
 

  
2021 

Identification and quantification of the 

degradation of historic earthen ‘cob’ structures in 

Hampshire, United Kingdom: Using a novel spray 

test method incorporating 3-D laser scanning 

      

 

Doctoral Thesis By  

 

Jonathan Achoja Ikpere 
BSc.SLT., MSc., FGS 

 



i 
 

Identification and quantification of the degradation of 

historic earthen ‘cob’ structures in Hampshire, United 

Kingdom: Using a novel spray test method 

incorporating 3-D laser scanning 

 

By  

 

Jonathan Achoja Ikpere 
 

 

July 2021 

 

TITLE PAGE 
 

A thesis submitted in partial fulfilment of the requirements for the 

award of the degree of Doctor of Philosophy  

 

 

Centre For Applied Geoscience 

School of Environment, Geography and Geosciences, University of 

Portsmouth



ii 
 

 

 

 

 

 

DECLARATION 

I declare that the work presented in this thesis is, to the best of my knowledge and belief, 

original except as acknowledged in the text. The work was carried out in accordance with the 

regulations of the University of Portsmouth and the material has not been submitted, in part 

or in whole, for any other degree at this or any other university. 

 

Name: Jonathan Achoja Ikpere 

 

 

Signature:       

 

 

Date: 30/07/2021 

 

Word count: 65559 (without ancillary data) 

 

 

 

 



iii 
 

ABSTRACT 

This research was aimed at identifying and quantifying erosion in earthen walls through 

laboratory testing of blocks made from materials used for constructing historic earthen ‘cob’ 

structures in Hampshire, United Kingdom. A review of literature highlighted issues with 

conventional methods for testing and reporting erosion of earthen blocks/walls; therefore, 

a novel method for testing durability (erodibility), which combines the use of a ‘modified’ 

spray test and 3-D laser scanning was developed for this research. In addition, the eroded 

materials were analysed for PSD. The overall test was structured to assess the performance 

of three materials (Barton Clay, London Clay and Chalk) using spray cycle and duration as the 

control measures, i.e., samples were tested for five different duration (15, 30, 60, 120 and 

180-seconds) and repeated for five cycles (C1, C2, C3, C4 and C5). 

From the results, a new parameter, Eroded material* (Em) for quantifying the rate and 

degree of erosion in earthen materials was developed and proposed. This was done to 

enhance correlation of the surface topography results, giving context to factors such as the 

wall thickness during comparison and overall data reporting. Using Em a range of values were 

generated from the surface topography results, which in turn allowed for impact rating of 

the blocks at different stages of erosion 

The Chalk was found to be most susceptible to erosion amongst the three materials; having 

the highest rate of Em per second. Total Em of Chalk at the end of the test was also far bigger 

than those of the Barton Clay and London Clay; Chalk 30% (severely eroded), London Clay 

3% (increasingly eroded) and Barton Clay 2.5% (increasingly eroded). However, the impact 

rating was found to be same for all three materials in 15- and 30-seconds test; meaning long 

spray duration had far more damaging impact on the Chalk than the Clays.  

The PSD analyses produced eroded particle patterns, which can be grouped into short (15-

seconds), intermediate (30 to 120-seconds) and long (180-seconds) spray duration. These 

patterns were further broken-down to the individual particle-sizes, which acted as ‘markers’ 

in the overall PSD behaviour.  
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CHAPTER 1: INTRODUCTION 

1.1 Research Background  

Over the years, earth or earthen materials have been used in building construction across 

the globe, covering the six continents of Africa, Asia, Europe, Australasia, North America and 

South America (Figure 1-1). Globally, over 1.5 billion are estimated to live in houses made of 

earthen materials (Keefe 2005). This is supported by Morton (2008), who estimated a third 

of the world’s population resides in buildings made from earthen materials.  

 

Figure 1-1: Diagram showing areas (shaded in black) with the use of earthen materials in 
construction across the globe. It can clearly be seen that earth has been used in 

construction in all six inhabited continents of the world (Source: Houben & Guillaud, 1994) 

Regions renowned for earth construction include Australasia, North Africa, China, parts of 

North and South America and Europe, including Germany, Spain and France. For clarity, 

earthen construction referred to in this research (except otherwise stated) are the unfired 

(unbaked) earthen works such as rammed earth and soil (earth) blocks. 

Due to the global spread, several research (Guillaud et al., 1995; Walker, 1997; Adam & Agib, 

2001; Morel & Pkla, 2002; Arumala & Gondal, 2007; Niroumand & Kassim, 2010; Chee-Ming, 

2011; Silva et al., 2012; Ciancio et al., 2013; Avery 2014; Danso et al., 2015 etc.), mostly in 

the field of civil engineering have been conducted into understanding, improving and 
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preserving earthen structures. However, most of these researches have focused more on 

enhancing the physio-mechanical properties of earthen materials, with just a few, which 

includes Heathcote (1995), Heathcote (2002), Obonye et al. (2010a), Abdulrahman (2009) 

and Ipinge (2013) covering their erodibility and durability properties.  

Most of the research into earthen materials (which includes Abdulrahman, 2009; Arumala 

and Gondal, 2007; Niroumand and Kassim, 2010; Chee-Ming, 2011; Tattersall, 2013; Danso 

et al., 2015) are mainly to enhance its use for new (present and future) construction 

programmes. This is due to known benefits such as affordability, sustainability, material 

availability, employability, etc (Little & Morton, 2001; Zami & Lee, 2002; Harris, 2007; Danso 

et al., 2015). This focus on enhancing the use of earth for new built, which is partly driven by 

the global housing shortage have almost led to the neglect of historic earth building research-

wise. Amongst over a hundred literature (accessed during literature search) relating to 

earthen buildings, only three studies that includes Martins & Varum (2006) Jaquin et al. 

(2007) and Silveira et al. (2012) were found to be conducted on historic earth buildings. 

The current threat from an ever-changing climatic and environmental conditions (different 

from the ones which historic buildings were built and intended) coupled with the above 

reasons, which sees historic earthen buildings fall outside the radar of research have made 

it even more important to conduct a research into this subject. Therefore, in a nutshell, the 

reason for this research is anchored on three inter-related aspects;  

1. shortage of research into durability/erodibility properties of earthen materials, 

2. shortage of research into historic earthen buildings and 

3. current threat to heritage earthen buildings from a changing climate and 

environment. 

With the three aspects outlined, this research was therefore designed to focus on quantifying 

the degradation of historic earthen buildings. Though Hampshire UK, with more than a 

thousand historic earthen buildings was chosen as the case study area for this research, the 

current threat is not unique to one locality; therefore, solution can be applied globally. 

Problems facing historic earthen buildings in Hampshire is discussed section 4.4. 

1.2 World Historic Earthen Buildings   

Globally, earthen architecture includes a wide variety of structures, ranging from places of 

worship, palaces and farmhouse, to historic city centres, cultural landscapes and 



3 
 

archaeological sites. Some of these sites are renowned word heritage sites with great 

historic, cultural, social and economic value (Figure 1-2), e.g., Rock-Hewn Churches, Lalibela 

(Ethiopia), Old Towns of Djenné (Mali), The Royal Palaces of Abomey (Benin), Osun-Osogbo 

Sacred Grove (Nigeria), Kasbah of Algiers (Algeria), Bam and its Cultural Landscape (Iran), 

Ancient Thebes and its Necropolis (Egypt), Old Walled City of Shibam (Yemen), The Great 

Wall (China), Classical Gardens of Suzhou (China), Gyeongju Historic Areas (Korea),  Biblical 

Tels - Megiddo, Hazor, Beer Sheba (Israel) Historic Centre of Évora (Portugal) Historic Centre 

of Camagüey (Cuba), etc., (WHEAP, 2012) 

 

Figure 1-2: Word heritage sites constructed with unfired earth (source: WHEAP, 2012) 

The United Nations Educational, Scientific and Cultural Organization (UNESCO) in August 

2007 launched the World Heritage Programme on Earthen Architecture (WHEAP) aimed at 

improving the state of conservation and management of earthen architecture sites 

worldwide. This was borne out of the increasing threat by natural and human impacts (e.g., 

floods, earthquakes, industrialization, urbanization, etc.). These threats which have been 

found to be almost synonymous to earthen building across the globe resonates with those 

of the UK as later illustrated for the case study area Hampshire (see Figure 4.4). 
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1.3 UK Earthen Buildings  

The practice of building with unfired earth in the UK dates to well over 200 years, with a 

significant number of building being built in Wessex throughout the nineteenth century 

(Pearson, 1992; CIAV, 1996; Maniatidis & Walker, 2003). Maniatidis & Walker (2003) also 

noted that a series of experimental rammed earth house were built in Amesbury, Wiltshire 

after World War 1. The county of Devon is also reported to have more than 20,000 earthen 

buildings, and about same amount of other earthen structures which includes barns and 

other out-buildings (Hall et. al., 2012).  

Mostly common with the southern English Counties of the UK, earthen buildings are often 

referred to or known as “cob buildings”. Cob buildings are traditionally made of walls built 

off a stone plinth or ‘pinning’ (ranges from 0.3 m to 0.6 m above ground level) and capped 

by a large eaves overhang of thatched roof (Pearson, 1992; Watson & McCabe, 2011; Keefe 

2012; Figure 1-3). This bottom (plinth) and top (large thatched) coverage were essential 

requirement to protect the wall from water saturation; hence, the popular local saying “all 

a cob need is a hat and a good pair of boots”.  

 

Figure 1-3: A selection of Earthen ‘cob’ buildings in the UK. Photo in bottom-right corner 
shows cob buildings in construction. 
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Cob buildings were either made with clay or chalk in combination with other readily available 

materials like farm wastes, e.g., straws, dried grasses, animal dungs, twigs, wheat, furze, 

(Pearson, 1992; McCabe, 2011).  

Clay cobs were made by thorough mixing of clay bearing subsoil to allow even distribution 

of its constituent in the mixture, which is then heaped on the plinth.  Once the cob was placed 

on the wall it was compacted by the weight of a person standing on the wall who exerted 

vertical and horizontal pressure through knocking the side of the wall with the heel of the 

foot (Watson & McCabe, 2011; Figure 1-3). 

Chalk cobs are mostly found around where suitable deposits of chalk are readily available 

such as Northern Hampshire, Wessex and parts of Devon. The methods of chalk cob 

construction are largely same to those of clay cob, however unlike clay cob walls formed 

from clay bearing subsoils, chalk cob walls were formed from chalk rubbles (Pearson, 1992; 

Maniatidis & Walker, 2003) 

An understanding of the two main materials (chalk and clay) for cob construction is thus 

useful when trying to understand how they degrade. Since the material properties (physical, 

geotechnical, mineralogical, etc.) will differ with locality, it is therefore also important to 

consider the local geology from where the materials are sourced. A review of the materials 

from the case study area, Hampshire, which include the geology, formations and 

geotechnical properties is presented in section 4.6. This review informed the selection of 

materials for this study and was used to support the interpretation of results.  

1.4 Research into the UK Earthen Buildings 

Several studies (Pearson, 1992; Keefe, 1993; Harries et. al., 1995; Ley & Widgery, 1997; 

Keefe, 1998; Keefe et. al., 2001; Maniatidis & Walker, 2003; Coventry, 2004; Goodhew & 

Griffiths, 2005; Lawrence et. al., 2008; Forster et. al., 2008; Medero et. al., 2009; Watson & 

McCabe, 2011; Hamard et. al., 2016) have been conducted on earthen building in the UK, 

with each having its own aim. As well as having different aims, these studies have also been 

conducted on a variety of earthen materials, ranging from adobe blocks to rammed earth, 

and a few also covering cobs. Therefore, for the purpose of this research, only selected 

studies mainly relating to cob are presented in a chronological order below.   

Pearson (1992) in his book titled “Conservation of Clay & Chalk Buildings” describes the likely 

composition of historic cobs and also suggested suitable repair techniques based on a 
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physical survey of historic earthen structures in southern England. Pearson (1992) can safely 

be described as the ‘father’ of research into the UK cob. Almost every other work that came 

after were built on the foundation of this study and interestingly, about 99% of the reviewed 

literature on UK cob made reference to this study.  

Keefe (1993) was amongst the first to conduct some form of scientific research into historic 

cob structures. In what was termed ‘a guidance leaflet’, it outlined some of the problems 

faced by cob which were largely related to the presence of moisture (water) ranging from 

erosion, rising damp to penetrating damp and finally leading to structural failure. It then 

went further to suggest some repair methods which takes into account material 

appropriateness and least disruptive approach.  

Harries et. al. (1995) using the knowledge of the local geology and a geotechnical approach 

examined the properties of soils used historically for constructing cob buildings in Devon. 

Three main groups of soils were examined - Dunland Soils, Soils overlying the Carboniferous 

Bude Formation and the Redland Soils. The study found that both the Dunland and Redland 

Soils contain 25-60% fines and 40-60% sand and gravel, and the clay fraction of the soils 

consists predominantly of illite, which varies between 10% to 30%; an ideal proportion that 

acts as a binder of both straws and coarser fragments. It also found that compressive stress 

on a 2-storey cob wall is approximately 120 kN/m2 and if kept dry it will not fail below a 

compressive stress of 600 kN/m2. It went on to acknowledged that moisture (water) content 

is the most important factor in reducing the compressive strength of a cob wall and could 

account for a reduction from 800 kN/m2 at 4% to 120 kN/m2 at 18%.  

Ley & Widgery (1997) discusses the application of English and Welsh Building Regulations to 

cob buildings with the aim of providing a better understanding to designers and controlling 

authorities. The study concludes that cob buildings can comply with Regulation if the aims 

are incorporated into the design at the early stages to avoid conflicting needs at later stages.  

Keefe (1998) conducted investigation into 22 cob buildings in Devon and reached four main 

conclusions; (a) Buildings on the Permo-Triassic geological areas have a higher risk of failure, 

compared with the Upper Carboniferous or Culm measures. (b) High levels of moisture within 

the cob can lead to instability of wall structures with resulting movement and sometimes 

total collapse. (c) The use of cement-based renders on cob walls seems to be a common 

feature of nearly all the failures studied. (d) The use of low permeability nishes, such as 

acrylic resin based proprietary masonry paints, will increase the risk of higher moisture 
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content. However, Keefe (1998) acknowledged the need for the proposed survey procedure 

to be refined and developed to establish a working tool that building surveyors can use in 

the field. 

Keefe et. al. (2001) proposed a diagnostic survey procedure for cob walls which prescribed 

six aspects for identifying problems with cob walls. These aspects include; a site analysis, 

building description, maintenance and repair history, building condition, a moisture content 

analysis, and a cob material composition analysis.  

Maniatidis & Walker (2003) conducted a comprehensive review of Earth Construction across 

the UK to promote the use of rammed earth construction through the publication and 

dissemination of a set of design and construction guidance notes. This work included a brief 

overview of current national reference documents and codes for earthen construction from 

around the world; summary of the characteristics of soils considered important and the test 

methods and typical physical properties of an earthen wall; basic structural design 

procedures and architectural design and details for earthen construction; basic components 

of rammed earth construction and methods used for compaction; and also investigated 

various aspects of a selected historic  and recent earthen buildings in the UK. The study 

reached a number of conclusions, with the one most relevant to this study being a remark 

that durability of earth walls is assessed by a variety of accelerated erosion tests with little 

correlative data between tests and field performance, and an admittance that current 

adopted standards were developed in countries with different climatic condition, building 

culture (including technique) from the UK.  

Coventry (2004) in her doctoral thesis aimed at developing a standard for the use of cob in 

earthen construction in Devon observed that the use of ‘soil surveys’ to inform selection of 

suitable cob building was hindered by a lack of modernisation in terms of data presentation. 

However, by using a definitive test methodology (unconfined compressive strength), she was 

able to establish a relationship between the amount of straw used, the mix matrix and the 

strength of cobs.  

Goodhew & Griffiths (2005) measured the thermal conductivity and diffusivity of unfired clay 

bricks made with straw clay mixture and straw bales using a thermal probe technique. The 

study found that sustainable cavity walls of unfired clay bricks with paper, straw or wool 

cavity insulation have thermal transmittances less than 0.35 W/m2 K, and therefore met the 

current United Kingdom Building Regulations. It also suggested possible methods for 
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thermally up-grading existing earth walls, by adding an internal insulated timber frame, 

which therefore could possibly achieve compliance with current UK thermal regulations. 

Lawrence et. al., (2008) examines bonding properties of a range of mortars with a number 

of commercially available unfired clay bricks in the UK. The study concluded that sodium 

silicate-based mortars were shown to perform more consistently and to a higher level of 

performance than other mortar types.  

Forster et. al. (2008) conducted a study on cob to investigate the ability of cob materials to 

resist flood situations. The study employed the use of literature and laboratory testing data. 

The study was unable to establish the duration to which cob structures will remain intact, 

however it did observe a correlation between the rate of cob material’s compaction and the 

duration to which the structural integrity of the walls was retained when the samples were 

subjected to flooding conditions.  

Medero et. al. (2009) investigated a case study of historic cob building in Scotland with the 

aim of understanding the effect of flooding on the building. The study also employed some 

laboratory testing to observe the effects of cycles of wetting and drying on the cob walls 

caused by the flooding episodes. It reached a number of conclusions which includes; the 

higher the compaction level reached during construction, the smaller the observed 

degradation of the wall surface under flooding conditions; and the structural integrity of cob 

materials have a certain capacity to resist failure even when saturated (without changes to 

stress level), however it is influenced by various parameters, such as material mixture, use 

of reinforcements and level of compaction.  

Watson & McCabe (2011) presented an overview of the history of cob in Devon with a 

discussion on the potential of cob as an earth building technique for future architectural 

practice. It also remarked that “Knowledge of cob is beginning to exist in the current 

construction industry although there is an obliviousness as to the value of this technique by 

the majority”. 

Hamard et. al., (2016) employed a bibliographical analysis to summarize the different cob 

variations in an attempt to take into account their diversity. The study reached a number of 

achievements amongst which are: definition of cob with respect to other earth materials; 

description of cob that clearly distinguished its variations; list of traditionally employed 

fibres; values, average and standard deviation for fibre length, fibre content, manufacture 

water content, drying times, lift heights and wall thicknesses and; a discussion on the 
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evolution of cob process with regard to societal evolutions. The study however concludes 

that to go further on the description (and full understanding) of cob, it is necessary to 

describe and analyse existing cob heritage buildings using carefully developed scientific 

methods. 

Throughout this thesis cob blocks, cob buildings and cob structures will be generally referred 

to as earthen blocks, earthen buildings and earthen structures respectively, except in 

occasions where a type is specifically mentioned. The classification of earthen blocks is 

discussed in section 2.3 to give an understanding of the common types.  

This research measures the response and performance of the two main materials (chalk and 

clay) used in the construction of historic earthen buildings across Hampshire in a splash-

dominated erosive environment. This was based on the following hypothesis: 

“The degradation of earthen structures subject to repeated water-

splashing condition is controlled by the material makeup” 

The response was quantified based on 4 parameters – Surface Topography, PSD, Mass and 

Volume; using two measures – cycle and duration of spray.  

1.5 Aim and Objectives 

The aim is to develop a spray test that incorporates the use of 3-D laser scanning that can be 

used to identify and quantify degradation in earthen blocks made from Hampshire materials, 

subject to repeated or prolong water spray.  

This aim was achieved by the following objectives and accompanying research questions - 

1) Review of literature which included: 

a) Earthen materials –  

I. Does type and production technique defer?  

II. What properties are currently used in measuring their performance? 

and 

III. What testing methods are currently available?  

b) The case study area, Hampshire –  

I. What is the history, landscape and land-use (past and present)? And 

how does it affect the present condition of historic earthen buildings? 

II. Hampshire Cobs, how many are they? what are they made of? what is 

the problems, and what do we know about it? 
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III. The geology, how does it help us understand the materials with respect 

to their physical, mineralogical and geotechnical properties? 

2) Site visits to assess current site conditions and preliminary testing programme to 

assess the viability of testing methods adopted in previous studies. 

a) Are testing methods used in previous studies, (which were developed for 

other type of building blocks) suitable for earthen blocks? Or do they need 

adaptation? 

b) Considering the sensitivity of heritage buildings, can a non-invasive 

technique be developed to identify and measure degradation in earthen 

buildings?  

c) If above is possible, the next objective was –  

3) Design a durability (erosion) test that can be used to measured simple parameters 

such as Mass and Volume; and one which also incorporates 3D laser scanning for 

measuring Surface Topography and PSD analysis of the eroded materials.  

a) Main checks –  

I. Can the results be quantified?  

II. If above is yes, the next objective was - 

4) Use the developed technique to undertake testing of earthen blocks made from 

three different materials (Barton Clay, London Clay and Chalk) sourced from 

Hampshire, UK. From the results;   

a) Does mass, volume, surface topography or PSD change with cycle? 

b) Does mass, volume, surface topography or PSD change with duration? 

c) Does mass, volume, surface topography or PSD change with both cycle and 

duration?  

5) From analysis of the test results, can the following relationship (key research 

questions) be established?  

a) Can Surface Topography be used to evaluate material performance under 

erosion? 

b) Can Mass change be used to evaluate material performance under 

erosion? 

c) What is the relationship between Mass change and Surface Change? 
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d) Can Volume change be used to evaluate material performance under 

erosion? 

e) What is the relationship between Volume change and Surface Change? 

f) Can PSD change be used to evaluate material performance under erosion? 

g) What is the relationship between PSD and Surface Change? 

Figure 1-4 provides a step-by-step detail of how the research was achieved.  

 

Figure 1-4: Flow chart detailing the activities and work conducted for this research.  

1.6 Thesis Layout  

Chapter 1 (Introduction): The first chapter introduces the research by first exploring the 

study background, making references to gap in previous research and literature. It also states 

the hypothesis and outlined the aim, objectives and key research questions.  

Chapter 2 (Review of Earthen Materials): This chapter focus on the review of past literature 

on earthen materials. It gives a definition of earthen structures and provides a classification 

of the types of earthen materials. It also provides a review of production techniques and 
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performance properties commonly used in evaluating earthen blocks. The chapter fulfils 

objective 1 (a) (I and II) of this thesis.  

Chapter 3 (Review of Testing Methods): This chapter reviews current testing methods, 

which cuts across known national standards. The review included methods for testing the 

strength and durability of earthen blocks, but for the focus of this study, more attention was 

geared towards reviewing durability tests which included Wet Dry Appraisal, Geelong Drip 

Test and Erosion Spray Test. The chapter fulfils objective 1 (a) (III) of this thesis 

Chapter 4 (Review of the case study area, Hampshire): This chapter focuses on Hampshire 

and covers the following topics topic such as landscape evolution, landuse to understand the 

environmental changes that have occurred that could impact how earthen buildings 

degrade. It also highlights and illustrates the problem facing historic earthen buildings. 

Finally, it reviews the local geology to identify and understand the geotechnical properties 

of the Hampshire materials. The chapter fulfils objective 1 (b) of this thesis.  

Chapter 5 (Materials and Methods): This chapter discusses the materials and methods used 

for testing and analysing data for this study. It presents the mean results of initial tests 

conducted to characterise the materials. Importantly, it also gives an overview of the 

procedures, any modification adaptation made to other conventional/standard tests and the 

reason/rational for doing so. The chapter fulfils objective 2 (b & c) and 3 of this thesis.  

Chapter 6 (Results): This chapter presents with brief interpretation, results of the spray test 

covering the four parameters (Mass, Volume Surface Topography and PSD). It also shows 

provides surface change models of the blocks at different stages of erosion. The chapter 

fulfils objective 4 of this thesis.  

Chapter 7 (Analysis and Discussion): This chapter discusses in detail, main elements of the 

results referring to past literature where necessary. It started by setting the framework for 

the discussion through definition of the key elements. The chapter also address key research 

questions giving rise to useful comparison and correlation of the results achieved by the 

various parameters measured. Most importantly, a new parameter, Eroded material* (Em) 

for quantifying the rate and degree of erosion in a block/wall is proposed in this chapter. The 

chapter fulfils objective 5 of this thesis. 

Chapter 8 (Conclusion and Recommendations): In this chapter the objectives and key 

research questions were revisited and addressed using a key-point approach. Therefore, in 

a nutshell, the findings of the thesis were summarised in this chapter. From, the findings, 
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useful recommendations to policy makers for the management and conservation of historic 

earthen buildings in Hampshire were also outlined.   
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CHAPTER 2: REVIEW OF EARTHEN MATERIALS 

2.1 Introduction  

Earthen materials encompass a very broad area and can include almost every aspect of 

construction and civil engineering. One’s definition of earthen materials depends on the 

subject area being covered. For clarity, in this research, earthen materials refer to unfired 

and unstabilised soil (or soil mix) used in building construction (see a comprehensive 

definition of earthen structures in section 2.2 below). 

To create an understanding of earthen materials in the context of this research, three key 

areas were recognised and reviewed. These key areas are definition and classification, 

production techniques and performance properties. 

Note, some of the information presented in this review are primarily from sources outside 

the UK, but techniques used elsewhere today are broadly considered analogous to those 

used in the UK historically. 

2.2 Definition of Earthen Structures  

Earthen structures refer to structures (including dwellings, storages, partitions and fences) 

constructed from unfired and most times unstabilized soils, commonly referred to as earth. 

They are generally made using two forms of earthen work – Rammed Earth (RE) and Earthen 

Blocks (EBs). RE is made by setting up framework for the soil/mud to be compacted on, 

creating a monolithic wall (Jaquin et al., 2007); while EBs are formed in a mould to be later 

assembled (laid) by hand to create a standing wall (Heathcote, 2002).  

Most UK earthen buildings are believed to be constructed with a variation of RE, known as 

cob (Watson & McCabe, 2011; also see section 1.3). Even though most UK cob buildings are 

believed to be made of RE, repairs were mostly carried out using EBs (DEBA, 2008). However, 

there is a recent argument that some cob structures in south-west England might have been 

constructed using EBs (Devon Historical Building Trust, 1992). 

This review focuses more on EBs as against RE for two reasons – first, the availability of 

literature, which is abundant with EBs; and secondly, for practicable reasons the research 

method made use of earth blocks as test sample. However, all scaling scenario were 

considered in the method design and interpretation.  
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From the reviewed literatures, it was also clear that EBs are also of various types. However, 

no previous attempt has been made to comprehensively classify these blocks. Therefore, this 

research has presented a general classification of earthen materials/blocks in the following 

section (2.3).  

2.3 Classification of Earthen Materials  

Earthen materials or otherwise referred to as unfired earth in building construction can be 

grouped into two classes; rammed earth (RE) and Earthen Blocks (EBs). Following a review 

of literature, it was found that these two classes covers a broad range of subclasses or simply 

types. The types were generally based on the construction technique and/or additive used. 

To create a simple understanding of the various types of earthen materials in construction, 

a classification chart based on the construction technique is presented as Figure 2-1. 

 

Figure 2-1: Classification of ‘unfired’ earthen materials in construction 

Generally, RE is the technique of using earthen mixture, either wet or dry to form a 

monolithic wall through the application of downward and/or sideward ‘ramming’ force 

(Figure 2-2). If permanent shuttering (a wooden formwork) is used, it is generally referred to 

as Wattle and daub. However, earlier techniques of RE did not involve the use of shuttering; 

part of these group is the Cob (Pearson 1992; Harries et. al., 2000; Watson & McCabe, 2011). 

A more recent technique of Cob construction involved the use of temporary shuttering to 

enhance the aesthetic properties of the wall, this is then known as Shuttered cob (Watson & 

McCabe, 2011).   

EBs can be generally classified into two types – compressed earth blocks (CEBs) and poured 

earth blocks (PEBs). These two types differ with their production techniques; CEBs are 

formed by mechanical compaction of the soil/mix in a mould (UNHSP, 2009), while PEBs are 
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formed by the solidification (without compression) of wetted mixture of soils (and 

fibres/straws) in an open mould through chemical changes that take place as they air-dry.  

More recently, CEBs have been produced with addition of either stabilisers or enhancers, 

and sometimes a combination of both. These methods of production have led to the further 

classification of CEBs into Stabilized Compressed Earth Blocks (SCEBs) and Enhanced 

Compressed Earth Blocks (ECEBs). Both SCEBs and ECEBs are compressed in a mould, with 

the only difference being SCEBs make use of stabilizers (cement, lime, pozzolanas or 

bitumen) in their production, whilst ECEBs make use of enhancing agent (fibres, straws, 

rubber, dungs etc) in their production as their name suggest. Production of EBs 

Earthen blocks are formed by compressing a damp mixture of soil (sand, silt and clay in 

suitable proportions) and in most cases, an addictive (fibre, straw, rubber or dry leaf) in a 

mould/machine to form a high-density block (Danso et al., 2014; UNHSP, 2009). Such blocks 

can be used for the construction of load-bearing structures as shown in Figure 2-2. 

 

Figure 2-2: Pictures showing construction of earthen structures. Globally, earthen structures 
are constructed using two techniques; Rammed Earth (RE) or Earthen Blocks (EBs) 

The main material in the production of EBs are soils, sometimes with an addictive which is 

mainly added to improve the strength of the block. Soil is the main compositional member. 

Within the soil, the clay fraction is thought to be responsible for bonding sand and silt 

particles. Particle size distributions typically comprise 15-40% clay, 25-40% silt, and 40-70% 

sand to small gravel (Arumala & Gondal 2007; Kalale, 2014; Danso et al., 2015). The amount 

(by volume or weight) of additive is relatively small. Some studies (including Millogo et al., 

2014; Obonyo et. al., 2010; Yalley, 2012) have suggested between 0.5 to 1.5% of the 

enhancing material to be included in the composition to enhance strength, as any further 
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increase above 1.5% (Danso et al., 2014) was found not to improve mechanical properties, 

and could lead to a decrease in the compressive strength.  

Since EBs are broadly of two types – compressed earth blocks (CEBs) and poured earth blocks 

(PEBs), the definition given above is only applicable for the CEBs. PEBs on the other hand, 

are formed by the solidification (without compression) of wetted mixture of soils (and 

fibres/straws) in an open mould through chemical changes that take place as they air dry. As 

their name suggests, the main difference between CEBs and PEBs, is the former is 

compressed, while the latter is not (UNHSP, 2009).  

CEBs are regarded as more recent application of EBs (Little & Morton 2001).  The main reason 

for compressing the soils (or mix) is to increase its strength and reduce its permeability 

(Houben & Guillaud, 1994). The degree of compaction possible, however, is affected greatly 

by the type of soil used, the moisture content during compaction and the compression effort 

applied (Rigassi, 1985). Best results can be achieved by having a correct proportion of sand 

and clay mixture in the soil to be used (Kalale, 2014).  

