 profile, 

the steady state profile infiltration reaches values that remain relatively constant from the upper 

portion of the sample. The upper portion does show a slight gradient, but it is assumed constant 

for this study (Figure 5.1).  

The pattern of the steady state 𝜓𝜓 profile, which shows constant matric potential on the upper part 

of the sample, was a significant aspect of the steady state infiltration under high centrifuge 

acceleration, and it was important in designing the instrument layout. Similarly, during steady state 

flow, 𝜃𝜃 should be relatively constant in the upper part of the sample. This was mainly important 

in locating the FDR probes in the upper part of the Chalk sample. Nimmo et al. (1987) and Conca 

and Wright (1992) assumed that during the steady state infiltration the 𝜃𝜃 and 𝜓𝜓 profiles are constant 

throughout the entire sample in order to calculate 𝐾𝐾(𝜓𝜓). The steady state infiltration under the 

geotechnical centrifuge used in this study is demonstrated in this chapter of the simultaneous 

measurement of both variables 𝜃𝜃 and 𝜓𝜓.  

 

Figure 5.1: Theoretical 𝜓𝜓 profiles in the centrifuge showing a comparison between equilibrium (eq. 

5.5, right) and steady state condition (eq. 5.3, left). 
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The effect of the acceleration factor (𝑁𝑁𝑟𝑟  / or g-level) on the 𝜓𝜓 profile, while using constant 𝑣𝑣𝑚𝑚, is 

shown in Figure 5.2. The theoretical results have been calculated using equation 5.3, results show 

that with increasing 𝑁𝑁𝑟𝑟 the uniformity of the 𝜓𝜓 profile increases as well, mainly from the upper 

portion of the sample. The 𝜓𝜓 value along the sample profile during steady stat infiltration was less 

sensitive to the variations of 𝑁𝑁𝑟𝑟, but with less g-level, the results became closer to linear change 

along the length of the sample rather than a constant value. 

 

Figure 5.2: Theoretical 𝜓𝜓 profiles using equation 5.3 showing a comparison between steady state 

flows at different g-levels 

 

The effect of different infiltration rates used in the test on the 𝜓𝜓 profile, with constant 𝑁𝑁𝑟𝑟 (g-level), 
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the other results, the bottom is non-uniform; this observation was also observed by Avanzi et al. 

(2004) and Zornberg and McCartney (2010) during using centrifuge tests with unsaturated soil.  
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Figure 5.3: Theoretical 𝜓𝜓  profiles in a centrifuge test showing a comparison between steady state 

flows with a different value of inflow 
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The first term on the right-hand side of the equation represents the centrifuge elevation head and 

the second term represents the matric potential head. The first term in equation (5.6) has been used 

to calculate the elevation head in the centrifuge and compares the results with the matric potential 

head calculated using equation (5.3). The results are shown in Figure 5.4. The figure shows that the 

elevation head under the centrifuge condition is much greater than the matric potential head. The 

matric potential head becomes close to zero in the bottom of the sample, near the outflow 

boundary. The result indicates that the centrifuge method is dominated by the elevation head, 

which according to Zornberg and McCartney (2010) in the upper portion of the sample in the 

centrifuge filed the total head gradient is dominated. 

 

Figure 5.4: Head profile during steady state flow in the centrifuge  
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The distribution of the total head and change in elevation (𝑧𝑧𝑚𝑚) through the sample under the 

centrifuge method during steady state conditions can be combined with Darcy’s law to estimate 

unsaturated hydraulic conductivity 𝐾𝐾(𝜓𝜓,𝜕𝜕) as below. 

 

𝑘𝑘(𝜓𝜓,𝜕𝜕) = 𝑣𝑣𝑚𝑚
𝜔𝜔2
𝑤𝑤 (𝑟𝑟0−𝑧𝑧𝑚𝑚)− 1

𝜌𝜌𝑤𝑤𝑤𝑤      
𝑑𝑑𝜓𝜓
𝑑𝑑𝑧𝑧𝑚𝑚

      5.7 

 

Where, 𝑣𝑣𝑚𝑚 is the discharge velocity which is equal to the infiltration rate divided by cross section 

area of the sample surface. The denominator represents the total hydraulic gradient under the 

centrifuge condition. 

Centrifuge acceleration is given by the factor 𝑁𝑁𝑟𝑟  (acceleration = 𝑁𝑁𝑟𝑟 g) so that the physical 

behaviour under the centrifuge condition would be as same as a natural condition for a sample 

scaled 1/𝑁𝑁𝑟𝑟. According to. The hydraulic conductivity will always be equal to the coefficient of 

proportionality between the applied hydraulic gradient and the flow rate, regardless of gravity. 

Thus, the hydraulic conductivity results are not scaled in this study. Tan and Scott (1985) find that 

the hydraulic conductivity is not scaled under the centrifuge acceleration. The distribution of the 

theoretical hydraulic conductivity (using eq. 5.7) through the Chalk sample is shown in Figure 5.5. 

In the figure, only the amount of the inflow is changed all other parameters remain constant. The 

figure shows that the hydraulic conductivity is constant in the upper portion of the sample the 

same as the other parameters.  
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Figure 5.5: Theoretical 𝐾𝐾𝑢𝑢 profile on the Chalk sample during steady state infiltration with a 

variation of inflow discharge. 

 

5.3 Data analysis  

The centrifuge speed 𝜔𝜔 and the inflow rate 𝑄𝑄 are the main variables that can be controlled in the 
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several controlled variables. However, from the previous paragraphs several theoretical results have 

been obtained, which shows the best situations that attain a steady state condition. A constant g-

level of 300g and variable amount of inflow starting from 2ml/min was used.  The variables that 

needed to be measured during the steady state infiltration to calculate the 𝐾𝐾𝑢𝑢 and the SMC curve 

involve measuring of the 𝜓𝜓, 𝜃𝜃, and the outflow rate (to ensure that the steady state condition has 

been attained). These parameters are an appropriate aspect that characterize steady state infiltration 
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to measure water content and/or matric potential through the entire sample length. Instead, the 

water content can be measured from the upper part of the sample using the FDR technique, which 

gives a good estimation of the 𝜃𝜃 of the upper portion of the Chalk sample. This way of measuring 

𝜃𝜃 was also conducted by Zornberg and McCartney (2010) using FDR waveguide from the upper 

portion of a soil sample. The 𝜃𝜃 measured with the FDR can be used to find the hydraulic 

characterization of the Chalk sample, with the 𝜓𝜓  from three different location of the sample, 

mainly from the constant steady state portion (𝑧𝑧𝑚𝑚 = 100mm). At this portion, the matric potential 

can be measured directly from the water pressure transducer, which were located at heights of 30, 

60 and 90 mm from the base of the Chalk sample.  

The value of 𝐾𝐾𝑢𝑢 can be calculated directly from the data obtained from the centrifuge using 

equation 5.7 by means of 𝑣𝑣𝑚𝑚 as a controlled variable, along with the 𝜓𝜓 gradient 
𝑑𝑑𝜓𝜓
𝑑𝑑𝑧𝑧𝑚𝑚

 which is 

determined using the 𝜓𝜓 measured value from the Chalk sample during inflight condition. 𝐾𝐾𝑢𝑢 is the 

a function of the 𝑧𝑧𝑚𝑚 because both elevation and matric potential gradient in the equation 5.7 are a 

function of 𝑧𝑧𝑚𝑚. 𝐾𝐾𝑢𝑢 has been measured theoretically using equation 5.7 and supposing a zero-matric 

potential. This result will be compared with the result obtained from the centrifuge method. 

Selection of the controlled variable of the inflow water will affect the range of the results, test time. 

The approach that was selected in this study to define hydraulic characteristic of the unsaturated 

Chalk sample involves imposing a constant centrifuge speed and varying inflow rate. Figure 5.6 

show a schematic representation of the change of controlled variables at a different stage of tests. 

This will allow the definition of the 𝐾𝐾𝑢𝑢 by subjecting the sample to constant g-level and variable 

water inflow. In this study, several tests have been performed on the Chalk samples in three stages 

to assess the effect of wetting and drying. More details about each test have been discussed in detail 

in chapter (4). 
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Figure 5.6: Variation in controlled variables in centrifuge, Q (ml/min) and change in theoretical 

𝐾𝐾𝑢𝑢 using eq. 5.7 
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The discharged water (inflow) and the acceleration imposed on the Chalk sample are shown in 
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centrifuge tests. The infiltration rate used in the PA1-A test was 2 ml/min and in the PA-B test 

was 4 ml/min. The result from tests PA1-A and B are shown in Figure 5.7(a, b). Results show that 

when the outflow reaches a steady state the pattern are linear and consistent with the accumulated 

inflow with time. The outflow results pattern from the PA1-B test (Figure 5.7 b) is very close to 

the inflow accumulative data. In the PA1-A test (Figure 5.7 a), after the sensor starts to response, 

it required 50 min until the infiltration water reached steady state condition, while in the PA1-B 

test this time decreased to 25 min with using higher water infiltration.  

 

 
Figure 5.7: Cumulative inflow and the outflow data: a. PA1-A test (2 ml/min), b.PA1-B test (4 
ml/min) 
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  The outflow (ml/min) (water passed from the Chalk sample and collected in the reservoir) in 

both tests is relatively constant with time and equal to the amount of the inflow during steady state 

flow condition. Figure 5.8(a, b) shows the flow rate in both tests, for test PA1-A (2 ml/min inflow 

water), the outflow water reaches steady state condition in 6 hours (Figure 5.8 (a)). For test PA1-B 

(4 ml/min inflow water), it requires only 3 hours to reach steady state conditions (Figure 5.8 (b)). 

In addition, the rate of water in the test PA1-B is more stable and the amount of inflow is close to 

the outflow. In the PA1-A test the outflow scatter from 1.9 to 2.2 (Figure 5.8 (a)), but the moving 

average is very close to the infiltration rate. This situation may relate to the hydraulic conductivity 

of the Chalk sample, as it gets closer to the saturated hydraulic conductivity, the steady state 

infiltration is more stable.  It is shown in Figure 5.3 that 𝜓𝜓 profile is sensitive to the amount of 

infiltrated water and the flow is more constant and uniform with a higher discharged water. 
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Figure 5.8: Inflow and outflow rate (in ml/min): a. PA1-A, b. PA1- B test  

 

The 𝜃𝜃 obtained using the FDR and 𝜓𝜓 obtained using water pressure transducer (wpt) are shown 

in Figure 5.9 (a, b). Figure 5.9 (a) illustrates the change of 𝜃𝜃 with time, a sharp trend in 𝜃𝜃 is observed 

at the beginning of each stage of increasing inflow water, although a steady state condition is 

established when it reaches a stable value. During this test 𝜃𝜃  ranged from 8% to 28% with using 

2 and 3 ml/min of water. The measurement of 𝜃𝜃 was consistent with measuring 𝜓𝜓 at three points 

in the Chalk sample. Figure 5.9 (b) show changes of 𝜓𝜓 with time from the sensor installed in the 

top of the Chalk sample. The 𝜓𝜓 ranges from -87 to -1, these values in the Chalk depend on the 

degree of saturation of the sample. The amount of water used in this test was 2 ml/min and then 

changed to 3 ml/min; this may not be enough to saturate the Chalk, but it was sufficient to reach 

steady state condition in each level. In some other tests (e.g. P1A-B), a 4 ml/min of water was 

sufficient to allow the Chalk sample to reach a steady state condition in one step, but in all steps 

flow reached constant infiltration when the matric potential reached a value close to -5 kPa.  
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Figure 5.9: a. volumetric water content and, b. matric potential change with time  

 

5.3.2 Steady state conditions  
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constant value during steady state flow condition. There is little change in 𝜓𝜓 recorded on Zm = 

30mm, this is because it is close to the lower portion of the Chalk sample. This situation was 

observed during the theoretical matric potential calculation which the matric potential is less stable 

at the lower part of the sample.  
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Figure 5.10: 𝜓𝜓 and 𝜃𝜃 results in steady state condition for the wetting test (PA3) 

 

Figure 5.11 shows a change in 𝜓𝜓 at different Zm in the Chalk sample during the steady state 

condition at different time intervals. Here 𝜓𝜓 remains constant with time at all matric potentials, 

but a slight variation of the matric potential in the lower portion of the Chalk sample is observed. 

 
Figure 5.11:  Matric potential profile at steady state condition for the wetting test (PA3)  

 

Figure 5.12 shows the total hydraulic head in the PA3 test during centrifugal acceleration. The total 

hydraulic head is calculated using equation 5.6, and the elevation head is calculated using the first 

0

10

20

30

40

50

-20

-15

-10

-5

0
100 150 200

Elapsed time (min)

𝜃𝜃
%

𝜓𝜓
(k

Pa
)

0

20

40

60

80

100

-30 -25 -20 -15 -10 -5 0

E
la

ps
ed

 ti
m

e 
(m

in
)

𝜓𝜓 (kPa)

𝜓𝜓 (Zm= 90 mm)

𝜓𝜓 (Zm= 60 mm)

𝜓𝜓 (Zm= 30 mm)

𝜓𝜓 (Zm= 90 mm) 

 

𝜓𝜓 (Zm= 30 mm) 

 

𝜓𝜓 (Zm= 60 mm) 

 

𝜃𝜃 % 

 



163 
 

term on the right-hand side of the same equation. The potential head was calculated using equation 

5.3. The potential head is very low and close to zero, it appears in the top part of Figure 5.12, but 

the elevation head has a higher head. Same as 𝜓𝜓 and 𝜃𝜃, the hydraulic head is relatively constant 

during the steady state condition. The elevation head is much higher than the potential head in the 

centrifuge technique, this condition is observed in both theoretical and practical use of the 

centrifuge for the Chalk sample. 

 

Figure 5.12: Hydraulic head during steady state condition showing matric potential, elevation head 

and total head at PA3 test 

 

Figure 5.13 shows steady state condition established at the three potential sensors recording 𝜓𝜓 with 

the FDR recording 𝜃𝜃 during the draining process of the Chalk sample. The sample has been 

saturated under 300 g-level until it reached steady state condition. The 𝜓𝜓 along the Chalk sample 

reach a steady state 100 min after beginning of the test, the 𝜓𝜓 recorded at Zm= 30 mm remains 

stable and does not change with time. However, the other pressure transducers show slight change, 

mainly at the middle transducer at Zm= 60 mm. The 𝜃𝜃 reaches steady state condition 100 min after 

the beginning of the test and it remains stable during the steady state condition.  
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Figure 5.13: Matric potential and volumetric water content results in steady state condition 

established during drying process (PA2 test)  

 

Figure 5.14 shows the change at different Zm in the Chalk sample during the steady state flow 

condition at different time intervals, which the 𝜓𝜓 remains constant with time at all the water 

potential. The upper part of the Chalk sample has a higher matric potential than the lower part. 

This is exactly opposite from the wetting process where 𝜓𝜓 was higher at the bottom and a low 

value on the top. But, in general, 𝜓𝜓 remains constant with time during the steady state condition 

at all heights of the Chalk sample. 
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Figure 5.14:  𝜓𝜓 profile at steady state condition for the drying test (PA2 test)  
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Figure 5.15: Hydraulic head during steady state condition showing matric potential, elevation head 

and total head at PA2 test 

 

5.3.3 Measurement of unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) 

The results of unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) determination are shown in Figure 5.16 and 

5.17. Figure 5.16 shows the 𝐾𝐾𝑢𝑢 results from test PA1-A, PA1-B, PA3 and PA5 during the wetting 

process, adding water to a dried Chalk sample at different rates. The results vary according to the 

amount of the infiltrated water, which the amount of water used effects on the time needed to 

reach steady state. Same amount of water was used in the test PA3 and PA5 but with different 𝐾𝐾𝑢𝑢 

results. In test PA3 𝐾𝐾𝑢𝑢 is about 4.27 mm/day, while in test PA5 𝐾𝐾𝑢𝑢 is about 3.78 mm/day. This 

situation may have related to the use of different Chalk formations, as in PA3 test the Chalk sample 

used is from Seaford Chalk formation that has higher porosity, 35.6%. The Chalk sample used in 

the PA5 test is from Lewes Nodular Chalk formation which has 33.6% porosity.  
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Figure 5.16: 𝐾𝐾𝑢𝑢 results during wetting process with different amount of discharged water with 

elapsed time  

 

Figure 5.17 shows the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) results from test PA1-C, PA2, and 

PA4 during the drying process for previously saturated Chalk samples. The results of each test are 

close to each other and the time required to reach steady state is mainly the same.  

 

Figure 5.17: 𝐾𝐾𝑢𝑢 results during drying process  
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PA5 test. 𝐾𝐾𝑢𝑢 results plotted against 𝜓𝜓 values measured at steady state condition are shown in Figure 

5.18(a). A decrease of 𝐾𝐾𝑢𝑢 is observed with a decrease of 𝜓𝜓. In test PA1-A, 𝜓𝜓 is around -14 kPa 

and 𝐾𝐾𝑢𝑢 is about 1.4 mm/day, in contrast, 𝐾𝐾𝑢𝑢 rises to about 4 mm/day when 𝜓𝜓 increases to -4 kPa. 

The narrow shape of the results in the figure related to the small range of change in the 𝐾𝐾𝑢𝑢 values 

with relatively stable values of 𝜓𝜓. 

Figure 5.18 (b) shows 𝜃𝜃 measured at steady state condition plotted against the Ku for tests PA5 

and PA3. A decrease of 𝐾𝐾𝑢𝑢 is observed with a decrease of 𝜃𝜃. In test PA5, with increase in 𝜃𝜃 from 

28% to 30%,  𝐾𝐾𝑢𝑢 increase too from 3.7 mm/day to 4.2 mm/day.  

The SMC curve is shown in Figure 5.18(c) which is obtained using 𝜓𝜓 and 𝜃𝜃 data measured from 

tests PA5 and PA3. The results shown in this figure indicate that only a relatively small portion of 

the SMC curve can be defined during a steady state condition approach. The steep changes in 𝜃𝜃 

with slight variation in 𝜓𝜓 indicates that the 𝜓𝜓 values obtained during this condition correspond to 

a range of the SMC curve beyond the air-entry pressure. In addition, this situation may indicate 

that the Chalk matrix reaches saturation and the Chalk fissures and fractures start to fill up.     

    

Figure 5.18: Hydraulic characteristics in wetting test (a) 𝜓𝜓-𝐾𝐾𝑢𝑢 at PA1-A, PA1-B, PA5 and PA3 test; 

(b) 𝜃𝜃-𝐾𝐾𝑢𝑢  at PA5 and PA3 test; (c) 𝜓𝜓-𝜃𝜃 at PA5 and PA3 test. 
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Figure 5.19 (a, b and c) shows 𝜓𝜓, 𝜃𝜃 and 𝐾𝐾𝑢𝑢 at steady state condition during drying process of the 

PA2 and PA4 tests. Figure 5.19 (a) shows the 𝜓𝜓 values plotted against 𝐾𝐾𝑢𝑢, where the 𝐾𝐾𝑢𝑢 values are 

close to zero with slight change observed with change in the 𝜓𝜓. Similarly, a slight change in 𝐾𝐾𝑢𝑢 is 

seen in the relation between 𝜃𝜃 and 𝐾𝐾𝑢𝑢 in Figure 5.19 (b). The large variation in the 𝜓𝜓 values in the 

Figure 5.19 (a), there is less change in the 𝜃𝜃 values, also there are less change in 𝐾𝐾𝑢𝑢 value (Figure 

5.19 (b). For example, in test PA4 test, change in matric potential from -51 kPa to -41 kPa leads to 

a change of 𝐾𝐾𝑢𝑢 from 0.068 to 0.071 mm/day. Also, change of 𝜃𝜃 from 19% to 20% lead to variation 

in the 𝐾𝐾𝑢𝑢 values from 0.068 to 0.07 mm/day. This slight change in the 𝐾𝐾𝑢𝑢 value and 𝜃𝜃 can be 

explained with 𝜓𝜓  being close to or below the air-entry value; remain water content is strongly 

connected to the Chalk and water moves very slowly. This is more obvious in Figure 5.19 (c) which 

shows part of the SMC curve during the steady state condition of the PA2 and PA4 test. The figure 

shows that the curve at steady state condition represents small parts of the SMC curve. The curve 

shows that there is a large variation in both tests, for example, in the PA2 test 𝜓𝜓 is about -80 kPa 

and 𝜃𝜃 is about 15%, while in the PA4 test 𝜓𝜓 value is about -50 kPa and 𝜃𝜃 is about 19%. With this 

change in both values. 