2.4 Stages in the Production of EBs 

Production of EBs involves five stages – (1) Extraction, (2) Preparation, (3) Mixing, 

(4) Compression and (5) Curing (Rigassi, 1985). However, depending on the production 

technique adopted for the project other substages could also be involved. Rigassi (1985) gave 

a simple chart to highlight the different stages that could be involved in the production of 

EBs using simple production techniques (Figure 2-3).  
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Figure 2-3: Stages of EBs production (after Rigassi, 1985) 

2.4.1 Extraction 

Extraction of suitable soils is the first stage of production in making earthen blocks. In 

selecting soils for soil block production, the method and type of block to be made must be 

given considerations, because this may have a direct effect on the strength of the block 

produced (Obonyo et al., 2010). For EBs production, the soil used must be carefully chosen 

as unlike cement or lime stabilized blocks they depend on the properties of the soil for 

cohesion and strength (Maniatidis & Walker, 2003). The soils for EBs production should be 

made up of the right proportions of particles (sand, silt and clay) in order to attain the 

desirable mechanical properties. Previous studies which include those of Arumala & Gondal 

(2007); Kalale (2014); and Danso et al., (2015) have suggested suitable soil type for the 

production of EBs. Two field tests were suggested by Adam & Agib (2001) for the assessment 

of soil suitability in the production of EBs which are based on the Optimum Moisture Content 

(OMC) of the soils.  

2.4.2 Preparation 

Depending on the method adopted, this stage may involve three sub-stages; drying, 

pulverising and screening of the soils (Houben & Guillaud, 1994). Drying is spreading out the 
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soils possibly in thin layers to allow them loose natural moisture associated with the soil as 

they are excavated. Pulverisation is simply breaking down the dried soils which may be in 

lumps to obtain a homogeneous mix of the soil constituent (Rigassi 1985), while screening is 

the process of removing foreign bodies from the soil. Depending on the type of excavated 

soil, filtering may also be done to achieved desirable soil particle proportions for better 

quality EBs 

2.4.3 Mixing 

This stage involves measuring out the materials (soils, and additive) in suitable proportions 

and mixing them together. First this may be mixed as dry and then the desired amount of 

water added. Several studies (Danso et al., 2014; Arumala & Gondal, 2007; Obonyo et al., 

2010) have shown that there is relationship between the mix (soil and fibre content) and 

strength of EBs. Also, to avoid making blocks with unforeseen zones of weakness, the mixing 

has to be as thorough as possible (Adam & Agib, 2001). 

2.4.4 Compaction 

This is the process of compressing the mix in a mould to form a block. This is normally done 

with a press. The degree of compaction achieved depends on the type and property of the 

soil, and the amount of pressure achievable by the press used. Guillaud et al. (1995) 

established a relationship between the degree of compaction and density of EBs. The density 

of the blocks is known to also influence strength as the higher the density, the more 

resistance it is to compressive and tensile failure (Guillaud et al., 1995; Obonyo et al., 2010). 

2.4.5 Drying 

Regardless of the production method adopted, drying has two stages; wet (damp) drying and 

stack drying (drying out). Wet drying is done to achieve maximum strength, and this is done 

by keeping the block moist for some period of time (preferably between 2 to 3 days). This is 

because if the block is left to dry quickly in hot conditions, the surface material may lose its 

moisture and the clay particles in the soil starts to shrink (Adam & Agib, 2001). The second 

stage of drying which normally comes 2 or 3 days after wet drying is simply stacking the 

blocks and allowing them to dry out (Danso et.al, 2015) 

2.5 Performance Properties of EBs  

The performance properties of earthen blocks can be defined as those measurable 

properties of the block that can affect their performance when used in construction. They 

include physical, mechanical and durability properties.  
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The performance properties of EBs plays a key role in assessing the quality and suitability of 

the blocks for constructing earthen walls. Although well researched, but very few studies 

which includes Riza et al., 2010; Danso et al., 2014 and Deboucha & Hashim (2011) have 

published reviews on the performance properties of EBs.  

Depending on the focus of the study, the performance properties are usually used to assess 

the suitability and functionality of any new production technique, material and method to 

meet recognised and acceptable standards for earth work construction.  

This section of literature review takes a general look at the controls on the performance 

properties of EBs ranging from physical to mineralogical and mechanical properties. Data 

from previous studies were also utilised to create an understanding of the expected 

performance of EBs.  

2.6 Physical Controls on the Performance of EBs 

Physical properties of any type of building block can be simply defined as properties that 

depend on the physics of the materials in which they are made of. They include density, unit 

weight, porosity, and moisture content; with just soil-based materials this includes particle 

size distribution (PSD) and Plasticity 

Physical properties of EBs have been well researched and by comparison with other 

properties are well reported. Danso et al. (2014) noted that this is mainly due to two reasons; 

the ease of carrying out physical property test and their direct implication to mechanical 

properties. May can also be carried out in the field and also have direct relationship with the 

strength of the block (Chee-Ming, 2011; Guillaud at. al., 1995) 

2.6.1 Density  

Two factors control the density of EBs; the degree of compaction which is usually determined 

by the compacting pressure during production and the composition of material used (Little 

& Morton, 2001). It is difficult to compare density data from previous studies as most studies 

provide data on the dry density of the soil used rather than the actual density of the made 

block. This usual practice was done to establish the physical properties of the materials which 

most studies have used to imply the physical properties of the block, thus making comparison 

difficult. Another reason is most studies will not provide data on the compacting pressure 

for their blocks even when block density data where provided, thus also making it difficult to 

establish a clear relationship between compaction pressure and density of EBs.  
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Amongst the studies consulted during the literature search only Walker (1997) provided data 

on the compacting pressure used by stating that the compaction pressure was maintained 

at 2MN/m2, but however did not provide density data for the blocks produced using the said 

compression pressure. Anonym (2009) in a study conducted using different soil type was able 

to establish that an increase in compaction pressure which are found to produce high density 

block (Guillaud at. al., 1995), with high plasticity soils will also increase compression strength 

of the blocks. 

Walker (1997) provided some useful data in understanding how dry density relates to 

compressive strength of blocks stabilised with Portland cement.  Although as against the use 

of Portland cement, this review is based on either naturally enhanced or unstabilised blocks, 

the data from Walker (1997) is a step at creating a trend between density achieved and 

strength outcome in earthen blocks regardless of the stabiliser or enhancer used (Table 2-1).  

Table 2-1: Relationship between soil plasticity index and dry density (after Walker, 1997) 

Dry density (Kg/m3) Dry compressive strength (MPa) 

5% cement 10% cement 

1452 1.72 3.80 

1520 1.79 4.65 

1620 3.48 6.63 

1671 5.51 7.97 

1757 6.31 9.60 

Table 2-1 shows that the compressive strength of earthen blocks increases with increased 

density regardless of the cement content, as similar trend was observed both in blocks with 

5% cement and those with 10% cement. Going by this, the same trend should also be 

observed with unstabilised EBS, however this is not supported by any study. 

2.6.2 Unit Weight 

Unit weight also known as the specific weight can be defined as the weight per unit volume 

of a material. Although rarely used by researchers as unit of comparison in the performance 

of earthen blocks, the unit weight of a material can provides an on-hand indication of 

strength and weakness of a material in the field when rigorous strength test is not available 
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(Rigassi, 1985; Price & Heath, 2013). The weight of a material is dependent on two factors; 

mass and acceleration due to gravity, g which is a constant (g = 9.8m/s2). Weight itself is 

independent of volume, but unit weight is relative of volume, hence unit weight can be 

indicative of density. Therefore, the specific unit weight of a soil block is an indicative of 

density, degree of compaction and strength of the block.  

2.6.3 Plasticity 

Soil plasticity can be described as the engineering behaviour of a soil when water is 

continuously added. However, most plasticity tests are designed to identify whether a soil 

will behave primarily as a silt or a clay (Price & Heath, 2013). The Atterberg limit tests (BSI, 

1990) is an empirical test which can be linked with suitable building forms. Previous studies 

carried out using this method found that low-plasticity soils suit RE and CEBs construction, 

whilst PEBs construction are more suitable with higher plasticity soils (Price & Heath, 2013). 

Walker (1997) in a study conducted to assess the influence of soil constituent on 

compression strength provided some useful data (Table 2-2) in understanding how different 

soil type (based on their plasticity index) relates to dry density.  However, it is important to 

note that the data provided in walker (1997) were conducted using samples stabilised with 

Portland cement and may not be directly interpreted for ‘unstabilised’ EBs, like the ones of 

this research. 

Table 2-2: Plasticity versus compressive strength of earthen blocks (Walker, 1997) 

Plasticity index Dry compressive strength 

(MPa) 

Wet compressive 

strength (MPa) 

5% cement 10% cement 5% cement 10% 

cement 

21.8 1.72 3.80 0.08 1.84 

19.8 1.79 4.65 0.30 2.50 

15.7 3.48 6.63 1.23 2.99 

7.2 5.51 7.97 2.24 4.45 

3.1 6.31 9.60 2.77 5.22 
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The results of Walker (1997) presented in Table 2-2 above shows a continuous increase in 

compressive strength (both dry and wet) with soils of lower plasticity index. This trend 

observed is in agreement with the works of Price & Heath (2013). 

2.6.4 Particle Size Distribution 

Particle size distribution (PSD) of a soil is an engineering property that defines the relative 

amount (by mass or volume), typically expressed in percentage of grain size present in the 

soil. The result of a PSD test is normally present as a grain size distribution curve. BS1377-2 

(BSI, 1990) gave two methods for testing the PSD fine soils; the pipette and the hydrometer. 

A more recent method is the laser scanner technique which is quite easy and fast but 

expensive and might not be readily available for PSD analysis. 

Theoretically, there is a strong relationship between particle size and performance 

properties of earth-based materials (Maniatidis & Walker, 2003). This relationship, 

supported by the Fuller’s Formula suggests that the strength and durability properties of an 

EB can be increased by minimising the voids ratio in order to increase the contact between 

soil particles (Maniatidis & Walker, 2003).  However, this relationship remains unclear, 

because in reality the influence of variation in soil grades on physical, strength and durability 

properties of EBs is still uncertain (Keable, 1994).  Although some recent studies which 

includes Arumala & Gondal (2007); Kalale (2014); and Danso et al., (2015) have found soils 

composed of approximately 15-40% clay, 25-40% silt, and 40-70% sand to be suitable for EBs 

production. 

However, a review carried out by Maniatidis & Walker (2003) and confirmed by the earlier 

work of Saxton, (1995) found that no soil is likely to be the best for the production of EBs, 

hence previous studies usually publish lower and upper limits for each of the main soil 

elements used in their research (Figure 2-4).  
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Figure 2-4: Lower (a) and upper (b) range limits for PSD used in earthen structures 
(Maniatidis & Walker, 2003) 

The PSD ranges (Figure 2-4) from the review carried out by Maniatidis & Walker (2003) 

showed some agreement between the limits of the main soil elements reviewed. These limits 

are also in agreement with those of Kalale (2014). 
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2.7 Mineralogical Controls on the Performance of EBs 

It is difficult to define the mineralogical properties of EBs due to various components usually 

in the mix. The tradition in previous studies is to carry out chemical test on the soils to be 

used for the production of EBs. However, a very important chemical property of the soils 

which have been given very little or no attention in previous studies is mineralogy. The 

mineralogy of soil block is believed to be directly related to their strength and durability 

properties (Sjostrom et al, 1996; Glanville & Neville, 1997). Therefore, this study has included 

mineralogical controls as one of the factors that influences the performance of EBs.   

2.7.1 Clay Minerals and Durability Properties 

Studies including Baker et al (1991); Sjostrom (1997); and Glanville & Neville (1997) defined 

durability as a measure of the ability of a material to resist weathering and sustain its 

distinctive properties under conditions of use during the service lifetime of the structure of 

which it forms part. By this definition, three properties are usually considered when testing 

for durability; resistance to weathering, resistance to abrasion and resistance to chemical 

attack. Therefore, a reliable durability test should be able to consider and reasonably 

simulate most, if not all agents (rain, wind, temperature, humidity) which makes up the 

conditions of use rather than just rainfall only. 

From the above definition of durability, two key factors are highlighted; erosion and 

weathering of the parts (in this case blocks) that makes up a whole (building). For EBs, the 

clay mineral which act as binders in the block plays a very vital role. The succeeding sub-

session provides a brief understanding of the relationship between clay minerals, weathering 

and durability properties of soil-based materials. 

The clay component of a soil block may be divided into three basic groups –   

1. Kaolin group, 

2. Smectite group and  

3. Illite group.  

Kaolin clays will usually have a non-expanding crystal structure, while clays of both the 

smectite and to a lesser extent Illite groups will have expanding crystal structures. Clays with 

expanding crystal structures should expand in volume when water is added, and if this water 

evaporates, drastic shrinkage and cracking could occur. In context of earthen blocks, 
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smectite and Illite clays produce stronger blocks, with a high heat resistance, and they show 

little water damage even if they were only wetted shortly after they have been made. 

To understand the relationship between clay minerals and durability of earthen blocks, it will 

also be useful to understand the relationship between weathering (physical, chemical, 

biological) and clay minerals.  

Chemical and biological weathering are almost always mediated by water. During 

weathering new solid materials are formed and the composition of the mediating water is 

modified. The rates of weathering and alteration are governed by climate; temperature, the 

availability of water and biome factors (flora/fauna). 

Increased water flow during weathering can also lead to increased leaching of cations, which 

will create two conditions (Figure 2-5): 

1. Lowers charge and cation exchange capacity (CEC) on clays, and 

2. Transforms weathering minerals. 

 

 

Figure 2-5: Weathering products of basalt in Hawaii showing how rainfall affects clay 
minerals (Shermam, 1952) 

Developing a robust relationship between these processes is a complex procedure, requiring 

highly specialised laboratories, perhaps accounting for the lack of literature in the context of 

the wilder soil brick performance. 
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2.7.2  Relationship between Clay Content and Compressive Strength of EBs 

An important property of the soil which will influence the mechanical properties of EBs is the 

clay content. The adhesive potentials of clay make them act as binders and provide cohesion 

for EBs (Adam & Agib, 2001). Data sourced from recent studies has been used to provide an 

understanding of how percentage of clay in the soil affect the compressive strength of EBs. 

These data are shown in Table 2-3 and plotted in graph in Figure 2-6 to show the trend.  

Table 2-3: Compressive strength and clay content data from reviewed studies. 

Reference Danso 

et. al 

(2015) 

Chee-

Ming 

(2011) 

Arumala 

& 

Gondal 

(2007) 

Anonym, (2009) Yetgin et al (2006) 

D C M S1 S2 S3 A1 A2 A3 A4 A5 

Clay content 

(%) 

14 44.7 10 10.13 21 23.19 14 19 26 12 33 

Compressive 

Strength 

(MPa) 

1.35 6.8 1.3 3.45 2.39 4.31 1.2 1.5 1.3 1.5 1.7 

 

 

Figure 2-6: Plot of UCS versus clay content from five recent studies 

Figure 2-6, though with poor correlation, shows that an increase in the percentage of clay 

actually increases the compressive strength of EBs. This is clearly seen in the C-soils of Chee-

Ming (2011) having a clay content of 44.7% and a UCS of 6.8MPa. Although this review has 
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demonstrated that an increase in clay content may increase compressive strength, a range 

of 30 to 45% clay and 55 to 70% sand combination (depending on soil mineralogy) was 

suggested in a previous study (Adam & Agib 2001). Too much (above 50%) clay may not be 

advisable, as this can cause walls made of EBs to shrink and crack (Kalale 2014). 

2.8 Mechanical Controls on the Performance of EBs 

Mechanical Properties of a material is the measure of that material’s reaction to applied 

force (Danso et al., 2014). These properties include compressive strength, tensile strength, 

flexural strength and modulus of elasticity.  

Mechanical properties of earthen blocks are found to be widely studied because it is believed 

that their perceived limitations will be due to problems with their mechanical properties 

(Danso et al., 2014). As evident in previous conducted, compressive and tensile strength are 

the most common mechanical properties that are measured. The reason could be they both 

(compression and tension) have direct implications to engineering design. Compressive 

strength of earthen blocks is directly related to their load bearing capacity (Houben & 

Guillaud, 1994; Ciancio et al., 2013; Minke, 2009); while tensile strength is directly related to 

their seismic capacity during out of plane displacement (Tarque et al., 2010; Minke, 2009; 

Velosa et al., 2010). 

2.8.1 Compressive Strength 

Compressive strength of a material can be defined as the capacity of that material to 

withstand loads as applied in the direction that reduces it. It can also be defined as the 

maximum stress a material can sustain under crush loading (Minke, 2009).  Compressive 

strength of earthen blocks was described by Morel & Pkia (2002) as the most significant 

mechanical parameter in their engineering design. This may also be one of the reasons while 

it has been well research in the study of earthen blocks and how they can be improved. 

Various studies have suggested a range of values for the compressive strength of EBs, the 

most prominent of them is a normative document reviewed by Delgado & Guerrero (2007) 

which gave a range of 1.3MPa to 2.1MPa for use in non-load bearing walls. 

Presently, there are no British or European standards for the compressive strength testing of 

EBs. However, the Centre for Development of Enterprise (CDE), an institution jointly 

established by the ACP Group of States (Africa, Caribbean and Pacific) and the European 

Union (EU), has suggested guidelines for the testing of EBs for both dry and wet compressive 
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strength. It is also noteworthy that the CDE guidelines only suggested testing procedures but 

did not actually provide any set/range of compressive strength values as a guide.   

Two factors have been recognised which influences the compressive strength of EBs; degree 

of compaction (compactive pressure) during production and the properties of the materials 

(soil and additive) used. Most published studies consulted during this review did not provide 

data for the compactive pressure of their test samples, but have provide data on materials, 

testing methods and the result achieved. Table 2-4 below shows a range of compressive 

strength data achieved in some of the published previous studies on EBs.   
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Table 2-4: Compressive strength data from previous studies. 

Reference Soil type/description Fibre type Compressive 

strength (MPa) 

Arumala & Gondal 

(2007) 

Clayey soil (mud 

slurry) 

Kenaf fibre 1.3 

None 1.2 

Niroumand & 

Kassim (2010) 

Pure kaolin Shred tires 2.19 

Concrete particles 1.86 

Chee-Ming (2011) Medium 

Plasticity clay soil 

Pineapple leaf 

fibres (PF) + 

Cement 

13 

Oil palm fruit 

bunch (OF) + 

Cement 

14 

Tattersall (2013) Soils with 

approximately 23.3% 

clay, composed 

primarily of calcium 

carbonate 

None 1.6 

Stabilised with 

Portland Cement 

8.9 

Danso et al. (2015) Low plasticity clay 

soil 

Coconut husk 1.25 

Bagasse 1.10 

Oil palm fruit 1.14 

NB: Compressive strength data shown in this table have been converted to Mega Pascal (MPa) for comparison, 
but not necessarily same unit as found in the original published papers.   

The studies consulted for this review have used a variety of fibres in their research, as can 

be seen in the data presented in Table 2-4. From the result of Arumala & Gondal (2007), 

blocks made with addition of fibres were found to perform slightly better under compression 

when compared to blocks made with no fibre content. However, if you put this slight increase 

in a percentage contest, it amounts to 8.3% increase in compressive strength. Whilst the 

result of Tattersall (2013) showed a remarkable increase of 456.3% in blocks stabilised with 
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Portland cement as compared to those with no addictive. Furthermore, if you correlate the 

results of Chee-Ming (2011) that used cement and fibre addition with those of Tattersall 

(2013) stabilised with cement only, blocks of Chee-Ming (2011) were found to perform better 

with an increase in compression strength of up to 57.3%.  

2.8.2 Compressive Strength of EBs versus other Building Blocks 

Since the compressive strength of building blocks is well studied, a review into the 

compressive strength of EBs will not be complete without a comparison with other building 

blocks used in the construction industry. This comparison is presented in Table 2-5.  

Table 2-5: compressive strength of EBs versus other building blocks 

Building Blocks Compressive 

strength (MPa) 

Reference 

EBs 0.8 – 2.8 Danso et. al. (2014) 

Deboucha & Hashim (2011) 

Compressed stabilized earthen 

blocks (CSBs) 

1 - 40 Arumala & Gondal (2007) 

 

Fired clay bricks 5 - 60 Adam & Agib (2001) 

Calcium silicate blocks 10 - 55 Adam & Agib (2001) 

Dense concrete blocks 7 - 50 Adam & Agib (2001) 

Aerated concrete blocks 2 - 6 Adam & Agib (2001) 

Lightweight concrete blocks 2 - 20 Adam & Agib (2001) 

Table 2-5 show EBs as having the least compressive strength when compared to other types 

of building blocks. However, the low compressive strength of EBs if well managed, can still 

meet relative design limits with improved building (construction) design. As put by Avery 

(2014), if a construction technique was found to reliably make soil-based homes that passed 

relevant building standards then earthen blocks could establish itself as a realistic alternative 

for other building materials which are more expensive and less sustainable. 
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2.8.3 Tensile Strength 

The tensile strength of a material can be defined as its ability to resist failure caused by 

cracking or snapping. It can also be defined as the maximum stress a material can sustain 

when being pulled apart (Minke, 2009). The study of tensile strength is considered significant 

in geotechnics and engineering design as this will give an understanding of the seismic 

capacity of a material when used as a construction material (Tarque, et al., 2010).  

Most studies conducted on the performance properties of earthen blocks will include tensile 

strength and analyse the results in way where both results are compared. For these studies, 

tensile strength is presented as a percentage of the compressive strength value achieved. 

For example, Minke (2009) estimated the tensile strength of adobe soil block to be 10% of 

its compressive strength and Velosa et al. (2010) also followed similar pattern of reporting 

though gave a higher estimate of 20% for the same type of block. 

Data sourced from selected previous studies have been used to provide an understanding of 

the relationship between tensile and compressive strength of EBs. These data are shown in 

Table 2-6.  

Table 2-6: Tensile and compressive strength data from reviewed studies 

Reference 

 

Molnar 

(2003) 

Martins & 

Varum 

(2006) 

Silveira et al. 

(2012) 

Yetgin et al. 

(2008) 

Tensile Strength (MPa) 3.25 0.827 

 

0.75 1.6 

Compressive Strength 

(MPa) 

0.64 0.132 0.19 0.25 

Percentage of Tensile 

strength achieved 

compared to compressive 

strength (%) 

20 16 25 16 

The ranges of values in Table 2-6 shows that the tensile strength achieved in four previous 

studies are quite close; ranging from 0.19 to 0.64. However, if you compare the tensile 

strength values to compressive strength values from same studies, it will be noticed that 

there is a clear gap in the result achieved; ranging from about 16% in studies conducted by 

Molnar (2003) and Yetgin et al. (2008) to 25% in studies conducted by Silveira et al. (2012). 
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2.9 Conclusion  

The review in this chapter have covered three main aspects of earthen materials; definition 

and classification, production techniques and performance properties. Throughout the 

review, the focus was on EBs as against RE, which the UK cobs are made of. This if for two 

reasons; first, the availability of literature, which is abundant with EBs; and secondly, for 

practicable reasons, the test method made use of earth blocks as test samples for this 

research, hence it was normal to review studies on EBs, with the overall knowledge 

transferrable to RE.  

Generally, earthen structures were found to be traditionally made using two forms of 

earthen work – Rammed Earth (RE) and Earthen Blocks (EBs). The use of both techniques 

was also found to vary with location, e.g., the UK cob can be described as a variation of the 

RE technique. The reviewed literature also showed EBs to be of various types, with the major 

types being compressed earth blocks (CEBs) and poured earth blocks (PEBs). As their names 

suggests, these types are based on their production technique.  

The general technique of EBs production involved compressing a damp mixture of soil and in 

most cases, an addictive (fibre, straw, rubber or dry leaf) in a mould/machine to form a block. 

The right proportion of the soil constituents (clay, silt and sand) was found to be vital to the 

block’s performance. Within the soil, the clay fraction is thought to be responsible for 

bonding sand and silt particles together. The major stages in the production of EBs were 

found to include extraction, preparation, mixing, compression and curing (see section 2.5 

and Figure 2-3).  

The performance properties of EBs includes physical, mechanical and durability properties. 

These properties are known to play a vital role in assessing the quality and suitability of the 

blocks for constructing earthen walls. For this reason, the controls on the performance 

properties of EBs ranging from physical to mineralogical and mechanical properties were 

reviewed.  

Physical controls on performance include Density, Unit Weight, Plasticity and PSD. Two 

factors were found to control the density of EBs; the degree of compaction which is usually 

determined by the compacting pressure during production and the composition of material 

used. In this regard, the compressive strength of earthen blocks was found to increase with 

increased density (see Table 2-1). Unit weight was also found to be indicative of density, 

degree of compaction and strength of the block. Plasticity which is generally measured using 
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the Atterberg limit tests (BSI, 1990), an empirical test which can be linked with suitable 

building forms, shows a continuous increase in compressive strength with soils of lower 

plasticity index (see Table 2-2). PSD theoretically can be linked to the performance properties 

of earth-based materials following the Fuller’s Formula that suggests the strength and 

durability properties of an EB can be increased by minimising the voids ratio in order to 

increase the contact between soil particles (Maniatidis & Walker, 2003). However, no soil 

proportion was found to be the best for producing EBs. Though this range; 15-40% clay, 25-

40% silt, and 40-70% sand, was found to be generally suitable.  

Mineralogical controls on performance of EBs can be linked to both strength and durability 

properties. The main groups in this category were the clay minerals; Kaolin, Smectite and 

Illite. Developing a robust relationship between clay minerals and durability/strength of EBs, 

required highly specialised laboratories, perhaps accounting for the lack of literature in the 

context of the wilder soil brick performance. However, increased water flow during 

weathering is known to lead to increase leaching of cations, which can lower charge and 

cation exchange capacity (CEC) on clays and transforms weathering minerals in basalt (see 

Figure 2-5) One will also be cautious to cross interpret this for EBs, as the process of rock 

weathering cannot be likened to erosion/degradation of EBs. A more certain interpretation, 

though with poor correlation shows an increase in percentage clay content to increase the 

compressive strength of EBs (See Table 2-3 and Figure 2-6). 

Mechanical controls on performance of EBs include compressive strength, tensile strength, 

flexural strength and modulus of elasticity. For relevance (with respect to EBs) only 

compressive and tensile strength was reviewed. The review found the addition of both fibres 

and cement to increase the strength of soil blocks. A cross review shows EBs (with no 

cement) to have the least compressive strength when compared to other types of building 

blocks (see Table 2-5). However, the low compressive strength (if well managed), can still 

meet relative design limits with improved building (construction) design. Tensile strength is 

generally presented as a percentage of the compressive strength value achieved, e.g., Minke 

(2009) estimated tensile strength to be 10% of compressive strength of adobe blocks, while 

Velosa et al. (2010) estimated 20% for the same type of block. Data from four previous 

studies also shows a clear gap in the result achieved; ranging from 16% to 25% (see Table 2-

6).  
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CHAPTER 3: REVIEW OF TESTING METHODS 

3.1 Introduction 

In this chapter, methods for testing the performance properties of EBs are reviewed. The 

methods review cuts across known national standards. Presently there are no specific British 

or European standard covering the testing of EBs. However, some previous studies adopted 

British or Americans standards for testing other types of blocks (e.g., fired bricks) in their 

research e.g. Tattersal (2013) and Danso et. al. (2015) used ASTM C1314 (1998) and BS EN 

771-1 (2011) as the testing standard for the compressive strength test carried out in their 

studies. Table 3-1 shows countries with national standards covering the testing of EBs  

Table 3-1: Documents covering methods for testing EBs 

Group Country Document 

Standards and 

regulations 

USA NMAC 14.7.4 (2006) 

New Zealand NZS 4298 (1998) 

Kenya and most part of Africa ARS 674 (1996) 

Normative Australia HB 195 (2002) 

Technical 

documents 

 Houben and Guillaud (2008) 

OIA (1970) 

Minke’s Design Guide (2006) 

The review carried out in this chapter covers strength and durability test methods. Physical 

and chemical property test has been deliberate omitted because these tests are generic, and 

the same for almost all type of building block which includes EBs, fired bricks and concrete 

blocks. These tests (physical and chemical) are usually employed to test the materials for 

making a block and not the block itself. Hence, this report only covers methods for testing 

the strength and durability properties of EBs   

3.2 Methods for Testing the Strength of EBs 

There are three generally accepted ways for testing the strength of EBs – compressive, 

tensile and flexural. These strength properties correspond to the mode in which failure may 
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likely occur. As noted earlier, although all three properties are important in strength 

assessment, compressive strength is however considered of more relevance due to the fact 

that this is the most likely mode of failure in building blocks. Morel & Pkia (2002) gave the 

mode in which blocks are laid to make a wall as a reason for blocks to fail more likely under 

compression. For this reason, only the methods of testing compressive strength of building 

blocks were included in this review.  

Presently, there are three broad methods for testing compressive strength of EBs presented 

in various standards worldwide; Direct Unit Test, RILEM (2-half unit) Test and Wall Unit Test. 

For relevance, only the Direct Unit Test is presented in this report. 

3.2.1 Direct Unit Strength Test 

The direct unit strength test is used in testing the compressive strength of a single block unit. 

This method which is not limited to the testing of earthen blocks but includes fired bricks and 

concrete blocks (Morel et al., 2007) is one of the oldest ways of determining the compressive 

strength masonry unit.  

The procedures for this test are similar to those used for fired bricks and concrete blocks and 

it is adopted in several standards and building code across the globe (Walker, 1996). Some 

of these standards include BS EN 771-1 (2011), HB 195 (2002), NMAC 14.7.4 (2006) and NZS 

4298 (1998). Single units of blocks are capped and tested directly on a compressive rig 

between platens. Block samples to be tested generally comprises between 5 and 10 blocks. 

Only thin plywood sheet capping may be necessary because block surfaces are usually flat 

and parallel. 

Criteria for Acceptance – Generally, blocks should be tested in the direction in which they 

have been pressed which is also the direction in which they are generally laid to form a wall. 

Until recently, the result of the test is simply an expression of the average compressive 

strength following statistical manipulation (Walker, 1996). This approach does not correct 

result for platen confinement (Morel et al., 2007). However, more recent approach like those 

found in NZS 4298 (1998) and HB 195 (2002) try to account for the geometric and platen 

restraint effect on individual block by a means of a correction factor application (Table 3-2).  
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Table 3-2: Aspect ratio correction factor (ka) for direct unit strength test   

Height to thickness ratio 0.4 1.0 2.0 5.0 or more 

Aspect 

ratio 

factor (ka) 

 

NZS 4298 (1998) 

 

0.50 0.70 0.80 1.00 

Krefeld (1938) 

 

0.50 0.70 0.85 1.00 

Heathcote & 

Jankulovski (1992) 

0.25 0.58 0.90 1.00 

NB: the correction factors in NZS 4298 (1998) were designed for compressed earthen blocks (which may include 
EBs) while the other two are generally the same as derived for fired brick units.  

3.3 Methods for Testing the Durability of EBs 

BS7543 (BSI, 1992) defined durability as the ability of a building and its parts to perform its 

required function under the influence of agents over a period of time. These agents are 

described by Heathcote (1995) as ‘erosive forces’ whose actions can be simulated in a 

durability test in an attempt to measure the bond holding particles within a block or a wall. 

Research into the durability properties of EBs is one of the grey areas in the study of earthen 

blocks. As noted by Danso et al. (2014), very few studies have been conducted on durability 

properties of EBs as compared to their physio-mechanical properties. Interestingly, none of 

the studies reviewed gave data on durability. 

Most durability test (except the ASTM D559 Wire Brush Test which simulates dry abrasion) 

involves the use of water which is normally used to simulate the action of rainfall. The results 

of these test are usually designated by a value known as the Erodibility Index; a value based 

on a criterion which is calculated by dividing the thickness of the block by the time taken for 

water to penetrate it.  

The methods reviewed are general methods for testing earth blocks (which includes SEBs, 

CEBs and fired bricks) and not methods particularly for testing EBs. However, a few recent 

studies which includes Danso et al. (2015) have modified and utilised them in the study of 

EBs. 
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3.3.1 Wet Dry Appraisal 

Otherwise known as the cyclic wet/dry appraisal test, is proposed in Appendix C of Materials 

and workmanship for earth buildings, New Zealand Standard (NZS 4298:1998). The test is 

originally designed to eliminate reactive soils and soils/stabilizer mixes which are unsuitable 

for construction. Such materials may have pass strength and other durability test but are 

likely to fail in use after repeated wetting and drying cycles due to the clay minerals present 

or due to inappropriate mix constituent and/or technique.   

For this test, a bowl/dish with a plan area of at least 1.5 times larger than the face of the 

block sample to be soaked and three 20 cent coins are required. The testing procedures are: 

1. Get two identical sample of blocks. One to be tested and the other as a reference; 

2. Fill the bowl/dish with water up to an initial depth of 10mm; 

3. Soak one face of the block sample supported approximately 2mm above the base of the 

bowl/dish with the aid of the three 20 cent coins for the following periods: 

4 minutes for blocks with an erodibility index of 1; 

2 minutes for blocks with an erodibility index of 2; 

1 minute for blocks with an erodibility index of 3; 

0.5 minutes for blocks with an erodibility index of 4; 

4. Air dry the sample for one day or carry out an accelerated drying in an oven of 

temperature less than 700C until the colour of tested sample matches that of reference 

sample; 

5. Repeat step 3 and 4 for a total of six cycles, soaking the same face of the tested sample 

for all six cycles. On the sixth cycle, dry sample for 2 days or in until the colour and 

appearance match that of reference sample indicating complete drying, whichever 

process in longest; 

6. At the end of each cycle (after drying), examine and record the conditions of the soaked 

face, noting any of the following conditions: 

a) Sample showing crazing type crack patterns; 

b) Sample showing star type crack patterns; 

c) Sample showing local swelling; 
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d) Sample showing local pitting in at least 5 locations; 

e) Sample displayed local or general fretting, i.e., loss of layers of soil either upon 

wetting or after drying; 

f) Sample showing penetration of the water, as visually indicated on the outer surfaces 

of the block, by more than 70% of the block width; 

g) Sample showing loss of fragments of the block larger than 50mm greatest dimension, 

with exception to fragments which come from within 50mm of the edges of the 

block; 

h) Sample showing efflorescence, i.e., white powdery crystals deposited on the surface 

of block. 

Criteria for Acceptance – The soaked face (which will normally be the longest side face of the 

tested sample) of the block must correspond to the face which is intended to be vertical face 

(off-form side facing the weather) when the block is built into a wall. If during or at the 

completion of the test, there was an appearance of any of the condition listed in step 6 of 

procedures above, the soil or soil mix is considered unacceptable/unsuitable for construction 

purposes (NZS 4298:1998). 

3.3.1.1 Merits of the Wet/Dry Appraisal Test 

1. Test is simple and easy to conduct 

2. No sophisticated equipment is needed, so test can be conducted relatively anywhere; in 

the field, on site, etc.  

3. Test could be used to assess a material (soils or soil/stabilizer mix) for both unsuitable 

physical and chemical properties which otherwise should have involved two separate 

tests. By observing tested block for loss of layer of soils can give an idea on density, 

degree of compaction and PSD. Also, by observing block for efflorescence could give an 

indication on salt content. However, in both cases, such indication is only preliminary 

and would require further probing to create a complete understanding.    

3.3.1.2 Demerits of the Wet/Dry Appraisal Test 

1. Conducting the test depends on the results of another durability test as stated in step 3 

of the testing procedure. This means the test cannot be started if the erodibility index of 

the block has not been determined from an Erosion Test.  
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2. Limited data set – otherwise modified by the individual conducting the test, the test 

involves the testing of a singing block sample. This method may not be scientifically valid 

because it does not allow comparison of result achieved with other tested samples 

except with an untested reference. A more valid method will be to conduct the test on 

at least 3 separate blocks made from the same material for better comparison and 

correlation of data.   

3. No measurable parameter – changes in the condition of the tested block is dependent 

only on visual observation. Observation of the listed conditions will depend on the 

experience and understanding of the individual conducting the test. Controls such as 

changes in mass, volume and amount of soil lost could be easily measured. This will limit 

the effect of result variations caused by inexperience and/or lack of understanding of 

terms such as ‘crazing type crack pattern’, ‘star type pattern’ and ‘local pitting’ which are 

some of the terms used in assessing the condition of the tested block stated in step 6 of 

the test procedure. 

3.3.2 Drip Test (Geelong Method) 

Otherwise known as the Geelong Erosion Test (Figure 3-1), is proposed in Appendix E of 

Materials and workmanship for earth buildings, New Zealand Standard (NZS 4298:1998). 

There are other modified version of this test such as the one proposed in Nguyen & Taibi 

(2015). The Drip test was originally developed by Peter Yttrup and students of Deakin 

University, Geelong, Victoria, Australia. It is designed to measure the depth penetrated by 

moisture when a block is subjected to erosion by dripping water. The test is also designed to 

be conducted alongside the wet/dry appraisal test by observing and noting the conditions of 

acceptance (stated in step 6 of the procedure) of that test. 
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Figure 3-1: Set up of Geelong’s drip test as specified in NZS 4298:1998 (modified diagram 
from Morel et. al., 2012). 

As shown in Figure 3-1, the equipment needed for this test are a 16mm wide strip (tube), a 

cylindrical probe (3.15mm diameter) and calibrated bowl (container) for water.  The testing 

procedures are: 

1. Set up the equipment for the test as shown Figure 3-1. The blocks to be tested should be 

randomly selected samples with no surface coating; 

2. Allow 100ml of water to drop 400mm on to sloped face of test sample angled at 26.60; 

3. The time taken for the 100ml of water to drip from container should be from a minimum 

of 20 minutes to a maximum of 60 minutes; 

4. Immediately after dripping is completed, penetration of moisture should be measured 

by breaking the test sample across the point where erosion is deepest and inspecting the 

break surface if the block is thicker than 120mm; 

5. Dry the sample after testing and check for the conditions noted in step 6 of the procedure 

for Wet/Dry Appraisal test. If any of those conditions are observed, then materials used 

for making the blocks are unsuitable. If none is observed, then; 

6. Determine the erodibility index by reference to Table 3-3 below.   

 



42 
 

Table 3-3: Determination of Result and Erodibility indices for Drip Test (NZS 4298:1998) 

Property Criteria Erodibility index 

Depth of Penetration (break 

test sample immediately 

after dripping is completed 

and take measurement) 

< 120mm Pass 

≥ 120mm Fail  

rate of erosion D (mm/hr) 5 ≤ D < 10 3 

10 ≤ D < 15  4 

D ≥ 15  5 (Fail) 

NB: rate of erosion D is a calculated by dividing the thickness of the specimen by the time taken for full 
penetration to occur. 

Criteria for Acceptance – Though the person conducting the test may determine the face of 

the block to be tested, it is generally expected that the vertical face (off-form side facing the 

weather) when the block is built into a wall should be tested. The samples to be tested should 

have been cured for at least 28 days prior to testing and testing must be conducted in a 

location sheltered from direct wind and sunlight (NZS 4298:1998).  

3.3.2.1 Merits of the Drip Test 

1. Cheap and easy method to test for durability (Morris, 2006) 

2. Compared to just the wet/dry appraisal test, this test produces useful and quantifiable 

data that can be compared and correlated. Such data include depth of penetration and 

rate of erosion. 

3.3.2.2 Demerits of the Drip Test 

One major shortfall with the drip test is that it is considered as a slow method for assessing 

durability because it relies on erosion induced by water drops. As noted by Ipinge (2013), to 

practically test for durability using erosion technique, accelerated methods must be 

considered as in reality, this can take months to have notable effects. Therefore, testing a 

block for an hour with dripping water although may provide some indications but far from a 

realistic durability test. 

3.3.3 Erosion Spray Test 

Also known as the Pressure Spray Test (Figure 3-2), is proposed in Appendix D of Materials 

and workmanship for earth buildings, New Zealand Standard (NZS 4298:1998). An earlier 
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version of this test is the Bulletin 5 Spray Test which was first published by the then 

Commonwealth Experimental Building Station in 1952 (Maniatidis & Walker, 2003) and 

recently published in the Australian Earth Building Handbook (Standards Australia, 2002). 

The test was originally developed by the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO), formerly known as National Building Technology Centre – Australia.  

The erosion spray test developed with an idea of a wind-driven erosion, is designed to assess 

and measure the degree of erosion when a block is subjected to erosion by spraying water 

on its surface for a period of 1 hour or until the specimen is penetrated. After which a 

durability rating known as the ‘erodibility index’ is given from the estimated depth of 

penetration and rate of erosion. 

The equipment needed in this test are a 12.7mm diameter pipe with steady water supply 

fitted with a valve at one and an open nozzle at the other end for spraying. The spraying 

nozzle should have a diameter of 36mm with a total of 35 perforated holes of 1.3mm 

diameter, a pressure gauge of 50kPa, a gasket, specimen shield and a 10mm diameter flat-

ended rod.  

 

Figure 3-2: Set up of the erosion spray test as specified in NZS 4298:1998 (modified diagram 
from Morel et. al., 2012). 

The testing procedures are: 

1. Set up the equipment for the test as shown Figure 3-2. The block sample to be tested 

should be cured a minimum of 28 days prior to testing. 

2. Subject the exposed section of the sample to the standard spray for 1 hour or until the 

specimen is eroded through. Interrupted the test and record the depth to erosion at 

every 15-minute interval. 
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3. Measure the maximum depth of erosion of the deepest pit in one hour in millimetres 

with a 10mm diameter flat-ended rod. If the spray bores a hole right through the test 

sample in less than one hour, the rate of erosion is obtained by dividing the thickness of 

the test sample by the time taken for full penetration to occur. 

4. Immediately after spraying is completed, penetration of moisture should be measured 

by breaking the test sample across the point where erosion is deepest and inspecting the 

break surface if the block is thicker than 120mm; 

5. Dry the sample after testing and check for the conditions noted in step 6 of the procedure 

for Wet/Dry Appraisal test. If any of those conditions are observed, then materials used 

for making the blocks are unsuitable. If none is observed, then; 

6. Determine the erodibility index by reference to Table 3-4 below.   

Table 3-4: Determination of Result and Erodibility indices for Erosion Spray Test (NZS 
4298:1998) 

Property Criteria Erodibility index 

Rate of erosion D (mm/hr) 

 

0 ≤ D < 20 1 

20 ≤ D < 50 2 

50 ≤ D < 90 3 

90 ≤ D < 120 4 

D ≤ 120 5 (Fail) 

Only test if sample thicker 

than 120mm 

  

Criteria for Acceptance – The acceptance criteria for this test are the same as those of the 
drip test mentioned above. 

3.3.3.1 Merits of the Erosion Spray Test 

Compared to the drip test and other durability test, the erosion spray test simulates a 

combination of both wind and water driven erosion which are some of the forces described 

by Heathcote (1995) when defining durability. So far, amongst the durability test that has 

been developed, it is the closest to simulating conditions close to those experienced by an 

exposed wall. According Obonyo et al (2010a), if well modified to meet requirement of 

particular climatic conditions of where the tested earthen blocks will be used, it can be used 
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to develop laboratory prediction models. However, it must be stated that the test even when 

modified cannot be used to simulate all the force of erosion describe by Heathcote (1995). 

3.3.3.2 Demerits of the Erosion Spray Test 

Compared to other durability test it is the most sophisticated and may not be easily carried 

out in the field without the standard test equipment. There is also a strong argument that 

the test may be too radical for unstabilised earthen blocks like EBs due to the magnitude of 

energy involved (Ipinge, 2013). This argument was also supported by Houben & Guillaud 

(1994) who stated that the test is too much for unstabilised or unfired blocks as Heathcote 

(2002) suggested that the test simulates the effect of 50 years of rainfall on the surface of 

the tested block. However, a counter argument will favour the use of the same testing 

standards for stabilised block or fired brick on EBs if they must gain acceptance in the 

industry since both are used under same climatic conditions except for modification in 

walling design. 

3.4   Conclusion 

The review in this chapter have discussed the popular methods for testing the performance 

properties of EBs. Remarkably, none of these methods were originally developed in the UK; 

hence, there are no specific British or European standard covering the testing of EBs. 

Test methods were designed generally to assess mechanical (strength) and durability 

properties of the blocks. While physical and chemical property tests were usually employed 

to test the materials (soils) for making the blocks.  

Methods for testing strength (compressive) includes Direct Unit Test, RILEM (2-half unit) Test 

and Wall Unit Test. The Direct Unit Test is one of the oldest ways of determining the 

compressive strength masonry unit (i.e., the method is not limited to the testing of EBs but 

includes fired bricks and concrete blocks). The procedure therefore was found to be similar 

to those used for fired bricks and concrete blocks. A more recent approach for result 

reporting (as presented in NZS 4298:1998 and HB 195:2002) has however tailored the 

technique to the testing of EBs by trying to account for the geometric and platen restraint 

effect on individual block through the application of a correction factor (see Table 3-2). 

On the other hand, tests for durability of EBs have evolved over the years as either new test 

are being developed or old ones being modified to produce reliable results. Recent test like 

the drip test and the erosion spray test makes use of a rating system known as the Erodibility 
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Index to rate the durability of the blocks. This method has been adopted in most recent 

studies (which includes Morris, 2006; Obonyo et. al., 2010a, Ipinge 2013; Danso et. al., 2015). 

However, going by the definition of durability provided by BS7543:1992 and Heathcote 

(1995), none of the test so far developed can realistically test the durability of earthen blocks 

in construction. As rightly stated by Obonyo et al (2010a), this is because to ‘perfectly’ test 

for the durability of a constructed earth wall, its performance over several years of exposure 

to climatic factors in the field would have to be built into the set up. This however may not 

be practically possible (nor feasible), but with good efforts, there is an option of developing 

laboratory prediction models which could produce reliable results. Therefore, one of key 

objectives of this research is to develop a new technique for testing the durability properties 

of EBs through laboratory prediction models.  
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CHAPTER 4: REVIEW OF THE CASE STUDY AREA, HAMPSHIRE 

4.1 Introduction 

This chapter focuses on the case study area by reviewing information from a variety of 

sources to create an understanding of the issues faced by historic earthen structures.  There 

is a popular saying that “a problem known is a problem half-solved”. This implies an 

understanding of a problem is vital to its resolution. To be known therefore requires a proper 

understanding of the issue.  

In order to achieve this understanding, the chapter began by reviewing information on the 

landscape evolution and land use (section 4.2) to create an understanding of the historic 

environment in which earthen buildings were constructed and used in Hampshire. Next was 

an overview the significance of these structures (section 4.3), and how the problem 

developed (section 4.4). This was followed by a review of the likely materials used for 

constructing these structures (section 4.5). And finally, to complete this understanding, the 

origin (geology) and engineering properties of these materials were reviewed (section 4.6).  

4.2 Location and Overview 

Hampshire is a county located in the southern coast of England, United Kingdom. The county 

is bounded to the southwest and northwest by the counties of Dorset and Wiltshire 

respectively; to the north by Berkshire; to the northeast and southeast by Surrey and West 

Sussex respectively; and to the south by the English Channel and the Isle of Wight.  
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Figure 4-1: Ordinance survey map showing Hampshire and the location of cob buildings 
situated within the county. The in-cut diagram in the top-left corner shows the location of 

Hampshire within the UK. Hampshire is a county located in the south coast of England 
(Edna Digimap, assesed August 2019). 

The study area covers an area of approximately 3,769 km² and lies between UK grid 

reference 424428E 094893E to southwest; 435089E 157854N to the northwest; 487085E 

154934N to the northeast; and 473039E 098725N to the southeast (Figure 4-1). 

The choice of Hampshire as the case study area was based on two reasons: 

1. Hampshire contains the two main types (clay and chalk) of earthen ‘cob’ structures 

found in the UK. This allowed for the impact of material type to be included in the 

research design. 

2. General logistics; considering the research is base in the University of Portsmouth, 

which is in Hampshire, issues such as site access and material transportation were 

easily resolved. 

4.3 Evolution and History  

The context of evolutionary history of the study area is described here using “Landscape” 

and “Land use”. Landscape is the visible features of an area, its form and how it integrates 

with natural or man-made features (Olwig, 1996; McKean, 2005); whilst Land use is the 
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management and modification of the natural environment into built environment (e.g., 

settlements) and semi-natural habitats (e.g., pastures, arable fields and managed 

woodlands). As a legal term, “Land use” has been defined as the total of arrangements, 

activities, and inputs that people undertake in a certain land cover type (Watson et. al., 2000) 

4.3.1 Landscape Evolution 

The evolution of the Hampshire landscape under the influence can be traced back the 

Neolithic (between 6,000 to 4,000 years ago), a period marked by small interventions to large 

influence in adaptation practices (DLPPHE.HCC, 2010). This evolutionary history is carved into 

the fabric of the countryside, which is evident in the tracks, woods, hamlets and villages. One 

of such imprints are the cob structures scattered all over the county.  

Archaeological study of residual fragments, have given some insights into historic 

landscapes, thereby giving modern landscapes a time depth and cultural richness 

(DLPPHE.HCC, 2010). In this Hampshire County Council’s document, a process of identifying 

historic process from the modern landscape was used to map the landscape. This was called 

the Historic Landscape Characterisation (HLC) map. This map revealed that the most recent 

changes to the landscape are not limited to the urban areas alone. However, the impact of 

earlier human lives on the landscape can rarely be traced. Therefore, in order to preserve 

the valuable history of the countryside, it is important to identify the challenges and ensure 

sufficient measures are put in place to protect it from the pressures of change and threats 

of destruction, within the management of the wider environment. 

4.3.2 Land Use 

Historically, from archaeological evidence most of the Hampshire landscape have been 

utilised and exploited (DLPPHE.HCC, 2010). Mainly, the land was used for farming, which is 

evident in zones associated with Neolithic Long Barrows described as the earliest 

monuments in the land. The use of the land for farming activities, which is often termed as 

the agricultural system has been a vital tool in the reconstruction of human civilisation in this 

area throughout the Neolithic, Bronze and Iron Age. The Roman Age however saw mining 

activities which was enabled by the geology of Hampshire, which led to urbanization and sae 

the construction of fortified towns (DLPPHE.HCC, 2010). From the Roman Age which saw the 

beginning of rapid developments and settlement expansion (driven by mining, 

manufacturing, transportation trade, etc.) till Modern day, the classification of land use has 

been narrowed into urban and rural settlements.  
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In present day Hampshire, 85% of wards are classified as rural while 15% are urban 

DLPPHE.HCC, 2010). DCLG (2005) also estimated only about 11% of the surface area to be 

built (building, gardens and roads) and the remaining 89% is considered non-built 

(greenspace and water). This proves that Hampshire is still mainly a rural county (Figure 4-2) 

 

Figure 4-2: Map showing the classification of land use in Hampshire. Insert pie chart 
(bottom right) shows the main types of habitat: arable, grassland and woodland are the 
three dominant land uses taking up a combine space of 76%, with only 15% classified as 
urban. This confirms that Hampshire is still predominantly a rural county (DLPPHE.HCC, 

2010). 

4.4 The Hampshire Cobs 

Cob structures in Hampshire dates from the Brick Tax of 1784 up to the Rural Workers Act of 

1926, when town byelaws were introduced to improve living conditions (Pearson, 1992). 

These buildings (Figure 4-3) have been described as the fundamental expression of 

community identity and its sense of place, and they represent an evolutionary process of 

essential change and continuous adaptation to social and environmental constraints over 

time (CIAV, 1996). 
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Figure 4-3: Showcasing some of the Hampshire cobs; described as the fundamental 
expression of community identity and sense of place.    

According to data held by the Department of Landscape Planning and Heritage Environment, 

Hampshire County Council (made available with permission for this research), there are a 

total of 1,123 documented cob structures in Hampshire. Out of this number, 460 are listed 

buildings and classed as Grade I, II and II* (Figure 4-4). These structures ranges from fully 

inhabited buildings to abandoned farmhouses and boundary walls. 
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Figure 4-4: Hampshire cob structures - showing the location and grade of heritage listing 
(Source: Department of Landscape Planning and Heritage Environment, Hampshire County 

Council) 

In Hampshire (including most of the southern English counties: Devon and West Success), 

cob structures are either made of clay or chalk, hence they are often referred to as ‘clay cob’ 

or ‘chalk cob’ (Pearson, 1992). The method of construction itself can be described as a variant 

of the ‘rammed earth’ method (see section 2.3 for classification of earthen structures based 

on construction method). However recent repairs have mainly been done with EBs (NFDC, 

2003).  

From historic records, the material used in making cob structures will normally have 

contained other farm waste in addition to the earth (soil). The type of farm waste will usually 

vary with buildings and may depend on availability to the framer; usually ranging from crop 

waste (e.g., straws and dried grasses) to livestock waste (e.g., dungs and animal hair). 

However, building observation have as shown some of the chalk cobs to be composed of 

mainly chalk with no other additive.  
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There have been relatively few studies into the Hampshire cob, with the current ones being 

those which are conducted by the district councils (e.g., Chalk and Clay cob report by the 

New Forest District Council). These studies are generally informative, but less scientific, and 

are mostly conducted to inform the public on problems/damages associated with cob 

structures with suggested ways to repair them.  

Away from Hampshire, there have been some scientific studies into unfired earth buildings 

in the UK (e.g., Lawrence et. al., 2008; Forster et. al., 2008; Walker et. al., 2011; Watson & 

McCabe, 2011; Hamard et.a l., 2016). Plenty of information can be drawn from these studies 

to compensate for the shortfall in the general scientific understanding of the Hampshire 

cobs. However, it will be inappropriate to interpret results from other parts of the UK for the 

Hampshire cobs, as the materials (and sometimes construction method) will be distinctively 

different.  

4.5 Problem with the Hampshire Cobs  

Facade erosion and degradation caused by water splashes from vehicular traffic and wind-

driven rain have been recognised as a particular problem faced by historical cob buildings in 

Hampshire (DLPHE.HCC, 2015). This problem, however, is not unique to Hampshire; as 

shared in the UNESCO document (WHEAP, 2008), this problem, though with variable 

contributing factors appear to have a global spread.    

In Hampshire, this problem is as a result of an ongoing threat brought about by two 

interrelated contributing (prevailing) factors;  

I. exposure of cob structures to water-splashing conditions from prolong winter 

periods and due to ‘ill-planned’ road network through rural areas,  

II. the growing number of traffic in rural roads (2.5% increase 2007-2017 – DfT, 2018) 

leading to constant water splashes from vehicles during the winter period and 

The threat brought about by these factors are a serious source of concern to many of the 

historic Cob buildings found within the rural counties of southern England. As earlier 

mentioned, Hampshire County Council records show there exist more than 1000 of these 

structures in Hampshire, many of which are listed (Grade I, II and II*) and some are subject 

to protection orders. Figure 4-5 presents a model of how the problem develops and how it 

impacts Cob structures.   
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Figure 4-5: Diagrammatic representation of the problem facing historic earthen ‘cob’ 
structures in Hampshire and the rural counties of southern England.  

4.5.1 Exposure to water-splashing condition 

Considering the number one enemy of earth-base structures to be water, cob buildings were 

designed to be well protected from water impact; hence they are known to have a massive 

overhanging thatch roofs and built on a stone plinth or brick base. Therefore, exposure to 

water impact conditions was always going to be a problem.   

Exposure to water-splashing conditions were particularly generated by driving rain 

acerbated by long wintering conditions (i.e., a direct effect of climate change) and recent 

road networks running alongside once secluded cob farmhouses. As illustrated in Figure 4-5, 

the main element of exposure are the ‘ill-planned’ road networks, since the element of 

rainfall (and flooding) if isolated, was initially covered during construction (i.e., hence the 

massive roofs and stone base).  

If presently, we still consider Hampshire a mainly rural county (see Figure 4-2), and the 

historic land-use being farming, it becomes easy to put into perspective the environmental 

conditions to which cob structures were originally constructed and intended; these 

structures were built in expanse of agricultural landscapes, far from major motorable roads 

(if there were any) at the time. Therefore, a rapid shift from this environment leading to the 

exposure of these structures to the enemy (water), is why it (exposure) has been recognised 

as one of the contributing factors.   

4.5.2 Growing Number of Traffic in Rural Roads 

The Department for Transport estimated an increase of 22.5% in the number of traffic on 

rural roads (Minor rural) between 1993 and 2014 (DfT, 2015; Figure 4-6). This was only for a 

20-years period, if same is estimated for the past century, which have seen a continuous rise 
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in use of vehicles, it can be appreciated why this has been recognised as one of the factors 

contributing to the degradation of cob structures in Hampshire.   

 

Figure 4-6: Road traffic estimates for Great Britain demonstrates a massive shift to 
environmental conditions in rural counties like Hampshire. Though motorway had the 

highest number of traffic, rural road recorded the highest percentage increase in traffic 
compared to all road type (DfT, 2017). 

As illustrated in the problem model (see Figure 4-6), this factor, in combination with the first 

(i.e., the exposure), results in the continuous erosion of the wall. And in the case of a 

rendered wall, it results in the breakdown of the render (protection), permitting water 

saturation and thereby leading to the degradation of the wall.  

Again, if we consider the original intent of most cob structures (i.e., as mainly farmhouses) 

and the landscape/land-use of Hampshire as mainly rural (as shown in Figure 4-2), one will 

understand while the threat has become so substantial. In practical sense, these (cob) 

structures can be referred to as temporary buildings, hence their fragility. So, a genuine 

argument/question would be – do we need to save temporary structures? Though a 

response to this may be viewed as purely socio-political (which is not within the scope of this 

study), the importance of preserving the valuable history of the countryside, which is useful 

in retracing the impact of earlier human lives on the landscape cannot be overemphasised.  

Once the cause of the problem is understood, the next stage was to understand the materials 

(soils) used in making cob buildings in Hampshire. This is discussed in the following sections 

(4.4 and 4.5) 
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4.6 Understanding the Hampshire Materials  

Like the rest of the UK, traditional Hampshire cobs were made from subsoil, straw and water 

(Pearson, 1992; DEBA, 2008). The materials used in cob construction were generally sourced 

from locations close to the construction site, and thus closely associate with the underlying 

geology (DLPHE.HCC, 2015). The Hampshire County Council recognises this relationship; who 

consider there to be significant clusters of such buildings in landscapes they describe as 

‘Chalk and clay’, ‘heathland and forest’, ‘pasture on clay’, ‘river valleys’ (Figure 4-7). 

 

Figure 4-7: Diagram showing the superficial geology and location of historic cob structures 
in Hampshire, United Kingdom. It shows the chalk and clay areas of north-west Hampshire 

and pasture areas on the clay in the New Forest to have the highest densities of historic Cob 
structures (DLPHE.HCC, 2015). 

According to DLPHE.HCC (2015), the materials (soil) type used for the construction of the 

Hampshire cobs have been largely influenced by the local geology. This is because as historic 

farmhouses, the farmer would not necessarily go far to fetch for building materials; hence, 

they will be reliant on materials that are close-bye and readily available for the construction 

of these buildings. This claim is supported by field survey of cob buildings in the Hampshire 

area (Pearson, 1992).  

For the above reason, it was necessary to conduct a review of on the geology of Hampshire 

in order to understand the prevailing material types associated with underlying geology of 

this area. A summary of this review is presented in the following section (4.6).  
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4.7 The Hampshire Geology  

The Hampshire area falls within the tectonic domain defined by the Wesex Basin which 

underlies most areas along the southern coast of England. A successive period of extension 

and compression which led to an inversion during the Carboniferous was said to have created 

this basin (Yuangdetkla, 2013). This basin inversion is also demonstrated in the features that 

constrain the Tertiary deposits of the smaller Hampshire Basin which is within the larger 

Wessex Basin (Stoneley, 1982; Chadwick, 1986). The geologic history is defined by the post-

basin inversion tectonic framework of southern England and adjacent offshore arears, as 

shown in Figure 4-8 (Newell, 2001). 

 

Figure 4-8: Post-basin inversion tectonic framework of southern England and adjacent 
offshore arears (Newell, 2001). 

Yuangdetkla (2013) summarized the geologic and tectonic evolution of the Hampshire into 

four major tectonic events. These are; 

• First phase: Major basin development and deposition of Pre-Tertiary deposits – Late 

Palaeozoic (416-251Ma) to Mesozoic (251-65Ma) 

• Second phase: Tertiary Deposits – Palaeocene to Oligocene (66.5-23Ma) 

• Third phase: Basin and basement-structure deformation – Miocene to Pliocene  (23-

2.6Ma) 

• Fourth phase: Landscape reshapes – Pleistocene to Present (2.6Ma - 0) 

The bedrock geology of the Hampshire area which is here defined within the context of the 

Hampshire Basin and the broader Wessex Basin is characterised by the Palaeogene 
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succession and the White Chalk Subgroup of Southern England. Syn- and post-depositional 

deformation of the Chalk resulted in the formation of an asymmetrical syncline east-west 

trending Hampshire Basin (Hopson, 2011). Other geologic structures in this area includes; 

the E-W Dean Hill Anticline and the Alderbury-Mottisfont Syncline is present south of 

Salisbury; and the NW-SE Portsdown Anticline underlying Southampton and Portsmouth, 

which continues into the Littlehampton Anticline underlying Chichester and Worthing. 

The Paleogene sediments of the Hampshire Basin and the Chalk (Upper Chalk) found in the 

study area, is believed to be the source of materials used for the construction of cob buildings 

in this localility. This assertion is supported by evidence from field survey conducted by 

Pearson (1982). The Paleaogen sediments and the white Chalk are discussed briefly in the 

following sub-sections (4.6.1 to 4.6.3).     

4.7.1 Stratigraphic Settings  

Defined by its tectonic history, the county Hampshire can be recognised to encompass two 

broad categories of stratification; the Paleogene sediments of the Hampshire Basin and the 

White Chalk of the broader Wessex Basin.  

The Hampshire Basin, a part of the Wessex Basin is a geological syncline that comprises of 

Paleogene sediments, bounded to the north by the Salisbury Plain, South Downs and an 

escarpment comprised Cretaceous Chalk of the Camborne, and to the south by the Purbeck-

Wight Monocline. (Yuangdetkla, 2013; Jackson, 2008; Jones, 1981). While the Wessex Basin 

is one of a system of linked Mesozoic basins that covers more than 20,000 km2 of southern 

England, principally within the counties of Dorset and Hampshire, and extends offshore into 

the English Channel (Newell, 2001; Pharaoh et. al., 1996; Melville & Freshney, 1982).  

For the purpose of this study, two main stratigraphic group (Figure 4-9) – the Palaeogene 

sediments and the Upper Chalk is discussed. This is because the materails for making cob 

structures were sourced from within these two groups.  
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Figure 4-9: Map showing the Geology of Hampshire covering the two main stratoigraphic 
groups: the Palaeogene sediments and the Upper Chalk (Edna Digimap, assesed August 

2019). 