      

Figure 5.19: Hydraulic characteristics of PA2 and PA4 draining test: (a) 𝜓𝜓-𝐾𝐾𝑢𝑢 approach; (b) 𝜃𝜃-

𝐾𝐾𝑢𝑢 approach (c) 𝜓𝜓-𝜃𝜃 approach  
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5.3.4 Soil Moisture Characteristic curve  

  

A gradual decrease in water in the pore space lead to decrease in total pressure a result of 

progressively emptying of fractures and larger pore space until only the very narrow pores retain 

water. This form of the physical basis of the relation between water content (𝜃𝜃 ) and pressure (𝜓𝜓) 

is known as soil moisture characteristic (SMC) curve. 𝜓𝜓 and 𝜃𝜃 obtained from the centrifuge 

experiments were used to plot SMC curves, which requires a continuous record of 𝜓𝜓 and 

corresponding measurement of 𝜃𝜃. The curve is important in understanding the way water moves 

and distributes in the unsaturated zone. Some of the data presented in chapter 4 were used to build 

a SMC curve in both wetting and drying tests, so the influence of the fractures and hysteresis is 

also shown. The results are then compared to the other methods used to construct the SMC curve 

which are the Brooke and Cory (BC), Van Genuchten (VG) and Kosugi (KS) methods. The Chalk 

samples used in the tests are from Seaford Chalk (porosity 36.5 to 33.6 %) and Lewes Nodular 

Chalk (porosity 33.6 to 33.7) formations (more details in table 4.1). both cover most part of the 

study area. 

The wetting tests were undertaken to investigate the nature of the SMC curve under wetting 

condition. In the tests, several specimens were used as a block of intact Chalk sample in all 

experiments. For a fractured Chalk sample, the test was not successful because under high gravity 

the added water from the top just passed through the fracture and did not give time for the Chalk 

matrix to saturate.  Results were generally close to each other. Both 𝜓𝜓 and 𝜃𝜃 are recorded 

simultaneously during inflight condition allowing to build the SMC curve, the typical result is 

showing in Figure 5.20. The results obtained from the centrifuge compared to the BC, VG and KS 

model. 
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Figure 5.20: SMC curve of wetting process of intact Chalk sample  

 

The drying tests were undertaken to examine the nature of the SMC curve under drying condition. 

The drying process was undertaken for more than one specimen. This process allowed the use of 

intact and fractured Chalk sample, as the samples were previously saturated under vacuum for 48 

hours and then allowed to drain under the centrifuge force; changes in 𝜃𝜃 and outflow were 

monitored. Results were seen to be similar for intact Chalk samples but varied for the fractured 

Chalk samples. During the tests, the saturated sample was allowed to drain under the centrifugal 

force, no water was added during the tests. A typical result for an intact Chalk sample is shown in 

Figure 5.21. The results obtained from the centrifuge compared to the BC, VG and KS model. 

The VG and LN models are matching the results obtained from the centrifuge, but the BC model 

is following different trend.  
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Figure 5.21: SMC curve of drying process of intact Chalk sample  

 

Details from the typical wetting and drying SMC curve (Figure 5.20 and 5.21) indicate presences 

of three pressure zones, the low-pressure zone, intermediate pressure zone and high-pressure zone. 

These zones may relate to the mechanism of water flow in the Chalk unsaturated zone, which in 

turn may relate to the matrix and fracture domains of the Chalk. The low pressure zone is the zone 

where water mainly starts to flow, this zone begins when the 𝜓𝜓 rise above -5 kPa and 𝜃𝜃 to above 

30% in case of drying and 26% in case of wetting test. At this zone, both matrix and fractures are 

conducting water. The intermediate pressure zone is the zone where the fractures are totally dry, 

and water is held in the matrix of the Chalk, but the 𝜓𝜓 remains above the air entry value. In this 

zone, the 𝜓𝜓 reaches to -100 kPa and 𝜃𝜃 reaches 26% in case of drying test and 18% in case of 

wetting test. At the high pressure zone the matrix starts to desaturate and 𝜓𝜓 falls below air entry 

pressure. The results from the SMC curves are closer to the SMC curve found by Ireson (2008), 

while the typical SMC curve found by Molyneux (2012) was extended to higher 𝜓𝜓 (-1000 kPa).  
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Figure 5.22 shows a comparison between the SMC curve of an intact Chalk sample and a fractured 

Chalk sample during a drying process, test PA2 and PA4. The SMC trend of the fractured Chalk 

sample is generally following the same trend of the SMC of intact Chalk sample. However, in the 

fractured sample, in the first phase due to loss of water in the fracture 𝜃𝜃 declines rapidly with no 

obvious change in 𝜓𝜓. This situation is due to desaturation of the Chalk fracture while the pore 

space is still saturated. In Comparison, in the intact Chalk sample 𝜃𝜃 decreases simultaneously with 

decreasing 𝜓𝜓, as the large pores space start to desaturate affecting both 𝜓𝜓 and 𝜃𝜃. In the second 

phase, more water was lost from the fractured sample where 𝜓𝜓 remained constant and 𝜃𝜃 declined 

by about 25%. In the intact Chalk sample less water was drained from the matrix thus the 𝜃𝜃 remains 

above 30%, as water is held in the pore space. This indicates that the larger fracture and bigger 

pore space will be desaturated first then followed by a smaller pore space. The result of the 

fractured and intact Chalk samples is shown in Figure 5.22. 

 
Figure 5.22: SMC curves for an intact and fractured Chalk sample during drying process   
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It is known that the SMC curve is hysteretic, in where the relation between 𝜓𝜓 and 𝜃𝜃 depends on 

the previous situation of the sample and the process (wetting and drying). The cause of this 

phenomenon is outlined in detail in section 2.2.3. Measurement of the SMC hysteresis is time 

consuming, but using the centrifuge this time can be minimised. It is necessary to use a simple and 

reliable method to measure the hysteresis, which is neglected is most hydrological projects. Results 

of the wetting and drying SMC curves are used to understand this behaviour in the Chalk; this 

shows that when the Chalk sample undergoes a drying process below the air entry value, it shows 

a hysteresis on re-wetting. Figure 5.23 shows this behaviour in the Chalk.  

 

 
Figure 5.23: SMC curve showing hysteresis in intact Chalk sample  
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5.4 Evaluation of the results  

5.4.1 The SMC related to the BC, VG and KS models  

The 𝜓𝜓-𝜃𝜃 values measured during the centrifuge test in the Chalk samples during tests PA3 (wetting) 

and PA4 (drying) were evaluated using the BC, VG and KS models. Figure 5.24 shows the results 

of tests PA3 and PA4 with the BC, VG and KS models. Generally, the curves from the two tests 

are very similar to the BC, VG and KS models, best matching are where the Chalk is close to 

saturation, mainly when all the pore space and fracture contribute on conducting water. But with 

higher 𝜓𝜓 and decrease of matrix saturation 𝜃𝜃 the measured data does not match the models quite 

as well. In the Chalk, the pore size distribution is not well understood because of the presence of 

microfracture in the system. Employing the bundle of cylindrical capillaries (BCC) model as the 

water content in the pores decreases or increases progressively during drying and wetting process. 

Where at higher 𝜓𝜓 only smaller pores are left saturated. This situation may cause this unmatching 

at this level (𝜓𝜓 between -30 to -120 kPa at drying process and between -30 to -100 kPa at wetting 

process). 

When the Chalk sample become drier (𝜓𝜓 below -120 kPa) the BC and VG models matched with 

the recorded data, but the BC model does not match with recorded data mainly at the drying 

process, showing a higher water content 𝜃𝜃. 
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Figure 5.24: SMC curve at PA3 and PA4 tests evaluated using BC, VG and KS models 

 

5.4.2 Comparison of measured 𝐾𝐾𝑢𝑢 with predicted 𝐾𝐾𝑢𝑢 

The 𝐾𝐾𝑢𝑢values calculated during steady state condition from all the centrifuge tests (PA1-A, PA1-

B, PA1-C, PA3, PA4, and PA5) are compared to the predicted 𝐾𝐾𝑢𝑢 values calculated using Equation 

5.7, using different infiltrated rates and 𝜓𝜓 values predicted from Equation 5.3. The measured and 

predicted 𝐾𝐾𝑢𝑢 values are related to changing 𝜓𝜓 and 𝜃𝜃 and compared to each other in Figure 5.25(a, 

b). Mostly, the predicted 𝐾𝐾𝑢𝑢 values follow the same trend as the measured 𝐾𝐾𝑢𝑢 but do not match 

exactly. The predicted 𝐾𝐾𝑢𝑢 calculated using the equation 5.7 under estimates 𝐾𝐾𝑢𝑢 value for 𝜓𝜓 less 

than -20 kPa, and overestimate for 𝜃𝜃.    

The poor matching of the predicted 𝐾𝐾𝑢𝑢 to measured 𝐾𝐾𝑢𝑢 is also observed by McCartney and 

Zornberg (2010) and Khaleel et al. (1995). The poor match of the measured and predicted 𝐾𝐾𝑢𝑢 

value emphasizes the importance of determining 𝐾𝐾𝑢𝑢 experimentally rather than relying on 
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predicted relationships. The 𝐾𝐾𝑢𝑢 of the Chalk sample measured using the centrifuge technique 

provides enough data to characterize the relationship of 𝐾𝐾𝑢𝑢 to 𝜓𝜓 and 𝜃𝜃.  

From extension of the curve of the measured 𝐾𝐾𝑢𝑢, it is possible to estimate the saturated matrix 

hydraulic conductivity 𝐾𝐾𝑠𝑠𝑚𝑚 to about 6 mm/day, in the predicted measurement the value is about 

4.8 mm/day.  

The 𝐾𝐾𝑢𝑢 results from the tests represents the flow through test PA3 where flow occurs at 𝜓𝜓 = -4 

kPa (Figure 4.6). In this test, there may a contribution from fracture flow, however, the 𝐾𝐾𝑢𝑢 graph 

in Figure 5.25 shows that there is a gradual increase in the 𝐾𝐾𝑢𝑢 with increase in both 𝜓𝜓 and 𝜃𝜃. This 

indicates that there is the gradual filling of pore space followed by the fractures starting from the 

smallest pores. Most of the previous work follows the assumption that fractures hold and transmit 

water at a -5 kPa threshold. This idea was first presented by Wellings (1984a) for flow in the Chalk 

unsaturated zone. Nevertheless, the data obtained from the centrifuge tests (𝐾𝐾𝑢𝑢- 𝜓𝜓) and (𝐾𝐾𝑢𝑢- 𝜃𝜃) 

show that instead of presence of an inflection point, there is more gradual increase in 𝐾𝐾𝑢𝑢 reflecting 

change in both 𝜓𝜓 and 𝜃𝜃. 

  

Figure 5.25: Comparison of measured and predicted 𝐾𝐾𝑢𝑢 related to 𝜓𝜓 (a) and 𝜃𝜃 (b) from different 
tests. 
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5.4.3 Comparison of 𝐾𝐾𝑢𝑢 results from the centrifuge with literature data 

The 𝐾𝐾𝑢𝑢 results from the centrifuge tests vary according to the 𝜓𝜓 and 𝜃𝜃 values. Maximum 𝐾𝐾𝑢𝑢 values 

are observed when 𝜓𝜓 is close to zero and the Chalk matrix is nearly saturated. The average values 

of 𝐾𝐾𝑢𝑢 for each test calculated during steady state condition is shown in the Table 5.1. 

Table 5.1: 𝐾𝐾𝑢𝑢 value for each test with 𝜓𝜓 and 𝜃𝜃 values 

Test  Ku (mm/day)  𝝍𝝍 kPa 𝜽𝜽 % Test process  

PA1-A 1.54 - 14 24 Wetting 

PA1-B 3.17 - 8 28 Wetting 

PA1-C 0.072 - 50 16 Drying 

PA2 0.07 - 45 17 Drying 

PA3 4.27 - 4 31 Wetting 

PA4 0.072 - 40 18 Drying 

PA5 3.78 - 6 29 Wetting 

 

An extensive database of the Chalk is held by the British Geological Survey (BGS) in form of the 

aquifer properties database. Most of the aquifer properties are derived from borehole pumping 

tests and according to MacDonald and Allen (2001), there is a strong bias towards high yielding 

valley sites. Thus, these data have to be used with caution to determine 𝐾𝐾𝑢𝑢 for the whole Chalk 

aquifer. However, some researchers have focused on 𝐾𝐾𝑢𝑢 to understand flow and recharge in the 

unsaturated zone. For example, the studies by Wellings (1984a); Cooper et al. (1990), (Price et al. 

1993) and Mahmood-ul-Hassan and Gregory (2002) use the same method as the one developed 

by Poulovassius (1974) which involves recording  the matric potential (𝜓𝜓) and volumetric water 

content (𝜃𝜃) in a draining layers under normal gravity condition. This method requires long time 

monitoring of water movement through the unsaturated zone.    
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The 𝐾𝐾𝑢𝑢values of the Chalk found in the literature vary according to matrix and fracture 

contribution. Price et al. (1993) state that the Chalk matrix 𝐾𝐾𝑢𝑢varies between 0.1 and 10 mm/day. 

Similarly, Mahmood-ul-Hassan and Gregory (2002) determined 𝐾𝐾𝑢𝑢between 15 mm/day at -5 kPa 

to around 1 mm/day for 𝜓𝜓 between -5 and -50 kPa, on the upper Chalk of Ohio field, Winchester, 

Hampshire. This increase in 𝐾𝐾𝑢𝑢 with increasing 𝜓𝜓 is interpreted as a fracture contribution to the 

flow. Also the studies by Wellings (1984b) on the Bridgets Farm Chalk and Cooper et al. (1990) 

on Middle Chalk of Cambridge, showed the same results, that there is a large change in the 

unsaturated conductivity above -5 kPa. Hadlow (2014) measured the field saturated hydraulic 

conductivity of the near surface part of the NHB2 site and the results vary from 4.22 mm/day to 

2470 mm/day. The results of Hadlow (2014) covered a weathered part of the Chalk in the area, 

therefore it indicates the contribution of the fractures flow. Regarding the results from previous 

studies which required long time periods of monitoring, the result from the centrifuge method 

required much less time to measure the hydraulic conductivity. The result is generally close to that 

found in previous studies, however, with the centrifuge technique it required only 50 to 100 min 

to reach steady state condition to measure unsaturated hydraulic conductivity. Therefore, this 

method is less time consuming and reliable method to measure unsaturated hydraulic conductivity. 
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5.5 Conclusion  

In this chapter, by analysing the centrifuge data and comparing them with the theoretical 

background, it was possible to determine the hydraulic characteristic of the Chalk. The theoretical 

background of the water behaviour under centrifuge condition was presented. That involves the 

way that the 𝜓𝜓 and 𝜃𝜃 act under centrifuge condition. The measured 𝜓𝜓 profile along the Chalk 

sample is consistent with theoretical values during steady state infiltration. The 𝜓𝜓 profiles measured 

in the centrifuge using water pressure transducers (wpt) indicates that 𝜓𝜓 and 𝜃𝜃 are uniform in the 

Chalk sample particularly in the upper portion of the sample during steady state condition, in both 

wetting and drying tests. The 𝜓𝜓 profile was observed to be more uniform at higher acceleration 

and less time was required to reach steady state condition with high amount of inflow water.  

Using different infiltration rate lead to measurement of different value of 𝐾𝐾𝑢𝑢 in a shorter time 

duration. The water condition in the Chalk sample reached steady state condition after just 25 min 

with 4 ml/min infiltration, while it required 50 min during using 2 ml/min of water. The result of 

𝐾𝐾𝑢𝑢 was varied according to the amount of inflow water, which in test PA3 the result was 4.27 

mm/day and 1.54 mm/day in using 2 ml/min of water during PA1-A test. Generally, the 𝐾𝐾𝑢𝑢 values 

are depend on the amount of infiltrated water, because of different saturation level, and also, it 

depends on the porosity of the Chalk. From the 𝐾𝐾𝑢𝑢 results, it show that there is progressively 

increase as the smaller pores fill and unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) is correspondingly 

increase.  

The data provided during the tests enable us to draw the SMC curves, showing hysteresis in the 

Chalk. It was also possible to plot a SMC curve for a fractured Chalk sample in the drying process. 

However, measurement of the SMC curve of the fractured Chalk sample during the wetting 

process was not achieved. This is because water passed through the fractures before the matrix 

became saturated with this high force. The SMC curve shows a nonlinear relationship between 𝜓𝜓 
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and 𝜃𝜃 showing three zones, a low pressure zone, intermediate pressure zone and high pressure 

zone. In the low pressure zone both matrix and fractures contribute to flow and recharge through 

the Chalk unsaturated zone. In the intermediate pressure zone only matrix contributes to flow and 

the fractures are dry. Finally, in the high pressure zone there is no flow and water is strongly bound 

in the smallest pores; this is sometimes called air entry zone.  

The SMC curve and 𝐾𝐾𝑢𝑢 vales from the experiments were compared to the BC, VG and KS models. 

In general, it is noted that the SMC curve drawn from the tests match the VG and KS models. The 

measured 𝐾𝐾𝑢𝑢 values did not match the predicted results, but followed the same trends. Comparing 

the measured 𝐾𝐾𝑢𝑢 to literature data indicated a good repeatability of the results, but with less time 

required. Overall, the geotechnical centrifuge was successfully used as a new tool to study hydraulic 

characteristics of the Chalk. 
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Chapter 6 

 

6 Statistical analysis of field observation data and its 

relationship to flow path and aquifer response time  

 

6.1 Introduction  

The timing and magnitude of recharge reaching the water table have significant consequences for 

water resources and for the movement of pollutants into groundwater. The combination of the 

Chalk’s topographic variation and low hydraulic gradient generate a thick unsaturated zone in 

interfluve areas. This thick unsaturated zone leads to significant delays in rainfall reaching the water 

table and attenuation of recharge process. The influence of this attenuation is still poorly 

understood and not well quantified. This may be related to the complexity of the flow mechanism 

through the Chalk dual-porosity system (Price et al. 1993), and it may relate to the difficulty of 

monitoring the water content and matric potential for the entire unsaturated zone. Another 

limitation is related to the insufficient monitoring of groundwater level data sampled at an adequate 

frequent time to fully detect response to rainfall (Lee et al. 2006). These have been solved by a 
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combination of intense field data observation with novel laboratory investigation of flow and 

transport in the Chalk (details in the previous chapter). 

The work presented in this chapter has the advantage of using high frequency monitoring data for 

selected boreholes within the Chalk of the study area, where the rainfall, water level and 

groundwater electrical conductivity (hereafter-electrical conductivity) are recorded on an hourly 

basis. The study area, also has an experimental monitoring site with tensiometers installed 

throughout the unsaturated zone recording the Chalk matric potential (Gallagher et al., 2012; 

Rutter et al., 2012). This allows the water level response to rainfall inputs to be evaluated in relation 

to the evolution of matric potential with time and may allow determination of the flow mechanisms 

that occur in the Chalk unsaturated zone.  

The high frequency monitoring data have been analysed statistically using time series analysis, 

autocorrelation, and cross-correlation. Autocorrelation is a correlation of the time series data with 

itself to investigate any repeating patterns in time series data, such as the presence of seasonality or 

repetitive trends. The cross-correlation method is used to correlate two time series data with each 

other to determine time lags between rainfall and change in water level and electrical conductivity. 

The groundwater level and electrical conductivity are autocorrelated with themselves and cross-

correlated to rainfall input and interpreted in terms of flow process that occur through the Chalk 

unsaturated zone. The time lags for the water level are correlated to the thickness of the unsaturated 

zone associated with each response time at each borehole in the study area. The significant results 

of the correlation are used to calculate hydraulic conductivity (𝐾𝐾) of the Chalk and compared to 

the results from laboratory techniques used to measure matrix unsaturated hydraulic conductivity 

𝐾𝐾𝑢𝑢 from previous chapter. These results may be interpreted to indicate the recharge pathway and 

flow mechanism in the Chalk unsaturated zone in light of previous field investigation, laboratory 

data, and theoretical investigations.  
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The relative importance of matrix and fracture flow during recharge process is not fully 

understood, particularly at the short time periods in which most of the fracture flow occurs. This 

chapter, with the results from the previous chapter, provides insight into the flow process and 

mechanism that control flow and recharge in the study area in a physical context and basis of the 

statistical analysis results.   

 

6.2 Field observation data   

This study focused on the Chalk catchment of Brighton area, southeast England. Three boreholes 

have been selected in the area, North Heath Barn, Pyecombe east and Preston Park. The study 

area has been monitored since 2006, mostly focussing on the North Heath Barn site in north 

Patcham (Adams et al. 2008). At the North Heath Barn site, two boreholes have been drilled to 

monitor flow and transport of water in the unsaturated zone using three types of tensiometers, 

shallow tensiometers, Equi-tensiometers and deep jacking tensiometers (Rutter et al. 2012). These 

tensiometers allow the recording of matric potential throughout the unsaturated zone profile. Also, 

a tipping bucket and an accumulative rain gauge have been installed close to the monitoring 

boreholes to measure rainfall, simultaneously with recording groundwater level. The boreholes 

recorded hourly, and in some cases every 15-min, observations of rainfall, groundwater level, and 

groundwater electrical conductivity.  

Electrical conductivity is measured by passing an electrical current through water, and it mainly 

varies according to the presence of inorganic dissolved solids (both anions and cations). 

Also, conductivity changes with the change of temperature, warmer water has a higher electrical 

conductivity. Therefore, the temperature was measured simultaneously with electrical conductivity. 

Figure 6.1 shows the change of temperature with the change in electrical conductivity. It is clear 

from the figure that temperature does not vary with seasonal variation in electrical conductivity. 

Thus, electrical conductivity is not influenced by temperature in this study area. 
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Figure 6.1: Time series data of electrical conductivity with temperature in North Heath Barn site  

 

The sites used where chosen to represent different unsaturated zone conditions, which they are 

North Heath Barn, Pyecombe East and Preston Park (Figure 6.2). All the rainfall and 

evapotranspiration data used in this study to calculate effective rainfall are from the North Heath 

Barn site. The effective rainfall that passes into the unsaturated zone was calculated by subtracting 

rainfall from evapotranspiration. Surface runoff can be neglected, as according to Butler et al. 

(2009), the Chalk area surface runoff usually absent due to high transmissivity and rainfall 

infiltration rates. 

North Heath barn is a relatively undisturbed site with a thick unsaturated zone (about 80m in 

summer) and composed of Upper Chalk formations with abundant marl seams. Pyecombe East is 

an effluent dispersal site (a form of artificial recharge), where the unsaturated zone reaches 50 m 

thickness during summer and is composed of Lower Chalk formations. Preston Park is an urban 

site, where the unsaturated zone reaches 20m thick and composed of the Upper Chalk formations. 

A summary of the borehole locations, monitoring period and more other information is given in 
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Table 6.1. Figure 6.2 shows parts of the records of the three monitoring sites used in this study 

which are rainfall, groundwater level, and electrical conductivity. 

Table 6.1: Details of the boreholes in the study site 

Sites Chalk lithology Monitoring period Dominant land use Average water level fluctuation (m) 

North Heath Barn  
(TQ287105) 

Upper Chalk Since 2006 Undisturbed site 37 

Pyecombe East 
(TQ29261276) 

Lower Chalk Since 2010 Effluent disposal site 23 

Preston Park 
(TQ30280657) 

Upper Chalk Since 2010 An urban site 17 
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Figure 6.2: Rainfall, electrical conductivity, and groundwater level data for North Heath Barn (top), PP 

(middle) and PE (bottom) 

 

6.3 Unsaturated zone characterization in the study area  

Most of the study undertaken in the area was focused on the North Heath Barn borehole (Adams 

et al. (2008); Gallagher et al. (2012); Molyneux (2012), Rutter et al. (2012)), as this area was 

intensively monitored by installing several tensiometers along the deep unsaturated zone. These 

tensiometers measured matric potential and provided continuous monitoring data, which can be 

used as an indication of the state of the Chalk unsaturated zone. The immediate observation of the 

data indicates that the matric potential of the deep unsaturated zone remains high and there is no 

systematic decrease in the matric potential because of the heterogeneity in the Chalk profile. 

However, it is possible to indicate three zones of matric potential from near surface to the bottom. 

Commonly, all tensiometers respond individually to rainfall events and each behaves differently 

according to depth and location in the zone. However, it is possible to classify the tensiometer 

response in to three main groups according to change in matric potential through the year, arranged 

from the top to the bottom as follows:  

1- The tensiometers installed at depth 3, 4 and 5 m BGL show seasonal fluctuation with a change 

in rainfall. They concurrently fluctuate with the groundwater level, with six months of wetting 

up, from November to April, followed by six months drying out from May to October. In the 
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wetting up seasons the matric potential is almost zero or near to zero, while in dry seasons the 

matric potential declines to around -90 kPa at depth 3m and -80 kPa at depth 4m and -60 kPa 

at depth 5m. Thus, this level can reflect the portion of the Chalk unsaturated zone profile that 

is sensitive to seasonal variation  

 

Figure 6.3: Showing changes in matric potential at 3, 4 and 5 m depth below ground surface and 

groundwater level 

 

2- The tensiometers installed at 15.5, 20.5, 25.5 and 30.5 m depth show a different response to 

seasonal variation. The matric potential at these tensiometers remained mostly under the 

threshold (below -5 kPa). Figure 6 illustrates the variation of matric potential of deep 

tensiometers installed at depth (15.5, 20.5, 25.5 and 30.5) m with time (from January 2007 to 

July 2009). The data show that matric potential generally remains above -5 kPa, below the 

fracture flow threshold, which means that the Chalk matrix remains near saturation and water 

may continuously drain from this zone to the saturated zone during recession seasons (Figure 

6.4).  
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Figure 6.4: figure 6.Show change in matric potential at depth (15.5, 20.5, 25.5 and 30.5) m and 

groundwater level  

 

3- The tensiometers installed at 35.5, 40.5, 45.5, 55.5 m depth show that the unsaturated zone at 

that depths remains wet through the year. The matric potential throughout the year (from 

January 2007 to July 2009) is almost less than -1 kPa, except during March 2007 to August 

2007 where tensiometer 45.5m reaches -1.5 kPa. The matric potential in this zone remains 

above the air entry pressure but below the atmospheric pressure. Figure 7 shows the variation 

in matric potential with seasonal change, from January 2007 to July 2009, simultaneously with 

the change in groundwater level. When matric potential is close to zero, it means that the Chalk 

matrix is almost saturated and the deep unsaturated zone remains wet throughout the year. 

According to (Wellings and Bell 1980) and (Wellings 1984a), the Chalk matrix is saturated, but 

with matric potential below atmospheric pressure, at -5 kPa and the Chalk fracture and fissures 

could hold and conduct water at this level which they termed the fracture flow threshold 

(Figure 6.5). 
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Figure 6.5: Show change in matric at depth (35.5, 40.5, 45.5 and 55.5) m and groundwater level  

 

 

6.4 Results  

6.4.1 Autocorrelation  

Autocorrelation analyses of groundwater level and electrical conductivity were carried out on the 

borehole records using daily and monthly time series data. The monthly data were selected to give 

a clearer indication of any seasonal pattern that may occur in the data. Results show significant 

correlations and patterns of seasonality for both groundwater level and electrical conductivity for 

all boreholes. The daily time series data of groundwater level show two trends of seasonality. For 

Pyecombe East and Preston Park, there is a cycle of 180 days high level followed by 180 days of 

low level for both groundwater level and electrical conductivity. Similarly, in North Heath Barn, 

groundwater level show the same trends, but the electrical conductivity has a longer cycle level 

which extends to about 240 days (8 months). Moreover, the monthly time series data of the 

groundwater level show the same trends as the correlation co-efficient varies at lag 1, 6 and 12 

month periods which indicate the presence of 180 days wetting up period where rainfall water 
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reaches groundwater and cause rise water table and 180 days of groundwater decline (Figure 6.6 

(a, c) ).  

The electrical conductivity also shows autocorrelation and a pattern of two trends. However, these 

are different from the groundwater level time series, as the cycle continues to 240 days (Figure 6.6 

(b)). This trend is illustrated more clearly in monthly time series data where the correlations show 

variation at lags of 1, 8 and 12 months indicating an 8 months increase of electrical conductivity 

following 4 months decline (Figure 6.6 (d)). The difference of electrical conductivity and 

groundwater pattern may indicate that water is continuously adding to the groundwater from 

unsaturated zone but it is not enough to raise groundwater level (recharge is less than discharge). 

This situation also appears in the autocorrelation function result in the North Heath Barn site 

during 2012 and 2013, where the electrical conductivity remains at high levels up to the end of July 

(Figure 6.7). This supports the same result observed using the statistical method. This observation 

was noted by Gallagher et al. (2012) when a CCTV survey was used to study the Chalk unsaturated 

zone at the North Heath Barn site. The study showed that some parts of the unsaturated zone 

remain wet throughout the year, and the majority of the zone remains wet until August.  

Furthermore, the tensiometer data from the deep unsaturated zone in North Heath Barn indicate 

that the zone remains wet through the year and the matric potential values are above -1 kPa 
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Figure 6.6: Autocorrelation for North Heath barn site (2012 and 2013), (a) groundwater level daily 

time series data, (b) electrical conductivity daily time series data, (c) groundwater level monthly time 

series data, (d) electrical conductivity monthly time series data. 

 

 

Figure 6.7: Autocorrelation function of groundwater level and electrical conductivity at North 

Heath Barn site  
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6.4.2 Cross-correlation  

Cross-correlation analysis of rainfall and groundwater level response was carried out using the daily 

and hourly time series. The daily time series data were subdivided into seasonal datasets of three-

month duration, but the hourly data is selected according to the season and individual events. The 

three-month interval was chosen so that seasonal change in groundwater level response can be 

identified. Results vary significantly in shape and patterns for each season and between sites, which 

depends on the amount of rainfall, evapotranspiration, and the recharge-discharge balance. The 

majority of rapid responses are observed during autumn and winter. For example, in the North 

Heath Barn site at winter 2012 the groundwater level responded to rainfall events (daily average 

2.2 mm/day) within 4 days (Figure 6.8); whereas in winter 2013, groundwater level responded to a 

rainfall event (daily average 4.4 mm/day) within the day of the event (Figure 6.9). Also, in winter 

2014 groundwater responded to a rainfall event (daily average 5.6 mm/day) within 24 hours of the 

event (Figure 6.10). In both Pyecombe East and Preston Park, the response was within the day of 

the rainfall event during the winter of 2013 and 2014.   

As part of the cross-correlation analysis, one-month data set correlation was also carried out, but 

these short period data sets were not enough to identify significant correlations that should occur 

at a time lag greater than approximately 1 week. Also, some response times require longer periods 

that are greater than one-month intervals. Instead, for a fast response, an hourly dataset cross-

correlation was carried out to identify bypass flow through the unsaturated zone. It has been noted 

that significant correlation is heavily dependent on seasons, with shorter response time (in hours) 

during wet seasons (winter) than in dry seasons (mainly summer and autumn). However, the 

response time is generally dependant on the amount of rainfall and the depth of the unsaturated 

zone thickness.  For example, summer 2012 was wet with daily average effective rainfall (1.8 

mm/day) causing rise of groundwater within 2 days in North Heath Barn and Pyecombe East and 
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1 day in Preston Park, while, with less rainfall during spring 2012 (0.64 daily average rainfall/day) 

lead to a response time of 15 days at the North Heath Barn site. 

During many of the seasons, a secondary groundwater level response was observed, the significant 

lag time correlation for each season is identified by bold in the table (6.2, 6.3 and 6.4). The 

correlation varies from 0 (within 24 hours of the rainfall), for example, cross-correlation at Preston 

Park occur on a consecutive day, to 5 days, for which most of the correlation occurs in a 

consecutive manner. However, in some periods there are delays between the pulses causing a non-

consecutive response, for example, during winter 2012, a delay of 1 day between pulses is seen at 

North Heath Barn site (Figure 6.8), and delay of 13 days during winter 2012 at Preston Park (Figure 

6.11).  

Non-correlated periods were mainly observed during seasons where the amount of 

evapotranspiration exceeds the amount of rainfall or the amount of the rainfall is not enough to 

overcome the unsaturated zone moisture deficit, particularly during summer and spring. In all the 

study sites there was a non-correlation period during summer 2013 were the daily average rainfall 

was less than evapotranspiration (Table 2, 3 and 4).The longest time lag correlations were mainly 

observed during autumn as the unsaturated zone is thick and drier. For example, at the North 

Heath Barn site during autumn 2013, groundwater level responded after 60 days, after 59 days in 

Pyecombe East, and after 50 days in Preston Park. In contrast, shorter time lags (0-day time lag) 

were observed during the winter season where the unsaturated zone has a minimum thickness and 

is wetter (higher matric potential). For example, in North Heath Barn site during winter 2014, 

groundwater responded to rainfall events at a 0 day-time lag, while in both Pyecombe East and 

Preston Park, a 0 day time lag was observed during winter 2013 and 2014. Response within the day 

of rainfall will be focused on in more detail through the next paragraph, as the groundwater 

response to rainfall is analysed hourly.  
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Figure 6.8: Cross-correlation between rainfall and groundwater level, North Heath Barn, winter 

2012 

 
Figure 6.9: Cross-correlation between rainfall and groundwater level, North Heath Barn, winter 

2013 
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Figure 6.10: Cross-correlation between rainfall and groundwater level, North Heath Barn, winter 

2014 

 
Figure 6.11: Cross-correlation between rainfall and groundwater level, Preston Park, winter 2012 

 

6.4.3 Estimating unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) using field data 

The unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) of the Chalk using the significant response time (t) 

over the unsaturated zone thickness (Z) at a specific moisture capacity (𝐶𝐶) in a one dimensional 

flow system (Barker 1993; Price et al. 2000) is given as:   
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𝐾𝐾𝑢𝑢 = 𝑍𝑍2𝐶𝐶
2𝜕𝜕

                                                  6.1 

Where 𝐶𝐶 is the specific moisture capacity, which can be defined as the volume of water relaeased 

(or taken) in storage per unit volume of unsaturated zone per unit change in pressure head 

(Stephens 1995). According to Price et al. (2000), laboratory value of 𝐶𝐶 ranges from 0.0007 to 

0.0001 m-1 according to matric potential ranging from 10 to 150 kPa. The value of 0.0007 m-1 was 

used during winter and spring seasons, where the unsaturated zone is close to saturation, but during 

summer and autumn the 0.0001 m-1 value was used. Using 𝐶𝐶 in equation 6.1 along with the Z and 

t values from the significant response time from all the sites, gives a range of unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) in the unsaturated zone depending on seasons as shown in Table 6.2, 6.3 and 6.4 

for each location North Heath Barn, Pyecombe East and Preston Park respectively. Ireson (2008) 

used the same method to measure diffusion lag time but replacing the drainage of bulk volume to 

a specific storage (𝑆𝑆𝑠𝑠) as in the equation below (equation 6.2). 

 

𝐾𝐾𝑢𝑢 = 𝑍𝑍2𝑆𝑆𝑠𝑠
𝜕𝜕

                                                         6.2 

The specific storage in the Chalk used by the Ireson (2008) was stable and was assumed  not to 

change with a change in the storage during each season. This situation is better with the Price et al. 

(2000) equation, where they used (𝐶𝐶) which changes according to change in matric potential (𝜓𝜓). 

Thus, this equation is used in this study because the C changes according to seasonal change and 

with change in the Chalk matric potential.  

The unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) values measured using the statistical cross correlation 

and equation 6.1 in the three sites are much greater than the matrix saturated and unsaturated 

hydraulic conductivity calculated using the centrifuge technique. Also, the value found is higher 
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than matrix saturated hydraulic conductivities (𝐾𝐾𝑚𝑚𝑠𝑠) reported in the literature. Therefore, these fast 

responses cannot be associated with flow through the matrix. These rapid responses may be 

associated with the fracture contribution in the flow and recharge (bypass flow). Usually, the fast 

response occurs when the daily effective rainfall was greater than 5 mm/day which, in turn, is larger 

than matrix saturated hydraulic conductivity, and when the unsaturated zone is in minimum 

thickness. 

Table 6.2: Cross-correlation of groundwater level with rainfall in North Heath Barn site compared 

with seasonally active rainfall and unsaturated zone thickness.  