4.7.2 The Paleogene Sediments 

The Hampshire sediments, which were deposited during the Palaeogene Period hence 

referred to as “The Paleogene Sediments” have been discussed by a number of previous 

studies. Such studies include; King (2006), Brenchey & Rawson (2006), Daley & Balson (1999), 

Insole & Daley (1985) and Melville et. al. (1982). 

The Palaeogene sequence found in the Hampshire Basin can be summarized into five 

geologic groups; Solent Group, Barton Group, Bracklesham Group, Thames Group and 

Lambeth Group. However, evidence from field survey have shown that both the Barton Clay 

of the Barton Clay Group and the London Clay of the Thames Group are the most likely 

materials used for the construction of the Hampshire cobs. Therefore, to create a basic 

understanding of these two materials (Barton C lay and London Clay), some engineering 

properties from Yuangdetkla (2013) are presented in Table 4-1 below.  
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Table 4-1: Some basic engineering properties of the Barton Clay and London Clay found in 
Hampshire (Yuangdetkla, 2013). 

Engineering properties Barton Clay London Clay 

Natural Moisture Content 

(%) 

21-39 4-73 

Liquid Limit (%) 37-95 19-108 

Plastic Limit (%) 19-41 10-34 

Plastic Index (%) 18-54 - 

Bulk Density (Mg/m3) 1.9-2.05 1.64-2.425 

Dry Density (Mg/m3) - 1.22-1.965 

 

4.7.3 The Hampshire Chalk (Upper Chalk) 

The White Chalk found in Hampshire is mostly defined by the Upper Chalk of Southern 

England, which outlined the boundary of the Hampshire Basin and covering a large part of 

the Wessex Basin (see Figure 4-8). The Upper Chalk, the youngest of the chalk groups, 

dominates most of the northern part of Hampshire. This chalk group laid down in the 

Cretaceous period forms the basic underlying geology of the Test Valley and Winchester 

districts in the northwest and north-central parts of Hampshire respectively. Further north, 

along the Andover area, accompanying the Upper Chalk are limited areas of Middle Chalk, 

found flanking the valley sides contributing to the more pronounced landform found to the 

north which includes high chalk ridges dissected by steeply sloping predominantly dry valleys 

and escarpments. 

The Upper Chalk is classified into two subgroups: White Chalk Subgroup and Grey Chalk 

Subgroup. From field evidence, most of the chalk cobs in Hampshire were constructed from 

the White Chalk. The White Chalk Subgroup is further divided into seven formations which 

includes: Portsdown Chalk Formation, Culver Chalk Formation, Newhaven Chalk Formation, 

Seaford Chalk Formation, Lewes Nodular Chalk Formation, New Pit Chalk Formation and 

Holywell Nodular Chalk Formation. Although it will be incorrect to generalise the source of 

the chalk used, field evidence from existing buildings and stratigraphic location of chalk pits 

in northern Hampshire where most chalk cobs are found suggests the likely source to be the 

Culver Chalk Formation. Some basic engineering properties of the White Chalk are presented 

in Table 4-2.  
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Table 4-2: Some basic engineering properties of the White Chalk (putties) found in 
Hampshire (Bundy, 2013) 

Engineering properties White Chalk 

PSD (%) Clay: 552.6 

Silt: 35.6 

Sand: 11.8 

Liquid Limit (%) 22.1 - 26.8 

Plastic Limit (%) 18.3 - 22.9 

 

Plastic Index (%) 3.4 - 3.9 

Dry Density (Mg/m3) 1.70 – 1.95 

The data in Table 4-2 were derived for reworked chalk (putty) sourced from Hampshire 

(Bundy 2013). This (putties) is the same form used in cob construction; hence it was logical 

to refer to these values instead of ones derived from intact chalk.  

4.8 Conclusion 

Review of the case study area have revealed Hampshire to be a predominantly rural county 

located in the southern coast of England. The area’s landscape evolution was traced back to 

the Neolithic (between 6,000 to 4,000 years ago), a period marked by small interventions to 

large influence in adaptation practices, which is carved into the fabric of the countryside, 

evident in the tracks, woods, hamlets and villages; including existing historic buildings such 

as the cob.  

A recent study (DLPPHE.HCC, 2010) revealed that the most recent changes to the landscape, 

which can help us understand the impact of earlier human lives on the landscape can rarely 

be traced. In tracing any change, we must first be able to preserve the imprints (e.g., the way 

of life as displayed in historic buildings such as the cob). Another important element which 

helped to understand the changes that have occurred is land use. The historic land-use was 

farming, which is evident Neolithic Long Barrows. Presently, the county is still predominantly 

rural; with 37%, 20% and 19% described as arable, grassland and woodland respectively (see 

Figure 4-2). However, what have changed is the socio-environmental conditions.  
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The Hampshire cob, which forms part of the recent history, have been interestingly described 

as that, which represented an evolutionary process of essential change and continuous 

adaptation to social and environmental constraints over time (CIAV, 1996). However, these 

same changes have more recently transformed into factors that will severely threating their 

existence. The problem was as a result of two contributing factors; exposure to water-

splashing conditions and the growing number of traffic in rural roads. The impact of water 

on its own was minimise in the cob construction design having massive over-hanging thatch 

roofs and built on stone plinth base. However, the changes which have led to the present 

socio-environmental conditions were not intended for these structures.  

Therefore, if these buildings, many of which are listed (Grade I, II and II*) and some subject 

to protection orders must survive, a well-structured research to identify and quantify the 

rate of degradation was needed.  

In the review, three materials were recognised to have been used for making cob structures 

in Hampshire. They are Barton Clay, London Clay and Chalk, representing the local geology 

of the areas where cob strictures are clustered in Hampshire (Figures 4.7 and 4.9). These 

materials fall under the broad stratigraphic groups; the Palaeogene sediments and the Upper 

Chalk. Some engineering properties of these two groups are presented in Tables 4-1 and 4-2 

to provide basic information on the expected performance of these materails.  
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CHAPTER 5: MATERIALS AND METHODS 

5.1 Introduction  

This chapter discusses the materials and methods used for testing and analysing data for this 

study. It presents the mean results of initial tests conducted to characterise the materials. 

Importantly, this chapter also gives an overview of the procedures, any modification 

adaptation made to other conventional/standard tests and the reason/rational for doing so. 

The spray test developed for this study is designed to detect and measure the depth of 

erosion in earthen blocks or walls exposed to prolong or repeated water impact using 3D 

laser scanning. This novel method was developed to address two important elements 

highlighted in the literature review. They are: 

1. Develop a non-invasive method which could be adapted to use either in the 

laboratory for accelerated testing or in-situ erosion detection and monitoring of 

heritage earthen buildings, and   

2. Eliminate ambiguities, which are usually associated with some durability tests (e.g., 

the Wet/Dry Appraisal Test; see section 3.3.1) by developing a quantifiable and 

condition-based method (e.g., considering factors such as climatic, environmental 

and usage conditions).  

As it involved laser scanning, the method depends on the accurate measurement of the 

surface topography of the block/wall subject to the erosion (spray) test (see section 5.3.4.1).   

The spray test technique was modified from conventional or standard test methods. There 

were two major reasons which necessitated their modification. These are; 

I. Suitability – A review of the current methods for testing EBs have revealed that most 

of the known methods were designed for concrete, fired or cement stabilised blocks. 

This could sometimes lead to results being interpreted as failing requirement, as EBs 

are more likely to exhibit weaker strength in single unit test in comparison to other 

building blocks. Also, the procedures in conventional durability test like the Erosion 

Spray Test (Bulletin 5 or NZS 4298:1998), which may be suitable for other building 

blocks have been found to be too rigorous for testing EBs (Ipinge, 2013; Heathcote, 

2002; Houben & Guillaud 1994). 
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II. Absence of British/European Testing Standard – Although a number of related 

studies (e.g., Gooding, 1993; Houben & Guillaud 1994; Maniatidis & Walker, 2003; 

Houben & Guillaud, 2008; Little & Morton, 2001; Jaquin et. Al., 2007) have originated 

from the UK and EU, there are still no particular standards for testing EBs. Previous 

researchers have either modified tests used for other building blocks or adopted test 

methods from other countries/regions. The most commonly adopted standards for 

testing EBs are NZS 4298:1998 (New Zealand), HB 195:2002 (Australia) and ARS 

674:1996 (Kenya and most part of Africa). 

5.2 Materials  

Three materials (Barton Clay, London Clay and Chalk) were used for this study. The materials 

were all sourced from within Hampshire (Table 5-1). The location and sourcing of the 

materials were chosen to correspond to the three main areas where cob buildings are 

clustered in Hampshire – North East, New Forest and part of the Solent. In this sense, 

considering the geology of the study area, Barton Clay, London Clay and Chalk were chosen 

to represent the New Forest, the Solent and North East Hampshire respectively.  

Table 5-1: Information on the source of study materials 

Material 

Reference 

BARTON CLAY LONDON CLAY CHALK 

Location name Barton-On-Sea Fareham Somborne Chalk 

Quarry 

Grid reference SZ 25051 92698 SU 56999 07473 SU 33786 27392 

Retrieval method Excavation with 

shovel 

Core sample from 

borehole 

Excavation of lump 

with hammer and 

shovel 

 

5.2.1 Barton Clay Materials 

The Barton Clay used for this study were collected from west of Becton Bunny near Barton-

On-Sea. The soils were excavated from about 1.5 metres into the cliff phase using a shovel. 

The soils were mainly dark grey with intercalations of brown to yellowish beds. This 

description is consistent with those of West (2013) who conducted an extensive field 
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mapping and soil description of this area. After excavation, the soils were bagged (Figure 5-

1) for onward transportation to the laboratory for soil analysis, and subsequent block making 

and testing. 

 

Figure 5-1: Site for collecting Barton Clay materials used for this study. As shown in the 
bottom-right picture, the materials were excavated from the cliff edge using a shovel (1.5m 

into the cliff face), bagged and transported to the laboratory for subsequent testing and 
block making. 

Table 5-2 shows the results of engineering property test conducted on the Barton clay. The 

tests (with Exception to the PSD) were conducted in accordance to BS 1377-1: 2016: Clause 

9; BS 5930: 2015: Clause 33; BS 1377-2: 1990: Clause 3; BS 1377-2: 1990: Clause 4.3; BS 1377-
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2: 1990: Clause 5 at the Geotechnical Laboratory, School of Earth and Environmental 

Sciences, Burnaby Building, University of Portsmouth. 

Table 5-2: Some engineering properties of the Barton Clay used in making test blocks for 
this research 

TEST RESULT 

LL 41.1 % 

PL 16.81 % 

PI 24.29 

OMC 13.04 % 

MDD 1.796 Mg/m3 

PSD Summary Clay = 17.1 % 

Silt = 69.12 % 

Sand = 13.77 % 

 

In addition to the geotechnical property test, a mineralogy test using X-ray Diffraction (XRD) 

was conducted on the soil samples. Both Bulk and Clay mineralogy were conducted according 

to the USGS’ laboratory manual for X-ray powder diffraction (Poppe et al., 2001).  

The bulk mineralogy showed a silicon-oxide (SiO2) peak as expected. The clay mineralogy 

however was characterised by the presence of smectite, illite, kaolinite/chlorite and 

plagioclase (see APPENDIX 4). This result agrees with that of Gale et al. (2006), who described 

the Hampshire soils to be mainly composed of smectite, illite, kaolinite and chlorite, though 

in three broad assemblages. Yuangdetkla (2013) described the engineering implication of the 

presence of smectite in clay soils as its shrinking and swelling potential, which could result in 

a reduction in strength, creating instability.  

5.2.2 London Clay Materials 

The original intention was to collect soils for the London Clay from an open clay pit anywhere 

around the Solent area of Hampshire. The reason (as stated in sections 5.1) is to satisfy 

sampling objectives, which is based on limiting soil collection to areas with known cob 

buildings. However, it was quickly realised that no active clay pit can be found in the area 
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(from a review of the Hampshire Clay Pit map). Soil collection was therefore limited to two 

alternatives; getting London Clay from Isle of Wight or using soils from core sample 

recovered from the area of interest (Solent). The former was initially strongly considered 

since the Isle of Wight also falls within the Hampshire basin. However, doing this will be going 

against one of the fundamental principles (collaborated by field studies and literature data) 

of this research, which relates the materials (soils) of the Hampshire cob to their local 

geology. Hence this idea was also quickly dispersed. Therefore, the only options left was 

getting materials from a borehole project sited within the designated sample collection area.  

The core samples were supplied by Soils Limited from a borehole project carried out by D J 

Drilling Ltd in Fareham. The samples were from 5m OD (Figure 5-2), and can be described as 

stiff greyish brown, very slightly sandy silty CLAY. Also see label in Figure 5-2 for borehole 

information provided by the driller. For the purpose of consistency, only one core was used; 

so, to maximise the use of the limited material, a recycling approach was adopted; i.e., soil 

used for material testing, were later carefully dried and reused for block making.  
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Figure 5-2: Borehole location for which London Clay materials were sourced. Bottom-right 
picture shows the core sample bearing the London Clay materials used. Core samples were 
supplied by Soils Limited from a borehole project carried out by D J Drilling Ltd in Fareham. 

Table 5-3 shows the results of the engineering property test conducted on the London clay. 

The tests (with Exception to the PSD) were conducted in accordance to BS 1377-1: 2016: 

Clause 9; BS 5930: 2015: Clause 33; BS 1377-2: 1990: Clause 3; BS 1377-2: 1990: Clause 4.3; 

BS 1377-2: 1990: Clause 5 at the Geotechnical Laboratory, School of Earth and Environmental 

Sciences, Burnaby Building, University of Portsmouth. 
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Table 5-3: Some engineering properties of the London Clay used in making blocks for this 
research 

TEST RESULT 

LL 50.9 % 

PL 19.63 % 

PI 31.27 

OMC 16.233 % 

MDD 1.649 Mg/m3 

PSD Summary Clay = 19.91 % 

Silt = 74.47 % 

Sand = 5.61 % 

 

Bulk and Clay minerology were conducted using XRD technique according to the USGS’ 

laboratory manual for X-ray powder diffraction (Poppe et al., 2001).  

Like the result of the Barton Clay, the bulk mineralogy showed an SiO2 peak. The clay 

mineralogy however was characterised by the presence of smectite, illite, kaolinite/chlorite 

and k-feldspar (see APPENDIX 4). Again, this result agrees with that of Gale et al. (2006), who 

described the Hampshire soils to be mainly composed of smectite, illite, kaolinite and 

chlorite, though in three broad assemblages.  

5.2.3 Chalk materials 

The Chalk used for this study were recovered from Somborne Chalk Quarry near Mottisfont 

in North East Hampshire (Figure 5-3). Mr Gordon Pearson who has worked extensively on 

earthen structures in this area was instrumental in seeking access permission to the quarry. 

The researcher had visited Mr Pearson at his home in Romsey (near King Somborne) on 

invitation for an informal discussion regarding his work on cob buildings, which includes 

Pearson (1992), revised (2015). After a very warm (with great hospitality) and informative 

discussion with Mr Pearson, who by the way is now retired but still very enthusiastic, he 

decided to show me cob structures in the area. So, we both set out to see these buildings. 

Mr Pearson has also been involved in some cob buildings repair project in the past, so I 
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decided to ask him where he got the materials for repair, it was then he told me about 

Somborne Chalk Quarry. So, that was how I and Mr Pearson ended up at the quarry site. 

Based on the established relationship between Mr Pearson and the quarry management, we 

were given access with all necessary safety induction. In same vein, I asked to collect some 

samples for my research, which the quarry guys happily let me do. See the insert photo in 

Figure 5-3 showing myself and Mr Pearson at the entrance to Somborne Chalk Quarry on my 

first visit to the site. 

 

Figure 5-3: Site for collecting Chalk materials used for this study. Photograph in bottom-far-
right corner is the research author and Mr Gordon Pearson (right) at the entrance to 

Somborne Quarry on 13th October 2016. Mr Pearson who is a respected, but now retired 
researcher in Cob, was instrumental in seeking permission to collect materials from the site. 
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Stratigraphic mapping using palaeostrigraphic correlations of chalk exposures in Hampshire 

and Isle of Wight was conducted by Gale (2017). The Somborne Chalk Quarry referred to as 

‘Mottisfont pit’, was established to be of the Culver Chalk Formation (Gale, 2017). Due to the 

reason that no other chalk material was used for this study, it will simply be referred to as 

‘Chalk’ in this thesis.  

Table 5-4: Some engineering properties of the Chalk used in making blocks for this research 

TEST RESULT 

LL 50.9 % 

PL inconclusive 

PI inconclusive 

OMC 22.173 % 

MDD 1.585 Mg/m3 

PSD Summary Clay = 25.54 % 

Silt  = 40.68 % 

Sand = 33.77 % 

 

Both the PL, PI test were inconclusive as the material did not possess enough plastic strength 

to be rolled into thread for the recommended plastic limit test (BS 1377-2:1990). In other to 

test for the PSD, the chalk was grinded for 4-minutes in a Tema mill to form chalk putties, 

following the process described in Bundy (2013). Same putties were used later for the block 

production.  

Bulk and Clay mineralogy were also conducted on the Chalk using XRD technique. It is 

important to note that there are currently no standard procedures for conducting clay 

mineralogy using XRD on Chalk. However, for result comparison, the USGS’ laboratory 

manual for X-ray powder diffraction (Poppe et al., 2001), which was used for the other test 

materials (London Clay and Barton Clay) was adopted.   

As expected, the bulk mineralogy showed the samples to be calcium carbonate reach. Whilst 

surprisingly, the clay mineralogy was characterised by small peaks of smectite, illite and k-
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feldspar (see APPENDIX 4). No definite explanation for the clay minerals discovered by the 

XRD. However, it must be noted that there are no specific requirements for conducting clay 

mineralogy on chalk. Therefore, without speculations, several factors could have contributed 

to the result; one of such is cross contamination (from other clay materials during handling 

or testing), which cannot be discounted in this case. The presence of a quartz peak (in the 

result) also makes the suggestion of contamination highly plausible. Though the origin of 

these clay minerals may not be known, the artificial inclusion of small quantities of clay in 

chalk have been found to considerably reduce the California Bearing Ratio (CBR) values to 

levels that impeded their trafficability (Perry, 1979). 

5.3 Method 

Justification for the method (techniques and procedures) used for this research were 

discussed in section 5.1. In some cases (e.g., for the spray test), preliminary testing using 

established standards and procedures were carried out to assess the suitability of such test 

for this research (see APPENDIX 2).  From the results and lessons learnt from those tests, the 

method used in this study was developed. 

The tests conducted were in two phases – material testing and block testing. The material 

testing involved standard engineering test for soil characterisation. Since, these are standard 

tests, the procedures were only quoted (as in sections 5.2.1, 5.2.2 and 5.3.3) but not 

described in this thesis. Therefore, the methods described in this thesis are those to do with 

the block testing.  

5.3.1 Block Making 

Before block testing could be conducted, there was first the block making stage. The process 

for making the blocks were in three stages; soil preparation, moulding and curing. 

Soil Preparation – The first step for soil preparation was to gently break them down into 

small lumps using a geology hammer.  This was followed by open-air drying in the laboratory 

(Figure 5-4). Air-drying was chosen over oven-drying so that the properties of the soils will 

not be altered as well as not hardening the soils to create difficulty in further breakup process 

(Avery, 2014; Walworth, 2006). After air-drying, the soils were further broken down using a 

plastic mortar and pestle. This was followed by a sieving process, and only materials passing 

through a 2mm sieve-size were used. 
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Moulding – this involved the use of 50x50 mm trisect metal moulds (Figure 5-4). The 

procedure for moulding the blocks is similar to that described in BS1377: Part 4, which is the 

procedure for compacting a soil sample in order to obtain its maximum dry density (MDD) 

and optimum moisture content (OMC). For making the sample blocks, this involved dropping 

a 2.5kg rammer from a height of 300mm to press the soil in three layers into the 50x50 mm 

mould. In so doing, each material was first tested to obtain their MDD and OMC values (see 

results in sections 5.2.1, 5.2.2 and 5.2.3 for Barton Clay, London Clay and Chalk respectively). 

Thus, the OMC values obtained was used to determine the amount of water added in the 

soil mix for block making. This procedure meant that every test block was moulded under 

same conditions but with consideration to the individual soil property. Also, in so doing, 

issues with over/under compacting of blocks were ruled out.  

No additional additive was used in making the blocks; this was decided as a control, giving 

concentration to the earth (soil type) used. However, it should be noted that most earthen 

walls would normally contain some form of additive in the mix (see section 2.2). Justifiably, 

the block samples were not aimed at replicating earthen walls in Hampshire, rather this were 

made specifically as laboratory test samples to assess the role of local geology in the 

degradation of earthen structures in Hampshire.  

Curing – this is the drying stage, which was done by air-drying the blocks for a total of 21 

days (as suggested in Adam & Agib, 2001; Danso et.al, 2015) on open benches in the lab 

(Figure 5-4). The curing also involved once in three days sprinkling of water on the faces of 

the blocks to allow the blocks to cure evenly. The blocks were also turned-over every seven 

days to allow all faces to access about the same amount of drying (airing) conditions.   
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Figure 5-4: Highlights of the block making process showing the soil preparation and block 
moulding stages. 

5.3.2 Block Testing  

Testing was done in three stages – stage 1 involved testing of randomly selected blocks from 

each material to obtain an average compressive strength of the blocks; stage 2 (spray test) 

is spraying and scanning of block samples; and stage 3 is the use of Laser Granulometer to 

test for the PSD of eroded samples from spray test.  

5.3.3 Strength Test 

The first stage of block test began with the test for their compressive strength. The strengths 

of the blocks were assessed using the procedures for testing the dry compressive strength of 

building blocks BS EN 772:11 (2011). The testing rig used was the CONTROLS 50-C46G2 

testing machine with a maximum capacity of 2000kN. The rig is stationed in the Structures 

Laboratory, School of Civil Engineering and Surveying, Burnaby Building, University of 
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Portsmouth. Figure 5-5 shows the testing rig used for conducting the compressive strength 

test. 

 

Figure 5-5: The compressive strength rig used in the study. Top-right and bottom-right 
shows Chalk block and Clay block being tested respectively. 

Five sample each (from Barton Clay, London Clay and Chalk) were tested, with the average 

accepted as the compressive strength (NB: BS EN 772:11 requires a minimum of three 

samples to be tested). Each sample was placed on the base plate of the testing machine and 

carefully centred (Figure 7.5). The load was applied at a rate of 0.05 N/mm2/s until the 

sample failed. The computed data was then exported to MS Excel spreadsheet and used to 

determine the compressive strength of each tested sample.  

Previous studies (see review in section 2.8.2) have described the relationship between 

compressive strength of EBs and their durability/erosive properties. The summary of the 

results for the three block types (Barton Clay, London Clay and Chalk) are presented below 

(Table 5-5 and Figure 5-6). 
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Table 5-5: Summary of compressive strength test result 

Material Average 

Area 

(mm2) 

Average Fmax 

(N) 

Average Dmax 

(mm) 

Average 

Tmax (s) 

Average 

Compressive 

Stress (MPa) 

Barton 

Clay 

2500.00 10476.67 1.60 95.91 4.19 

London 

Clay 

2500.00 13900.00 1.90 115.01 5.56 

Chalk 2500.00 854.33 1.33 80.97 0.34 

 

 

Figure 5-6: Average compressive stress of blocks made from the three materials (Barton 
Clay, London Clay and Chalk) used in this study.   

The compressive strength results show a wide difference between the clay blocks and the 

chalk block. The Barton Clay and London Clay blocks achieved an average compressive 

strength of 4.01 MPa and 6.01 MPa respectively, whilst the Chalk blocks achieved an average 

compressive strength of 0.34 MPa. The results achieved cannot be directly compared to 

those in previous studies, as the blocks have not been enhanced with any form of additive. 

Nevertheless, a review conducted by Danso et. al. (2014) showed compressive strength 

results of fibre enhanced EBs from previous studies to be between 0.14 and 10.65 MPa. This 
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shows that even the chalk block that appeared to have a very low compressive stress of 0.34 

MPa falls within the range of results from previous studies.  

5.3.4 Spray Test 

This is the main test in which this research is anchored. This test was developed from the 

Erosion Spray Test, which is proposed in Appendix D of Materials and workmanship for earth 

buildings, New Zealand Standard (NZS 4298:1998). See section 3.3.3 for a review of the NZS 

4298:1998 Erosion Spray Test. Figure 5-7 presents a schematic representation and picture of 

the spray test set-up used in this research. Insert is also the NZS 4298:1998 Spray Test to give 

a context of the difference between the two set-ups.  

 

Figure 5-7: Spray test developed for this research, showing the apparatus and set up. Also 
showing the schematic representation of the NZ 4298:1998 spray test for comparison.  

As shown in Figure 5-7, several modifications were made to the NZS 4298:1998 Spray Test to 

achieve the spray test for this research. These modifications were based on two reasons:  
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• firstly, it was based on literature argument that the NZS 4298:1998 Erosion Spray 

Test was too rigorous for testing EBs (Houben & Guillaud, 1994; Heathcote, 2002 

Ipinge, 2013; also see review in section 3.3.3), and  

• secondly, the sizes of the block samples (50x50 mm), meant that the original test 

would not have been suitable because the nozzle discharge would have certainly 

overwhelmed the blocks. These two reasons meant that the magnitude of the 

Erosion Spray Test had to be downscaled by reducing the spray pressure and the 

nozzle size.  

Procedure for the spray test is as follows: 

1. Prepare and identify samples to be sprayed  

2. Indicate on each sample, the surface to be sprayed  

3. Using the 3D-laser scanner, scan surface to be sprayed to obtain original surface (So) 

4. Weigh each sample to obtain original mass (Mo) 

5. Spray each sample for 2minutes (making sure to keep spray-pressure at 50KPa or 

0.5bar) 

6. Collect eroded (washed-off) samples from base container to be used for post testing 

(particle size analysis - PSD)  

7. Dry sample in the oven for 1 day at a temperature of 30oC 

8. After drying, weigh sample to obtain change in mass (M1) 

9. After weighing, scan sample to obtain change in volume (by software processing) 

and change in surface topography, (V1) and (S1) respectively.  

10. REPEAT s/n 5 to 9 for 5 cycles to obtain M2, M3, M4 and M5; V2, V3, V4 and V5; and 

S2, S3, S4 and S5. 

The spray test was systematically designed to assess the effect of exposure time and seasonal 

change on the durability of earthen structures. In this sense, ‘spray time’ can be interpreted 

as exposure time, whilst ‘spray cycle’ is seasonal change.  

The blocks were exposed to five various spray duration (period/time) corresponding to 15 

seconds, 30 seconds, 60 seconds, 120 secs and 180 secs. Similarly, spraying was for five cycles 

(cycle 1, 2, 3, 4 and 5). A complete cycle is characterised by spraying and then drying the 
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samples in the oven (accelerated drying) for 24 hours at 30oC (as outlined in the procedure 

above). An accelerated drying temperature of 30oC was specifically chosen to make sure the 

samples were not being baked, which could lead to contraction and deformation (cracking). 

Five blocks representing the five different durations were tested for each material.  

Related Calculations:  

Flow rate Q, can be defined as the period of time it takes a volume of fluid to pass through a 

point in an area. This can be written as:  

Q = 
𝑣

𝑡
 

where V is the volume, and t is the elapsed time. The SI unit for flow rate is m3/s.  

Therefore;  

Q = 
𝑣

𝑡
 = 

𝐴𝑑

𝑡
 = �̅�    

where A is the cross-sectional area, d is the length/distance of flow and �̅� is the average 

velocity. The SI unit for velocity is m/s.  

So that;  

Q = 
𝐴𝑑

𝑡
 = 𝐴�̅�  

Thus, Q = 𝐴�̅�      or     �̅� =  
𝑄

𝐴
 

For our spray apparatus, we can therefore calculate the velocity of the pipe or the nozzle 

using the equation above.  

Diameter of the pipe is 3mm, therefore radius is 1.5mm (convert to metres = 0.0015m) 

First to calculate flow rate Q:  

The spray apparatus (at 25kPa of pressure) has the capacity to discharge (on average) 520 

ml of water in 60 seconds. Convert 520 ml to cubic metres = 0.00052 m3. 

Therefore, Q = 
0.00052

60
 = 8.67 x 10-6 m3/s 

 

�̅� =  
0.00000867

3.142 𝑋 0.0015 𝑋 0.0015
 = 1.23 m/s 
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This means the average velocity of water passing through the spray pipe is 1.23 m/s. 

However, this does not represent the velocity passing through the nozzle.  

The spray nozzle is composed of a network of outlet (9 outlets in total, see Figure 5-7), with 

each outlet having a diameter of approximately 0.1mm. Since every outlet would impact the 

average velocity (speed) of flow through the nozzle, it was safe to then multiply the diameter 

by the number of outlets. This will give 0.1 X 9 / 1000 = 0.0009 m. Thus, the radius will be 

0.00045 m.  

Therefore, to calculate the velocity at the nozzle: 

�̅� =  
0.00000867

3.142 𝑋 0.00045  𝑋 0.00045 
 = 13.55 m/s 

Therefore, the spray velocity of the apparatus is 13.55 m/s 

Useful numbers to consider in understanding the results of the spray test specifically for 

the case study area, Hampshire: 

Average annual rainfall in Hampshire = 630 mm (Figures from Southern Water (2018) 

representing long term average)  

Area of block surface = 50 mm x 50 mm = 2500 mm2  

TOTAL RAINWATER FALLING ON A SURFACE (in litres) = AREA (in square meters) x AVERAGE 

ANNUAL RAINFALL (in millimetres)  

OR 

TOTAL RAINWATER FALLING ON A SURFACE (in mm3) = AREA (in mm2) x AVERAGE ANNUAL 

RAINFALL (in mm) 

Therefore, total rainfall = 2500mm2 x 630mm = 1575000 mm3 (convert to millilitre = 1575 ml) 

This means (in theory) 1575 ml (1.58 Litres) of water is discharged onto a 50mm block surface 

in Hampshire in a year (assuming the surface of the block is always exposed, and all other 

conditions remain the same).  

How does this figure compare with the spray test? 

The spray apparatus (at 25kPa of pressure) has the capacity to discharge (on average) 520 

ml of water in 60 seconds. Therefore, it takes about 180 seconds (3 minutes) to discharge 
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1560 ml, which is about the same volume of water as an average annual rainfall in 

Hampshire.  

This may therefore mean 180, 60 and 15 seconds of spray test represents 12, 4 and 1 month 

of rainfall in Hampshire respectively. However, in order to make this correlation, other 

factors such as frequency of exposure must be taken into account, although it provides the 

basics for further result analysis if all parameters are known.  

5.3.4.1 Laser Scanning  

The laser scanning, which was part of the spray test procedure was done with a NEXTENGINE 

3D Desktop Laser Scanner (Figure 5-8).  The scanner has a declared accuracy of 123 microns 

(0.123 mm). Scanning was done systematically to achieve best results. A prior understanding 

of the working principle of this type of scanner was very useful for putting a system in place.  

 

Figure 5-8: Scanning of test blocks using the NextEngine 3D Laser Scanner. Scanning was 
conducted under reduced light to enhance the reflectance of the laser beam to produce 

good quality data. 

Basically, this scanner works on a triangulation principle (see section A1.4.3 in appendix). 

Therefore, it was important to consider some of the setbacks of such scanners rather than 

just relying on the manufacturers quoted accuracy/precision details. Three things to consider 

were range, lighting and positioning (reference point). Although, triangulation scanners were 

known to be short ranged, the scanner was used in a laboratory, so no ranging issues were 

expected. Lighting was also considered; although the manufacturer has assured (in the 

manual) that it was fine to use the scanner under ‘normal office lighting’, whilst in use for 



82 
 

this research, the laboratory lighting was reduced in order to enhance the reflectance of the 

laser beam to produce good quality data (Zaimovic-Uzunovic & Lemes, 2010) 

With the methodology designed to measure the rate of change in micro-scales, the issue of 

positioning to get a reference point was important during scanning. This is because, the post-

scanning (data processing) software will rely on the position of each scan to estimate the 

changes. In order to minimise the amount of data clean-up and registration (the process of 

align two point-clouds for model measurements; discussed in section 5.3.5) that will be 

needed during the data process stage, scanning was done on a self-constructed platform 

(Figure 5-9).  

 

Figure 5-9: Scanning platform designed to ensure consistent positioning to produce reliable 
data with less cleaning (processing) requirement.  

The scanning platform had a fixed position to hold the scanner. This position is at a fixed 

distance (20 cm) to the sample stand. The idea behind creating a platform is so that the 

distance from the scanner to the sample is almost always the same for all scans, hence the 
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XYZ position of any point on the surface of the sample should not have change except the 

sample itself have changed. This manual positioning (or referencing) was very vital in 

producing reliable results at the data processing stage.  

5.3.4.2 PSD Test 

The eroded samples collected during the spray test at every spray cycle was analysed for 

particle size distribution (PSD) using laser granulometry. A total of 128 samples were tested, 

and if not for the use of laser granulometry, it would have been a daunting task (one which 

could take many months) doing this with the British Standard hydrometer sedimentation 

technique. However, with laser granulometry, it only took a couple of days for all 75 samples 

to be tested. The equipment used is the MALVERN Mastersizer 3000 (Figure 5-10).  

 

Figure 5-10: Malvern Mastersizer 3000 - the laser granulometer machine used for 
conducting PSD test for this study. 

For this test, the following procedure, which is in line with the manufacturer’s advice was 

followed:  

1. Measure and pour 50ml solution of sodium hexametaphosphate into a biker.  

2. Weigh out 5g of soil sample  
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3. Pour the weigh soil into the biker, stir together and leave for 4 days to allow thew 

solution to decant the soils.  

4. On the 5th day, begin the test process, adding the appropriate dispersant and 

following the test machine prompts/procedures.    

Bundy (2013) described the above procedure in reference to BS ISO 13320:2009 and BS ISO 

14887:2000; also highlighting that the dispersant solution (sodium hexametaphosphate) 

used is prepared in accordance with section 9.4.3.2, BS1377-2:1990.  

5.3.5 Data Processing  

Two main software were used to process the data for this study: they are Cloundcompare 

v2.10 and Surfer v7. Other softwares include Arcmap, Excel and Minitab. In all cases (except 

for cloudcompare which is an open-source software), software access was facilitated by the 

University of Portsmouth’s ‘AppsAnywhere’ programme.  

5.3.5.1 CloudCompare 

CloudCompare (CC) is a 3D point cloud processing software. It was designed by Daniel 

Girardeau-Montaut, originally to detect 3D geometric changes on huge (very dense) point 

cloud data acquired by terrestrial laser scanners (Girardeau-Montaut, 2006). However, it has 

since evolved into a more general, but advanced 3D data processing software for open 

source. Due to the ability of cloudcompare to directly compare two point-cloud data for 

change analysis, it was therefore highly suited for analysing data for this study.  

This procedure used in processing data in Cloudcompare is represented in the flow chat in 

Figure 5-11 below.  
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Figure 5-11: Flow chart showing how data were analysed using cloudcompare (after 
Cloudcompare 2016) 

Two stages of data processing were required using cloudcampare; the data registration and 

data modelling.  

Data Registration –  
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The procedure used for data registration in cloud compare is as follows:  

1. Identify two clouds – one being ‘reference cloud’ and the other being ‘compared 

cloud’. In this procedure, the reference cloud won’t move while the compared cloud 

will be the one to move to forge an alignment. 

2. Roughly register the two clouds (with the ‘Rotate/Translate’ tool) if required. 

3. Clone the compared cloud and hide the original one 

4. Select the new version of the compared cloud and use the Interactive Segmentation 

tool to keep only the points clearly overlapping with the reference cloud 

5. Apply the ICP (Iterative Closest Point aka Fine Registration) algorithm to the 

compared cloud subset and the 'reference' cloud 

6. When done, CloudCompare will output the resulting transformation matrix. Copy 

this transformation (a 4x4 set of numbers). 

7. Then, make the original compared cloud visible again and select it 

8. Launch the ‘Edit > Apply Transformation’ tool and paste the copied transformation 

in the transformation tab (which is usually the first tab). 

9. Click on the 'OK' button and the transformation will be registered. Registration 

complete! 

Data modelling –  

This was done using the cloud-cloud distance algorithm in Cloudcompare. It applies the 

‘nearest neighbour distance’ theory to compute distances between two point-cloud (Figure 

5-12). For each point of the compared cloud, CloudCompare finds the nearest point in the 

reference cloud and computes their (Euclidean) distance (Cloudcompare, 2015).  
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Figure 5-12: Principle for data modelling using the cloud-cloud distance algorithm in 
Cloudcompare (Cloudcompare, 2015). 

CloudCompare offers an intermediate way to get a better approximation of the true distance 

from the compared surface to the reference surface. This may not be as precise as a true 

global model, but it has been made much easier to compute. When CloudCompare has 

determined the nearest point in the reference cloud, the idea is to locally model the 

reference cloud (underlying) surface by fitting a mathematical model on the 'nearest' point 

and several of its neighbours. The distance from each point of the compared cloud to its 

nearest point in the reference cloud is replaced by the distance to this model (Cloudcompare, 

2015). 

5.3.5.2 Excel & Minitab 

Microsoft Excel and Minitab were utilised in processing data, shown in plots (graphs). As 

observed in the next chapter, graphs were used to show trends in order to create comparison 

and show valuable relationship for a better understanding of the results. There were also 

graph-based models (e.g., see chapter 6), created mostly using a combination of plots and 
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CorelDraw annotations (and other images) to relate the results for clearer and better 

understanding.   

MS Excel was particularly useful because it was the base package for data transferability. On 

the other hand, Minitab allowed data with multiple y-axis to be analysed and clearly shown 

in one plot. This was particularly useful for analysing and showing in the three material types 

in one plot.     

5.4 Summary  

This chapter started by outlining the two elements of the literature review which the method 

hopes to address. These were development of a non-invasive method and elimination of 

ambiguity for proper quantification of results.  

As learnt from the review of the case study area, the likely materials used in constructing cob 

structures in Hampshire were Barton Clay, London Clay and Chalk; therefore, same was used 

for this study. All three materials were sourced from Hampshire, with location details 

provided in Table 5-1, and Figures 5-1, 5-2 and 5-3. To characterise these materials, basic 

engineering property were also conducted. These were presented in Tables 5-2, 5-3 and 5-4 

for the Barton Clay, London Clay and Chalk respectively. The results were within the expected 

range when compared to those achieved in previous studies (see related review in sections 

4.6.2 and 4.6.3). Mineralogical analysis using XRD showed the Barton Clay to contain 

smectite, illite, kaolinite/chlorite and plagioclase; while the London Clay contained smectite, 

illite, kaolinite/chlorite and k-feldspar. Both results generally agree with those of West (2009) 

Bale (1984) and Gilkes (1968). The presence of smectite in clay soils have been found to 

create instability due to its shrinking and swelling potential (Yuangdetkla, 2013). Though it is 

not exactly clear what processes such clay would undergo for instability to be triggered, in 

same way it remains doubtful that weathering processes which alters clay minerals can be 

achieved in the lifetime of an earthen wall. For the Chalk, the bulk minerology showed it to 

be compose of calcium-carbonate as expected. However, an attempted clay minerology also 

showed it to contain small amounts of smectite, illite and k-feldspar. Though the origin of 

these minerals could not be verified (i.e., if they were naturally occurring in with the chalk or 

a result of contamination during handling), the artificial inclusion of small quantities of clay 

in chalk have been found to considerably reduce the California Bearing Ratio (CBR) values to 

levels that impeded their trafficability (Perry, 1979).  
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The overall test method was based on a modified spray test, which incorporated 3-D laser 

scanning to collect non-invasive surface topography data. For the first-time in a spray test 

method, this also included PSD analysis of the eroded materials.  

The test method began with block production (see Figure 5-4) that involved three stages; soil 

preparation, moulding and curing. Each of these stages were crucial in achieving uniformity 

in the samples to be tested. Though Hampshire cobs are known to contain additives in the 

mix, for consistency, none was added. This is also so that the outcome/results can be solely 

interpreted for the soil type and not by any additive influence.   

Next was the block testing: First, the compressive strengths of the blocks were assessed in 

accordance with BS EN 772:11 (2011). The results of this test were included in this chapter 

because like the material test, it was done to characterise the blocks. The average 

compressive strengths were 4.19MPa, 5.56MPa and 0.34MPa for the Barton Clay, London 

Clay and Chalk respectively. This effectively showed the chalk to be the weakest of the three 

materials (see Table 5-5 and Figure 5-6). Secondly, was the main spray test, which was 

modified from NZS 4298:1998 Spray Test (see Figure 5-7). The modification to the spray test 

technique was due to the absence of a British Standard spray test, and for suitability reasons, 

i.e., considerations were given to the fragility of the material in determining the rugosity of 

the test, as previous studies (Ipinge, 2013; Heathcote, 2002; Houben & Guillaud 1994) have 

found some of the conventional techniques to be too rigorous for testing earthen structures.  

Procedure for the spray test is described in section 5.3.4.  

Part of the spray test was the Laser scanning, which was done with a NEXTENGINE 3D 

Desktop Laser Scanner (see Figure 5-8). In designing this method, known setbacks for using 

the type of scanner were considered, with measures put in place to reduce negative impacts. 

Also, to optimise accuracy and minimise the amount of data clean-up during processing, a 

scanning platform was designed to ensure consistency in sample reference position (see 

Figure 5-9).  

Finally, for the testing process, the materials eroded from the tested sample during spraying 

were analysed for PSD using a Malvern Mastersizer 3000 laser granulometer machine. With 

a good understanding of the appropriate particle-size boundary, this technique has been 

shown to be reliable in PSD analysis (Kerry, et al. 2009; Bundy, 2013). Also, for practicable 

reasons, it was the most efficient choice; considering the number of samples (128) tested, it 
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would have been a daunting task to achieve using the British Standard hydrometer 

sedimentation technique.  

Next was data processing, which was primarily done using Cloudcompare V2 software. Due 

to the ability of cloudcompare to directly compare two point-cloud data for change analysis, 

it was therefore highly suited for analysing data for this research. The procedure used in 

processing data in cloudcompare is shown in Figure 5-11. Basically, the procedure involved 

two data processing stages; data registration and data modelling. The data modelling in 

cloudcompare applies the ‘nearest neighbour distance’ theory to compute distances 

between two point-cloud (see Figure 5-12). The result is then outputted as an RGB model 

with user friendly features, which allows for tweaking in accordance with need. It also allows 

for data, such as the mean distances to be exported to MS Excel and other spreadsheet for 

further analysis. This function was thus utilised in this research to export the mean distance 

(erosion depth) to MS Excel, which was used to aid the quantification analysis as later shown 

in Table 7-1 (see section 7-2).  

MS Excel and Minitab were secondary processing tools used for organising data and plotting 

graphs. MS Excel was particularly useful because it was the base package for data transfer 

and organisation. On the other hand, Minitab allowed data with multiple y-axis to be 

analysed and clearly illustrated in one plot. This was particularly useful for analysing and 

showing results of the three materials in one graph when needed.     
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CHAPTER 6: RESULTS 

6.1 Introduction 

This chapter covers the presentation and brief explanation of the results of the spray test 

conducted for this study. It was structured to show the results by material type; Barton Clay, 

London Clay and Chalk, with a summary of the results for each material presented at the end 

of each section 

Being a novel method of testing, there were no data in previous study to cross compare the 

results of this method. Therefore, this chapter adopts a descriptive approach to present the 

results. However, useful reference to literature knowledge were drawn in the concluding 

section (6.5). 

The parameters measured were Mass, Volume, Surface topography and PSD (of the 

materials eroded). As described earlier in section 5.3.4, these parameters were assessed 

using spray cycle as the primary control measure. However, since the procedure also 

involved testing samples for various length of time, the impact of spray duration as a control 

measure have also been assessed. By definition – spray cycle is the repetition of the test 

following a complete process of spraying and drying, whilst spray duration is the length of 

time (in seconds) the samples were sprayed during a single process.  

Thus, the results have been presented to show changes in the tested parameters (Mass, 

Volume, Surface topography and PSD) with respect to the control measures (cycle and 

duration). The order of presentation also follows the order of testing/data collection (section 

5.3.2), which is Mass, Volume, Surface topography and PSD.  

The results are plotted in graphs (except for surface topography which is shown as surface 

change models), showing the changes in two formats; with respect to spray cycles (i.e., 

measured parameter vs cycle) and with respect to spray duration (tested parameter vs 

duration).  

A summary of all the results is presented at the end.  Detailed explanation and correlation of 

the results are included in the next chapter (7). 
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6.2 Barton Clay  

The results of the Barton Clay blocks are presented in the following subsections (6.2.1 to 

6.2.5). 

6.2.1 Block Mass 

For clarity, the block mass data have been converted from grams to percentage change in 

mass. This is to provide a straightforward comparison by ensuring the results all have an 

equal point of reference, as normally the blocks will not have weighed the same before 

testing.  

The mass change results are presented in Figures 6-1 (mass vs cycle) and 6-2 (mass vs 

duration) below. The complete suite of data used in plotting these graphs are shown in Table 

A5-1 in appendix.  

 

Figure 6-1: Results of the Barton Clay blocks showing mass vs cycle. 15 Sec, 30 Sec, 60 Sec, 
120 Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the original 
block mass before testing, whilst C1, C2, C3, C4 and C5 represents the successive cycles. 

Figure 6-1 have shown the Barton Clay block to reduce in mass with repeated cycle i.e., the 

more repeated the cycle the more reduced the mass. The amount of reduction was generally 

dependent on the duration of spray, with longer spray duration showing more rapid losses – 

15 sec and 30 sec curves are noticeably gentler (less steep) compared to the 60s, 120s and 

180s (Figure 6-1).  
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Notably, for all spray duration, there was a sharp drop in mass after the first cycle (from Co 

to C1 in Figure 6-1) compared to the subsequent cycles. This may be due to a reintroduced 

curing phase triggered by the first water impact – a situation where the blocks undergo 

curing (a process characterised by chemical reaction of water + clay minerals) after a wet-

dry cycle leading on to a more resistant block in subsequent cycles. Adam & Agib (2001) 

discussed this phenomenon of wet curing as one which helps the block to avoid rapid 

material loss if achieved.  So, this may have led to the blocks losing materials at the first (wet-

dry) cycle but becoming more resistant at subsequent cycles due to the curing that had 

occurred in the first cycle. Unlike short spray, the curing impact is less effective in long spray; 

hence, the sharp drop (observed between Co and C1) was more evident in 15 sec and 30 sec 

curves, but less so with the 60 sec, 120 sec and 180 sec curves (Figure 6-1). 

With regards to mass loss per cycle, there was a reduction of about 0.6% per cycle in blocks 

sprayed for 15 seconds. This however increased to about 1.3% and 2% per cycle in blocks 

sprayed for 60 seconds and 180 seconds respectively.  

 

Figure 6-2: Results of the Barton Clay blocks showing mass vs duration. C1, C2, C3, C4 and 
C5 represents the spray cycles. On the vertical axis; 0 is the original block mass before 

testing, whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-2 have also shown the Barton Clay blocks to reduce in mass with 

increase in spray duration i.e., the longer the spray the more the mass loss. This behaviour is 

expected because prolong spray duration will certainly result in heavy damages (both mass 

and volume) to the blocks.  
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However, in comparison, mass loss tends to be higher with respect to duration (Figure 6-2) 

than with respect to cycles (Figure 6-1). Mass loss was about 1% at every 15 seconds in blocks 

(of 60 sec) sprayed for one cycle; whereas the rate was 0.6% per cycle for blocks sprayed for 

15 seconds. Also comparing the amount of reduction at same point in both measures: with 

respect to duration the masses of blocks sprayed for 60 sec in one cycle was reduced to 

96.4%; whereas the equivalent point with respect to repeated cycle, which are blocks of 15 

sec sprayed for four cycles, was reduced to only 97.2%. This therefore may imply that the 

period of pause for drying as represented by the cycling process, allows the block to achieve 

a partial recovery which is not available in continuous spray.  

Overall, the results from both plots (Figures 6-1 and 6-2) have shown the masses of the 

Barton Clay blocks to be impacted by both repeated cycle and duration of spray. However, 

in comparison the figures showed uninterrupted (continuous) spray causes more mass loss 

than cyclic spray of equal exposure time. This suggest that the cyclic process which involves 

an interruption (pause) for drying period allows the blocks to recover and build some 

resistance before the next water impact.  

6.2.2 Block Volume 

For clarity, the block volume data have been converted from cubic millimetre to percentage 

change in volume. This is to provide a straightforward comparison by ensuring the results all 

have equal reference point, as normally the blocks will not measure the same before testing.  

The volume change results are presented in Figures 6-3 (volume vs cycle) and 6-4 (volume vs 

duration) below. The complete suite of data used in plotting these graphs are shown in Table 

A5-2 in appendix. 
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Figure 6-3: Results of the Barton Clay blocks showing volume vs cycle. 15 Sec, 30 Sec, 60 Sec, 
120 Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the original 
block volume before testing, whilst C1, C2, C3, C4 and C5 represents the successive cycles.  

Figure 6-3 have shown the Barton Clay block to reduce in volume with repeated cycle i.e., 

the more repeated the cycle the more reduced the volume. Like the block mass, the amount 

of reduction depends on the duration of spray, with longer duration showing steeper curve 

than shorter duration. However, the results also showed periods of lag (slow down) between 

some cycles in longer spray duration i.e., between C1 and C3 in 60 sec, between C2 and C3 

in 120 sec and between C3 and C4 in 180 sec. It is not entirely clear why these periods of lag, 

as the cycle of appearance were not consistent in the various spray duration where it 

appeared.  

With regards to volume loss per cycle, there was a reduction of about 0.1% per cycle in blocks 

sprayed for 15 seconds. This however increased to about 0.4% and 0.7% per cycle in blocks 

sprayed for 60 seconds and 180 seconds respectively.  
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Figure 6-4: Results of the Barton Clay blocks showing volume vs duration. C1, C2, C3, C4 and 
C5 represents the spray cycles. On the vertical axis; 0 is the original block volume before 

testing, whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-4 have also shown the Barton Clay blocks to reduce in volume with 

increase in spray duration i.e., the longer the spray the more the volume loss. As noted 

earlier, this behaviour is expected because prolong spray duration will certainly result in 

heavy damages (both volume and mass) to the blocks.  

However, in comparison, the rate of volume loss tends to be slightly higher with respect to 

duration (Figure 6-4) than with respect to cycles (Figure 6-3). Volume loss was about 0.2% at 

every 15 seconds in blocks (of 60 sec) sprayed for one cycle; whereas the rate was 0.1% per 

cycle for blocks sprayed for 15 seconds. Also comparing the amount of reduction at same 

point in both measures: with respect to duration the volume of blocks sprayed for 60 sec in 

one cycle was reduced to 99.1%; whereas the equivalent point with respect to repeated 

cycle, which are blocks sprayed for 15 sec sprayed for four cycles, was reduced to only 99.6%. 

Overall, the results from both plots (Figures 6-3 and 6-4) have shown the volume of the 

Barton Clay blocks to be impacted by both repeated cycle and duration of spray. Like mass 

loss, in comparison, the figures however showed uninterrupted (continuous) spray causes 

more volume loss than cyclic spray of equal exposure time. As noted with the mass results, 

this suggest that the cyclic process which involves an interruption (pause) for drying period 

allows the blocks to recover and build some resistance before the next water impact.  
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6.2.3 Surface Topography  

The Surface change models for the Barton Clay blocks when subjected to the spray test are 

presented in Figure 6-5 to 6-10. Figures 6-5, 6-7 and 6-8 shows the surface topography of the 

blocks for 15 seconds, 60 seconds and 180 seconds of spray respectively. While Figures 6-6, 

6-8 and 6-10 are plots showing the average and maximum depth of erosion for 15 seconds, 

60 seconds and 180 seconds of spray respectively. 
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Figure 6-5: Surface topographic models of the Barton Clay block subjected to 15 seconds of 
spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-6: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Barton Clay block subjected to 15 seconds of spray. 

15 seconds (Figures 6-5 and 6-6):  

At Cycle 1, model showed very small changes shown as tiny green-coloured patches (mostly 

< 1mm in width), appearing all over the block’s surface. These patches of erosion reached a 

maximum depth of 0.40mm with an average of 0.08mm at the end of this cycle.  

At Cycle 2, the erosion patches increased in both width and depth and mostly concentrated 

around the middle to top half of the block. The location of these patches may be either due 

to the area most impacted by the spraying process or due to inherent zones of weakness 

within the block. Erosion (shown in patches of mostly <5mm in width) reached a maximum 

depth of 0.90mm with an average of 0.13mm at the end of this cycle.  

At Cycle 3, the erosion patches also increased in depth and became more widespread 

covering almost all the top half of the block. Erosion (shown in patches of mostly <10mm in 

width) reached a maximum depth of 0.94mm with an average of 0.15mm at the end of this 

cycle.  

At Cycle 4, the model showed erosion to increase in bottom-half of the block alongside the 

top half which has been mostly impacted in previous cycles. Erosion also became more 

concentrated in the middle of the block. This may be due to resilient areas around the middle 
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becoming weakened. Erosion reached a maximum depth of 1.06mm with an average of 

0.16mm at the end of this cycle.  

At Cycle 5, erosion was presented in almost all parts of the block’s surface. However, the 

models also showed depth of erosion to vary across the surface. This generally followed the 

pattern presented in previous cycles. Erosion reached a maximum depth of 1.30mm with an 

average of 0.38mm at the end of this cycle.  
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Figure 6-7: Surface topographic models of the Barton Clay blocks subjected to 60 seconds of 

spray. The models present changes from Cycle 1 to 5 of the same block. The surface summary 

(legend) is provided to simplify the changes in depth represented in the colour scale. 
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Figure 6-8: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Barton Clay block subjected to 60 seconds of spray. 

60 seconds (Figures 6-7 and 6-8): 

At Cycle 1, the model displayed erosion covering more than two-third of it the block surface. 

Just as seen with the 15 seconds block, the depth of erosion varies across the parts affected, 

with the top-third of the block being more impacted. Maximum and average erosion depth 

was 1.44mm and 0.29mm respectively at the end of this cycle.  

At Cycle 2, the top top-third of the block that was more eroded at cycle 1 continued to 

present more erosion than other parts. As suggested earlier, this may be due to zones of 

inherent weakness within the block. The model also showed some less eroded areas which 

are concentrated around the middle of the block. Erosion reached a maximum depth of 

2.71mm with an average of 0.66mm at the end of this cycle.  

At Cycle 3, the model showed increase in erosion depth following same erosion pattern as 

observed in Cycle 2, i.e., zones (or areas) which were already impacted in the previous cycles 

were more eroded (in depth), with the lateral distribution staying almost the same. Erosion 

reached a maximum depth of 2.91mm with an average of 0.71mm at the end of this cycle.  

At Cycle 4, the model showed same erosion pattern described in previous cycles, with the 

less eroded areas around the middle becoming smaller. Erosion reached a maximum depth 

of 2.97mm with an average of 0.83mm at the end of this cycle.  
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At Cycle 5, the model also showed same erosion pattern described in previous cycles, with 

the top-third of the block showing deeper erosion than other parts. Erosion reached a 

maximum depth of 3.51mm with an average of 0.90mm at the end of this cycle. 

 

Figure 6-9: Surface topographic models of the Barton Clay blocks subjected to 180 seconds 
of spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-10: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Barton Clay block subjected to 180 seconds of spray. 

180 seconds (Figures 6-9 and 6-10): 

At Cycle 1, the depth of erosion displayed by the block varied significantly across the block 

surface, ranging from 0 (no erosion) in some areas around the middle to 3.87mm at areas 

around the bottom-right corner of the block. Therefore, the maximum depth of erosion was 

3.87mm, while the average was only 0.48mm at the end of this cycle.  

At Cycle 2, the model showed both lateral and inward (depth) spread of erosion along the 

same areas impacted in cycle 1. Again, this may be due to zones of witness along these areas 

of the block surface. Erosion reached a maximum depth of 4.51mm with an average of 

0.67mm at the end of this cycle. 

At Cycle 3, the model showed increase in erosion depth following same erosion pattern as 

observed in Cycle 2; i.e., areas which were already impacted in the previous cycles became 

more eroded (in depth), with the lateral distribution of erosion across the block’s surface 

staying almost the same. Erosion reached a maximum depth of 4.77mm with an average of 

1.05mm at the end of this cycle. 

At Cycle 4, the model showed same erosion pattern described in previous cycles, with the 

most impacted areas around the bottom-right corner spreading more inward. Erosion 

reached a maximum depth of 5.29mm with an average of 1.08mm at the end of this cycle.  
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At Cycle 5, the model also showed same erosion pattern described in previous cycles, with 

the bottom-right corner of the block showing deeper erosion than other parts. Erosion 

reached a maximum depth of 5.43mm with an average of 1.13mm at the end of this cycle. 

6.2.4 PSD  

The PSD results of the materials eroded from the Barton Clay blocks during the spray test is 

presented in Figure 6-11 to 6-15.  

 

Figure 6-11: Results showing PSD changes associated with spray duration in the Barton Clay 
blocks subjected to 15 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

15 seconds (Figure 6-11):  

At Cycle 1 (C1); the result showed an increase in eroded sand-size (up 7.4%) compared to Co 

(the original material). This in turn meant a decrease in silt-size and slight decrease in clay-

size being eroded. Compared to Co, both silt-size and clay-size were down 5.9% and 1.5% 

respectively.  

At Cycle 2 (C2); there was a drop in eroded sand-size compared to C1 (from 7.4% to 3.1%). 

This therefore produced a slight increase in both the eroded silt-size and clay-size compared 

to the previous cycle, C1. However, if compared to Co, eroded sand-size was up 3.1%, clay-

size up 0.3% (considered an insignificant change because it is less than 1%), whilst silt-size 

was down 3.2%. 
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At Cycle 3 (C3); there was a ‘switch’ between the eroded sand-size and silt-size particles 

compared to previous cycles (C1 and C2). Compared to Co, sand-size was down 7.5%, clay-

size down 5.3%, whilst silt-size was up 12.8%. This means unlike the first-two cycles where 

more sand-size and less silt-size were being eroded, this cycle saw less sand-size and more 

silt-size being eroded. 

At Cycle 4 (C4); eroded sand-size was down 4.9%, clay-size down 4.3%, whilst silt-size up 9.2% 

compared to Co. This shows a similar trend to the previous cycle (C3), which saw more silt-

size, less sand-size and less clay-size being eroded. 

At Cycle 5 (C5); eroded sand-size was down 7.5%, clay-size down 5.7%, whilst silt-size up 

13.2% compared to Co. Again, it shows a similar trend to the last two previous cycles (C3 and 

C5), which saw more silt-size, less sand-size and less clay-size being eroded. 

Overall, the 15 seconds result have shown that more sand-size, less silt-size and slightly less 

clay-size were eroded at the initial cycles (C1 and C2). Subsequently, at later cycles (from C3 

to C5), more silt-size, less sand-size and less clay-size were eroded. All results were compared 

to the original PSD (Co; also shown in Figure 6-11)  

 

Figure 6-12: Results showing PSD changes associated with spray duration in the Barton Clay 
blocks subjected to 30 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

30 seconds (Figure 6-12):  
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At Cycle 1 (C1); the result showed an increase in eroded sand-size (up 3.1%) compared to Co 

(the original material). This in turn meant a decrease in silt-size being eroded and almost no 

difference in eroded clay-size. Silt-size and clay-size particles were down 3.3% and up 0.3% 

(also considered an insignificant change because it is less than 1%) respectively.  

At Cycle 2 (C2); the eroded sand-size dropped and resulted in a decrease of 4.5% compared 

to the previous cycle, C1. This therefore produced a slight increase in the eroded silt-size and 

clay-size compared to C1. However, if compared to Co, eroded silt-size is up 1.3%, whilst clay-

size remained almost the same (up 0.1%). 

At Cycle 3 (C3); compared to Co, eroded sand-size was down 2.2%, clay-size down 3.2%, 

whilst silt-size was up 5.4%. This means unlike the first-two cycles (Co and C1) where less silt-

size were being eroded, this cycle saw more silt-size particles being eroded. It also saw less 

clay-size being eroded compared to Co and C1.  

At Cycle 4 (C4); compared to Co, eroded sand-size was down 3.0%, clay-size down 3.2%, 

whilst silt-size was up 9.1%. This shows a similar trend to the previous cycle (C3), which saw 

less sand-size, less clay-size and more silt-size being eroded.  

At Cycle 5 (C5); compared to Co, eroded sand-size was down 2.5%, clay-size down 6.3%, 

whilst silt-size was up 8.8%. This also shows a similar trend to the previous cycles (C3 and 

C4), which saw less sand-size, less clay-size and more silt-size being eroded.   

Overall, the 30 seconds result have shown more sand-size, less silt-size and less clay-size 

being eroded in the first cycle, C1. However, in subsequent cycles (C2 to C5), it was generally 

more silt-size, less clay-size and less sand-size that were eroded. All results were compared 

to the original PSD (Co; also shown in Figure 6-12). 
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Figure 6-13: Results showing PSD changes associated with spray duration in the Barton Clay 
blocks subjected to 60 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

60 seconds (Figure 6-13):  

At Cycle 1 (C1); the result showed a 3.0% increase in eroded clay-size and a 0.1% (considered 

an insignificant change because it is less than 1%) increase in silt-size compared to Co (the 

original material). This in turn meant a decrease in sand-size (down 3.1%) being eroded.  

At Cycle 2 (C2); the eroded clay-size dropped and resulted in a decrease of 3.2% compared 

to C1. This therefore produced an increase in the eroded silt-size, though the sand-size still 

decreased compared to C1. However, if compared Co, eroded sand-size was down 5.0%, clay-

size down 0.2%, whilst silt-size was up 5.3%. 

At Cycle 3 (C3); compared to Co, eroded sand-size was down 4.1%, clay-size down 4.7%, 

whilst silt-size was up 8.8%. This shows a similar trend to the previous cycle (C2), which saw 

less sand-size, less clay-size and more silt-size being eroded.   