Seasons Lag time (day) Daily active rainfall (mm/day) UZ thickness (m BGL) Ku (mm/day) 

Winter 2012 4, 6, 7 2.15 69.57 282 

 

 

 

Spring 2012 15, 16, 17, 18, 19, 20, 21, 22  0.64 67.65 69 

 

Summer 2012 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 1.84 50.96 16 

Autumn 2012 28,29 2.42 62.96 7 

Winter 2013 0,1,2,3,4,5 4.42 38.81 527 

Spring 2013 15,16,17,18,19,20,21,22 1.30 48.59 34 

 

Summer 2013 No correlation -1.70 67.35 -- 

Autumn 2013 60,61,62 0.72 66.73 4 

Winter 2014 0,1,2,3,6,7,8,9,10 5.58 31.44 346 

 

Table 6.3: Cross-correlation of groundwater level with rainfall in Pyecombe East site compared with 
seasonally active rainfall and unsaturated zone thickness 

Season  Lag time (day) Daily active rainfall (mm/day) UZ thickness (m BGL) Ku (mm/day) 

Winter 2012 3, 4, 5, 6 2.15 55.48 215 
Spring 2012 3,4,5,6,7,8,9,10,14,15,16,17,18,19,20 0.64 49.86 39 

Summer 2012 2, 3, 4, 5, 6, 7, 8, 9, 10 1.84 45.70 21 

Autumn 2012 10, 12, 13 2.42 51.62 13 

Winter 2013 0, 1, 2, 3, 4,5,6,7,8 4.42 40.84 584 

Spring 2013  2, 3, 4, 5 1.30 44.99 121 

Summer 2013 No correlation -1.70 52.65 -- 

Autumn 2013 59, 60, 61, 62 0.72 54.04 2 

Winter 2014 0,1,2,3 5.58 33.14 769 
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Table 6.4: Cross-correlation of groundwater level with rainfall in Preston Park site compared with 
seasonally active rainfall and unsaturated zone thickness 

Seasons Lag time (day) Daily active rainfall (mm/day) UZ thickness (m BGL) Ku (mm/day) 

Winter 2012 2,3,4,5,6,7,20,21,22,23,24 2.15 21.08 31 
Spring 2012 2,3,4,5,6,7,8,9 0.64 19.57 14 

Summer 2012 1,4,5,6,7,8,9,10,11,12 1.84 13.77 0.9 

Autumn 2012 39,40,41,42 2.42 16.56 0.3 

Winter 2013 0,1,2,3,4,5,6,7,8,9 4.42 5.81 12 

Spring 2013 Close to 4 1.30 10.19 9 

Summer 2013 No correlation -1.70 18.46 -- 

Autumn 2013 50,68,69 0.72 19.88 0.3 

 

 

Winter 2014 0 5.58 2.99 31 

 

 

Hourly cross-correlation analyses of rainfall and groundwater level were carried out for the daily 

time series cross-correlation with 0 lag time (response is within a day). The hourly time series 

correlation is significant in understanding flow mechanism and identifies how fast the rainwater 

passes through the unsaturated zone during this particular season, where the matric potential is 

close to saturation. The hourly data correlation for North Heath Barn site is shown in Figure 6.12, 

which the groundwater level responded to the rainfall within 13 and 15 hours, but the most 

significant correlation occurs in the 37 hours after the rainfall event. The 13 hours response 

indicates a high unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) which is equal to 638 mm/day. The 

significant correlation, response after 37 hours, resulted from 487 mm/day unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢). It is observed from the cross-correlation results, water flows through 

unsaturated zone as waves and pules with different lag times. With time the fracture contribution 

to flow is minimized and water mostly pass through the matrix of the Chalk sample. 
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Figure 6.12: Showing the cross-correlation between rainfall and groundwater level response in 

North Heath Barn, winter 2014 

 

 

The hourly cross-correlation result at Pyecombe East during winter 2014 showed a response within 

12 hours, from which the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) was calculated as 839 mm/day. 

The most significant correlation was at 20 hours’ time lag leading to estimation of 384 mm/day 

unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) (Figure 6.13). With time the water flow through the 

unsaturated zone became slower and last response occur within 57 hours, the hydraulic 

conductivity measured is 165 mm/day. The results show that in all results fractures contribute to 

flow and water transport in the Chalk unsaturated zone, but with different levels. During winter 

seasons, the unsaturated zone storage is replenished continuously with rainfall, and fractures will 

be available for flow contribution. 
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Figure 6.13: Show groundwater response to rainfall event in Pyecombe East during winter 2014 

 

 

At Preston Park, groundwater responds to rainfall in 1 hour with hydraulic conductivity equal to 

75 mm/day, but the most significant correlation is 22 hours time lag indicating 3.3 mm/day 

hydraulic conductivity (Figure 6.14). Rainwater reaches the groundwater as an interrupted pulse 

for which most of the estimated hydraulic conductivities are bellow matrix hydraulic conductivity. 

This may have related to the location of the borehole, as it is covered by infrastructures that has 

low permeability leading to increase runoff and decrease infiltration. However, long period water 

table responses may result from long term flow accretion from across the aquifer. 
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Figure 6.14: Show groundwater response to rainfall event in Preston Park during winter 2014  

 

 

6.4.4 Groundwater response related to unsaturated zone thickness and 
rainfall   

For each site, the statistically significant correlations are plotted as a function of the daily average 

effective rainfall and average unsaturated zone thickness in Figure 6.15, Figure 6.16 and Figure 

6.17. This is to show a change in response time with variation in the amount of rainfall and 

fluctuation in unsaturated zone thickness. At the North Heath Barn site, the annual change in the 

unsaturated zone thickness is from 68 to 31 m BGL, and the daily effective rainfall varies from 

0.65 mm/day to 5.6 mm/day. At Pyecombe East, the unsaturated zone thickness varies from 56 

to 33 m BGL annually, and at Preston Park, it varies from 20 to 3 m BGL.  

It is observed that rapid water level response occurs when the water table was at the maximum 

height with high effective rainfall, in contrast, the longest response occurs when the unsaturated 

zone was in maximum thickness and low effective rainfall. For example, during winter 2014 at 
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North Heath Barn site a rapid response (13 hours time lag) was observed when the groundwater 

level was 31 m BGL and the daily effective rainfall is 5.6 mm/day, also during winter 2013 a rapid 

response (1 day time lag) was observed when the unsaturated zone thickness is 36m BGL and daily 

effective rainfall is 4.4 mm/day. Most of the slow response is observed with less rainfall and thicker 

unsaturated zone. For example, in autumn 2013, with 66.73 m BGL unsaturated zone thickness 

and 0.72 mm daily average effective rainfall, it requires 60 days time lag till the groundwater level 

starts to respond (Figure 6.15 ). The plot of the groundwater level response time (time delay) versus 

the unsaturated zone thickness and daily average effective rainfall shows that the time required for 

the time lag for groundwater level response to rainfall mainly depends on the amount of the 

effective rainfall and the thickness of the unsaturated zone.  

      
Figure 6.15: The time lag for first significant groundwater response versus Unsaturated zone 

thickness (on the right) and versus daily active rainfall (in the left) at North Heath Barn site 

 

During winter 2014 at Pyecombe East, groundwater level response is observed at depth 33 m BGL 

within 11 hours of a 5.6 mm/day effective rainfall, and during 2013, a response is observed at 

depth 40 m BGL within 1 day of a 4.4 mm/day effective rainfall. The slowest response (60 days) 

was observed during autumn 2013 where the unsaturated thickness was 52.04 m BGL and the 

average daily effective rainfall was 0.72 mm. (Figure 6.16). Similarly to the North Heath Barn site, 
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the graph shows that the groundwater response is mainly depended on the amount of effective 

rainfall and the thickness of the unsaturated zone. 

 
Figure 6.16: The time lag for first significant groundwater response versus unsaturated zone 

thickness (in the right) and versus daily active rainfall (in the left) at Preston Park site 

 

During winter 2014 at Preston Park, with 5.6 mm effective rainfall and 3m BGL unsaturated zone, 

groundwater level responded within 1 hour. While, during 2013, the response was 1 day with 5 

mBGL unsaturated zone depth and 4.4 mm daily effective rainfall. The slowest response was 

observed during autumn 2013 where the unsaturated zone thickness was 19.88 m BGL and the 

daily effective rainfall was 0.72 mm (Figure 6.17). As for the other sites, the time required for 

groundwater response depends on the effective rainfall and unsaturated zone thickness. 
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Figure 6.17: The time lag for first significant groundwater response versus unsaturated zone 

thickness (in the right) and versus daily active rainfall (in the left) at Pyecombe East site 

 

6.5 Discussion 

6.5.1 Unsaturated flow  

Flow through the Chalk unsaturated zone occurs through the matrix, fracture or both pathways. 

Flow in the matrix occurs through the Chalk pores as a function of piston flow (matrix pulse) 

where water at a higher level displaces that lower in the profile. This type of flow is generally slow. 

According to Price et al. (1976), the saturated hydraulic conductivity of the Chalk matrix is 3 to 5 

mm/day. In some cases, flow as a function of piston flow generates fast flow responses depending 

on the water content, as with higher water content the flow becomes faster. Flow through the 

fractures can occur much faster, however, at rates ranging from 100 to 1400 mm/day (Lee et al., 

2006), but it happens under certain circumstances mainly dependant on the unsaturated condition 

and rainfall intensity and duration (Ireson, 2009). Fracture flow mainly occurs when the rainfall 

intensity exceeds the matrix hydraulic conductivity (𝐾𝐾𝑚𝑚).  
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In some of the study sites, the response observed is too rapid (in hours) to be linked to matrix 

flow. The result in the laboratory test shows that the matrix hydraulic conductivity varies from 0.07 

mm/day at -50 kPa matric potential and 16% volumetric water content, to 4.27 mm/day at -4 kPa 

matric potential and 31% volumetric water content. In addition, the saturated hydraulic 

conductivity (𝐾𝐾𝑠𝑠) reaches 6 mm/day. The results measured in the literature vary between 3 to 5 

mm/day (Price et al. 1993; Hadlow 2014). Thus, if flow through the matrix pores is the only path 

of water through the Chalk unsaturated zone, the response time of groundwater level is expected 

to be within a year for less than 10 m unsaturated zone thickness. These laboratory results can be 

compared to the field hydraulic conductivity (𝐾𝐾) measured using equation 5, which gives hydraulic 

conductivity (𝐾𝐾) values of 839 mm/day. This value is much greater than the matrix saturated 

hydraulic conductivity (𝐾𝐾𝑚𝑚𝑠𝑠) of the Chalk. Thus, this response cannot be related to flow through 

the matrix only, but there must be a contribution of fracture flow during recharge periods. 

However, at Preston Park, the measured hydraulic conductivity (𝐾𝐾) is generally much smaller than 

at the other sites, with much thinner unsaturated zone. This is due to the presence of impermeable 

infrastructure covering the area around Preston Park borehole, which decrease infiltration of water 

to the unsaturated zone and increase runoff.  

Using equation 5, possible values of unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) and 𝐶𝐶 are plotted in 

Figure 6.18 together with the response time (t) and the unsaturated zone thickness (Z) for the three 

study sites. The fastest possible matric response is given by 𝐾𝐾𝑢𝑢 = 10 mm/day, 𝐶𝐶 = 0.0001 m-1, the 

curve is obtained using the highest possible value of matrix hydraulic conductivity (𝐾𝐾𝑚𝑚) and the 

lowest possible value of 𝐶𝐶. The curve shows that most of the response at North Heath Barn and 

Pyecoomb East cannot be attributed to matrix flow and there is a contribution of fracture during 

recharge periods. Groundwater level response at these sites during winter periods are too rapid for 

a matrix pulse and can therefore only result from combination of both matrix and fracture flow.  
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Generally, most of the response can be explained as matrix flow by the mechanism of piston flow 

(piston displacement), some of the rapid flow can be expressed as the flow mainly during the winter 

season when the unsaturated zone is wetter. Some other contributions to flow may be expressed 

as flow as a film in a fracture wall which may be slower than flow occurring through the entire 

fracture. 

 

 
Figure 6.18. Time lag versus unsaturated zone thickness for all the three sites with best fit lines 

(in black). Solution of the equation 5 is given for different 𝐾𝐾𝑢𝑢 and 𝐶𝐶 values 

 

6.5.2  Rainfall and unsaturated zone 

The plots of groundwater response versus average daily effective rainfall and unsaturated zone 

thickness at the North Heath Barn site (Figure 6.15), Pyecombe East (Figure 6.16) and Preston 

Park (Figure 6.17) shows that the response time of the groundwater level strongly depends on the 

amount of rainfall and depth of water table. The three sites show a rapid increase in time lag when 
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the daily effective rainfall exceed 4 mm/day and when the water table reaches a critical thickness. 

It is expected that the response does not only depend on the amount of rainfall and water table 

depth, but also on the state of the unsaturated zone (Ireson and Butler 2011). Most of the fast 

responses are observed during winter seasons where the unsaturated zone is not only thin but also 

wettest. Results from the autocorrelation of groundwater electrical conductivity shows continuous 

water flow to the groundwater from the unsaturated zone until mid of summer.  This situation is 

observed mainly in North Heath Barn site where abundant marl seams and fractures may retain 

water and release it slowly. Rutter et al. (2012) stated that the unsaturated zone at the North Heath 

Barn site remains close to saturation throughout the year and rapid bypass flow occur frequently 

through the winter season. The tensiometers data show that the deep unsaturated zone remains 

close to saturation throughout the year, thus a sufficient rainfall may minimize response time.  

Most of the slower responses are observed during summer or autumn periods when the 

unsaturated zone is thicker and drier. However, during summer 2012 a response within 2 days at 

the North Heath Barn site and Pyecombe East and 1 day in Preston Park were observed, where 

generally the unsaturated zones were thicker and daily effective rainfall was 1.84 mm/day. From 

the deep unsaturated zone tensiometer data, it is obvious that the deep unsaturated zone is above 

the fracture flow threshold which is -5 kPa (Gallagher et al. 2012). This, in combination with 

relatively high rainfall events, may lead to faster response during the summer season. Furthermore, 

from the autocorrelation of the electrical conductivity data of North Heath Barn site, water is 

continually adding to the water table until summer (Figure 6.6, b, d). This situation is clearer in the 

Autocorrelation function of groundwater level and electrical conductivity where the groundwater 

level shows 6 months of high level followed by 6 months decline, while the electrical conductivity 

is showing a decline after 8 months (Figure 6.7). This situation at the North Heath Barn site 

indicates that the water stored in the unsaturated zone in the fracture surface and collected above 

marl seam aquitards. In the PA2 test, where a fractured Chalk sample span in a drying process, the 

result show that the fractured Chalk sample drains more water than an intact Chalk sample. This 
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indicates that Chalk that has more fractures store more water, and part of that water is slow draining 

from the matrix and fracture porosity of the Chalk over time to the groundwater. This situation 

was also suggested by Price et al. (2000) that water is stored on the fracture and fissure surface 

irregularities, which then drained slowly to the groundwater. Furthermore, slow drainage was also 

recorded by (Rutter et al. 2012) using tensiometer data installed throughout the unsaturated zone 

in North Heath Barn site, as they mentioned that drainage of water through the deep unsaturated 

zone occurs throughout the year.  

The sudden change in the curve slopes in the Figure 6.15, Figure 6.16 and Figure 6.17 indicates a 

possible change in the flow domain pathway. This change in flow may be from fracture to matrix 

flow, or may slowly change from matrix flow to partially fracture flow through a thin film and then 

gradually to fracture flow. Flow as a thin film through the fracture was previously observed by 

(Gallagher et al. 2012) by using a CCTV survey in  North Heath Barn borehole. Also, it has been 

noted from Figure 5.25 that the hydraulic conductivity is strongly controlled by matric potential. 

According to (Gardner et al. 1990), the hydraulic conductivity (𝐾𝐾) becomes much larger when the 

matric potential is close to zero. The transition from the matrix to fracture domain flow may also 

explain the sudden change in the curve slope in plots of unsaturated zone thickness versus time 

lag and daily effective rainfall versus time lag (Figure 6.15, 6.16 and 6.17). Also, the matric potential 

data from the tensiometers installed along the unsaturated zone depth in North Heath Barn (Figure 

6.3, 6.4 and 6.5) shows that during winter seasons all tensiometers records zero or close to zero. 

Thus, the zone is above the fracture-flow threshold and any potential precipitation event may 

trigger fracture flow. The matric potential data from the North Heath Barn site and the 

groundwater level are, however, not from the same years but there combined interpretation gives 

a good indication of the unsaturated zone situation. 

There is no general trend observed linking the amount of rainfall and unsaturated zone thickness 

to the groundwater level response for the Chalk and would not be expected. This is because the 
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shape of the curves for each site is influenced by the location and lithology of the unsaturated zone 

and climate condition. The location of the North Heath Barn site is in an undisturbed area with 

abundant marl seams forming numerous hydraulic barriers which may cause a lateral flow to the 

lower elevations. However, according to (Hadlow 2014) the area has abundant vertical or sub-

vertical fractures which may reduce the hydraulic barriers caused due to the marl seams when the 

unsaturated zone reaches a fracture threshold. Also, the other point that should be taken into 

consideration is the climate condition for each study area. The data from the climate comes from 

the North Heath Barn site which is located between the two other sites (Figure 1.1). However, the 

area is quite small and there may be limited variation in the climate condition. It therefore 

reasonable to attribute the differences between each site to variation in the lithological conditions, 

the cover material (urban site at Preston Park) and depth of groundwater level. The combination 

of these conditions may not allow the Chalk to have a general trend in relation between time lag 

versus effective rainfall and unsaturated zone thickness.  

6.5.3 Separate delayed time responses  

In all the study sites, more than one delayed time response follows the initial rapid groundwater 

level response to rainfall. These separate responses may indicate separate flow mechanisms in 

matrix and/or fracture pulse responses. These distinct responses are more obvious in hourly based 

data correlation, and mainly during winter seasons when the groundwater recharge is active. For 

example, at Preston Park during winter 2014, the hourly groundwater level responses to rainfall 

events with the unsaturated zone were used to calculate unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) 

(using equation 6.1) and the results were compared to the saturated and unsaturated matrix 

hydraulic conductivity from the calculated using centrifuge method (more details in 5.3.3), which 

varies from 1.28 to 6 mm/day.  

The result is shown in Figure 6.14, where it is clear that there are several groundwater responses 

to the rainfall events. The first two responses are greater than the matrix hydraulic conductivity 
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(𝐾𝐾𝑚𝑚) of the Chalk (75 and 19 mm/day) indicating that flow may occur with a fractures 

contribution, while the other response is located on the limit of the matrix hydraulic conductivity 

assuming that the flow occurred through the Chalk matrix only. Furthermore, from the Figure 6.11 

the secondary response at Preston Park occurred after 10 days of the first response, despite of the 

presence of impermeable infrastructure covering the area to cause secondary response. This 

situations may come from flow accretion from the higher in the catchment. 

From both North Heath Barn and Pyecombe East, the hydraulic conductivity (𝐾𝐾) is much higher 

during winter 2014, as in North Heath Barn site the first response time hydraulic conductivity is 

638 mm/day and it decreased to 119 mm/day. At Pyecombe East, the first time response hydraulic 

conductivity is 839 mm/day and declined at third response delay to 165 mm/day. At the Pyecombe 

East, the borehole used as artificial recharge, thus the unsaturated zone always close to saturation 

in environment of borehole which enhance fracture flow. These results from the two locations 

indicate that the water flows faster than in Preston Park; where the hydraulic conductivity (𝐾𝐾) is 

higher than matrix hydraulic conductivity (𝐾𝐾𝑚𝑚) which may indicate the flow of water through 

fractures or as a film of water in fracture walls. Generally, the secondary response occurs during 

the winter season where the unsaturated zone is wetter. While, during the drier periods, the rainfall 

has lower intensities and duration that may not produce such intense pulses to pass through the 

Chalk producing secondary delay response. 
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6.6 Conclusions  

This chapter has examined the correlation between rainfall events and rises in groundwater level 

on the Chalk aquifer at three sites, Brighton block, South East England. The time for the 

groundwater level to respond to rainfall events varies from hours to more than 60 days according 

to the ground state and weather conditions. The slower response mainly occurs during dry seasons 

when the amount of effective rainfall was less than 4 mm/day with the thick unsaturated zone, 

and minimum unsaturated zone storage. Rapid response was observed during wet seasons where 

the amount of effective rainfall exceeds 4 mm/day with thin and high storage unsaturated zone.  

A fast response within hours was observed in the three sites during winter recharge, 13 hours at 

North Heath Barn, 11 hours at Pyecombe East and just 1 hour at Preston Park. The faster response 

in the Pyecombe East due to the artificial recharge that keep the unsaturated zone close to 

saturation in the environment of the borehole. The response at North Heath Barn site is 

undisturbed site that representative behaviour for this level in the stratigraphy. While, the urbane 

expansion to the Preston Park site reduced surface infiltration, but flow accretion from higher in 

catchment may give more significant secondary lags. 