At Cycle 4 (C4); compared to Co, eroded sand-size was down 3.4%, clay-size down 7.0%, 

whilst silt-size was up 10.4%. This also shows a similar trend to the previous two cycles (C2 

and C3), which saw less sand-size, less clay-size and more silt-size being eroded.   
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At Cycle 5 (C5); compared to Co, eroded sand-size was down 0.7%, clay-size down 7.3%, 

whilst silt-size was up 7.9%. Again, this shows a similar trend to the previous three cycles (C2, 

C3 and C4), which saw less sand-size, less clay-size and more silt-size being eroded.   

Overall, the 60 seconds result have shown more clay-size, less sand-size and less silt-size 

being eroded at the first cycle C1. However, in subsequent cycles (C2 to C5), it was more silt-

size, less clay-size and less sand-size that were eroded. All results were compared to the 

original PSD (Co; also shown in Figure 6-13) 

 

Figure 6-14: Results showing PSD changes associated with spray duration in the Barton Clay 
blocks subjected to 120 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

 

120 seconds (Figure 6-14):  

At Cycle 1 (C1); the result showed an increase in both eroded sand-size (up 1.6%) and clay-

size (up 2.0%) compared to Co (the original material). This in turn meant a decrease in silt-

size (down 3.6) being eroded. 

At Cycle 2 (C2); eroded sand-size dropped and resulted in a decrease of 2.7% compared to 

C1. This therefore produced an increase in the eroded silt-size and slight drop in clay-size 

particles compared to C1. However, if compared to Co, eroded silt-size was up 0.4%, clay-
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size up 0.8%, whilst sand-size was down 1.1%; meaning the PSD of this cycle was almost 

unchanged compared to Co. 

At Cycle 3 (C3); compared to Co, eroded sand-size was down 2.3%, clay-size down 3.9%, 

whilst silt-size was up 6.3%. This means unlike the first-two cycles (Co and C1) where less and 

same amount of silt-size were being eroded compared to Co, this cycle saw a rise in silt-size 

particles being eroded. This in turn produced lesser clay-size being eroded compared to Co 

and C1.  

At Cycle 4 (C4); compared to Co, eroded sand-size was down 5.5%, clay-size down 4.2%, 

whilst silt-size was up 9.6%. This shows a similar trend to the previous cycle (C3), which saw 

less sand-size, less clay-size and more silt-size being eroded.  

At Cycle 5 (C5); compared to Co, eroded sand-size was down 3.6%, clay-size down 6.5%, 

whilst silt-size was up 10.2%. This also shows a similar trend to the previous two cycles (C3 

and C4), which saw less sand-size, less clay-size and more silt-size being eroded. 

Overall, the 120 seconds result have shown less silt-size, more clay-size and more sand-size 

being eroded at the first cycle, C1. However, in subsequent cycles (from C2 to C5), it was 

generally more silt-size, less clay-size and less sand-size that were eroded.  

 

Figure 6-15: Results showing PSD changes associated with spray duration in the Barton Clay 
blocks subjected to 180 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   
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180 seconds (Figure 6-15):  

At Cycle 1 (C1); the result showed an increase in eroded sand-size particles (up 3.7%) 

compared to Co (the original material). This in turn meant a decrease in silt-size and almost 

the same amount of clay-size being eroded. Compared to Co, both silt-size and clay-size were 

down 3.6% and 0.1% respectively.  

At Cycle 2 (C2); there was a drop in eroded sand-size compared to cycle 1 (from 3.7% to 

0.8%). This therefore produced an increase in the eroded silt-size and a slight decrease in 

clay-size compared to C1. However, if compared to Co, eroded silt-size (down 0.1%), and 

clay-size (down 0.8%); meaning the PSD of this cycle was almost unchanged compared to Co. 

At Cycle 3 (C3); there was a ‘switch’ between the eroded sand-size and silt-size compared to 

previous cycles. Compared to Co, the result showed eroded sand-size was down 3.0%, clay-

size down 2.9%, whilst silt-size up 5.9%. This means unlike the first-two cycles where more 

sand-size and less silt-size were being eroded, this cycle saw more silt-size being eroded, 

which resulted in less sand-size being eroded. 

At Cycle 4 (C4); compared to Co, eroded sand-size was down 4.1%, clay-size down 3.4%, 

whilst silt-size was up 7.5%. This shows a similar trend to the previous cycle (Cycle 3), which 

saw less sand, less clay-size and more silt-size being eroded.  

At Cycle 5 (C5); compared to Co, eroded sand-size was down 2.5%, clay-size down 6.1%, 

whilst silt-size was up 8.6%. This also shows a similar trend to the previous two cycles (C3 

and C4), which saw less sand, less clay-size and more silt-size being eroded. 

Overall, the 180 seconds result have shown more sand-size, less clay-size and less silts-size 

were eroded at the initial cycles (C1 and C2). Then, at later cycles (from C3 to C5), more silt-

size, less sand-size and less clay-size were eroded.  

6.2.5 Summary of Barton Clay Results  

The results of the Barton Clay have shown the Mass and Volume of the blocks to be impacted 

by both repeated cycle and duration of spray, i.e., the more repeated the cycle the more 

mass and volume loss; and the longer the spray, the more mass and volume loss However, 

in comparison, uninterrupted (continuous) spray causes more mass and volume losses than 

cyclic spray of equal exposure time. This suggest that the cyclic process which involves an 

interruption (pause) for drying period allows the blocks to recover and build some resistance 

before the next water impact. 
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The surface topography results showed the blocks to experience deeper erosion with longer 

duration and repeated cycles, which is in-line with the mass and volume results. The 

remarkable difference, however, is the surface models were able to show that the blocks do 

not erode evenly; there is a selective loss of materials which is driven by inherent zones of 

weakness. This selectiveness in surface response, resulting in some areas being eroded than 

others, were clearly repeated across all cycles (of the same duration; i.e., the same block). 

There was also a remarkable difference between maximum and mean erosion depth 

highlighted in the depth graphs (Figures 6-6, 6-8 and 6-10). This difference generally 

increased with repeated cycles, highlighting the uneven (selective) response of the block’s 

surface to erosion.  

Finally, the PSD results showed two broad patterns (Table 6-1). The first pattern was 

consistent in blocks sprayed for 15 seconds and 180 seconds (i.e., short and long); at C1 and 

C2, more sand-size and less of both silt-size and clay-size were eroded. Then from C3 to C5 

more silt-size, and less of both sand-size and clay-size were eroded. 

The second pattern was consistent for blocks sprayed for 30, 60 and 120 seconds (i.e., the 

intermediate durations); at C1, less silt-size and more of both the clay-size and sand-size 

were eroded. Then from C2 to C5, more of the silt-size and less of both the clay-size and 

sand-size were eroded. 

Table 6-1: PSD patterns for the eroded materials of Barton Clay. The patterns were derived 
by comparing PSD result of the eroded material and that of the original material. 

Duration Cycle PSD Patterns: derived by comparing PSD 

result of the eroded material and that of the 

original material 

15 seconds (short) 1 and 2 more sand; less silt; and less clay 

3, 4 and 5 less sand; more silt; and less clay 

30, 60 and 120 

seconds 

(intermediate) 

1 more sand; less silt; and more clay 

2, 3, 4 and 5 less sand; more silt; and less clay 

180 seconds (long) 1 and 2 more sand; less silt; and less clay 

3, 4 and 5 less sand; more silt; and less clay 
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6.3 London Clay  

The results of the London Clay blocks are presented in the following subsections (6.3.1 to 

6.3.5). 

6.3.1 Block Mass 

For clarity, the block mass data have been converted from grams to percentage change in 

mass. This is to provide a straightforward comparison by ensuring the results all have equal 

reference point, as normally the blocks will not have weighed the same before testing.  

The mass change results are presented in Figures 6-16 (mass vs cycle) and 6-17 (mass vs 

duration) below. The complete suite of data used in plotting these graphs are shown in Table 

A5-3 in appendix. 

 

Figure 6-16: Results of the London Clay blocks showing mass vs cycle. 15 Sec, 30 Sec, 60 Sec, 
120 Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the original 
block mass before testing, whilst C1, C2, C3, C4 and C5 represents the successive cycles. 

Figure 6-13 have shown the London Clay block to reduce in mass with repeated cycle i.e., the 

more repeated the cycle the more reduced the mass. The amount of reduction was generally 

dependent on the duration of spray, with longer spray duration showing more rapid losses – 

15 sec and 30 sec curves are noticeably gentler (less steep) compared to the 60s, 120s and 

180s (Figure 6-16). 
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Like the Barton Clay blocks, for all spray duration, there was a sharp drop in mass after the 

first cycle (from Co to C1 in Figure 6-16) compared to the subsequent cycles. As earlier stated 

with the Baron Clay results, this may be due to a reintroduced curing phase triggered by the 

first water impact – a situation where the blocks undergo curing (a process characterised by 

chemical reaction of water + clay minerals) after a wet-dry cycle, leading on to a more 

resistant block in subsequent cycles. As noted earlier, this phenomenon tends to be less 

effective with longer spray; hence, the sharp drop (observed between Co and C1) was more 

evident in 15 sec and 30 sec curves, but less so with the 60 sec, 120 sec and 180 sec curves 

(Figure 6-16). 

With regards to mass loss per cycle, there was a reduction of about 0.5% per cycle in blocks 

sprayed for 15 seconds. This however increased to about 1.2% and 3% per cycle in blocks 

sprayed for 60 seconds and 180 seconds respectively.  

 

Figure 6-17: Results of the London Clay blocks showing mass vs duration. C1, C2, C3, C4 and 
C5 represents the spray cycles. On the vertical axis; 0 is the original block mass before 

testing, whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-17 have also shown the London Clay blocks to reduce in mass with 

increase in spray duration i.e., the longer the spray the more the mass loss. This behaviour is 

expected because prolong spray duration will certainly result to heavy damages (mass loss) 

in the blocks. 
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In comparison, the rate of mass loss tends to be higher with respect to duration (Figure 6-

17) than with respect to cycles (Figure 6-16). Mass loss was about 0.8% at every 15 seconds 

in blocks (of 60 sec) sprayed for one cycle; whereas the rate was 0.5% per cycle for blocks 

sprayed for 15 seconds. Also comparing the amount of reduction at same point in both 

measures; with respect to duration the masses of blocks sprayed for 60 sec in one cycle was 

reduced to 96.8%, whereas the equivalent point with respect to repeated cycle, which are 

blocks sprayed for 15 sec for four cycles, was reduced to only 98%. Like the Barton Clay 

blocks, this may imply that the period of pause for drying as represented by the cycling 

process, allows the block to achieve a partial recovery which is not available in continuous 

spray.  

Overall, the results from both plots (Figures 6-16 and 6-17) have shown the masses of the 

London Clay blocks to be impacted by both repeated cycle and duration of spray. However, 

in comparison, the figures showed uninterrupted (continuous) spray causes more mass loss 

than cyclic spray of equal exposure time. This suggest that the cyclic process which involves 

an interruption (pause) for drying period allows the blocks to recover and build some 

resistance before the next water impact.  

6.3.2 Block Volume 

For clarity, the block volume data have been converted from cubic millimetre to percentage 

change in volume. This is to provide a straightforward comparison by ensuring the results all 

have equal reference point, as normally the blocks will not measure the same before testing.  

The volume change results are presented in Figures 6-18 (volume vs cycle) and 6-19 (volume 

vs duration) below. The complete suite of data used in plotting these graphs are shown in 

Table A5-4 in appendix. 
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Figure 6-18: Results of the London Clay blocks showing volume vs cycle. 15 Sec, 30 Sec, 60 
Sec, 120 Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the 

original block volume before testing, whilst C1, C2, C3, C4 and C5 represents the successive 
cycles. 

Figure 6-18 have shown the London Clay block to reduce in volume with repeated cycle, i.e., 

the more repeated the cycle the more reduced the volume. Like the block mass, the amount 

of reduction was dependent on the duration of spray, with longer duration showing steeper 

curve than shorter duration. Like the Barton Clay, the results showed periods of lag (slow 

down) between some cycles in longer spray duration, i.e., between C1 and C3 in 60 sec, 

between C1 and C2 in 120 sec and between C3 and C4 in 180 sec. It is not entirely clear why 

these periods of lag, as the cycle of appearance were not consistent in the various duration 

that it was observed. 

With regards to volume loss per cycle, there was a reduction of about 0.1% per cycle in blocks 

sprayed for 15 seconds. This however increased to about 0.4% and 1% per cycle in blocks 

sprayed for 60 seconds and 180 seconds respectively.  
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Figure 6-19: Results of the London Clay blocks showing volume vs duration. C1, C2, C3, C4 
and C5 represents the spray cycles. On the vertical axis; 0 is the original block volume before 

testing, whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-19 have also shown the London Clay blocks to reduce in volume with 

increase in spray duration, i.e., the longer the spray the more the volume loss. This behaviour 

is expected because prolong spray duration will certainly result to heavy damages (both 

volume and mass) in the blocks. 

In comparison, the rate of volume loss tends to be slightly higher with respect to duration 

(Figure 6-19) than with respect to cycles (Figure 6-18). There was a reduction rate of about 

0.3% at every 15 seconds in blocks (of 60 sec) sprayed for one cycle, whereas the rate was 

0.1% per cycle for blocks sprayed for 15 seconds. Also looking at the amount of reduction at 

same point in both measures: with respect to duration the volume of blocks sprayed for 60 

sec in one cycle was reduced to 98.99%; whereas the equivalent point with respect to 

repeated cycle, which are blocks sprayed for 15 sec for four cycles, was reduced to only 

99.68%. 

Overall, the results from both plots (Figures 6-18 and 6-19) have shown the volume of the 

London Clay blocks to be impacted by both repeated cycle and duration of spray. Like mass 

loss, in comparison, the figures however showed uninterrupted (continuous) spray causes 

more volume loss than cyclic spray of equal exposure time. As noted with previous results, 
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this suggest that the cyclic process which involves an interruption (pause) for drying period 

allows the blocks to recover and build some resistance before the next water impact. 

6.3.3 Surface Topography 

The Surface change results for the London Clay blocks when subjected to the spray test are 

presented in Figure 6-20 to 6-25. Figures 6-20, 6-22 and 6-14 shows the surface topographic 

models of the block for 15 seconds, 60 seconds and 180 seconds of spray respectively. While 

Figures 6-21, 6-23 and 6-25 are plots showing the average and maximum depth of erosion 

for 15 seconds, 60 seconds and 180 seconds of spray respectively. 
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Figure 6-20: Surface topographic models of the London Clay blocks subjected to 15 seconds 
of spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-21: Graph showing changes (Average and Maximum) in erosion depth recorded for 
London Clay block subjected to 15 seconds of spray. 

15 seconds (Figures 6-20 and 6-21):  

At Cycle 1, model showed very small changes shown as tiny green-coloured patches (< 

2.5mm in width), appearing randomly across the block surface. These patches of erosion 

reached a maximum depth of 0.70mm with an average of 0.08mm at the end of this cycle.  

At Cycle 2, the erosion patches increased in both width and depth with almost an even spread 

across the block’s surface, though with some areas within the surface still showing little or 

no sign of erosion. Erosion patches (mostly <5mm in width) reached a maximum depth of 

1.02mm with an average of 0.12mm at the end of this cycle.  

At Cycle 3, the model showed erosion patches to increase in depth and became more 

widespread covering almost all block’s surface. Erosion patches (still mostly <5mm in width) 

reached a maximum depth of 1.25mm with an average of 0.15mm at the end of this cycle.  

At Cycle 4, model showed top-third of the block surface to be less eroded, with the other 

two-third being more eroded. The erosion patches also became more connected around the 

areas most impacted, which may be due to resilient areas in between the patches becoming 

weakened. Erosion reached a maximum depth of 1.78mm with an average of 0.21mm at the 

end of this cycle.  

At Cycle 5, erosion was presented in almost all parts of the block’s surface. However, the 

model also showed the depth of erosion to vary across the surface, with the top-third of the 
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block’s surface being less eroded compared to other areas. This generally followed the 

pattern in previous cycles. Erosion reached a maximum depth of 1.94mm with an average of 

0.27mm at the end of this cycle.  

 

Figure 6-22: Surface topographic models of the London Clay blocks subjected to 60 seconds 
of spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale. 
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Figure 6-23: Graph showing changes (Average and Maximum) in erosion depth recorded for 
London Clay block subjected to 60 seconds of spray. 

60 seconds (Figures 6-22 and 6.23): 

At Cycle 1, the model showed erosion covering two-third of the block’s surface from the top. 

The depth of erosion varies across the surface, with the bottom-third of the block being less 

eroded. Maximum and average erosion depth was 0.89mm and 0.16mm respectively at the 

end of this cycle.  

At Cycle 2, the top two-third of block’s surface, which was more impacted at cycle 1 

continued to present more erosion than the bottom third. As suggested with the Barton Clay, 

this may be due to zones of inherent weakness within the block. The bottom third of the 

block continued to be less eroded as observed in cycle 1. Erosion reached a maximum depth 

of 1.47mm with an average of 0.37mm at the end of this cycle.  

At Cycle 3, the model showed increase in erosion depth following same erosion pattern as 

observed in previous cycles, i.e., the areas (top two-third) which was already impacted in the 

previous cycles became more eroded (in depth), with the lateral distribution staying almost 

the same. Erosion reached a maximum depth of 1.84mm with an average of 0.42mm at the 

end of this cycle.  

At Cycle 4, the model showed same erosion pattern described in previous cycles, with the 

resilient areas around the bottom-third becoming smaller. Erosion reached a maximum 

depth of 2.98mm with an average of 0.62mm at the end of this cycle.  
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At Cycle 5, the block also showed same erosion pattern described in previous cycles, with 

some areas around the top-right corner of the block showing deeper erosion than other 

parts. Erosion reached a maximum depth of 3.24mm with an average of 0.92mm at the end 

of this cycle. 
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Figure 6-24: Surface topographic models of the London Clay blocks subjected to 180 seconds 
of spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-25: Graph showing changes (Average and Maximum) in erosion depth recorded for 
London Clay block subjected to 180 seconds of spray. 

180 seconds (Figures 6-24 and 5-25): 

At Cycle 1, the depth of erosion displayed by the model varied across the block surface, 

ranging from 0 (no erosion) in some areas to 1.16mm in other areas. The maximum depth of 

erosion was 1.16mm, while the average was 0.33mm at the end of this cycle.  

At Cycle 2, the model showed both lateral and inward (depth) spread of erosion. The depth 

of erosion remains varied across the block’s surface, with the bottom-left corner showing 

deeper impact than other parts. Erosion reached a maximum depth of 1.21mm with an 

average of 0.35mm at the end of this cycle. 

At Cycle 3, the model showed more spread (both lateral and inward) of erosion. The bottom-

left corner of the block which showed deeper impact in cycle 2, became more eroded than 

other parts of the block’s surface. Again, this selective impact can be linked to zones of 

inherent weakness within the block. Erosion reached a maximum depth of 3.29mm with an 

average of 0.51mm at the end of this cycle. 

At Cycle 4, the model showed same erosion pattern described in cycle 3, with the most 

impacted areas around the bottom-left corner spreading more inward. Erosion reached a 

maximum depth of 4.42mm with an average of 1.00mm at the end of this cycle.  

At Cycle 5, the model also showed same erosion pattern described in cycles 3 and 4, with the 

bottom-left corner of the block showing more deeper erosion than other parts. Erosion 

reached a maximum depth of 6.55mm with an average of 1.44mm at the end of this cycle.  
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6.3.4 PSD 

The PSD results of the materials eroded from the London Clay blocks during the spray test is 

presented in Figure 6-26 to 6.30.  

 

Figure 6-26: Results showing PSD changes associated with spray duration in the London 
Clay blocks subjected to 15 seconds spray. Co is the PSD of the original material, whilst C1, 
C2, C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

15 seconds (Figure 6-26):  

At Cycle 1 (C1); the result showed an increase in eroded silt-size (up 4.3%) compared to Co 

(the original material). This in turn meant a decrease in sand-size and clay-size being eroded. 

Compared to Co, both sand-size and clay-size were down 2.8% and 1.5% respectively.  

At Cycle 2 (C2); there was a significant difference in PSD of the eroded material compared 

Co, which meant almost no sand-size was eroded. This therefore produced an increase in the 

eroded clay-size compared to C1. When compared to Co, eroded clay-size was up 1.5%, silt-

size up 4.1%, whilst sand-size was down 5.6% (meaning no sand eroded because sand-size in 

Co was also 5.6%). 

At Cycle 3 (C3); there was a rather ‘regaining’ of the original PSD at this cycle, which meant 

the difference between Co and the eroded material were very small. Compared to Co, clay-

size was down 0.5%, silt-size down 0.3%, whilst sand-size was up 0.8%. As clearly shown in 
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these figures, the recorded differences were insignificant (less than 1%), which implies the 

original and eroded PSD were almost the same.  

At Cycle 4 (C4); eroded clay-size was up 0.3%, silt-size up 0.2%, whilst sand-size down 0.5% 

compared to Co. This shows a similar trend to the previous cycle (C3), with no significant 

change in PSD compared to Co. 

At Cycle 5 (C5); eroded sand-size was up 0.3%, silt-size up 0.1%, whilst clay-size down 0.3% 

compared to Co. Again, this shows a similar trend to the previous two cycles (C3 and C4), 

with no significant change in PSD compared to Co. 

Overall, the 15 seconds result have shown that less sand-size, more silts-size and about the 

same amount of clay-size were eroded at the initial cycles (C1 and C2). Subsequently, at later 

cycles (from C3 to C5), the recorded differences became insignificant (generally less than 

1%), which implies the original and eroded PSD were almost the same. All results were 

compared to the original PSD (Co; also shown in Figure 6-26). 

 

Figure 6-27: Results showing PSD changes associated with spray duration in the London 
Clay blocks subjected to 30 seconds spray. Co is the PSD of the original material, whilst C1, 
C2, C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively 

 

30 seconds (Figure 6-27):  
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At Cycle 1 (C1); the result showed a 3.0% increase in eroded silt-size and a 2.3% decrease in 

eroded clay-size compared to Co (the original material). This in turn meant a small drop in 

eroded sand-size by 0.6% (regarded insignificant because it is less than 1%).  

At Cycle 2 (C2); there was a ‘regaining’ of the original PSD at this cycle, which meant the 

difference between Co and the eroded material were very small. Compared to Co, clay-size 

was down 0.7%, silt-size down 0.1%, whilst sand-size was up 0.8%. As clearly shown in these 

figures, the recorded differences were insignificant (less than 1%), which implies the original 

and eroded PSD were almost the same. 

At Cycle 3 (C3); eroded clay-size was down 0.1%, sand-size down 0.2%, whilst silt-size up 0.3% 

compared to Co. This shows a similar trend to the previous cycle (C2), with no significant 

change in PSD compared to Co. 

At Cycle 4 (C4); there was a slight shift to the trend that was observed in C2 and C3, which 

resulted in a drop in the sand-size particles being eroded. This therefore produced a small 

increase in the eroded clay-size and very small increase in silt-size particles compared to Co. 

When compared to Co, eroded clay-size was up 1.5%, silt-size up 0.6% (almost unchanged), 

whilst sand-size was down 2.1%.  

At Cycle 5 (C5); eroded sand-size was up 0.3%, silt-size up 0.6%, whilst clay-size down 0.9% 

compared to Co. This means the recorded differences were insignificant, which implies the 

original and eroded PSD were almost the same. Again, though with slight differences, it 

shows a similar trend to C2 and C3.  

Overall, the 30 seconds result have shown that less clay-size, more silts-size and about the 

same amount of sand-size were eroded at C1. Then at C2 and C3, the recorded differences 

became insignificant (less than 1% in sand silt and clay), which implies the original and eroded 

PSD were almost the same. However, at C4 the PSD showed a slight shift from the trend 

recorded at C2 and C3, which meant a drop in the sand-size being eroded and a small increase 

in the clay-size particles being eroded. C5 showed a return to the trend observed in C2 and 

C3; i.e., the recorded differences became insignificant (less than 1% in sand silt and clay). All 

results were compared to the original PSD (Co; also shown in Figure 6-27). 
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Figure 6-28: Results showing PSD changes associated with spray duration in the London 
Clay blocks subjected to 60 seconds spray. Co is the PSD of the original material, whilst C1, 
C2, C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively 

60 seconds (Figure 6-28):  

At Cycle 1 (C1); the result showed a small increase in eroded clay-size (up 1.6%) and a very 

small decrease in sand-size (down 0.1%; insignificant because it is less than 1%) compared to 

Co (the original material). This in turn meant a decrease in silt-size particles (down 1.5%) 

being eroded.  

At Cycle 2 (C2); there was a ‘regaining’ of the original PSD at this cycle, which meant the 

difference between Co and the eroded material were very small. Compared to Co, clay-size 

was down 0.5%, sand-size down 0.4%, whilst silt-size was up 0.9%. As clearly shown in these 

figures, the recorded differences were insignificant (less than 1%), which implies the original 

and eroded PSD were almost the same. 

At Cycle 3 (C3); eroded clay-size was down 0.1%, silt-size down 0.4%, whilst sand-size up 0.5% 

compared to Co. This shows a similar trend to the previous cycle (C2), with no significant 

change in PSD compared to Co. 

At Cycle 4 (C4); there was a slight shift to the trend that was observed in C2 and C3, which 

resulted in a small drop in the clay-size particles being eroded. This therefore produced a 

small increase in the eroded silt-size and very small drop in sand-size particles compared to 
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Co. When compared to Co, eroded clay-size was down 1.0%, sand-size down 0.1% (almost 

unchanged), whilst silt-size was up 1.1%.  

At Cycle 5 (C5); eroded clay-size was up 0.5%, silt-size up 0.2%, whilst sand-size down 0.6% 

compared to Co. This means the recorded differences were insignificant, which implies the 

original and eroded PSD were almost the same. Again, though with slight differences, it 

shows a similar trend to C2 and C3.  

Overall, the 60 seconds result have shown that less silt-size more clay-size and about the 

same amount of sand-size were eroded at C1. Then at C2 and C3, the recorded differences 

became insignificant (less than 1% in sand silt and clay), which implies the original and eroded 

PSD were almost the same. However, at C4 the PSD showed a slight shift from the trend 

recorded at C2 and C3, which meant a small rise in both eroded silt-size and clay-size, though 

eroded sand-size remained fairly the same as in Co. C5 showed a return to the trend 

observed in C2 and C3; i.e., the recorded differences became insignificant (less than 1% in 

sand silt and clay). All results were compared to the original PSD (Co; also shown in Figure 6-

28). 

 

Figure 6-29: Results showing PSD changes associated with spray duration in the London 
Clay blocks subjected to 120 seconds spray. Co is the PSD of the original material, whilst C1, 

C2, C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively 
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120 seconds (Figure 6-29):  

At Cycle 1 (C1); the result showed an increase in eroded silt-size (up 2.0%) and a decrease in 

clay-size (down 3.0%) compared to Co (the original material). This in turn meant a small 

increase in sand-size particles (up 1.0%) being eroded.  

At Cycle 2 (C2); there was a ‘regaining’ of the original PSD at this cycle, which meant the 

difference between Co and the eroded material were very small. Compared to Co, sand-size 

was up 0.2%, silt-size up 0.7%, whilst clay-size was down 0.8%. As clearly shown in these 

figures, the recorded differences were insignificant (less than 1%), which implies the original 

and eroded PSD were almost the same. 

At Cycle 3 (C3); eroded clay-size was down 0.7%, silt-size up 0.8%, whilst sand-size fairly 

remained the same compared to Co. This shows a similar trend to the previous cycle (C2), 

with no significant change in PSD compared to Co. 

At Cycle 4 (C4); there was a slight shift to the trend that was observed in C2 and C3, which 

resulted in a small drop in the clay-size particles being eroded. This therefore produced a 

small increase in both the eroded silt-size and sand-size particles compared to Co. When 

compared to Co, eroded clay-size was down 1.3%, whilst silt-size and sand-size were up 0.5% 

and 0.8% respectively. However, these figures have shown that the recorded differences are 

very small, implying the original and eroded PSD were close to be the same. 

At Cycle 5 (C5); compared to Co, eroded clay-size was down 1.8%, whilst silt-size and sand-

size were up 0.7% and 1.0% respectively. This shows a similar trend to the previous cycle 

(C4). Again, these figures have also shown that the recorded differences are very small, 

implying the original and eroded PSD were close to be the same. 

Overall, the 120 seconds result have shown less silt-size, more clay-size and very slightly less 

sand-size were eroded at C1. The, at C2 and C3, the recorded differences became 

insignificant (less than 1% in sand silt and clay), which implies the original and eroded PSD 

were almost the same. C4 and C5 showed a slight shift from the trend at C2 and C3, which 

meant a small rise in both silt-size and sand-size resulting in drop in clay-size. However, the 

general trend from C2 to C5 was a close replication of the original PSD. All results were 

compared to the original PSD (Co; also shown in Figure 6-29). 
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Figure 6-30: Results showing PSD changes associated with spray duration in the London 
Clay blocks subjected to 180 seconds spray. Co is the PSD of the original material, whilst C1, 

C2, C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively 

180 seconds (Figure 6-30):  

At Cycle 1 (C1); the result showed an increase in eroded sand-size (up 1.38%) and a decrease 

in clay-size (down 2.27%) compared to Co (the original material). This in turn meant a slight 

(insignificant) increase in silt-size (up 0.9%) being eroded.  

At Cycle 2 (C2); compared to Co, eroded sand-size was slightly up 0.7%, silt-size up 1.2%, 

whilst clay-size was down 1.8%. This therefore shows a similar trend to the previous cycle 

(C1), although with little differences which saw a small increase in the eroded silt-size and 

clay-size resulting in a decrease in the eroded sand-size particles compared to C1.  

At Cycle 3 (C3); compared to Co, eroded sand-size was up 1.0%, silt-size up 0.4%, whilst clay-

size was down 1.4%. This therefore shows a similar trend to the previous cycles (C1 and C2), 

although with little differences which saw a small increase in the eroded sand-size resulting 

in small decrease in the eroded silt-size and also a small increase in the eroded clay-size 

particles compared to C2. 

At Cycle 4 (C4); compared to Co, eroded sand-size was up 2.5%, silt-size up 0.2%, whilst clay-

size was down 2.63%. This therefore shows a similar trend to the previous cycles (C1, C2 and 

C3), although with little differences which saw an increase in the eroded sand-size resulting 

in small decrease in both the silt-size and clay-size particles compared to C3. 
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At Cycle 5 (C5); compared to Co, eroded sand-size was up 1.8%, silt-size up 0.5%, whilst clay-

size was down 2.2%. This therefore shows a similar trend to the previous cycles (C1, C2, C3 

and C4), although with little differences which saw a decrease in the eroded sand-size 

resulting in small increase in both the eroded silt-size and clay-size particles compared to C4. 

Overall, the 180 seconds result have shown less clay-size, more sand-size and about the same 

amount of silt-size were eroded. This trend was generally replicated across all cycles (from 

C1 to C5). All results were compared to the original PSD (Co; also shown in Figure 6-30). 

6.3.5 Summary of London Clay Results  

The results of the London Clay have shown the Mass and Volume of the blocks to be 

impacted by both repeated cycle and duration of spray, i.e., the more repeated the cycle the 

more mass and volume loss; and the longer the spray, the more mass and volume loss 

However, in comparison, uninterrupted (continuous) spray causes more mass and volume 

losses than cyclic spray of equal exposure time. This suggest that the cyclic process which 

involves an interruption (pause) for drying period allows the blocks to recover and build some 

resistance before the next water impact. 

Like the Barton Clay, the surface topography results showed the blocks to experience deeper 

erosion with longer duration and repeated cycles, which is in-line with the mass and volume 

results. Similarly, the surface models were able to show that the blocks do not erode evenly; 

there is a selective loss of materials which is driven by inherent zones of weakness. This 

selectiveness in surface response, resulting in some areas being eroded than others, were 

clearly repeated across all cycles (of the same duration; i.e., the same block). There was also 

a remarkable difference between maximum and mean erosion depth highlighted in the 

depth graphs (Figures 6-21, 6-23 and 6-25). This difference generally increased with repeated 

cycles, highlighting the uneven (selective) response of the block’s surface to erosion.  

The PSD results showed three broad patterns (Table 6-2). The first pattern was consistent in 

blocks sprayed for 15 seconds (i.e., short duration); at C1 and C2, less sand-size, more silt-

size and almost same amount of clay-size were eroded compared to Co (original material). 

Then from C3 to C5 eroded materials were relatively the same as Co. 

The second pattern was consistent for blocks sprayed for 30, 60 and 120 seconds (i.e., the 

intermediate durations); at C1, more clay-size, less silt-size and almost same amount of sand-

size were eroded compared to Co. Then from C2 to C5 eroded materials were relatively the 

same as Co. 
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Finally, the third pattern was consistent in blocks sprayed for 180 seconds (i.e., long 

duration); generally, across all cycles (C1 to C5), more sand-size, almost same amount of silt-

size and less clay-size were eroded compared to Co. 

Table 6-2: PSD patterns for the eroded materials of London Clay. The patterns were derived 
by comparing PSD result of the eroded material and that of the original material. 

Duration Cycle PSD Patterns: derived by comparing PSD 

result of the eroded material and that of 

the original material 

15 seconds (short) 1 and 2 less sand; more silt; and same clay 

3, 4 and 5 same sand; same silt; and same clay 

30, 60 and 120 

seconds 

(intermediate) 

1 same sand; less silt; and more clay 

2, 3, 4 and 5 same sand; same silt; and same clay 

180 seconds (long) 1, 2, 3, 4 and 5 more sand; same silt; and less clay 

 

6.4 Chalk 

The results of the Chalk blocks are presented in the following subsections (6.4.1 to 6.4.5). 

6.4.1 Block Mass 

For clarity, the block mass data have been converted from grams to percentage change in 

mass. This is to provide a straightforward comparison by ensuring the results all have equal 

reference point, as normally the blocks will not have weighed the same before testing.  

The mass change results are presented in Figures 6-31 (mass vs cycle) and 6-32 (mass vs 

duration) below. The complete suite of data used in plotting these graphs are shown in Table 

A5-5 in appendix. 
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Figure 6-31: Results of the Chalk blocks showing mass vs cycle. 15 Sec, 30 Sec, 60 Sec, 120 
Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the original block 

mass before testing, whilst C1, C2, C3, C4 and C5 represents the successive cycles. 

Figure 6-31 have shown the Chalk block to reduce in mass with repeated cycle, i.e., the more 

repeated the cycle the more reduced the mass. The amount of reduction was dependent on 

the duration of spray, as shown in the progressive difference in the durational curves (Figure 

6-31).  

Unlike the Barton Clay and London Clay blocks, there were neither spike nor lag periods 

(cycles), as the result (curve) showed a continuous reduction. This may be due to the absence 

of clay minerals playing a cohesion role within the block mass as will be expected in the clay 

blocks.  

With regards to mass loss per cycle, there was a reduction of about 0.1% per cycle in blocks 

sprayed for 15 seconds. This however increased to about 1.3% and 8.7% per cycle in blocks 

sprayed for 60 seconds and 180 seconds respectively.  
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Figure 6-32: Results of the Chalk blocks showing mass vs duration. C1, C2, C3, C4 and C5 
represents the spray cycles. On the vertical axis; 0 is the original block mass before testing, 

whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-32 have also shown the Chalk blocks to reduce in mass with increase 

in spray duration, i.e., the longer the spray the more the mass loss. This behaviour is expected 

because prolong spray duration will certainly result in heavy damages (both mass and 

volume) to the blocks. 

However, in comparison, the rate of mass loss tends to be higher with respect to duration 

(Figure 6-32) than with respect to cycles (Figure 6-31). Mass loss was about 0.5% at every 15 

seconds in blocks (of 60 sec) sprayed for one cycle; whereas the rate was only 0.1% per cycle 

for blocks sprayed for 15 seconds. Also comparing the amount of reduction at same point in 

both measures: with respect to duration the masses of blocks sprayed for 60 sec in one cycle 

was reduced to 98.16%; whereas the equivalent point with respect to repeated cycle, which 

are blocks sprayed for 15 sec for four cycles, was reduced to only 99.46%. 

Overall, the results from both plots (Figures 6-31 and 6-32) have shown the masses of the 

Chalk blocks to be impacted by both repeated cycle and duration of spray. However, in 

comparison the figures showed uninterrupted (continuous) spray causes more mass loss 

than cyclic spray of equal exposure time. This suggest that the cyclic process which involves 

an interruption (pause) for drying period allows the blocks to recover and build some 

resistance before the next water impact.  
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6.4.2 Block Volume 

For clarity, the block volume data have been converted from cubic millimetre to percentage 

change in volume. This is to provide a straightforward comparison by ensuring the results all 

have equal reference point, as normally the blocks will not measure the same before testing.  

The volume change results are presented in Figures 6-33 (volume vs cycle) and 6-34 (volume 

vs duration) below. The complete suite of data used in plotting these graphs are shown in 

Table A5-6 in appendix. 

 

Figure 6-33: Results of the Chalk blocks showing volume vs cycle. 15 Sec, 30 Sec, 60 Sec, 120 
Sec and 180 Sec represents the spray duration. On the vertical axis; Co is the original block 

volume before testing, whilst C1, C2, C3, C4 and C5 represents the successive cycles. 

Figure 6-33 have shown the Chalk blocks to reduce in volume with repeated cycle, i.e., the 

more repeated the cycle the more reduced the volume. Like the block mass, the amount of 

reduction was dependent on the duration of spray, with longer duration showing steeper 

curve than shorter duration. However, the results also showed periods of lag (slow down) 

between some cycles in longer spray duration, i.e., between C3 and C4 in 120 sec, and 

between C2 and C3 in 180 sec. It is not entirely clear why these periods of lag as the cycle of 

appearance is not consistent in all three duration that it was observed. 
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With regards to volume loss per cycle, there was a general reduction of about 0.2% per cycle 

in blocks sprayed for 15 seconds. This however increased to about 1.5% and 8.7% at every 

cycle in blocks sprayed for 60 seconds and 180 seconds respectively.  

 

Figure 6-34: Results of the Chalk blocks showing volume vs duration. C1, C2, C3, C4 and C5 
represents the spray cycles. On the vertical axis; 0 is the original block volume before 

testing, whilst 15, 30, 60, 120 and 180 represents the successive duration. 

As expected, Figure 6-34 have also shown the Chalk blocks to reduce in volume with increase 

in spray duration, i.e., the longer the spray the more the volume loss. This behaviour is 

expected because prolong spray duration will certainly result in heavy damages (both volume 

and mass) to the blocks.  

However, in comparison, the rate of volume loss tends to be higher with respect to duration 

(Figure 6-34) than with respect to cycles (Figure 6-33). There was a reduction rate of about 

0.6% at every 15 seconds in blocks (of 180 sec) sprayed for one cycle; whereas the rate was 

only 0.2% per cycle for blocks sprayed for 15 seconds. Also comparing the amount of 

reduction at same point in both measures: with respect to duration the volume of blocks 

sprayed for 60 sec in one cycle was reduced to 99.38%; whereas the equivalent point with 

respect to repeated cycle, which are blocks sprayed for 15 sec for four cycles, was reduced 

to only 99.54%. 

Overall, the results from both plots (Figures 6-33 and 6-34) have shown the volume of the 

Chalk blocks to be impacted by both repeated cycle and duration of spray. Like mass loss, in 

comparison, the figures however showed uninterrupted (continuous) spray causes more 
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volume loss than cyclic spray of equal exposure time. This suggest that the cyclic process 

which involves an interruption (pause) for drying period allows the blocks to recover and 

build some resistance before the next water impact 

6.4.3 Surface topography 

The Surface change models for the Chalk blocks when subjected to the spray test are 

presented in Figure 6-35 to 6-40. Figures 6-35, 6-37 and 6-39 shows the surface topographic 

models of the block for 15 seconds, 60 seconds and 180 seconds of spray respectively. While 

Figures 6-36, 6-38 and 6-40 are plots showing the average and maximum depth of erosion 

for 15 seconds, 60 seconds and 180 seconds of spray respectively. 
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Figure 6-35: Surface topographic models of the Chalk blocks subjected to 15 seconds of 
spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-36: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Chalk block subjected to 15 seconds of spray. 

15 seconds (Figures 6-35 and 6-36):  

At Cycle 1, model showed small changes shown as green colour patches (< 2.5mm in width) 

of erosion appearing randomly across the block surface, with more patches appearing 

around the bottom half. These patches of erosion reached a maximum depth of 0.64mm 

with an average of 0.08mm at the end of this cycle.  

At Cycle 2, the erosion patches increased in both width and depth, appearing to form a 

pattern of bottom-left to top-right across the block surface. Although, some areas within the 

surface still showing little or no sign of erosion. Erosion patches reached a maximum depth 

of 1.07mm with an average of 0.23mm at the end of this cycle.  

At Cycle 3, the erosion patches increased in depth and became more widespread across the 

bottom-third of the block’s surface. Other parts of the blocks which did not experience 

erosion in C1 and C2 also started showing changes. The amount of changes also varies, with 

some arears being more eroded and others showing little or no sign of erosion. Erosion 

reached a maximum depth of 1.11mm with an average of 0.27mm at the end of this cycle.  

At Cycle 4, erosion increased in both width and depth covering the whole of the block’s 

surface. The model also showed variation in depth of erosion along the pattern observed in 

C2 (bottom-left to top-right across the block surface). Erosion reached a maximum depth of 

1.34mm with an average of 0.46mm at the end of this cycle.  
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At Cycle 5, erosion followed pattern in C4, though with more spread across the bottom and 

top of the block surface. Erosion reached a maximum depth of 1.36mm with an average of 

0.48mm at the end of this cycle.  

 

Figure 6-37: Surface topographic models of the Chalk blocks subjected to 60 seconds of 
spray. The models present changes from Cycle 1 to 5 of the same block. The surface 
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summary (legend) is provided to simplify the changes in depth represented in the colour 
scale. 

 

Figure 6-38: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Chalk block subjected to 60 seconds of spray. 

60 seconds (Figures 6-37 and 6-38):  

At Cycle 1, the depth of erosion displayed by the model varied across the block surface, 

ranging from 0 (no erosion) around the top-right corner to 2.17mm at the bottom-right 

corner of the block’s surface. Therefore, the maximum depth of erosion was 2.17mm, while 

the average was only 0.41mm at the end of this cycle.  

At Cycle 2, the model showed both lateral and inward (depth) spread of erosion along the 

same areas impacted in cycle 1, though with more spread across the bottom. Again, this may 

be due to zones of witness within the block, as observed with the clay blocks. Erosion reached 

a maximum depth of 5.45mm with an average of 0.28mm at the end of this cycle. 

At Cycle 3, the model showed increase in erosion depth following same erosion pattern as 

observed in Cycle 2, i.e., areas which were already impacted in the previous cycles became 

more eroded (in depth), with the lateral distribution staying almost the same. Erosion 

reached a maximum depth of 5.68mm with an average of 1.70mm at the end of this cycle. 
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At Cycle 4, the model showed same erosion pattern described in previous cycles, with the 

most impacted areas around the bottom spreading more inward. Erosion reached a 

maximum depth of 5.68mm with an average of 2.25mm at the end of this cycle.  

At Cycle 5, the model also showed same erosion pattern described in previous cycles, with 

the bottom-third of the block showing deeper erosion. Erosion reached a maximum depth 

of 5.75mm with an average of 2.34mm at the end of this cycle.  
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Figure 6-39: Surface topographic models of the Chalk blocks subjected to 180 seconds of 
spray. The models present changes from Cycle 1 to 5 of the same block. The surface 

summary (legend) is provided to simplify the changes in depth represented in the colour 
scale.    
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Figure 6-40: Graph showing changes (Average and Maximum) in erosion depth recorded for 
Chalk block subjected to 180 seconds of spray. 

180 seconds (Figures 6-39 and 6-40):  

At Cycle 1, the model showed depth of erosion to vary significantly across the block surface, 

ranging from 0 (no erosion) to 10.28mm. The most impacted area lies along the bottom-third 

of the block’s surface. The maximum depth of erosion was 10.38mm, while the average was 

only 2.10mm at the end of this cycle.  

At Cycle 2, the model showed the whole of the block’s surface to have completely eroded. 

This was the first sign of complete surface change exhibited by blocks subject to the erosion 

test in this study. However, it also showed the surface to have eroded following the pattern 

observed in C1, i.e., the top bottom-third of the block which was more impacted at cycle 1 

continued to present more erosion than other parts. Erosion reached a maximum depth of 

14.15mm with an average of 10.31mm at the end of this cycle.  

At Cycle 3, the model showed similar pattern to C2, though with slightly deeper erosion. 

Erosion reached a maximum depth of 15.14mm with an average of 10.39mm at the end of 

this cycle.  

At Cycle 4, the model showed the block’s surface to have overwhelmingly eroded with a 

minimum erosion depth of more than 10mm (NB: no surface topographic change shown in 

the model because recorded minimum depth was greater than the colour scale. Also, with 
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Cycle 5). Erosion reached a maximum depth of 2.98mm with an average of 13.40mm at the 

end of this cycle.  

At Cycle 5, the model showed erosion as observed in C4. Erosion reached a maximum depth 

of 19.49mm with an average of 15.59mm at the end of this cycle. (NB: the maximum depth 

for cycle 5 may be greater than observed, considering the high amount of blank points (as 

shown in the model), which are points showing no return (no reading) from the laser 

scanner).   

6.4.4 PSD 

The PSD results of the materials eroded from the Chalk blocks during the spray test is 

presented in Figure 6-41 to 6.45.  

 

Figure 6-41: Results showing PSD changes associated with spray duration in the Chalk 
blocks subjected to 15 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

15 seconds (Figure 6-41):  

At Cycle 1 (C1); the result showed an increase in eroded silt-size particles (up 24.7%) 

compared to Co (the original material). This in turn meant a decrease in sand-size and slight 

decrease in clay-size particles being eroded. Compared to Co, both sand-size and clay-size 

particles were down 23.6% and 1.1% respectively.  
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At Cycle 2 (C2); there was a drop in eroded silt-size compared to C1 (from 24.7% to 18.0%). 

This therefore produced an increase the eroded clay-size compared to C1. However, when 

compared to Co, eroded silt-size was up 18.0%, clay-size up 6.2%, whilst sand-size was down 

24.1%. 

At Cycle 3 (C3); eroded silt-size was up 21.3%, clay-size up 7.0%, whilst sand-size down 28.3% 

compared to Co. This shows a similar trend to the previous cycle (C2), which saw less sand-

size, more silt-size and more clay-size being eroded.  

At Cycle 4 (C4); eroded silt-size was up 13.3%, clay-size up 7.5%, whilst sand-size down 20.7% 

compared to Co. This also shows a similar trend to the last two cycles (C2 and C3), which saw 

less sand-size, more silt-size and more clay-size being eroded.  

At Cycle 5 (C5); eroded silt-size was up 17.3%, clay-size up 8.4%, whilst sand-size down 25.7% 

compared to Co. Again, though with some individual differences, it shows a similar trend to 

the previous cycles (C2, C3 and C4).  

Overall, the 15 seconds result have shown that less sand-size, slightly less clay-size and more 

silt-sand were eroded at C1. Subsequently, from C2 to C5 it was generally less sands-size, 

more silt-size and more clay-size particles that were eroded. All results were compared to 

the original PSD (Co; also shown in Figure 6-41)  
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Figure 6-42: Results showing PSD changes associated with spray duration in the Chalk 
blocks subjected to 30 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

30 seconds (Figure 6-42):  

At Cycle 1 (C1); the result showed an increase in eroded silt-size (up 19.9%) compared to Co 

(the original material). This in turn meant a decrease in sand-size and small increase in clay-

size being eroded. Compared to Co, sand-size was down 22.2% and clay-size particles was up 

2.4%.  

At Cycle 2 (C2); eroded silt-size was up just 3.8%, clay-size up 9.4%, whilst sand-size down 

13.2% compared to Co. This shows a similar trend to the C1, which saw less sand-size, more 

silt-size and more clay-size being eroded.  

At Cycle 3 (C3); eroded silt-size was up 11.1%, clay-size up 4.6%, whilst sand-size down 15.7% 

compared to Co. This also shows a similar trend to the previous cycles (C1 and C2), which 

saw less sand-size, more silt-size and more clay-size being eroded. 

At Cycle 4 (C4); eroded silt-size was up 11.8%, clay-size up 9.6%, whilst sand-size down 21.4% 

compared to Co. Again, this shows a similar trend to the previous cycles (C1, C2 & C3), which 

saw less sand-size, more silt-size and more clay-size being eroded. 

At Cycle 5 (C5); eroded silt-size was up 12.3%, clay-size up 9.9%, whilst sand-size down 22.2% 

compared to Co. Again, though with small differences, it shows a similar trend to all previous 

cycles (C1, C2, C3 and C4).  
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Overall, the 30 seconds result have shown that it was generally less sands-size, more silt-size 

and more clay-size that were eroded. This pattern was repeated across all cycles (from C1 to 

C5). All results were compared to the original PSD (Co; also shown in Figure 6-42)  

 

Figure 6-43: Results showing PSD changes associated with spray duration in the Chalk 
blocks subjected to 60 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

60 seconds (Figure 6-43):  

At Cycle 1 (C1); the result showed an increase in eroded silt-size (up 7.0%) compared to Co 

(the original material). This in turn meant a decrease in sand-size and small increase in clay-

size being eroded. Compared to Co, sand-size was down 15.4% and clay-size was up 8.4%.  

At Cycle 2 (C2); eroded silt-size was up just 4.8%, clay-size up 1.4%, whilst sand-size down 

6.2% compared to Co. This shows a similar trend to C1, which saw less sand-size, more silt-

size and more clay-size being eroded. 

At Cycle 3 (C3); eroded silt-size was up 11.6%, clay-size up 12.7%, whilst sand-size down 

24.3% compared to Co. This also shows a similar trend to the previous cycles (C1 and C2), 

which saw less sand-size, more silt-size and more clay-size being eroded. 

At Cycle 4 (C4); eroded silt-size was up 11.1%, clay-size up 14.5%, whilst sand-size down 

25.6% compared to Co. Again, this shows a similar trend to the previous cycles (C1, C2 & C3), 

which saw less sand-size, more silt-size and more clay-size being eroded. 
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At Cycle 5 (C5); eroded silt-size was up 13.7%, clay-size up 14.1%, whilst sand-size down 

27.8% compared to Co. Again, though with small differences, it shows a similar trend to all 

previous cycles (C1, C2, C3 and C4).  

Overall, the 60 seconds result have shown that it was generally less sands-size, more silt-size 

and more clay-size that were eroded. This pattern was repeated across all cycles (from C1 to 

C5). All results were compared to the original PSD (Co; also shown in Figure 6-43)  

 

Figure 6-44: Results showing PSD changes associated with spray duration in the Chalk 
blocks subjected to 120 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

120 seconds (Figure 6-44):  

At Cycle 1 (C1); the result showed a decrease in eroded sand-size particles (down 7.8%) 

compared to Co (the original material). This in turn meant an increase in clay-size and a very 

small (insignificant) decrease in silt-size particles being eroded. Compared to Co, silt-size was 

down 0.4%, whilst clay-size was up 8.2%.   

At Cycle 2 (C2); the eroded sand-size particles rose and resulted in an increase of 10.9% 

compared to C1. This therefore produced a drop in both the eroded silt-size and clay-size 

particles compared to C1. If compared to the Co, eroded sand-size is up 3.1%, whilst both 

silt-size and clay-size are down 2.2% and 1.0% respectively.  
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At Cycle 3 (C3); the eroded sand-size particles dropped again and resulted in a decrease of 

26.8% compared to C2. This therefore produced a rise in both the eroded silt-size and clay-

size particles compared to C2. If compared to the Co, eroded sand-size is down 1.8%, whilst 

both silt-size and clay-size are up 11.1% and 12.6% respectively. 

At Cycle 4 (C4); the eroded sand-size particles rose again and resulted in an increase of 

21.88% compared to C3. This therefore produced a drop in both the eroded silt-size and clay-

size particles compared to C3. If compared to the Co, eroded sand-size is down 1.8%, silt-size 

down 1.9%, whilst clay-size is up 3.7%.  

At Cycle 5 (C5); compared to Co, eroded sand-size up 1.6%, clay-size slightly up 0.7% 

(insignificant change; less than 1%), whilst silt-size was up 2.3%. This shows there was no 

replicable trend from C1 to C5.  

Overall, the 120 seconds result have shown more clay-size, less silt-size and less sand-size 

being eroded at C1. Then, C2 to C4 was characterised by a rise and drop in the various particle 

sizes: C2 was more sand-size, less silt-size and less clay-size; C3 was less sand-size, more silt-

size and more clay-size; and C4 was more clay-size, less silt-size and less sand-size. C5 showed 

relatively small changes compared to Co, with slightly more clay-size and more sand-size and 

less silt-size. Therefore, for the first time, there was no replicable trend in the results. All 

results were compared to the original PSD (Co; also shown in Figure 6-44). 
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Figure 6-45: Results showing PSD changes associated with spray duration in the Chalk 
blocks subjected to 180 seconds spray. Co is the PSD of the original material, whilst C1, C2, 

C3. C4 and C5 is the PSD of the eroded materials at cycles 1, 2, 3, 4 and 5 respectively.   

180 seconds (Figure 6-45):  

At Cycle 1 (C1); the result showed an increase in eroded sand-size particles (up 18.7%) 

compared to Co (the original material). This in turn meant a decrease in both silt-size and 

clay-size particles being eroded. Compared to Co, both silt-size and clay-size particles were 

down 10.9% and 7.8% respectively. 

At Cycle 2 (C2); eroded silt-size was down 16.6%, clay-size down 9.2%, whilst sand-size up 

25.8% compared to Co. This shows a similar trend to C1, which saw more sand-size, less silt-

size and less clay-size being eroded. 

At Cycle 3 (C3); eroded silt-size was down 11.4%, clay-size down 5.7%, whilst sand-size up 

17.0% compared to Co. This also shows a similar trend to the previous cycles (C1 and C2), 

which saw more sand-size, less silt-size and less clay-size being eroded. 

At Cycle 4 (C4); eroded sand-size was 0.0% (no change) silt-size down 4.6%, whilst clay-size 

up 4.6% compared to Co. This shows that there was a rise eroded clay-size and silt-size 

particles which in turn produced a drop in the sand size particles in this cycle compared to 

C2 and C3. 
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At Cycle 5 (C5); eroded sand-size was down 3.1%, silt-size down 1.2%, whilst clay-size up 4.3% 

compared to Co. This also shows similar trend to C4, although with some small differences 

which saw a further drop in the sand-size producing an increase in the silt-size compared to 

C4.  

Overall, the 180 seconds result have shown more sand-size, less silt-size and less clay-size 

being eroded from C1 to C3. However, at C4 and C5, it was more clay-size, less silt-size and 

less sand-size that were eroded. All results were compared to the original PSD (Co; also 

shown in Figure 6-45). 

6.4.5 Summary of Chalk Results  

The results of the Chalk have shown the Mass and Volume of the blocks to be impacted by 

both repeated cycle and duration of spray, i.e., the more repeated the cycle the more mass 

and volume loss; and the longer the spray, the more mass and volume loss However, in 

comparison, uninterrupted (continuous) spray causes more mass and volume losses than 

cyclic spray of equal exposure time. This suggest that the cyclic process which involves an 

interruption (pause) for drying period allows the blocks to recover and build some resistance 

before the next water impact. 

Like the Barton Clay and London Clay blocks, the surface topography results showed the 

Chalk blocks to experience deeper erosion with longer duration and repeated cycles, which 

is in-line with the mass and volume results. The remarkable difference, however, is the 

surface models were able to show that the blocks do not erode evenly; there is a selective 

loss of materials which is driven by inherent zones of weakness. This selectiveness in surface 

response, resulting in some areas being eroded than others, were clearly repeated across all 

cycles (of the same duration; i.e., the same block). There was also a remarkable difference 

between maximum and mean erosion depth highlighted in the depth graphs (Figures 6-36, 

6-38 and 6-40). This difference generally increased with repeated cycles, highlighting the 

uneven (selective) response of the block’s surface to erosion.  

The PSD results showed three broad patterns (Table 6-3). The first pattern was consistent in 

blocks sprayed for 15 seconds (i.e., short duration); at C1, less sand-size, more silt-size and 

less clay-size were eroded compared to Co (the original material). Then from C2 to C5, less 

sand-size, more silt-size and more clay-size were eroded compared to Co. 
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The second pattern was consistent for blocks sprayed for 30- and 60-seconds (i.e., the 

intermediate durations); across all cycles (C1 to C5), less sand-size, more silt-size and more 

clay-size were eroded compared to Co. 

The third pattern was consistent in blocks sprayed for 180 seconds (i.e., long duration); from 

C1 to C3, more sand-size, less silt-size and less clay-size compared to Co. Then at C4 and C5, 

less sand-size, less silt-size and more clay-size compared to Co.  

Finally, with the PSD result, 120-seconds spray notably showed no observable trend of 

eroded materials across the cycle. Therefore, this may also be included as a unique pattern.  

Table 6-3: PSD patterns for the eroded materials of Chalk. The patterns were derived by 
comparing PSD result of the eroded material and that of the original material. 

Duration Cycle PSD Patterns: derived by comparing PSD 

result of the eroded material and that of 

the original material 

15 seconds (short) 1 less sand; more silt; and less clay 

2, 3, 4 and 5 less sand; more silt; and more clay 

30 and 60 seconds 

(intermediate) 

1, 2, 3, 4 and 5 less sand; more silt; and more clay 

180 seconds (long) 1, 2 and 3 more sand; less silt; and less clay 

4 and 5 less sand; less silt; and more clay 

 

6.5 Conclusion 

The results have shown some similarities in the behaviour of the three materials (Barton 

Clay, London Clay and Chalk) when subjected to the spray test. These similarities are 

highlighted in the summary of the individual results, described in sections 6.2.5, 6.3.5 and 

6.4.5. However, the results also showed some differences that are generally minor between 

Barton Clay and London Clay, but significant between the Clays (London Clay and Barton 

Clay) and Chalk, as observed in the Mass, Volume and Surface Topography results.  

For Mass and Volume results, all three materials were shown to be impacted by duration and 

cycle i.e., the longer the spray, the more the damage; also, the more repeated the cycle, the 

more the damage. However, the impact from long spray duration was found to cause more 

loss to both mass and volume than repeated spray cycles of equal exposure time. Generally 
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suggesting that the cyclic process which involves a break from water impact in between 

exposure time, allows the blocks to recover and build some resistance before the next water 

impact. With the individual results, the Chalk was shown to have lost more compared to the 

Clays; at the end of the test (C5 of 180-seconds), the Chalk was shown to have lost almost 

half of its mass and volume (mass-56.7%, volume-56.3%), while the Barton Clay and London 

Clay reached mass-90.3% volume-96.5% and mass-85.8 volume-95.7% respectively. This 

remarkable difference suggests the Chalks to be more susceptible to damage from water 

impact than the Clays. However, it was more than just comparing the total loss that led to 

the significant difference in performance between Clays and the Chalk. There were notable 

periods of slow-down (lag) in the Clay blocks after the first cycle, which was due to a 

reintroduced curing process triggered in the first cycle. Adam & Agib (2001) discussed this 

process, characterised by chemical reaction of water + clay minerals, as one which helps the 

block to avoid rapid material loss after drying is achieved. The clay minerals needed to 

achieve this was therefore missing (or very little) in the chalk; hence the resistance displayed 

by the Clays were remarkably higher than the Chalk.   

In all three materials, the surface topography results showed the Chalk blocks to experience 

deeper erosion with longer duration and repeated cycles, which is in-line with the mass and 

volume results. However, a remarkable finding with this analysis, is that the models were 

able to clearly show that the blocks do not erode evenly, rather the rate of erosion was 

selective of areas within the block surface. This selectiveness in surface response resulting in 

some areas being eroded than others were clearly repeated across all test cycles (in the same 

block); i.e., surface pattern showed same parts of the block to be more impacted from one 

cycle to the other. This therefore implied that the blocks displayed responses (durability) that 

were unique and largely controlled by integral properties such as the soil particle 

arrangement. Zones of weakness within the block which is exploited by the erosion agent (in 

this case water) are therefore a factor of the soil particle arrangement. This arrangement of 

soil particles is known to be a factor of the nature and degree of compaction (Guillaud et al., 

1995; Obonyo et al., 2010); hence, the variation in surface responses. This is because no two 

blocks will have ‘exactly’ the same soil particle arrangement, even if they are subject to the 

same compaction process.  

Whilst Saxton (1995) and Maniatidis & Walker (2003) may be correct to suggest that no soil 

type produce the best performance in EBs; the surface topography results, which is 

generated from a 3-D micro-scan of the block’s surface have shown the soil particle 
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arrangement to play a decisive role in determining their response to erosion. Therefore, the 

relationship supported by the Fuller’s Formula, which suggests that strength and durability 

properties of an EB can be increased by minimising the voids ratio by increase the contact 

between soil particles, is not a factor of particle size alone but includes the soil particle 

arrangement within the block.  

The significant difference between maximum and mean erosion, which generally increased 

with repeated cycles, also highlights the uneven (selective) response of the block’s surface 

to erosion. Conventional durability test like the Bulletin 5 and NZS 4298:1998 Erosion Spray 

Test does not consider the variability in surface response as they only measure the maximum 

depth of erosion to determine erodibility index. Therefore, if a tiny section of a tested sample 

was found to have a high erodibility index, this was interpreted for the whole block, even if 

that section is less than %1 of the block. Houben & Guillaud (1994), supported by Ipinge 

(2013) have argued that these conventional spray tests are not suitable for testing 

‘unstabilised’ EBs, which unlike stabilised or baked blocks are more prone to having zones of 

weakness. This result has also shown that the narrowness in result interpretation, which 

does not consider the sensitivity of EBs, is also a setback in the application of these tests.  