Most of the response can be explained as matrix flow by the mechanism of piston flow (piston 

displacement), while the rapid responses in hours is only expressed as flow through a combination 

of both matrix and fracture, which is mainly observed during winter seasons. The rapid response 

of groundwater during the winter seasons may lead to groundwater flooding and the contribution 

of fracture in flow and transmit of water through the unsaturated zone may short transit times for 

contaminant to reach the Chalk aquifer. 
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Chapter 7 

 

7 Subsurface geological influence on flow and recharge 

in the Chalk unsaturated zone 

 

7.1 Introduction 

In the previous chapter, the mechanisms of water flow through the Chalk unsaturated zone have 

been elucidated by calculating hydraulic conductivity (𝐾𝐾) using time lag, water table depth, and 

unsaturated zone condition in the different locations. Each site has different subsurface geological 

characteristics that cause a delay in response. In this chapter the timing of recharge and cause of 

delay in response due to subsurface geology is examined. Particularly, the focus is on the delay due 

to the presence of marl seams and fractures in the Chalk unsaturated zone. 

The timing of recharge reaching the groundwater level has major consequences for water resources 

and contaminant transport into groundwater. How water passes through the unsaturated zone 

highly depends on the physical characteristics of the unsaturated zone, which include heterogeneity 

of the unsaturated zone and presence of discontinuities, in addition to the influence of 

anthropogenic activity. In an intact, homogeneous unsaturated zone, water passes steadily and 
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constantly through the zone. However, with the presence of heterogeneity and discontinuities, the 

flow path may varies. This may cause a delay in response or/and the formation of perched water 

tables. The analysis of both field and laboratory data in the previous chapter indicates that the 

tensiometers installed along the unsaturated zone respond individually and there is a delay in 

response from groundwater level at the beginning of recharge periods. Also, water accumulated 

above the marl seam layers and wet zones has been observed along marl seam horizons. These 

behaviors may relate to the physical characteristic of the unsaturated zone, which would be 

explained by the heterogeneity of the unsaturated zone and the presence of discontinuities. 

It is common to assume from both practical and theoretical literature that there is a linear relation 

between cumulative rainfall and groundwater level response. However, assuming a linear relation 

between rainfall and groundwater level response will be directed to improper results and miss much 

of the variability in the unsaturated zone system driven by the subsurface geology. Better 

understanding of unsaturated zone processes is important for forecasting of groundwater level is 

important to support decisions in water management. 

Most of the work published on the Chalk unsaturated zone was focused on the influence of the 

marl seams on recharge and storage in the Chalk unsaturated zone, mainly the studies done by 

(Gallagher et al. 2012; Rutter et al. 2012). However, these are field based studies, and there are few, 

if any, laboratory simulation studies published and related to what occurs in the field. 

In this chapter, the influence of subsurface geology (marl seams and fractures) on flow and 

recharge is presented with a focus on the main cause of delay in water table response to rainfall 

events. The long-term data recorded in the North Heath Barn site is used along with the novel 

method developed using the centrifuge technique to identify main effects of subsurface geology 

on flow and recharge. Chalk samples from the study area were used in the test, selected to have 

horizontal, inclined discontinuous barriers. Also, a synthetic kaolin layer was used as a geological 

barrier to examine the influence of marl seams on flow and recharge. These laboratory tests are 
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important for understanding the way these discontinuities influence flow and recharge in the Chalk 

unsaturated zone. The results are interpreted with assessment of the field data recorded along the 

thick unsaturated zone in North Heath Barn site. 

 

7.2 Experimental procedure  

The experimental procedure used to examine the influence of the subsurface geology 

(discontinuities and marl seams) on the flow and recharge is the same methodology used to 

measure the Chalk hydraulic characteristic described in chapter 3. However, the Chalk samples 

used in the tests were different in that they show natural or induced features that could simulate 

the situation in the study area. The samples have been prepared and tested twice using centrifuge 

method to more realistically simulate the Chalk unsaturated zone. There are abundant fracture 

systems in the study area which vary in depth and aperture. This is coupled with the presence of 

marl seam layers which vary in thickness and may extend up to several centimeters. To represent 

horizontal and inclined fractures, the Chalk sample was cut into two pieces to simulate horizontal 

and inclined fractures. A vertically fractured sample was tested too, but the centrifugal force was 

greater than the matric force and water passed through the open fracture without giving enough 

time for the matric saturation, so the results did not represent the natural situation. 

Another Chalk sample was cut into two pieces and a thin Kaolin layer was installed on both side 

of the Chalk blocks and then contacted to each other in order to represent the marl seam layers. 

The influence of these barriers, particularly the influence on the flow and recharge, are poorly 

understood and there is a great need to understand such effect in view of recharge timing and 

pollutant transport. 

The Chalk samples were prepared in such a way that water added from the top of the sample, 

drained from the bottom and was collected in the reservoir in the centrifuge strong box. The 
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samples were covered from the lateral sides by plexiglass using silicon glue, as with previous tests. 

In these tests, two water pressure transducers (wpt) were used to monitor the passage of water 

through the Chalk sample, with the FDR and the pore pressure transducer (ppt) in the reservoir.  

 

7.3 Results 

Results from the centrifuge method are compared to the data observed from the North Heath 

Barn experimental site. Measured data from the intact Chalk sample, Kaolin barrier and fracture 

discontinuities were analysed and compared to the data measured at the North Heath Barn site 

with the assistance of previous works done in the study area (Gallagher et al. 2012; Molyneux 2012; 

Rutter et al. 2012). The result is varied according to the presence of heterogeneity and fracture in 

the Chalk sample, using constant variables, 300 g acceleration and 4 ml/min of water. To 

understand the way that water flows through the unsaturated Chalk sample, an intact Chalk sample 

has been used in the first test and then sample with fracture and Kaolin barriers are used.   

7.3.1 Normal response in unsaturated Chalk  

Several tensiometers have been installed along the Chalk unsaturated zone of the North Heath 

Barn site. Some of them response individually but others are show sequential response, one after 

the other, from the top to the bottom. This situation mainly is seen in the top tensiometers. 

Tensiometers at depths 1, 2, 3 and 4 m provide an example of the process of response to rainfall 

events can be seen during the recharge period in November and December 2006 (Figure 7.1). 

Recharge started with a wet November 2006 leading to response of the shallow tensiometers from 

0.2 m at 12th November to 3 m at 20th November. This was followed by heavily rainfall (82 mm of 

rain, 24.8 mm on 7 December) in early December, which lead to a sharp increase in the matric 

potential (𝜓𝜓) of deep tensiometers - 20.5 m on 6 December and 50.5 m on 7 December. The 

sudden increase in matric potential (𝜓𝜓) in the deep tensiometers is followed by rapid increase in 
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the water table, which started on 8 December. This is indicates that there is gradually change in 

matric potential (𝜓𝜓) with depth as water penetrates the unsaturated zone till it reach the water table. 

Moreover, there are two levels of matric potential (𝜓𝜓) in the shallow tensiometers and the deeper 

tensiometers which could indicate that the unsaturated zone is controlled by the subsurface geology 

causing low matric potential values in the shallow part and high values in the deep unsaturated 

zone.  

 
Figure 7.1: Response of tensiometers (top) and groundwater level to rainfall event (bottom) during 

2006 recharge period 

 

Not all tensiometers installed responded to the rainfall progressively through the unsaturated zone 

profile but some of them responded individually or slower than the lower one. For example, 

tensiometers installed at depth 45.5 and 60.5 m being slightly slower in response than tensiometers 

at depth 20.5 m. Also, some of the tensiometers at deferent depths show a response in the same 
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time. according to Gallagher et al. (2012), this situation could be related to the presence of marl 

horizons along the deep unsaturated zone of North Heath Barn site based on the CCTV survey 

and geophysical logging. The key point is what is recorded by the tensiometers during annual cycle 

of wetting and drying process in the unsaturated zone of North Heath Barn site. Rutter et al. (2012) 

mention that the tensiometers record positive potential (above zero) during wetting seasons and 

some respond slowly (such as that at 60.5 m), which may relate to the contact with the borehole 

walls and leakage from the solenoid valve. Also, according to Gallagher et al. (2012) water may run 

down the borehole wall from the top of marl seam and then be absorbed by the Chalk matrix 

lower down causing local wetting of the borehole wall. Thus, the data from each tensiometer need 

to be viewed critically. General examination of the tensiometer data and groundwater level (Figure 

7.1) show characteristic response to the rainfall events at the surface down to groundwater level as 

a recharge period started (wetting process). When the precipitation input ceases, there is a 

characteristic response from the tensiometers from the surface down to bottom followed by 

decline in groundwater level (drying process). In these two processes, the unsaturated zone is 

showing a stepped process in both wettings up and drying out process. The same situation was 

attempted to be used in the centrifuge test with intact Chalk sample (Figure 7.2), as the results 

indicate a progressive response of the water pressure transducer (wpt) from the top to the bottom 

but with the more controlled situation.  

Figure 7.2 demonstrates the change in matric potential (𝜓𝜓) during wetting process through the 

unsaturated intact Chalk sample using the centrifuge technique, PA1 (B) test. It is obvious that the 

matric potential (𝜓𝜓) at wpt3 (bottom, 90 mm) responds after 60 min of the test, which is the time 

required of water to reach the bottom of the unsaturated Chalk sample and all the pore space in 

the sample become saturated or close to saturation by 100 min. This is the way that water can pass 

through a Chalk sample if there is no subsurface barriers and discontinuities that cause change in 
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the Chalk hydraulic conductivity. In this test, a 4 mm/min of water was used under 300 g-level 

centrifuge acceleration. 

 

Figure 7.2: Show change in matric potential (𝜓𝜓) through intact Chalk sample, PA1 (B) test 

 

Using the scale factor in section 2.3.4, the block of the Chalk used in the centrifuge test (depth 120 

mm) represent 36 m depth unsaturated zone in reality. Accordingly, if the matrix is the only path 

of water to flow through the unsaturated Chalk, it requires around 10 years to reach 36 m depth 

of unsaturated Chalk sample with 6 mm/day hydraulic conductivity (𝐾𝐾). Gooddy et al. (2006) 

found groundwater in interfluves with deep unsaturated zone (50 m GBL) aged early to mid-1980s. 

This slow movement interpreted as movement of water by action of piston flow through the Chalk 

matrix. However, in the field data analysis a response from groundwater level in hours was 

observed which indicate the importance of fractures in recharge process, while it may be shortening 

the time of contaminants to reach the aquifer.   

An example of a response to rainfall events with less influence of subsurface geology in the North 

Heath Barn site can be seen between depths 15 m to 20 m (Figure 7.3). At these level, there are 

fewer marl seams and rare fractures observed and two tensiometers were installed at depth 15.5 m 

and 20.5 m. effective rainfall started at end of November 2009 causing response from the 
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tensiometer at 15.5 m followed by a response from the tensiometer at depth 20.5 m in the same 

day and not cause a long time delay in response, which after 5 days the pulse reach the water table 

and lead to raising of groundwater level (Figure 7.4). Flow in this part of the unsaturated zone is 

close to the flow in intact Chalk sample condition where explained in the test above. However, it 

is unusual to see this situation in the field data records, as the study area is abundant of marl seam 

and fracture through the unsaturated zone. 

 

Figure 7.3: Geophysical logs and CCTV survey of North Heath Barn site (Molyneux 2012) 
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Figure 7.4: Response of tensiometers (top) and groundwater level to rainfall event (bottom) during 
2009 recharge period 

 

7.3.2 Implications of marl seam and fracture from the North Heath Barn 
site  
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at 19.3 m BGL (associated with the Bridgewick Marl) to the groundwater level, this was observed 

during the CCTV survey (February 2006) (Gallagher et al. 2012; Rutter et al. 2012). These high 

matric potentials (𝜓𝜓) were identified by Gallagher et al. (2012) to be associated with marl seam 

horizons. Price et al. (2000) suggested that the marls reduce the vertical hydraulic conductivity and 
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a perched water table. Above the marl seam horizons, matric potential (𝜓𝜓) become zero or close 

to zero and in some tensiometers in North Heath Barn site becomes positive, and in the borehole 

wall (similar to a fracture surface) a film of water is produced. Thus, it is likely that fracture flow 

may occur in these zones.  

Figure 7.3 shows the geophysical logs of the North Heath Barn borehole2 with the CCTV survey 

for around one year. It is clear from the log and the CCTV survey that there are three areas which 

remain wet throughout the year and these areas can be linked to the presence of marl seams 

(gamma (CPS) and Induction COND (mS/m) peaks) and fractures (red and green triangles) in the 

borehole. Gamma logging measure naturally occurring gamma radiation in the beds which enable 

to characterize the rock type in the borehole profile. Induction logging measure the beds resistivity 

in the borehole detecting marl seams from Chalk (Evenick 2008). Three tensiometers located close 

to these wetting zones are chosen to compare the tensiometers response to these wet zones and 

their relationship to the subsurface geology in the area. These are at 35.5, 40.5 and 55.5 m BGL. 

 The tensiometer at level 40.5 m records high matric potential (𝜓𝜓) throughout the year (Figure 7.5) 

and mostly above -0.05 kPa which is close to saturation. This high level of matric potential (𝜓𝜓) 

might be related to the location of the tensiometer, as it is located above the Glynde marl, which 

is associated with bedding plane  solution enlargement and a fracture (Figure 7.3). The same 

situation occurs for tensiometers at level 55.5 m and 35.5 m, which record high matric potential 

(𝜓𝜓), mainly close to zero. The location of this tensiometer is in an area of abundant fractures and 

marl seams which may cause this high potential zone. Figure 7.5 show the matric potential (𝜓𝜓) 

recorded by these three tensiometers with high potential above -0.05 kPa throughout the year, 

which is consistent with the results from the CCTV survey. At these points both marl seams and 

fractures work as a barrier reducing vertical hydraulic conductivity of the Chalk and lead to 

accumulation of water in the upper block. These hydrological barriers can cause delay in response 
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if there are no inclined fracture penetrating these barriers. If these are present there may be a local 

fracture flow that maintains the delay in response.   

 

Figure 7.5: Show change in 𝜓𝜓 through the unsaturated zone of North Heath Barn site in three 

tensiometers (35.5, 40.5 and 55.5 m BGL) 

 

The above example shows the influence of the presence of marl seams and fractures in the deep 

unsaturated zone. However, these hydrological barriers do not correlate with any delay in response 

to rainfall events. This is because these zones remain wet throughout the year, and so cannot be 
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the end of June 2007 lead to increase in matric potential (𝜓𝜓) at 20.5 m on 5 of July. It required an 
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August 2008, a rainfall event lead to raise of matric potential (𝜓𝜓) in the tensiometer at level 20.5m. 

The tensiometer at level 25.5 m started to respond after 9 days. This delay in response from the 
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hydraulic conductivity and caused a delay in response from the lower tensiometer.   
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Figure 7.6: Showing delay in response between the tensiometers at level 20.5 and 30.5m, (a) 2007, 

(b) 2008. 
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The flow was monitored using two water pressure transducers (wpt) at a different level, wpt1 on 

the top (30 mm) and wpt3 at the bottom (90 mm). Results from the test are shown in Figure 7.7. 

The pressure transducer wpt3 responds after 100 minutes after the first transducer responds. By 

comparing this result to the results of the intact Chalk sample, there are 40 minutes delay in 

response, which may be related to the presence of the Kaolin layer between the two sensors.  

In addition, it was noted in the test that there was an accumulation of water above the Chalk sample 

(the same amount of inflow water, 4 mm/min, was used with the intact Chalk sample) indicating 

that the kaolin layer decreases the hydraulic conductivity and causes accumulation of water in the 

upper block. In addition, it was noted from this test that the trend of the matric potential (𝜓𝜓) at 

wpt1 height is not the as same as at the wpt3. Again, this may relate to the presence of the Kaolin 

layer which allows water to pass according to it is permeability and the Chalk matrix fills with water 

more slowly in the lower than the upper block. This situation could be comparable to what happen 

in North Heath Barn site between the tensiometers at depth 25.5 and 30.5 m where there was a 

delay in respond due to presence of Caburn Marl.  

Both field and the laboratory data, indicates that the presence of marl seam layers along the 

unsaturated zone leads to impeded and delayed drainage. This delay in response causes 

accumulation of water in the upper block and produces a wet zone. In some circumstances, it leads 

to produce a perched water table. Mortimore (1993) noted seepages along marl seams during 

recharge seasons in West Sussex. This lateral flow along the marl seam could then step down along 

fractures that cross the marl seams (Mortimore et al. 1996). Also, he suggested that development 

of conjugate fracture sets in the Chalks with marl seams allows preferential flow through the 

unsaturated zone. Both situations occurs due to the presence of marl seams along the Chalk 

unsaturated zone.  
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Figure 7.7: Showing change in 𝜓𝜓 through Kaolin Layered Chalk sample using two wpt at different 

depths, PA10 test 

 

7.3.4 Implications of experiments on fractured Chalk. 

Fractures and large pore space (karst) are common in the unsaturated zone and have a significant 
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Price et al. (2000) suggested that fracture flow is likely to occur in horizon associated with marl 

seams. Moreover, Gallagher et al. (2012) and Butler et al. (2009) found that the wet zones in the 

North Heath Barn site occur in the zone below a fracture a 19.3m (associated with the Bridgewick 

Marl) to the groundwater level. This was observed during the CCTV survey (February 2006). Some 

points have been discussed related to the influence of the fractures on flow and recharge in section 

7.3.2.  

The orientation of the fracture may have different consequences on the mechanism of flow 

through the unsaturated zone. In a similar way to the marl seams, the fractures may cause a delay 

in response and accumulation of water. This situation was noted from the North Heath Barn site 

data, particularly at the tensiometer located at depth 55.5 m BGL (details about tensiometer depth 

in section 3.2). It is not clearly understood how different types of fracture may cause a delay or 

enhance water table response to recharge. Experiments were conducted on rectangular pieces of 

Chalk sample. A slit was cut in the Chalk sample using a Dremel diamond wheel to create 

horizontal (zero angles) and inclined (60 degrees) fractures 0.5 - 1 mm wide. These two fracture 

angles were used to investigate the influence of horizontal and inclined fractures on the flow and 

recharge in the Chalk unsaturated zone. The inclined fracture was not extended to the top of the 

sample. This is because under the high acceleration centrifuge water will pass rapidly through the 

fracture and not allow the matrix to be saturated, which is not representing the natural process. 

Therefore, an open fracture on the surface of the sample could not include in the wetting test 

under high centrifuge acceleration, and only horizontal and inclined fractures were tested. The sides 

of the sample were then covered using epoxy and plexiglass to prevent lateral flow and left to dry. 

The results of the horizontal fracture test are shown in Figure 7.8. These indicate a change in matric 

potential (𝜓𝜓) within the two different depths of the Chalk sample separated by the horizontal 

fracture. The matric potential (𝜓𝜓) on the wpt1 (3 cm) responds after short time of adding water, 

and the wpt3 (9 cm) respond after 145 min of the test. While, from the intact sample Figure 7.2, 
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the response from the wpt2 (90 mm) was 60 min. This delay in response is related to the presence 

of the fracture between the water pressure transducers as it works as hydrological barriers delaying 

water passage to the lower part of the Chalk sample. Only when the upper part of the Chalk sample 

is completely saturated, and flow can take place on the fracture, water can start to drain to the 

lower part of the sample, resulting in a delayed in response. Furthermore, during the test, it is 

observed that water accumulated at the top of the sample, which occurred because of the presence 

of the fracture barrier which did not allow water to pass. Flow through the fractured Chalk sample 

showed a different mechanism compared to an intact Chalk sample. Su et al. (2003) examined an 

isolated fracture in an unsaturated sample and they found that the fracture resulted in the formation 

of a region of higher saturation above the fracture. Birkholzer et al. (1999) examined a similar 

concept using numerical simulations, where a zone of low potential (close to saturation) forms 

above and to the sides of a tunnel.  

 

Figure 7.8: Showing the change in 𝜓𝜓 through fractured Chalk sample using two wpt at different 

depths above and below an artificial fracture, PA9 test 
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Figure 7.9 shows the result of matric potential (𝜓𝜓) in an experiment with an inclined (60o) fracture 

similar to the conjugate fractures that are abundant in the Chalk  (Mortimore et al. 2004; Belayneh 

et al. 2007). Three water pressure transducers (wpt) were used in the test, two at the same level (3 

cm) above and below the inclined fracture and the final one at 90 mm, the scheme of the test and 

the location of the water pressure transducers are shown on Figure 4.14.  

The first water pressure transducer (wpt1) (30 mm) above the fracture responded after a short 

time, but the water pressure transducer (wpt3) located at the same level (30 mm) below the fracture 

did not show any change as the fracture directed the water to the lower water pressure transducer 

(wpt2) (90 mm) after 30 min. The water pressure transducer (wpt3) that was located below the 

fracture started to respond when the matrix of the block above the fracture was close to saturation. 

At this point a film of water is inferred to have occurred along the fracture surface and then passed 

to the lower block. It took 160 min for the water pressure transducer below the fracture (30 mm) 

to start to respond to the water that started filling the Chalk matrix. This indicates that the fracture 

directed water laterally during the flow in the unsaturated Chalk sample, creating a hydrogeological 

barrier.  

 

Figure 7.9: Show change in 𝜓𝜓 through a Chalk sample with inclined fracture using three wpt at 

different depths, PA8 test 
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The tensiometer data from North Heath Barn site shows that when the matric potential (𝜓𝜓) at the 

tensiometer 20.5 m below surface reaches zero or is close to zero, all the other tensiometers are 

also reach high matric potential (𝜓𝜓). Matric potential at this tensiometer (20.5 m) correlated closely 

with the groundwater level when this tensiometers start to respond, the water table start responds 

too, and when it declines the water table start to decline. In the recharge period (2007-2008) when 

the potential at 20.5 m become saturated the groundwater level rose and when it dropped below 

zero the groundwater level declined (Figure 7.10). Rutter et al. (2012) used this tensiometer as an 

indication of periods when the unsaturated zone reached saturation. This situation in the 

tensiometer at level 20.5 m may related to the inclined fractures (conjugate fracture) that is 

abundant in the area which may direct flow and transport of water to this level in the Chalk 

unsaturated zone at North Heath Barn site. 

 

 

Figure 7.10: Comparison of the groundwater level response and tensiometer 20.5 m BGL  
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7.3.5 Implications of storage and flow mechanism  

It has been noted during the fractured Chalk sample tests (PA2, PA5, PA8 and PA9), that water 

can be held in storage along the fracture aperture, for either horizontal or vertical fractures. The 

water accumulates at the contact point between two blocks, one above the other. When the matric 

potential (𝜓𝜓) is close to zero the hydraulic conductivity (K) at the contact points between the Chalk 

blocks become sufficient to transmit water. This drainage flux occurs with a delay time, as it 

requires time for the fracture to fill up with water. This situation was explained in the previous 

section. To understand the effect of the fracture on the storage of the Chalk unsaturated zone two 

tests have been run using a drying process, PA2 for a fractured Chalk sample and PA4 for an intact 

Chalk sample. The results in both tests have been compared. The samples were previously 

saturated under vacuum for 48 hours using deionized water. Two water pressure transducers (wpt) 

were used to monitor change in matric potential (𝜓𝜓) and the FDR was used to measure the change 

in volumetric water content (𝜃𝜃). A pore pressure transducer (ppt) was used to measure the amount 

of water drained from the sample and accumulated in the reservoir of the strongbox. Then the 

sample was drained using centrifugal force until no more water was released from the Chalk 

sample.  

Results from the intact Chalk sample are shown in Figure 7.11 (a, b). The SMC curve is drawn in 

Figure 7.11 (a) showing the desaturation process of microfractures and macropores at the 

beginning of the test followed by drainage of smaller pores in the Chalk matrix. The matrix 

desaturation occurs as a slower process indicated as the curve becomes straighter and shows less 

change in 𝜃𝜃 with a high change in 𝜓𝜓. The matrix desaturation continues until it reaches the 

deflection point known as air entry point, where air starts to replace water in the Chalk pore space. 

The desaturation of the fracture and matrix is clearer in from Figure 7.11 (b), which shows the 

volume of water drained from the sample and accumulated in the reservoir. A steep increase in the 

curve at the beginning of the test shows desaturation of the microfracture and macropores 
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followed by a gentle increase in amount of water in the reservoir which indicates slower 

desaturation from the Chalk matrix. The process of desaturation continues till the outflow of water 

stops at the point of air entry value.  

 

 
Figure 7.11: Desaturation of intact Chalk sample, (a) SMC curve, (b) volume of water (ml) drained 

from the sample and accumulated in the reservoir, PA4 test 
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deionized water until it became saturated. The results are shown in Figure 7.12 (a, b). Figure 7.12 

(a) shows the SMC curve of the fractured Chalk sample where the shape of the curve is steeper 

compared to the intact Chalk sample indicating a faster desaturation from the set of fractures and 

macropores, but mostly influenced by the fractures. The curve becomes gentler at the end when 

the matrix starts to desaturate.  

Figure 7.12 (b) shows desaturation of the fractured sample. From the start of the test, the 

desaturation occurred very fast as water which had been stored in the fractures were drained first. 

This is followed by slower drainage from the matrix. It is notable that the amount of water drained 

from the fractured sample is more than the amount of water drained from the intact Chalk sample. 

The amount of water drained from the intact Chalk sample was 87 ml, but the amount in the 

fractured Chalk sample was 120 ml. This indicates that the amount of water stored in the fractured 

rock is higher and leads to more discharged water. In the natural situation, this process occurs 

more slowly than under centrifuge conditions and water may slowly drained to the water table from 

the fracture storage. This situation was observed in the study area by analyses of the time series 

data where water is continuously added to the water table throughout the year. Water level decline 

occurs because drainage from the unsaturated zone storage is less than overall aquifer discharge 

and not because recharge through the unsaturated zone has ceased. However, this continuous 

addition of water may not be only from the storage on fractures but is also related to storage above 

marl seams in the area as well. 
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Figure 7.12: Desaturation of fractured Chalk sample, (a) SMC curve, (b) volume of water (ml) 

drained from the sample and accumulated in the reservoir, PA2 test 
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7.4 Discussion  

The data used in this chapter are based on a limited number of specimens from Lewes Nodular 

and Seaford Chalk formations as these represent the main formations in the study area. Although 

it is not suggested that these specimens or the formations are atypical, this fact must be borne in 

mind. It was also not possible to find a Chalk sample with a horizontal marl seam to be used for 

the experimental study, thus a Kaolin layer has been used instead. This may not represent an 

identical hydrogeological condition to the aquifer itself, but it provides a good analogy for the 

behaviour of marl seams as hydrogeological barriers.  

The results from the intact Chalk sample show that under centrifuge conditions the travel time of 

water through the unsaturated Chalk sample requires 60 min to penetrate the 90 mm depth of the 

Chalk sample. Converting this time to a natural scale, it requires about 10 years to reach 36 m depth 

of unsaturated Chalk. While, at the field scale, it is difficult to find chalk with no obvious fractures 

and marl seam that responds to the water infiltration in homogeneous way. Most of the Chalk 

formations have either abundant fractures and/or marl seams. Thus, it is not possible to see this 

type of response in North Heath Barn site tensiometer records. However, from some tensiometer 

data at North Heath Barn site, it is possible to follow the rainwater path in the Chalk unsaturated 

zone during the beginning of the recharge periods. It is however likely that this response is 

representative of the Chalk matrix behaviour. 

The time required for water to reach 90 mm of unsaturated Chalk sample becomes 145min with 

the presence of a horizontal fracture, and with the presence of the Kaolin barrier, the time required 

for water to reach 90 mm was 100 min. This means that in unsaturated conditions the fracture 

barrier causes more delay than a Kaolin barrier. In the kaolin the hydraulic conductivity minimizes 

the amount of infiltrated water. In comparison, the fracture prevents water draining from the upper 

block until it becomes saturated. Both these situations can be seen from the North Heath Barn site 

with the presence of the tensiometers along the unsaturated zone. It observed from the 
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tensiometers data and the borehole survey that the presence of the marl seam and fracture has 

great influence on the unsaturated behaviors in the North Heath Barn site. However, it is not 

possible to separate the time delay caused by marl seams and fractures on flow from the data 

recorded from the tensiometers, because the deep unsaturated zone in the area remains close to 

saturation throughout the year and most of the tensiometers respond individually. The controlled 

laboratory experiments provide the only opportunity to examine this phenomena, that as explained 

in this chapter. 

In addition to examining the influence of horizontal fractures on the flow and recharge, an inclined 

fractured was also tested. Because of the fracture, the direction of water flow changed with the 

direction of the fracture inclination and it took a longer time (160 min) for the lower block to start 

to respond to recharge. This situation may be compared to the tensiometer installed at depth 20.5 

m in North Heath Barn site. The response of this tensiometer was followed by the response of the 

groundwater level after a short time. This situation may relate to an inclined fracture that may direct 

water to deeper groundwater before the lower tensiometers get a response, generally the Chalk 

below this depth remain wet during winter and the upper respond to weather condition. 

The response time of the water table to a rainfall event (inflowing water) not only depends on the 

subsurface geology conditions, focused on marl seam and fractures in this chapter, but also on the 

amount of rainfall (inflow water) (as described in chapter 5 and 6 in more details) and the depth of 

the unsaturated zone (more details in chapter 6). This means that there are several conditions that 

control the time lag including the climate condition, depth of water table, ground condition and 

subsurface geological condition.  The climate condition represents the amount of rainfall and 

evapotranspiration which have a strong link to the time lag, besides the depth of the water table 

and ground condition, these are explained in detail in chapter 6. 

Furthermore, during the tests on intact and fractured Chalk samples, it was observed that the 

fractured Chalk sample can drain more water than the intact Chalk sample. This indicates that the 
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specific yield of the fracture is higher leading to faster drain, and might indicate storage of water in 

the fracture. This situation is also observed by Haria et al. (2003) where the fractures can hold and 

store water, in addition to the storage that provided by the Chalk matrix.  

 

7.5 Conclusion 

In this chapter data from the centrifuge tests have been used to examine the influence of subsurface 

geology on flow and recharge processes in the Chalk unsaturated zone. The results from the 

centrifuge are compared to the field data from North Heath Barn site.  

The focus was on the influence of marl seams and fractures (inclined and horizontal) on the time 

required for groundwater level to respond to rainfall events. The intact Chalk sample with no 

obvious fractures and marl seams has been tested and the results show that the water reaches the 

90mm water pressure transducer in 60 min. but the time become 145 min with the presence of 

horizontal fracture, and it requires 100 min when there are Kaolin barriers. Also, it was observed 

during the tests that with the presence of both kaolin and fracture barriers, water accumulates 

above the feature, at the top of the Chalk sample. This situation was not observed in the intact 

Chalk samples. Comparing these results from the centrifuge tests with the data from the North 

Heath Barn site, the same situation is observed. A wet zone is noted above the zone of marl seams 

and fracture domains, with a delay in response between upper and lower tensiometers. However, 

it was not possible to measure exact time lag from the field data because the field condition is 

controlled by other variables that are not possible to control. For example, ground condition, 

rainfall and water table fluctuation. These conditions are easier to control in the laboratory 

condition that developed in this study.  Furthermore, an inclined fractured Chalk sample has been 

tested and the results show that the inclined fracture directs the water in the fracture inclination 
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direction. In addition to the influence of the fractures on flow and recharge, it was also observed 

that the presence of fracture increase water storage.  

During drying the saturated fracture Chalk sample, it is noted that it drains more water than an 

intact saturated Chalk sample. The intact Chalk sample drains 87 ml of water within 150 min, but 

the fractured Chalk sample drains 120 ml of water at the same time. In addition of adding extra 

storage by the fracture, conceder as macroporosity with a higher specific yield. Also, the shape of 

the SMC curve of the intact Chalk sample and fractured is different. Slower drainage from the 

Chalk matrix is shown from the intact Chalk sample. In the fractured Chalk sample, the fracture 

desaturation leads to a faster rise in water level in the strong box reservoir, while this matrix 

desaturation was slower in the intact Chalk sample. 
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Chapter 8 

 

8 Estimations of flow and recharge in the Chalk 
unsaturated zone using a coupled UZF1 and MOFLOW 

approach  

8.1 Introduction 

From the previous chapters, a physical modelling approach was used to estimate flow and recharge 

through the Chalk unsaturated zone using the time lag of rainfall to reach groundwater in different 

seasons. In addition, a novel physical laboratory method was developed to study flow and recharge 

in the Chalk using a centrifuge technique. The methods illustrate flow mechanisms in the Chalk 

unsaturated zone and the influence of subsurface geology on flow and recharge process. The 

outcome and results from the previous chapters have been used here to build a modelling approach 

to assess realistic estimation of flow and recharge using all these models. Also, data from previous 

studies have been used to improve the modelling performance. The MODFLOW Unsaturated-

Zone Flow (UZF1) model package is used to simulate the flow and recharge in the study area. The 

different approaches tested (analysis of field work, lab work approach and modelling) may cover 

the need to describe the unsaturated zone process in an integrated manner.      

Modelling flow process in the unsaturated zone is complex and requires determination or 

estimation of a range of complex hydraulic properties of the surface and subsurface condition. 
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Therefore, unsaturated flow processes have not been properly represented in previous hydrological 

modelling (Keese et al. 2005). For example, in both local and regional groundwater modelling, the 

unsaturated zone is usually oversimplified (Lorenz and Delin 2007). To overcome the problem of 

simplification of the role of the unsaturated zone in the hydrogeological modelling, new 

MODFLOW packages have been developed that combines the surface condition, unsaturated 

zone physical properties and the groundwater level fluctuations. The Unsaturated Zone Flow 

(UZF1) package is one example that was developed by the US geological survey (USGS) 

(Niswonger et al. 2006).  

The UZF1 package couples unsaturated zone flow with MODFLOW based on the numerical 

solution of the one-dimensional kinematic wave equation (Twarakavi et al. 2008). In the kinematic 

wave equation, gravity is the only driving flow force and relates the water fluxes to the degree of 

saturation. The Brooks and Corey (1964) model is used in the UZF1 package, which relates the 

volumetric water content (𝜃𝜃), unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) and flux. 

 

𝑞𝑞𝑥𝑥 = 𝐾𝐾𝑢𝑢(𝜃𝜃) = 𝐾𝐾𝑠𝑠 �
𝜕𝜕−𝜕𝜕𝑟𝑟
𝜕𝜕𝑠𝑠−𝜕𝜕𝑟𝑟

�
𝜆𝜆
  ........................... (8.1) 

Where: 𝑞𝑞𝑥𝑥 is the water flux in the 𝑑𝑑-direction, 𝐾𝐾𝑢𝑢(𝜃𝜃) is the unsaturated hydraulic conductivity as 

a function of water content,  𝐾𝐾𝑠𝑠 is the saturated hydraulic conductivity,  𝜆𝜆 is the Brook – Corey 

exponent, 𝜃𝜃𝑠𝑠 is the saturated water content, 𝜃𝜃𝑟𝑟 is the residual water content. 

In the UZF1 package, transpiration is considered by assuming that water loss from the model 

occurs from the surface to specific depth called ET extinction depth. The UZF1 package was used 

in this study through the Groundwater Vistas 6 program (Rumbaugh and Rumbaugh 2011). 

Groundwater Vistas 6 is designed in a generic way to create datasets for the different type of model 

code including MODFLOW UZF1 package. Furthermore, according to Twarakavi et al. (2008), 
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the UZF1 package is very applicable for the deep unsaturated zone and works very well across 

large spatial domains. 

 In this chapter, by using the Groundwater Vistas 6 software, the UZF1 package was used to 

examine flow through the Chalk unsaturated zone in relation to the physical properties and 

hydraulic conductivity of the Chalk in the study area. This was done with the help of the data 

obtained from the field observation and laboratory works. In addition, the results from the 

modelling reveal how precisely the UZF1 performs in the Chalk unsaturated zone by comparing 

the results to that obtained from field observation and laboratory work. 

 

8.2 Hydraulic parameters used in the model   

The study area used in the modelling is the Patcham catchment in the Brighton Block area. The 

land cover is diverse and for simplicity is classified according to the Chalk formation covered within 

the study area. This includes the Chalk formations that are covered by urban area in the study site, 

which minimize the infiltration to the unsaturated zone. The model domain includes one storage 

zone of an unconfined aquifer. The input data from the study area involves long term monitoring 

and comprehensive field study data combined with the novel laboratory method developed to 

measure vertical hydraulic properties of the Chalk. The field data are mainly obtained from the 

North Heath Barn experimental site, Pyecombe East and Preston Park boreholes, which provide 

coverage across the study area, from north to south. The sites were heavily instrumented with 

tensiometers, a weather monitoring station, and groundwater level meters. Other data required for 

the modelling were obtained from previous studies in the area for example, (Allen et al. 1997; 

Adams et al. 2008; Ireson 2008; Molyneux 2012; Hadlow 2014) and others were calculated from 

analysis of the field and laboratory data. Most of the results used in the modelling are described in 

detail in the previous chapters.  
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The saturated hydraulic conductivity (𝐾𝐾𝑠𝑠) is calculated from both field observation data and the 

laboratory work. The matrix saturated hydraulic conductivity (𝐾𝐾𝑚𝑚𝑠𝑠) is taken as 0.006 m/day. While, 

the field hydraulic conductivity (both matrix and fracture contribution in the flow) has different 

results according to the Chalk formations, ground and weather condition. The maximum values 

found in the three sites were 0.769 m/day at Pyecombe East (Rural, interfluve, New Pit Chalk Fn.), 

0.527 m/day at North Heath Barn (Rural, interfluve, Lewes Nodular Chalk Fn.) and 0.031 m/day 

at Preston Park (urban area), but the values vary for each year and simulation of the model is based 

on the 2012 and 2013 recharge period. The results were calculated for each season separately 

(details in chapter 6). In addition, in this study, it is assumed that the soil cover did not affect the 

infiltration of water, this situation is observed by Butler et al. (2009) who concluded that runoff is 

usually absent in the Chalk covered area. Therefore, the hydraulic properties of the Chalk 

formations only are considered. 

Rainfall data was obtained from the North Heath Barn site, which contains two type of rain gauge 

- tipping bucket and storage rain gauges.  From the North Heath Barn meteorological station, the 

potential evapotranspiration has been calculated using a modified version of the Turc equation 

(Allen 2000). This method is an adequate approach in an area where the relative humidity is greater 

than 50% (Turc 1961). The extinction depth below which no evapotranspiration occurs is 

considered to vary from the surface to 3m depth, as down to this depth, the tensiometer data show 

that the matric potential varies with the daily change in the weather. This indicates that the area 

down to this depth is sensitive to weather change and therefore evapotranspiration must operate 

to this depth. 

The value of the Brook and Cory exponent was measured from the data obtained in the laboratory 

tests of the Chalk using the geotechnical centrifuge, that involve time series data of the matric 

potential (𝜓𝜓) and the volumetric water content (𝜃𝜃) change during wetting and drying process of 

the Chalk samples. The data were then used to build the soil moisture characteristic (SMC) curve 
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and find the Brook and Corey exponent (Brooks and Corey 1964). From the equation used by 

Brooks and Corey (1964) the exponent for the UZF1 package is set at 0.8. 

The saturated water content was calculated during the laboratory tests, but the residual water 

content was calculated from the SMC curve. The specific storage and specific yield have been 

calculated from the drying test in the geotechnical centrifuge and the results compared to that 

found in the literature, for example (Lewis et al. 1993; Allen et al. 1997) (Table 8.1).  

 

Table 8.1: Show the specific storage and specific yield measured using the centrifuge method 

compared with that found in the literature  

Value Centrifuge method Allen et al.,1997 Lewis et al., 1993 

Specific storage (m-1) 1.5 x 10-5 1.6 x 10-5 1.5 x 10-5 

Specific yield 3 x 10-2 2 x 10-2 1.5 x 10-2 

 

All the data used to produce the model are presented in Table 8.2, with the UZF code for the 

variable. The lower and higher value for each data set is also shown, which change according to 

changes in the seasons.  
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Table 8.2: Show parameters used in the model 

UZF code Parameter Lower values Higher value  

SS_mlt Specific storage (all layers) [m-1] 1.5 x 10-5 1.5 x 10-5 

SY_whole Specific yield (top layer) [-] 3 x 10-2 3 x 10-2 

VKS Saturated vertical hydraulic conductivity for UZ [m d-1]  0.001 0.006 

EPS Brooks-Corey epsilon of the UZ [-] 0.8 0.8 

FINF001 Unit infiltration rate at land surface [m d-1] 0.9  2.5 

PET001 Unite potential Evapotranspiration rate [m d-1] 4 x 10-6 0.006043 

EXTD_UR ET extinction depth [m] 3 3 

EXTWC Extinction water content [m3 m-3] 0.01 0.01 

THTS Saturated water content of the UZ [m3 m-3] 0.33 0.36 

THTR Residual water content of the UZ [m3 m-3] 0.06 0.06 

 

8.3 Simulation procedure  

The test simulation includes 120 rows and 100 columns in a single layer. All cells in the model had 

a constant width and length equal to 100 m. The top elevation of each cell was set according to 

altitudes of the land surface of the study area, the topographical data was obtained as raster data 

obtained from EDINA Digimap Ordnance Survey Service, and installed in the model to represent 

the top elevation of the model (Figure 8.1). The bottom of the model cells was set at -10 m below 

ordinance datum. The map drawn for the wetting (winter period) and drying (summer period) 

simulations was divided into 4 seasons, with 120 days stress periods. The groundwater level change 

during 2012 to 2013 recharge periods was simulated, the results were then compared to the 

observed data. The stress periods were transient except on the first stress period which was set as 

a steady state. Each stress period was simulated on the one-time step. The no-flow condition was 

specified across the top and side of the model, but the southern limit of the model (coast) was 

specified as constant head cells. 
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In the model simulation, several packages and optional files were used (Table 8.3). The Layer 

Property Flow (LPF) package developed by Harbaugh et al. (2000) was used in the model, and 

both vertical and horizontal hydraulic conductivity values of the study area were determined. All 

the cells in the model were specified as a convertible model (unconfined aquifer). The horizontal 

hydraulic conductivity (𝐾𝐾ℎ) of the Chalk varies according to the unit and formation, but generally, 

it is about 0.003 m/day (Allen et al. 1997; Molyneux 2012). The vertical hydraulic conductivity (𝐾𝐾𝑣𝑣) 

in the rural area is varied according to the Chalk formation and varies from 0.025 m/day to 0.584 

m/day (Figure 8.2). The vertical hydraulic conductivity (𝐾𝐾𝑣𝑣) in an urban area was set to 0.031 

m/day calculated from the Preston Park site. This is discussed in more details in chapter 6. The 

Brooks-Corey exponent was set at 0.8 and the constant saturated water content was set according 

to the Chalk porosity which varies from 0.33% to 0.36%. The residual water content was set at 

0.06 (Table 8.2). In each cell, the hydraulic conductivity (𝐾𝐾) was considered to be isotropic. Specific 

storage was calculated from the geotechnical centrifuge and set to be 1.5 x 10-5 m-1, and the specific 

yield is set on 3 x 10-2. 

Table 8.3: MODFLOW-2005 Package and file used for test simulation in the study area. 

MODFLOW-2005 Package and Files  

Basic (BAS6) Package 

Output Control (OC) option file 

Discretization (DIS) file 

Layer Property Flow (LPF) package  

Precondition Conjugate Gradient (PCG) Solver Package 

Unsaturated zone Flow (UZF1) Package  

Gage (GAG) Package 
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Table 8.4: Hydraulic properties and other selected variables used in the LPF and UZF1 package 

for the test simulation. 

Variable Value 

Variable assigned to the LPF package 
 

Horizontal hydraulic conductivity of the aquifer (m/d) 

Vertical hydraulic conductivity of the aquifer (m/day) 

Specific storage (per m of aquifer) 

Specific yield (m3 of water per m3 of aquifer) 

0.03 

0.012 - 0.584 

1.5 x 10-5 

3 x 10-2 

Variables assigned to the UZF1 package 
 

Vertical hydraulic conductivity of the unsaturated zone (m/d) 

Brooks-Corey exponent for unsaturated zone (unitless) 

Saturated water content of unsaturated zone (m3 of water per m3 of unsaturated zone) 

Initial water content of unsaturated zone (m3 of water per m3 of unsaturated zone) 

Steady-state infiltration rate (m/d) 

Evapotranspiration extinction depth (m) 

0.012 – 0.584 

0.8 

0.33 - 0.36 

0.2 

0.9 - 2.5 

3 
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Figure 8.1: Top elevation of the study area used in the test simulation  
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Figure 8.2: Distribution of vertical hydraulic conductivity used in the test simulation 

 

The distribution of groundwater level of the study sets the minimum level for initial head and was 

derived from the borehole data in the study area, plus the groundwater level maps used in previous 

studies for example Jones et al. (1999). Figure 8.3 shows the groundwater level in the study area 

fixed as the initial head at the start of the test simulation. The groundwater recharge in the model 

represents the infiltration of water from precipitation subtracting evapotranspiration and storage 

of the unsaturated zone, neglecting runoff. In this situation, the infiltrated water represents the net 

recharge that reaches groundwater level. The groundwater level in the study area was measured by 

monitoring boreholes in the study area, where the depth of groundwater level reaches 90 m AOD 

during summer seasons in high elevation areas.  
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Figure 8.3: Distribution of groundwater depth used in the test simulation 

 

 

The amounts of recharge and potential evapotranspiration were specified for each stress period. 

The recharge period was estimated to occur from the beginning of December 2012 to the end of 

November 2013. Generally, water infiltrated to the unsaturated zone throughout the year, and it 

may reach the aquifer according to the ground conditions. However, infiltration reached maximum 

levels during December, January and February when there is less evapotranspiration and the 

unsaturated zone is close to saturation. Figure 8.4 shows the daily potential evapotranspiration and 

effective rainfall in the study area during July 2012 to Jun 2013. The data show that most of the 

reacharge occurs during winter when there is less evapotranspiration, and less recharge with an 
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increase of the amount of the evapotranspiration. The minimum evapotranspiration is recorded 

during recharge seasons (December, January, and February), and the value is close to zero. While 

it is increased to about 7 mm/day during the summer season.  

 

Figure 8.4: Effective rainfall (mm) and potential evapotranspiration (mm) July 2012 to Jun 2013 

 

 

The Chalk formations covered the study area have a different porosity which varies from 27% in 

the West Melbury Chalk formation to 38% in the Seaford formation. The value used in the study 

is calculated using the volume and gas methods, and the results compared to that in the literature. 

The results of the Chalk porosity and the values are shown in Table 8.5.  
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 Table 8.5: Porosity of different Chalk formations in the study area  

Sample Porosity % 

Newhaven Chalk Fn. 36 

Seaford Chalk Fn. 38 

Lewes Chalk Fn. 33 

New Pit Chalk Fn. 33 

Holywell Chalk Fn. 29.5 

Zigzag Chalk Fn. 31.5 

West Melbury Chalk Fn. 27 

 

 

8.4 Results  

The target output of the model was to show a change in groundwater level according to change in 

the seasons during the winter and summer seasons, and monthly change in groundwater level 

during 2012 and 2013. These results were then compared with those observed in the study area. 

Also, the time required for the rainfall to reach the water table during the simulated time is also 

examined and compared to the observed results on the lag time between rainfall and water table 

response. The simulation builds according to changes in stress periods, which represent a change 

in the amount of rainfall and evapotranspiration leading to variable groundwater level. The flux 

discharge with the depth of unsaturated zone enables measurement of the time required for water 

to reach the groundwater level. The model consists of several parameters, but the most sensitive 

parameters are the groundwater head in the fixed head cell, followed by hydraulic conductivity 

parameters. The absolute mass-balance error for the unsaturated zone ranged from 0 to 0.08% for 

all stress periods and the saturated zone ranged from 0 to 0.22%. The cumulative mass-balance 

error at the end of the 365 day simulation was 0.01% for the unsaturated zone and 0.10% for the 

saturated zone. 
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The modelled groundwater level during the recharge period is shown in Figure 8.5. Daily rainfall 

and evapotranspiration data from December 2012 to February 2013 were used in the simulation 

with 120 day stress periods. The results show that the groundwater level varies from 75 m AOD 

to 0 m AOD at the coast line. This is much clearer from the cross section that taken along A-B, 

North to South of the study area, across the North Heath Barn site. The cross section of the 

groundwater level (from point A to B in Figure 8.5) is shown in Figure 8.6, wherein North Heath 

Barn site the groundwater level is about 56 m AOD. This result is close to the highest level 

observed during this time in North Heath Barn site which was 63.8 m AOD.  

 

Figure 8.5: Groundwater level during recharge periods, rainfall and ET data from Dec. 2012 to 
March 2013  
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Figure 8.6: cross section along A-B line showing groundwater level during recharge season  

 

 

Figure 8.7 shows the groundwater level simulated result during summer seasons when the 

groundwater level drops to a minimum level. Rainfall and ET data used in the simulation from Jun 

to August 2013. The result shows that most of the declines occur in the higher elevation areas, 

while less decline occurs in lower elevation area, mainly close to the coastal area. The A-B cross 

section through the North Heath Barn site shows that groundwater level was decline to near 21 m 

AOD (Figure 8.8).  
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Figure 8.7: Groundwater level during the dry seasons, rainfall and ET data from Jun to 
September 2013 

 

 

Figure 8.8: Cross section along A-B line showing groundwater level during summer season 
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Similarly, monthly base data have been simulated with 30 days stress periods using rainfall and 

evapotranspiration data from December 2012 to November 2013. The results are compared to the 

observed data in the same period time. Figure 8.9, Figure 8.10 and Figure 8.11 shows the result of 

the simulated value obtained in the UZF1 package compared to the groundwater level observed at 

the three sites, North Heath Barn, Pyecombe East, and Preston Park respectively, for the periods 

December 2012 to November 2013. Generally, the model simulation poorly matches the observed 

data at the three sites, however, it is possible to observe the seasonal variation during the simulated 

period. The most poorly matching time is during winter and summer seasons 

This poor fit is probably due to the model conceptualization. From field observations the recharge 

in the Chalk is dominated by bypass flow during the recharge periods. But the model considers the 

flow of a constant flux and bypass flow is not defined. During the summer season the model 

simulates a higher decline in the groundwater level in all the three sites. The model could not define 

continuous recharge through the unsaturated zone at the North Heath Barn site (Figure 8.9). In 

Pyecombe East, the boreholes are used as artificial recharge and the higher groundwater level 

during summer season may relate to this situation (Figure 8.10). Similarly, in the Preston Park 

(Figure 8.11) the groundwater level shows a high groundwater level during summer periods 

compared to the simulated result, this may relate to the location of the borehole, as it located in 

the down valley and water may flow laterally from the upper elevations to this borehole. 

 

Figure 8.9: Simulated and observed value of groundwater level in the North Heath Barn sites 
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Figure 8.10: Simulated and observed value of groundwater level in the Pyecombe East site 

 

 

Figure 8.11: Simulated and observed value of groundwater level in the Preston Park sites 
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chapter 6, the time lag of the water to reach groundwater level has been calculated for each season, 

and it varies from a few hours in winter to more than 60 days during summer and autumn seasons. 

These responses generally depend on the thickness of the unsaturated zone and the amount of 
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time required for water to reach the water table varies from 120 to 2 days. Most of the slow 

response is located on the high elevation land where the groundwater level is deeper, while the 

faster response is located on the shallower groundwater level. However, the results represent the 

flow of water through the matrix, and flow through the fractures are not represented in the model. 

This may cause an error in representing the time lag between the rainfall and groundwater response.  

 

Figure 8.12: Lag time in the flow simulation represent the matrix lag time only (2012-2013) 
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8.5 Discussion  

The transient groundwater flow model applied here, utilizing UZF1 coupled with MODFLOW-

2006, provided information not only on groundwater recharge into the aquifer system, but also on 

the time required for the rainfall to reach the water table. Thus, it provided insight in the 

groundwater flow and recharge process, considering the position of the groundwater level in every 

time step. Understanding and information on this process are important for sustainable water 

resource management and vulnerability of pollutant transport. Assessment of recharge and 

groundwater levels using numerical groundwater modelling tools contains many kinds of 

uncertainties, some of which are associated with the modelling techniques and method used to fit 

with geological data at flow modelling.  

 The UZF1 package simulates flow and recharge using a kinematic wave approximation to 

Richard’s equation that depends on gravity and ignores capillary force. This may bias the results 

and might cause an error in the results. The model simulates a homogeneous unsaturated zone, 

mainly from the surface to the groundwater level. The study area is not homogeneous, and the 

subsurface geology has an effect on flow and recharge. The presence of marl seam and fractures 

lead to the formation of low potential zones. However, this situation cannot be simulated using 

this type of modelling.  

The most sensitive parameters in the modelling were the groundwater head following the hydraulic 

conductivity of the unsaturated zone. No doubt that the physical properties of the unsaturated 

zone play an important role in flow and recharge. However, according to the interpretation of the 

field observed data the rainfall plays a significant role in the recharge and flow mechanism process, 

with increasing the amount of daily rainfall to above 4 mm/day during winter seasons, fracture 

starts to contribute in flow and recharge. Whereas, in the model simulation the amount of 

discharged water was kept constant for the entire modelling period; this will result in a relatively 

poor fit of the observed data.  
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It has been inferred that two distinct modes of flow occur through the Chalk unsaturated zone, 

preferential and non-preferential flow. Most of the non-preferential flow is associated with slow 

response, while with extreme rainfall events, preferential flow may occur with less than one day 

time lag. The model simulation cannot represent these preferential flow events because the model 

assumes water flow through the Chalk matrix only under gravitational force. Therefore, the model 

shows deficiencies in modelling recharge and response during winter seasons. Ireson and Butler 

(2011) demonstrate a number of deficiencies in modelling preferential flow in the Chalk 

unsaturated zone. They found that in order to simulate the preferential flow in the recharge 

process, matric and fracture must be modelled separately, in interacting domains.  

On the other hand, the model simulation of the summer season is also not matching the observed 

groundwater level data. This is because the slow drainage from the unsaturated zone during 

summer seasons sustains groundwater level (more details in chapter 6). This slow drainage cannot 

be represented in the modelling simulation. Furthermore, the model considers storage as a constant 

variable, whereas from the long data observed in the North Heath Barn site, it is clear that the 

storage properties of the Chalk change with depth and time. Mainly, the deep unsaturated zone is 

close to saturation throughout the year, but near the surface changes occur at high frequency in 

response to rainfall and evapotranspiration. 

Another limitation of the software that cannot reproduce groundwater level simulation is that the 

flow is represented in one-dimension only. The groundwater level fluctuation does not only 

depend on the one–dimensional flow, but also on the lateral flow process within saturated zone. 

Particularly, this lateral flow is more obvious with heterogynous rocks, such as the presence of marl 

seams, flint bands and fractures in the Chalk unsaturated zone in the study area. This situation is 

discussed in more details in section 7.3.3 and 7.3.4. 
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8.6 Conclusion 

The application of the UZF1 package to simulate unsaturated zone flow depends largely on the 

depth of the unsaturated zone, unsaturated zone hydraulic properties, and climatic conditions. The 

UZF1 method requires a homogeneous aquifer, which could significantly limit the applicability of 

the method. The method is more applicable within the deep unsaturated zone in a humid climate 

where gravity usually dominates flow. Data from both field observation and laboratory work have 

been used in the modelling. The simulated values were compared to the field observation from the 

three study sites, North Heath Barn, Pyecombe East and Preston Park. The results show that the 

model simulation is poorly matched with the observed data at the three sites. However, it is possible 

to observe the seasonal variation in the groundwater level for the simulated periods. Furthermore, 

the simulation model shows that the time required for the groundwater level to respond to rainfall 

events (lag time) varies between 120 to 2 days according to the thickness of the unsaturated zone. 
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Chapter 9  

 

9 Summary and Conclusions 

9.1 Introduction  

The Chalk unsaturated zone shows distinctive characteristics which result in difficulties in 

modelling subsurface flow and recharge. The thick unsaturated zone of the Chalk remains relatively 

wet throughout the year and the matrix is saturated or near saturated. The groundwater level shows 

a fast response to rainfall events, as it rises several meters within a few days even when the water 

level is very deep. Surface runoff is mainly absent. Solute transport is slow, with transit times from 

surface to water table in periods of years. This phenomenon was closely considered in this thesis, 

particularly the mechanism of water flow through the Chalk unsaturated zone and the influence of 

subsurface geology on recharge and flow. This thesis aims to improve understanding of the key 

component in the recharge and flow in the Chalk unsaturated zone and assess the influence of 

heterogeneity on groundwater recharge. Extensive field data from Patcham catchment in the South 

East England, for the year 2007 to 2014, have been used and analysed statistically using time series 

analysis. A novel method to determine hydraulic characteristics of the Chalk unsaturated zone in a 

controlled environment has been developed. Also, this method has been used to identify the 

influence of the Chalk heterogeneity on recharge and flow in the unsaturated zone. Both field 

observation and laboratory investigation have been used to simulate flow and recharge using 
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physical based model. In this chapter, a summary of findings in this work is presented, following a 

summary of contibutions. Finally, the recommendations for future work are given. 

 

9.2 Summary of the thesis  

9.2.1 Centrifuge technique          

The centrifuge technique has been developed to determine the hydraulic properties of the Chalk, 

and has been successfully used as a new tool to build soil moisture characteristic curves and 

calculated hydraulic conductivity (𝐾𝐾), in saturated (𝐾𝐾𝑠𝑠) and unsaturated (𝐾𝐾𝑢𝑢) conditions. The 

method enables a direct record of both matric potential (𝜓𝜓) and volumetric water content (𝜃𝜃) of 

the Chalk simultaneously during inflight conditions. In addition, it allows controlling the amount 

of inflow and recording the amount of water passing through the sample (outflow) in a controlled 

environment. The matric potential (𝜓𝜓) profile along the Chalk sample measured by the centrifuge 

technique is consistent with those expected from theoretical values during steady state infiltration. 

Specifically, the matric potential (𝜓𝜓) profile and the volumetric water content (𝜃𝜃) values indicate 

that both variables are uniform in the Chalk samples, particularly in the upper portion of the sample 

during the steady state condition. The matric potential (𝜓𝜓) profile was observed to be more 

uniform with higher g-level and less time was required to reach steady state condition using higher 

discharged water (inflow).  

Using different inflow rates lead to measurement of different values of the unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) in a shorter time duration. The unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) results 

from the centrifuge technique vary according to the matric potential (𝜓𝜓) and volumetric water 

content (𝜃𝜃) values. Increase in the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) value was observed with 

increase in the matric potential (𝜓𝜓) value, mainly when the Chalk matrix is nearly saturated.  
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The result of unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) varied according to the amount of inflow 

water, which in test PA3 the result was 4.27 mm/day using 5 ml/min of water and the matric 

potential was -4 kPa. While, 1.54 mm/day is measured with using 2 ml/min with -14 kPa matric 

potential during test PA1-A test. However, the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) show 

different results with using the same amount of water during test PA3 and PA5. This is because of 

the different amount of Chalk porosity for each sample used in the test. As the sample is from 

PA3 the test is from Seaford Chalk Formation that has 36.5% porosity, while the PA5 test is from 

Lewes Nodular Chalk formation that has 33.6% porosity. From the unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) results, it show that there is progressively increase as the smaller pores fill and 

unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) is correspondingly increase. The saturated hydraulic 

conductivity (𝐾𝐾𝑠𝑠) of the Chalk matrix was 6 mm/day. These results have been evaluated using the 

hydraulic conductivity (𝐾𝐾) values from previous literatures. 

The hydraulic conductivity (𝐾𝐾) values of the Chalk found in the literature vary depending on the 

matrix and fracture contribution. Price et al. (1993) consider the Chalk matrix unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) varies from 0.1 to 10 mm/day. Similarly, Mahmood-ul-Hassan and Gregory 

(2002) calculate unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) between 15 mm/day at -5 kPa to around 

1 mm/day from -5 to -50 kPa, on the upper Chalk of Ohio field, Winchester, Hampshire. This 

decrease in unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) was interpreted as reflecting a change in the 

fracture contributed to the flow. Also, Wellings (1984b)  (study on the Bridgets Farm Chalk) and 

Cooper et al. (1990) (study on the Middle Chalk of Cambridgeshire), reached similar conclusions, 

where there is a large change in the conductivity above -5 kPa. But when the Chalk is saturated, 

the hydraulic conductivity (𝐾𝐾) may reach 500 mm/day (Molyneux 2012). Hadlow (2014) measured 

the field saturated hydraulic conductivity (𝐾𝐾𝑠𝑠) of the near surface part of the North Heath Barn 

site and the results vary from 4.22 mm/day to 2470 mm/day. The results of Hadlow (2014) 

covered a weathered part of the Chalk in the area, but they indicate the contribution of the fractures 
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in flow and transport. Regarding the results from previous studies which require long monitoring 

times, the results from the centrifuge method require much less time to measure hydraulic 

conductivity (𝐾𝐾) in comparison with other methods. The results are generally close to those found 

in previous studies, and it requires about 50min to reach steady state using 5 ml/min of water. 

Thus, it is a time saving and reliable method to measure both saturated and unsaturated hydraulic 

conductivity. The hydraulic conductivity (𝐾𝐾) value was varied according to the amount of water 

used in the test which reveals the main control of recharge is mainly controlled by the amount of 

inflow and the state of the Chalk (dry or wet). This situation is clearer during analysis of the field 

data using statistical analysis.  

The data provided during the tests enabled construction of the SMC curve, which involves wetting 

and drying process that show hysteresis in the Chalk. Also, it was possible to analyse the SMC 

curve for a fractured Chalk sample in the drying process. However, measuring the SMC curve of 

fractured Chalk sample during the wetting process was not achieved. This is because water passed 

through the fracture before the matrix became saturated with this high force. The SMC curve 

shows the nonlinear relation between matric potential (𝜓𝜓) and volumetric water content (𝜃𝜃) 

showing three zones: a low pressure zone, an intermediate pressure zone and a high pressure zone. 

In the low pressure zone both matrix and fractures, contribute to flow and recharge through the 

Chalk unsaturated zone. In the intermediate pressure zone only matrix contributes and the 

fractures are totally dry. Finally, in the high pressure zone there is no flow and water is strongly 

bound in the smallest pore space. This is sometimes referred to as the air entry zone. This zone 

varies according to the drying and wetting process and presence of fractures in the Chalk sample. 

The SMC curves drawn from the measured data during the tests have been compared to the BC, 

VG and KS models. Similarly, the unsaturated hydraulic conductivity (𝐾𝐾u) measured during the 

tests have been compared to the predicted results. In general, it is noted that the SMC curve drawn 

from the tests match the BC, VG and KS models. While the unsaturated hydraulic conductivity 
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(𝐾𝐾𝑢𝑢) values calculated from the test are not matching the predicted results, but following the same 

trends. Comparing the measured 𝐾𝐾𝑢𝑢 to that in the literature indicate a good repeatability of the 

results, but with less time required. Commonly, the geotechnical centrifuge was successfully used 

as a new tool to study hydraulic characteristics of the Chalk. 

9.2.2 Statistical analysis  

The statistical analysis includes cross-correlation and autocorrelation of rainfall, water level, and 

groundwater electrical conductivity at three sites on the Chalk of Brighton block. Mostly, the 

recharge is predominantly through the matrix by the piston flow mechanism. Large increases in 

daily rainfall led to a dramatic change in recharge patterns, particularly when the unsaturated zone 

has a minimum thickness. Also, it is observed that water is retained in the Chalk unsaturated zone 

and drained slowly to the water table as continuous recharge during summer, due to the influence 

of the Chalk heterogeneity. The correlation results are used to the calculate water diffusion through 

the Chalk unsaturated zone and compared to the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) 

calculated using centrifuge technique. The results were analysed with the assistance of the 

tensiometer data installed throughout the unsaturated zone of the North Heath Barn site.  

The time for the groundwater level to respond to rainfall events varies from hours to more than 

60 days according to the ground state and weather conditions. The slower response mainly occurs 

during dry seasons when the amount of effective rainfall was less than 4 mm/day with the thick 

unsaturated zone, and minimum unsaturated zone storage. Rapid response was observed during 

wet seasons where the amount of effective rainfall exceeds 4 mm/day with thin and high storage 

unsaturated zone.  

A fast response within hours was observed in the three sites during winter recharge, 13 hours at 

North Heath Barn, 11 hours at Pyecombe East and just 1 hour at Preston Park. The faster response 

in the Pyecombe East due to the artificial recharge that keep the unsaturated zone close to 
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saturation in the environment of the borehole. The response at North Heath Barn site is 

undisturbed site that representative behaviour for this level in the stratigraphy. While, the urbane 

expansion to the Preston Park site reduced surface infiltration, but flow accretion from higher in 

catchment may give more significant secondary lags. 

Most of the response can be explained as matrix flow by the mechanism of piston flow (piston 

displacement), while the rapid responses in hours is only expressed as flow through a combination 

of both matrix and fracture, which is mainly observed during winter seasons. The rapid response 

of groundwater during the winter seasons may lead to groundwater flooding and the contribution 

of fracture in flow and transmit of water through the unsaturated zone may short transit times for 

contaminant to reach the Chalk aquifer. 

Most of the work published on the Chalk unsaturated zone has been focused on the influence of 

the marl seam on recharge and storage in the Chalk unsaturated zone, mainly the study done by  

Gallagher et al. (2012) and Rutter et al. (2012). However, with abundance of discontinuities in the 

study area, including marl seams and fractures, there may be additional effects on flow and recharge 

which have not been focused on in the previous studies. Also, the results were mainly from the 

field data and there was not any laboratory simulation and mechanistic interpretation to what 

occurred in the field. Laboratory methods have been used to understand the influence of these 

barriers on the flow and recharge in the Chalk unsaturated zone using centrifuge techniques. 

Results show that both marl seams and fractures (horizontal fractures) work as flow barriers in the 

unsaturated zone and cause a delay in response, and may enhance lateral flow. Whereas the inclined 

fracture directs flow to word inclination direction of the fracture.  
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9.2.3 Subsurface geological influence on flow and recharge  

The influence of subsurface geology (marl seams and fractures) on flow and recharge is presented 

with a focus on the main cause of delay in water table response to rainfall events. The centrifuge 

technique was used to examine the influence of the presence of marl seam and fractures on water 

path in the unsaturated zone. Chalk samples from the study area were used in the test having 

horizontal, inclined discontinuous barriers. Also, a kaolin layer was used as a geological barrier to 

examine the influence of marl seams on flow and recharge. The results are interpreted with 

assessment of the field data recorded along the thick unsaturated zone in the North Heath Barn 

site. 

The result shows that with intact Chalk samples with no obvious fracture and marl seam, water 

reaches the 9 mm within 60 min, and the pore space in the sample become saturated within 

100min. This is equivalent to 36 m depth of unsaturated zone and if the matrix is the only path of 

water it requires around 10 years to reach this depth. This result show the significant of the fracture 

flow in recharge process. The time required to respond at depth 9 mm with horizontal fracture is 

145 min, and 100 min when there is a Kaolin barrier. Also, it is observed during the tests that with 

the presence of both kaolin and fracture barriers, water accumulated on the top of the Chalk 

sample, as a result of a decrease in water infiltration. With the presence of marl seams and fractures 

in the North Heath Barn site, a wet zone is noted above the marl seam and fracture domain with 

the delay in response from the upper and lower tensiometers. With the presence of an inclined 

fracture, infiltrated water flows through the upper part of the fracture and flow is directed with the 

fracture inclination. In addition to the influence of the fracture in flow and recharge, it is also 

observed during drying test that the presence of inclined fractures across the Chalk sample adding 

extra storage and increase specific yield.  

The drying test was also conducted with a pre-saturated Chalk sample (intact and fractured) and 

the results show that the fractured Chalk sample drains more water than an intact saturated Chalk 
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sample. The intact Chalk sample drains 86ml of water within 150 min, but the fractured Chalk 

sample drains 120 ml of water at the same time. Also, the shape of the soil moisture characteristic 

curve of the intact Chalk sample and fractured is different, slower drainage from the Chalk matrix 

is shown from the intact Chalk sample. In the fractured Chalk sample, the fracture desaturation 

leads to a faster rise in water level in the strong box reservoir, while this matrix desaturation was 

slower in the intact Chalk sample. As the fracture consider as macroporosity with higher specific 

yield, that desaturate faster than smaller matrix in the Chalk sample. 

9.2.4 Modelling approach  

The outcome and results from the field observation and laboratory work were used to build a 

modelling approach to assess realistic estimation of flow and recharge in the Chalk unsaturated 

zone in Brighton block. Also, data from previous studies have been used to improve the modelling 

performance. The MODFLOW Unsaturated Zone Flow (UZF1) model package was used to 

simulate the flow and recharge in the study area. The land cover was divided according to the solid 

geological and urban extension in the area. The model domain includes one storage zone of an 

unconfined aquifer with different hydraulic conductivity (𝐾𝐾) according to the rock units. The target 

outcome of the model was to show a change in groundwater level according to change in seasons, 

and time required for the rainfall to reach the water table during the simulated time. Each stress 

period represents a change in the amount of rainfall and evapotranspiration leading to variable 

groundwater level. The flux discharge with the depth of the unsaturated zone enables to measure 

the time required for water to reach groundwater. The application of the UZF to simulate 

unsaturated zone flow depends largely on the depth of the unsaturated zone, ground hydraulic 

properties, and climatic conditions.  

The results show that the model underestimated groundwater level during the simulated time 

period. However, the model was capable of simulating the seasonal variation in the groundwater 
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level during the simulated period. The time required for rainfall to reach groundwater (lag time) 

varied between 2 – 120 days.  

9.3 Summary of contributions 

The development of an advanced laboratory method is considered as the main contribution that 

is provided by this work. The method enables study of flow and transport of water through the 

Chalk specimens under a controlled environment. New and advanced instruments were used to 

measure the change in matric potential (𝜓𝜓) and volumetric water content (𝜃𝜃) simultaneously during 

inflight condition. Also, the amount of water added to the top of the Chalk sample and the amount 

of water passing through the sample were recorded using miniature sensors. The amount of water 

used in the test was controlled outside of the system, thus it was possible to change the amount of 

adding water during inflight condition. These advantage of the method allow understanding of 

mechanism of flow and recharge in the Chalk unsaturated zone and measure hydraulic parameters 

using advanced and new instruments.  

The simultaneous record of the matric potential (𝜓𝜓) and volumetric water content (𝜃𝜃) during the 

wetting and drying process enabled building of soil moisture characteristic curves for both intact 

and fractured Chalk samples. Similarly, it allowed measurement of the unsaturated hydraulic 

conductivity (𝐾𝐾𝑢𝑢) of the Chalk during steady state conditions using Darcy’s equation solved to be 

used for centrifuge method. Moreover, the method allows understanding of the influence of 

subsurface geology (marl seams and fracture discontinuities) on flow and recharge in the Chalk 

unsaturated zone. The presence of fracture and marl seam discontinuities cause delay in response 

and accumulation of water in the upper block, also, presence of inclined fracture redirect flow to 

the direction of the fracture dip direction. 

Another important contribution is applying statistical analysis to understand flow mechanism in 

the Chalk unsaturated zone. Autocorrelation and cross-correlation were used to interpret the data. 
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A significant result from the correlation analysis is that the flow occurs in both matrix and fracture, 

and the zone is highly sensitive to daily effective rainfall and the depth of water table. Changes in 

the amount of effective rainfall can cause a major difference in flow mechanism, and even may 

lead to fracture flow being domain in recharge pattern, which mainly occur during winter periods. 

Moreover, a continual recharge flux from the Chalk unsaturated zone was observed during the 

summer season, and neglecting the summer slow recharge from the unsaturated zone in existing 

computer models is incorrect. 

Another contribution of the thesis was the examination of the modelling simulation on flow and 

recharge using UZF1 package coupled MODFLOW-2006. This method is widely commercially 

used in groundwater flow simulation. Results from the thesis and literature have been used to assess 

the modelling performance. The result shows that the model simulates the observed data poorly, 

but it performs well to observe seasonal variation during the simulation periods. 

Summary of finding can be arranged below  

• The Centrifuge method was successfully used to measure matric potential and 

volumetric water content under a controlled environment. 

• The measured variables along the Chalk sample are consistent with theoretical values 

during steady state infiltration. 

• The data provided during the tests enable to draw The SMC curve for intact and 

fractured Chalk sample, which involves wetting and drying process that show hysteresis 

in the Chalk. 

• Controlling amount of water outside of the centrifuge enable to measure unsaturated 

hydraulic conductivity (𝐾𝐾𝑢𝑢) at different saturation level. 

• Gradual increase in the unsaturated hydraulic conductivity (𝐾𝐾𝑢𝑢) indicate a progressive 

filling from the smaller pore space to larger one. 
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• It is noted that the SMC curve drawn from the tests results are matching the BC, VG 

and KS models. While the 𝐾𝐾𝑢𝑢 values calculated from the test is not matching the 

predicted results, but following the same trends. 

• Presence of horizontal fracture and marl seam cause delay in response time resulting 

accumulation of water in the upper blocks, while inclined fracture redirect the water flow 

to the direction of fracture inclination. 

• Inclined fracture is adding extra storage, consider as macroporosity with a higher specific 

yield lead to drainage more water than intact Chalk sample. 

• The slower response mainly occurs during dry seasons when there is less rainfall and 

deeper water table, but, water still adding to the aquifer from the deep unsaturated storage. 

Flow at these time are predominantly through the Chalk matrix by the mechanism of 

piston displacement. 

• Rapid response was observed during wet seasons with higher amount of rainfall and 

shallower water table, flow occurs through both matrix (piston displacement) and fracture. 

The fracture flow play a significant role in recharge process, in some occasion response 

recorded in hours. The rapid response of groundwater during the winter seasons may lead 

to groundwater flooding and the contribution of fracture in flow and transmit of water 

through the unsaturated zone may short transit times for contaminant to reach the Chalk 

aquifer. 

• The response at North Heath Barn site is undisturbed site that representative behaviour 

for this level in the stratigraphy. But, due to the artificial recharge in the Pyecombe East, 

the unsaturated zone keep close to saturation in the environment of the borehole. While, 

the urbane expansion to the Preston Park site reduced surface infiltration, but flow 

accretion from higher in catchment may give more significant secondary lags. 
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• The model simulation results were poorly matched with the observed data at the three 

sites. However, it is possible to observe the seasonal variation in the groundwater level 

for the simulated periods. 

9.4 Recommendations for further work 

In this thesis, new novel laboratory method has been developed to study flow and transport of 

water through the Chalk unsaturated zone using drying and wetting process. The method assessed 

with the theoretical results during steady state condition. Constant acceleration was used in each 

test to get steady state condition.  This situation did not allow testing of a fractured Chalk sample 

using wetting process. It is therefore recommended to use a fractured Chalk sample under wetting 

process with smaller acceleration, which may allow study of the fracture contribution during the 

wetting process. Also, the method can be used to study contaminant transport through the intact 

and fractured Chalk sample and compare the inflow and outflow sample for change in 

concentrations. Furthermore, the tests covered vertical flow only and the lateral side of the Chalk 

samples was covered by Perspex using silicon glue. It is not clear how the water may flow laterally 

with or without the presence of marl seams and fracture discontinuities. Hence, it is suggested that 

the method can be improved to involve lateral flow.  

In chapter 6, statistical analysis of field recorded data was presented, using data from three sites in 

the study area, the data covers 2012 and 2013. Results show that the system is sensitive to the 

amount of daily effective rainfall, and shorter times (within a day) were required for groundwater 

level to respond under some conditions. However, it was not clear if the daily effective rainfall was 

higher than 5 mm/day how shorter the response time will be. Thus, it is suggested that the field 

observations from the three sites continue to be monitored for a sustained period of above average 

effective rainfall.  Another area that needs to be explored further is the recharge fluxes during 

summer seasons, particularly in parameters used in the modelling, where almost all the modelling 

approaches ignore the drainage flux from the unsaturated Chalk during summer seasons. 
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The physically based modelling is another area of considerable uncertainty in the results. The model 

depends on the physical properties of the unsaturated zone, climate condition and groundwater 

level, based on a one dimensional flow movement under gravitation force. To improve the 

performance of the model and get a suitable representation of flow and recharge in the model, it 

is necessary to extend the modelling to cover two or three dimensions. However, the model 

presented in this thesis may be desirable if the needs to cover the seasonal variation in groundwater 

level only. Also, is it suggested that to improve the model fit for the simulation, the study area 

should be extended to true hydrogeological catchment (no flow boundaries). This may cover the 

area between river Adur and river Ouse.  
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11 Appendices 

See disc attached to the back cover includes the following information  

Centrifuge work 

 Balance calculation for flow in the Chalk, e.g. PA2 

 All centrifuge data 

 Calibration of water pressure transducer (wpt)  

 Frequency Domain reflectometry (FRD) calibration 

 Saturation of the wpt 

Correlation work 

 North Heath Barn  

 Preston Park 

 Pyecombe East  

 AFC- correlation  

 Autocorrelation  

 CLIMAWAT driver data from all sites 

Pictures during centrifuge preparation  

 Sample preparation 

 Saturation and calibration  

 Water system  

 Wiring  

Head calculation  

Ku calculation from centrifuge data 

Ku calculation from field data 

Time lag vs unsaturated zone thickness for all sites  
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