The PSD results produced broad patterns (eroded particle behaviour) for each material (see 

Tables 6-1, 6-2 and 6-3). It may not be exactly clear what factors control these patterns, but 

they appear to be broadly consistent with spray durations for all three materials. This 

duration can be categorised into short (15seconds), intermediate (30 to 120 seconds) and 

long (180 seconds). The patterns also tend to little differences with nearby cycles, but mass 

differences with farther cycles (i.e., C1 behaving more closely to C2 but more differently to 

C5); with an exception to one instance (London Clay – 180s) where it was the same for all 

cycles.  

It is likely that the ratio of clay to sand content may have played a role in the total amount 

of erosion experienced by the Clay blocks. The London Clay blocks which originally contained 

a relatively low percentage of sand compared to clay (Clay-19.9%, Silt-74.5%, Sand-5.6%) 

appeared to be slightly more susceptible to damage than the Barton Clay blocks which 

contained a high percentage of sand compare to clay (Clay-17.1%, Silt-69.1%, Sand-13.8%). 

Though, this difference only became evident at farther cycles (i.e., C3 to C5) and longer 

duration (i.e., 60 to 180 seconds) of spray. In fact, the results showed the London Clay blocks 

to be less eroded compared to Barton Clay at shorter spray duration, this may have been 

supported by the high clay content which acted as cement, bonding the blocks together, 
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however the effect of longer spray duration seem to weaken this bond, thereby making it 

more vulnerable, hence the rapid erosion at such level. This therefore implies that, while a 

higher clay content may create stronger bonds within the blocks to see off initial water 

impact, it is ultimately larger particles (sand) that holds the structure together at longer 

water impact, because then the clay bond would have weakened and any block made solely 

or mostly of clay were more likely to erode (experience structural damage) at that point.  

With the Chalk blocks, the clay-size in the PSD is a mere physical description and usually does 

not contain clay minerals. So, unlike the clays of the Barton Clay and London Clay, it does not 

have the interstitial clay bond property, hence the Chalk blocks experienced rapid erosion 

almost at every stage. However, the original material which was well graded containing a 

good mix of all the particle size (Clay-25.54, Silt-40.68, Sand-33.77), meant that the impact is 

limited at shorter duration of spray even with repeated cycles.  
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CHAPTER 7: ANALYSIS AND DISCUSSION 

7.1 Introduction  

This chapter discusses in detail, main elements of the results referring to past literature 

where necessary. It starts (in section 7.2) by setting the framework for the discussion through 

definition of the key elements. The chapter also address key research questions giving rise 

to useful comparison and correlation of the results achieved by the various parameters 

measured.  

One thing to note in the way the discussion is structured is that the key objective of this study 

is to develop a non-invasive method which can detect and measure the rate and degree of 

erosion using laser scanning technique. The output of this method is surface topography of 

the eroded block/wall, which is then quantified by the depth (distance to eroded face) 

analysis.  

Therefore, the main parameter for assessing this method is SURFACE TOPOGRAPHY. 

However, as shown in the results (Chapter 6), other parameters (Mass, Volume and PSD) 

were also measured. Mass and Volume were measured mainly for correlation of the results 

with material type, while PSD which for the first-time is conducted alongside spray test, was 

to observe the particle-size behaviour during erosion.  

The discussions in this chapter are based on the quantification of the changes produced from 

the test results. In this regard, a new parameter, Eroded material* (Em) for quantifying the 

rate and degree of erosion in a block/wall is proposed in this chapter. The idea is to enhance 

correlation of the surface topography results, giving context to factors such as the wall 

thickness during comparison and result reporting, instead of just treating every building wall 

as the same. In so doing, erosion of any part of a building is reported as a percentage of the 

wall’s thickness. More about the reason for this new parameter is given in section 7.2. It is 

hoped that if adopted, it will aid better reporting and comparison of data/results from other 

building erosion studies.  
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7.2 Quantification (Measurement) of Erosion using Surface 

Topography 

Recall, measurement of erosion is generally reported as millimetres per annum. This is 

derived from the definition; Erosion rate (E) is the ratio of a change in surface position to a 

change in time. 

Erosion, E =
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑚𝑚)

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑖𝑚𝑒 (𝑦𝑟)
  (Hanna 1966; High and Hanna, 1970) 

The above equation/formula has been widely used in scientific studies mainly focused on the 

natural environment, such as shore platforms, soil cover and rock formations. It is well 

adapted to measurements derived from the micro-erosion meter (MEM) and traversing 

micro-erosion meter (TMEM) (e.g., Trudgill, 1977; Spencer, 1981; Trudgill, 1986; Smith et al., 

1995; Mosses et al., 1995; Cucchi et al., 1996; Stephenson and Kirk, 1998; Muhammad and 

Beng, 2002; Allred, 2004; Liu et al., 2006; Stephenson et al., 2012).  

However, as highlighted in the literature review (see APPENDIX 1), the invasive nature of the 

MEM and TMEM technique, meant that it was unsuitable for the built environment (i.e., 

building erosion), most especially with heritage buildings having protection status. This has 

therefore necessitated the development of non-invasive techniques such as 

photogrammetry (Inkpen et al., 2000) and laser scanning (Birginie and Rivas, 2005) for 

building erosion studies. 

Since most of the non-invasive technique are designed to detect changes in surface 

topography, it was also therefore necessary to propose a new parameter that will help 

quantify these changes to aid the interpretation of the results specifically for building erosion 

studies.   

Therefore, to quantify the amount of changes (erosion) that have occurred to a block (or a 

wall unit) using surface topography, two variables have been recognised and defined. They 

are –  

1. the original thickness of the block/wall before erosion, and  

2. the mean depth of erosion.  

The original wall thickness: can be regarded as a reference point and will be different for 

most (if not all) earthen buildings, considering that techniques and standard vary globally – 

a wide range have been reported even in same geographical location. In the case study area 
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(Hampshire UK), the thickness of the original Cob walls ranges from 300mm to 600mm 

(Watson & McCabe, 2011).  

The mean erosion depth: for this method, is measured using a laser beam (scanning) focused 

on the block surface after erosion (NB: it was also important to do same to the block/wall 

before erosion – see sections 5.3.4). A subsequent processing and computation of the data 

captured in the scans to produce meaningful values may follow (see section 5.3.5 on how the 

data were processed for this study). The mean erosion depth (including the maximum and 

minimum) is then generated from the scans (results can also be shown as RGB models as 

shown in chapter 6).  

Therefore, using surface topographic analysis, the amount of material eroded from the block, 

herein referred to as the Eroded material (Em) is derived from the following definition and 

formula: 

Eroded material* (Em) is the depth of erosion divided by the original thickness of the block 

expressed in percentage.  

Eroded material*, Em =
𝑚𝑒𝑎𝑛 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑏𝑙𝑜𝑐𝑘 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑚𝑚)
 x 100%  

Where; mean erosion depth is average point (mean z-value) of erosion obtained from laser 

beam measurement in millimetre, and original block thickness is the thickness (z-width) of 

the block before erosion  

For example, if the thickness of a block is 50mm and the block is exhibiting a mean erosion 

surface of 5mm from the base.  

Eroded material* = 5/50 x 100 = 10% 

Two main reasons for the new quantification formula are – 

I. Unlike the natural environment (e.g., landscape), building erosion deals with 

structures with definite geometry, one of which is the thickness of the wall. As such 

it is important to consider thickness of the wall subject to erosion to aid better result 

reporting and future planning.  

II. The erosion data/results can be expressed as percentage change over a time period 

instead of the conventional change per annum. As wall thickness will vary with 

buildings, this will aid better interpretation and comparison and produce more 

useful data for policy making.  
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For instance, if 5mm per annum is eroded from a 50mm wall, the impact is same if 10mm 

per annum is eroded in a wall of 100mm. But if reported as the conventional erosion rate of 

5mm and 10mm, it might be judged differently. Of course, in studies which the erosion rate 

formula was originally designed for (e.g., erosion of a riverbank), this parameter is not 

needed.  

Using equation 1, the values of Eroded material* (Em) generated from the surface 

topography results are presented in Table 7-1. The range of mean erosion depth (in Table 7-

1) were derived from the surface summary in the surface topographic models (see sections 

6.2.3, 6.3.3, and 6.4.3). 

Table 7-1: Range of values of Eroded material* (Em) generated from the surface 
topography results. 

Mean Erosion depth (mm) Eroded material* (Em) Comment/Impact Rating 

< 0.10 Less than 0.2 Stable condition 

0.10 - 1.00 0.2 to 2 Detection of erosion 

1.00 - 2.50 2 to 5 Increased erosion 

2.50 - 5.00 5 to 10 Intense erosion 

5.00 - 10.00 10 to 20 Critical erosion 

> 10.00 Above 20 Severe erosion (Condition 

could lead to failure) 

NB: Eroded material* is the percentage of material lost in relation to the original thickness of the block. For 
this study, this parameter is derived using an original block thickness of 50mm.  

The comments/impact rating in Table 7-1 are interpreted from the range of Em, which were 

derived from the surface topography results. Therefore, due to the way Em is calculated, the 

ranges/boundaries will be applicable to any study who chose to adopt this technique for 

better quantification of their results; though, interpretation (comment/rating) may vary with 

individual research.  
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7.3 Surface Change 

Following the guidance in Table 7-1, the surface topography results have been analysed to 

show the performance of the three (Barton Clay, London Clay and Chalk) materials using the 

eroded material (Em) parameter. This analysis is presented in Figures 7-1 and 7-2.  

 

 

Figure 7-1: Quantitative analysis of the surface topography results using Eroded Material* 
parameter. Showing the results of the various spray duration for the three (Barton Clay, 

Barton Clay and Chalk) material type.  

For 15 seconds (Figure 7-1): 

At Cycle 1, all three materials were relatively stable (see Table 7-1), with Em of less than 

0.2%.  
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At Cycle 2, erosion was fully detected in the Chalk blocks with Em of 0.5%. The Barton Clay 

and London Clay also showed first detection of erosion (see Table 7-1), with both having Em 

of approximately 0.2% each. 

 At cycle 3, erosion continued in all three materials, but at remarkably different rate. The 

Chalk blocks were more eroded, with Em of approximately 0.6%. Also, it appeared the 

London Clay started showing some resilience with Em of approximately 0.3%, which meant 

it became less eroded than the Barton Clay with Em of approximately 0.4%.  

Cycle 4 followed same pattern as cycle 3, with the Chalk, Barton Clay and London Clay having 

Em of approximately 0.9%, 0.5% and 0.4% respectively.  

At the end of this test (Cycle 5), the amount of eroded material had clearly varied with 

material type, with the Chalk, Barton Clay and London Clay reaching Em of approximately 

1%, 0.7% and 0.5% respectively.  

For 30 seconds (Figure 7-1): 

At Cycle 1 erosion was detected in all three materials, though the Barton Clay appeared to 

be more eroded at this stage. This (also with the 15 seconds results) may have been caused 

by the higher clay content in the London Clay creating a stronger interstitial bond in its matrix 

than the Barton Clay with lesser clay content. Though same phenomenon cannot be 

interpreted for the Chalk with no clay minerals, it also had higher number of clay-size 

particles than the Barton Clay, which may have also given it some initial resistance (see 

section 6.5). Therefore, this behaviour may not be down to chemical reaction alone, but also 

the physical arrangement (compaction) of the particles within the block, which may be driven 

by the PSD of the material. i.e., material with higher percentage of small-size particles will 

be more compacted than one with big-size particles.  

At Cycle 2, erosion in the Barton Clay began to slow-down, though Em remained higher than 

those of London Clay and Chalk. Barton Clay, Chalk and London Clay reached Em of 

approximately 0.7%, 0.6% and 0.4% respectively. 

At Cycle 3, Em of Chalk became approximately same as Barton Clay, with London Clay slightly 

lesser. Chalk, Barton Clay and London Clay reached Em of approximately 0.8%, 0.8% and 0.7% 

respectively. This also signify a slowdown in the rate of erosion in the Barton Clay compared 

to the other 2.  
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At Cycle 4, Em of Barton Clay is now effectively lesser than London Clay and Chalk. 

Significantly completing the process that caused the London Clay to be more resilient than 

the Barton Clay. Again, this may be due to the weakening of the clay bonds on the part of 

the London Clay with higher clay content, and the sand being the stability factor on the part 

of the Barton Clay with higher sand content (also see section 6.5). 

At the end of this test (Cycle 5), the Barton Clay have performed relatively better than both 

the London Clay and the Chalk, with Em of 1.0%, 1.2% and 1.3% respectively. 

For 60 seconds (Figure 7-1): 

From Cycle 1, there was clear difference between the three materials. Em was approximately 

0.3%, 0.5% and 0.8% for London Clay, Barton Clay and Chalk respectively.  

At Cycle 2, the difference between the Chalk and the two Clays (Barton Clay and London Clay) 

became higher compared to the difference between the two Clays. Em was approximately 

0.8%, 0.9% and 2.2% for London Clay, Barton Clay and Chalk respectively. This therefore 

meant the Chalk block have reached an increased erosion (see Table 7-1).  

Cycle 3 followed same pattern as cycle 2, with the Chalk, Barton Clay and London Clay having 

Em of approximately 3.2%, 1.0% and 0.9% respectively. Meaning the difference between the 

Chalk and the two Clays became more, but the difference between the two Clays remained 

almost the same compared to Cycle 2.  

Cycle 4 followed same pattern as cycles 2 and 3, with the Chalk, Barton Clay and London Clay 

having Em of approximately 4.2%, 1.2% and 1.0% respectively.  

At the end of this test (Cycle 5), the Chalk blocks displayed intense erosion (see Table 7-1) by 

reaching an approximate Em 5%. As for the clay materials, the London Clay appeared to 

perform better than the Barton Clay at every cycle from 1 to 5. Em ranges from 0.5% to 1.4% 

from cycle 1 to 5 respectively for Barton Clay, while it ranges from 0.3% to 1.2% from cycle 1 

to 5 respectively for London Clay. 

For 120 seconds (Figure 7-1): 

At cycle 1, the chalk began with an increased erosion state, with Em of approximately of 4%. 

This clearly surpassed those of Barton Clay and London Clay with an approximate Em of 0.5% 

and 0.4% respectively.  
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At cycle 2, the difference between the Chalk and the two Clays (Barton Clay and London Clay) 

became relatively more compared to Cycle 1. Em was approximately 0.8%, 1% and 8% for 

London Clay, Barton Clay and Chalk respectively. This therefore meant the Chalk block have 

started experiencing intense erosion (see Table 7-1). 

Cycle 3 followed same pattern as cycle 2, with the Chalk, Barton Clay and London Clay having 

Em of approximately 12%, 1.5% and 1.2% respectively. Meaning the difference between the 

Chalk and the two Clays became more, but the difference between the two Clays remained 

almost the same compared to Cycle 2. This also meant the Chalk block have started 

experiencing critical erosion (see Table 7-1). 

Cycle 4 followed same pattern as cycle 2 and 3, with the Chalk, Barton Clay and London Clay 

having Em of approximately 14%, 1.5% and 1.7% respectively. Also, the difference between 

Em of the Barton Clay and the London Clay appear to have reduced (insignificantly/very 

slightly) in this cycle compared to previous cycles.  

At the end of this test (Cycle 5), the Chalk blocks displayed critical erosion (see Table 7-1) by 

reaching an approximate Em of 20%. Both the Barton Clay and London Clay also recorded 

Em of approximately 2% each, meaning they have also started experiencing increased 

erosion.  

For 180 seconds (Figure 7-1):   

At cycle 1, the chalk began with an intense erosion state, with Em of approximately of 5%. 

Like the 120 seconds results, this clearly surpassed those of Barton Clay and London Clay 

with an approximate Em of 1% each.  

At cycle 2, the difference between the Chalk and the two Clays (Barton Clay and London Clay) 

became relatively more compared to Cycle 1. Em was approximately 15% for the Chalk, while 

Barton Clay and London Clay were approximate 1.5% each. This therefore meant the Chalk 

block have started experiencing critical erosion.  

Cycle 3 followed same pattern as cycle 2, with Em approximately 20% for the Chalk, while 

Barton Clay and London Clay were approximate 2% each. This therefore meant the both the 

Barton Clay and London have started experiencing increased erosion, while the Chalk block 

is now severely eroded (see Table 7.-1).  
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Cycle 4 followed same pattern as cycles 2 and 3, with Em approximately 25% for the Chalk, 

while Barton Clay and London Clay were approximate 2.5% each. This means the chalk block 

continued to be severely eroded while the Clay block is increasingly eroded.  

At the end of this test (Cycle 5), the chalk reached Em of approximately 30%, while Barton 

Clay and London Clay recoded Em of approximately 2.5% and 3% respectively. This means 

the Baton Clay have performed slightly better than the London Clay, with the Chalk being 

almost totally damaged.  

In summary, this (Figure 7-1) analysis has shown the Chalk to be most susceptible to erosion 

amongst the three materials. Em of Chalk surpassed those of Barton Clay and London Clay at 

the end of all test duration. However, the impact rating (using Table 7-1) was found to be 

same for all three materials in 15- and 30-seconds test. Between the Clays, the London Clay 

recorded lesser Em than the Barton Clay in 15-, 30-, and 60-seonds test; subsequently in 120- 

and 180-seconds, the Em of the Barton Clay became lesser than those of the London Clay. 

However, both Clays had similar impact rating at the end of all test duration; Em at C5 of 

180-seconds were; Chalk 30% (severely eroded), London Clay 3% (increasingly eroded) and 

Barton Clay 2.5% (increasingly eroded). 

7.3.1 Evaluating the Rate of Surface Change using Em 

Figure 7-2 (eroded material vs duration) below, was specifically designed to show the rate of 

Em per second, unlike the previous (Figure 7-3), which showed the total of Em per cycle. NB: 

for this analysis, it is useful to consider that unlike eroded material vs cycle, the tested 

samples were not the same from one time to another, i.e., samples were grouped into five 

different test duration (15, 30, 60, 120 and 180-seconds) and repeated for five cycles (C1, C2, 

C3, C4 and C5). Therefore Figure 7-2, is only to show the likely rate, as any more detail 

interpretation could be highly subjective.   
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Figure 7-2: Quantitative analysis of the surface topography results using Eroded Material* 
parameter. Showing the results of the various spray cycle for the three (Barton Clay, Barton 

Clay and Chalk) material type. 

Cycle 1 (Figure 7-2):  

In blocks sprayed for only one cycle, the general rates of Em were shown to be; Chalk – 0.02% 

per second, Barton Clay - 0.006% per second and London Clay to be 0.004% per second. 

Though this clearly shows the chalk to be more susceptible to erosion, the impact (see Figure-

7-1) was shown to be about the same in London Clay and Barton Clay at short (15- and 30-

seconds) spray duration. Therefore, the rate of Em per second is expected to vary with 

material type along the exposure time, i.e., long spray duration will have different rates at 

different exposure times, depending on the material response.  

Cycle 2 (Figure 7-2):  
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In blocks sprayed for two cycles, the general rates of Em were shown to be; Chalk - 0.1% per 

second, Barton Clay - 0.007% per second and London Clay to be 0.004% per second. Like 

blocks sprayed for one cycle, this clearly shows the Chalk to be more susceptible to erosion, 

followed by the Barton Clay and then the London Clay. It also shows there was no difference 

in rate between one cycle and two cycles in London Clay.  

Cycle 3 (Figure 7-2):  

In blocks sprayed for three cycles, the general rates of Em were shown to be; Chalk – 0.1% 

per second, Barton Clay - 0.01% per second and London Clay to be 0.006% per second. Like 

blocks sprayed for one and two cycles, this clearly shows the chalk to be more susceptible to 

erosion followed by the Barton Clay and then the London Clay.  

Cycle 4 (Figure 7-2):  

In blocks sprayed for four cycles, the general rates of Em were shown to be; Chalk – 0.15% 

per second, Barton Clay - 0.01% per second and London Clay to be 0.01% per second. Like 

blocks sprayed for one, two and three cycles, this clearly shows the Chalk to be more 

susceptible to erosion than the Barton Clay and London Clay. However, unlike previous, it 

shows the Barton Clay and London Clay to erode at the same rate. 

Cycle 5 (Figure 7-2):  

In blocks sprayed for five cycles, the general rates of Em were shown to be; Chalk - 0.17% per 

second, Barton Clay - 0.01% per second and London Clay to be 0.02% per second. Again, this 

clearly shows the Chalk to be more susceptible to erosion than the Barton Clay and London 

Clay. However, of note is the London Clay, which had previously showed lesser or same Em 

rate as the Barton Clay now recording a higher rate.  

In summary, this (Figure 7-2) analysis has shown the Chalk to have the highest rate of Em per 

second amongst all three materials. This difference is however shown to be small in short 

(15- and 30-seconds) spray duration and may not produce different impact. Hence, all three 

materials were at relatively the same stage of erosion for 15- and 30-seconds spray, i.e., at 

detection state in 15- and 30-seconds according to Table 7-1. Between the Clays, the Barton 

Clay had a higher Em per second than the London Clay at C1, C2 and C3; at C4, Em per second 

was same for both; then at C5, Em per second became higher in the London Clay. This 

suggests, cyclicity (repeated exposure) may have a role in the determining the rate of Em in 

the clays, though overall impact may not be different as earlier mentioned.   
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7.3.2 Summary of Surface Change Analysis  

The surface topography analysis has shown the Chalk to be most susceptible to erosion 

amongst the three materials; having the highest rate of Em per second amongst all three 

materials. Total Em of Chalk at the end of the test was also far bigger than those of the Barton 

Clay and London Clay; Chalk 30% (severely eroded), London Clay 3% (increasingly eroded) 

and Barton Clay 2.5% (increasingly eroded). However, the impact rating (using Table 7-1) was 

found to be same for all three materials in 15- and 30-seconds test.  

Between the Clays, the London Clay performed better than the Barton Clay in shorter spray 

duration, but at longer spray duration, it was the Barton Clay that was less eroded. This may 

have been caused by the higher clay content in the London Clay creating a stronger 

interstitial bond in its matrix than the Barton Clay with lesser clay content, though this 

resilience created by the higher clay content tend to be less effective with continuous spray; 

as the clay bond become weakened, triggering a higher Em rate than materials with lesser 

clay content, i.e., what made the London Clay stronger at short spray made it weaker at long 

spray.  

Cyclicity was also found to play a role in the response to erosion, and this tend to favour 

more the London Clay with high clay content; the pause in water impact, allows the clay 

matrix to recover and strike fresh bonds, while a continuous spray will loosen the bond 

quicker just like with longer spray. There was also variability in the Em per second at various 

cycles, which was remarkably observed even between the Barton Clay and London Clay 

which had same overall impact rating. This also suggests cyclicity may have a role in the 

determining the rate of Em even in materials with similar erosive behaviour.  

7.4 Mass Change  

The mass of a block is directly related to its density, which in turn has been found to influence 

the compressive strength of the block (Guillaud at. al., 1995; Walker, 1997). Research-wise, 

there have been no direct correlation between block mass and erodibility before, though it 

is generally known that the mass of any earthen material is impacted when they degrade.  

Therefore, the mass change analysis was designed to explore;  

I. the performance of the three (Barton Clay, London Clay and Chalk) materials under 

erosion, and  



171 
 

II. the relationship between mass change and surface change (Recall, the purpose is to 

assess the surface topography results with mass change results).  

7.4.1 Use of Mass to Evaluate Material Performance  

The mass change results have been analysed to show the performance of the three (Barton 

Clay, London Clay and Chalk) materials under erosion. This analysis is presented in two 

formats; mass vs cycle (Figures 7-3) and mass vs duration (Figure 7-4).  

Mass vs Cycle –  

 

Figure 7-3: Mass loss versus spray cycle with reference to the three materials (Barton Clay, 
Chalk and London Clay) - [a] 15 seconds duration of water impact. [b] 60 seconds duration 

of water impact. [c] 180 seconds duration of water impact. 

For 15 seconds (Figure 7-3): 
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Beginning from Cycle 1, % mass loss was lowest in the Chalk (0.1%), followed by London Clay 

(1.5%) and then the Barton Clay (2.6%). Though % mass loss was different for all three 

materials right from the start, if the start-up difference were removed, the rate of mass loss 

per cycle was approximately the same for all three materials.  

At the end of this test (Cycle 5), % mass loss for the three materials were; Chalk - 0.7%, 

London Clay - 2.2% and Barton Clay - 2.9%. 

For 30 seconds (Figure 7-3):  

At Cycle 1, % mass loss was lowest in the Chalk (0.3%), but close for the Barton Clay (2.8%) 

and London Clay (2.9). The rate of mass loss from one cycle to the next varied with material 

type, including between the Barton Clay and London Clay with close % mass loss at Cycle 1. 

Rate of mass loss per cycle were; Chalk - 0.7%, London Clay - 0.4% and Barton Clay - 0.2%. 

This means that though the Chalk may have started well (with less mass loss at Cycle 1), with 

prolongation of the test, it was losing more mass than the London Clay and Barton Clay.  

At the end of this test (Cycle 5), % mass loss for the three materials were; Chalk - 3.0%, 

London Clay - 4.4% and Barton Clay - 3.7%.  

For 60 seconds (Figure 7-3): 

At Cycle 1, % mass loss was lower in the Chalk (1.8%), followed by London Clay (3.2%) and 

then the Barton Clay (3.6%). Like the 30 seconds test, the rate of mass loss per cycle varied 

with material type. Rate of mass loss per cycle were; Chalk - 1.2%, London Clay - 0.8% and 

Barton Clay - 0.7%. This means, though the Chalk may have started well (with less mass loss 

at Cycle 1), its total % mass loss was likely to surpass those of Barton Clay and London Clay 

by the end of the test.  

At the end of this test (Cycle 5), % mass loss for the three materials were; Chalk - 6.5%, Barton 

Clay - 6.5% and London Clay - 6.2%. 

For 120 seconds (Figure 7-3): 

Unlike the previous test durations (15, 30 and 60), at Cycle 1, % mass loss was lowest in the 

London Clay (3.5%), followed by Barton Clay (4.1%) and then the Chalk (5.1%). Rate of mass 

loss per cycle were; Chalk - 5.1%, London Clay - 1.5% and Barton Clay - 1.1%. This means 

there was clear variation between the three materials, with the chalk experiencing more 
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mass loss compared to the Barton Clay and London Clay that were experiencing lesser mass 

loss.  

At the end of this test (Cycle 5), % mass loss for the three materials were; Chalk - 25.4%, 

Barton Clay - 8.4% and London Clay - 9.4%.  

For 180 seconds (Figure 7-3): 

Like the 120 seconds test, at Cycle 1, % mass loss was lowest in the London Clay (3.7%), 

followed by Barton Clay (4.6%) and then the Chalk (13.4%). Rate of mass loss per cycle were; 

Chalk - 7.5%, London Clay - 2.6% and Barton Clay - 1.3%. 

At the end of this test (Cycle 5), % mass loss for the three materials were; Chalk – 43.3%, 

Barton Clay - 9.7% and London Clay - 14.24%. Remarkably, unlike previous test durations, the 

London Clay had a higher rate of mass loss per cycle than the Barton Clay. Hence, it recorded 

a high mass loss than the Barton Clay at the end of this test.  

In summary, this (Figure 7-3) analysis has shown the Chalk to be most susceptible to mass 

loss from erosion amongst the three materials. However, the Chalk was shown to perform 

better than the London Clay and Barton Clay in short (15- and 30-seconds) spray duration. 

Between the Clays, the London Clay recorded lesser % mass loss than the Barton Clay in 15-

, 30-, and 60-seonds test; subsequently in 120- and 180-seconds, % mass loss of the Barton 

Clay became lesser than those of the London Clay.  

Mass vs Duration –  

Figure 7-4 (mass loss vs duration) below, was designed to show the rate of mass loss per 

second, unlike the previous (Figure 7-3), which showed the rate of mass loss per cycle. NB: 

for this analysis, it is useful to consider that unlike mass loss vs cycle, the tested samples 

were not the same from one time to another, i.e., samples were grouped into five different 

test duration (15, 30, 60, 120 and 180-seconds) and repeated for five cycles (C1, C2, C3, C4 

and C5). Therefore Figure 7-4, is only to show the likely rate, as any more detail interpretation 

could be highly subjective 
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Figure 7-4: Mass loss versus spray duration with reference to the three materials (Barton 
Clay, Chalk and London Clay) - [a] Cycle 1, [b] Cycle 3 and [c] Cycle 5. 

Cycle 1 (Figure 7-4):  

In blocks sprayed for only one cycle, the general rates of mass loss were shown to be; Chalk 

– 0.1% per seconds, Barton Clay - 0.03% per seconds and London Clay to be 0.02% per 

seconds. Though this clearly shows the chalk to be more susceptible to mass loss, Figure 7-3 

have shown this rate to vary depending on the spray duration, with the Chalk displaying 

smaller losses than the Barton Clay and London Clay in short (15- and 30-seconds) spray 

duration. 

Cycle 2 (Figure 7-4):  
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In blocks sprayed for two cycles, the general rates of mass loss were shown to be; Chalk – 

0.14% per seconds, Barton Clay - 0.03% per seconds and London Clay to be 0.03% per 

seconds. Again, this clearly shows the chalk to be more susceptible to mass loss than the 

Barton Clay and London Clay.  

Cycle 3 (Figure 7-4):  

In blocks sprayed for three cycles, the general rates of mass loss were shown to be; Chalk – 

0.17% per seconds, Barton Clay - 0.04% per seconds and London Clay to be 0.04% per 

seconds. Like blocks sprayed for two and three cycles, this clearly shows the chalk to be more 

susceptible to mass loss than the Barton Clay and London Clay.   

Cycle 4 (Figure 7-4):  

In blocks sprayed for four cycles, the general rates of mass loss were shown to be; Chalk – 

0.2% per seconds, Barton Clay - 0.04% per seconds and London Clay to be 0.06% per seconds. 

Remarkably, unlike previous cycles, here the London Clay recorded a higher rate of mass loss 

per second than the Barton Clay. However, it was still the chalk that is most susceptible to 

mass loss amongst the three materials.  

Cycle 5 (Figure 7-4):  

In blocks sprayed for five cycles, the general rates of mass loss were shown to be; Chalk – 

0.24% per seconds, Barton Clay - 0.05% per seconds and London Clay to be 0.08% per 

seconds. Again, this clearly shows the London Clay to record a higher rate of mass loss per 

second than the Barton Clay as observe in blocks sprayed for four cycles.  

In summary, this (Figure 7-4) analysis has shown the Chalk to have the highest rate of mass 

loss per second amongst all three materials. However, the difference in rate may vary 

depending on the spray duration. Hence, the Chalk displayed smaller mass loss than the 

Barton Clay and London Clay at short (15- and 30-seconds) duration of spray. Between the 

Clays, the Barton Clay had a higher rate in mass loss per second than the London Clay at C1; 

at C2 and C3, mass loss per second was same for both; then at C4 and C5, mass loss per 

second became higher in the London Clay. Again, this shows cyclicity (repeated exposure) 

may have a role in the determining the rate of mass loss under erosion.  
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7.4.2 Mass Change Vs Surface Change  

This analysis was designed to compare the results of mass change and surface change results. 

Recall, eroded material Em is derived from surface topography; in other words, this analysis 

compares the results of mass loss with the derived Em. 

Conventionally, one would expect the amount of mass loss to equate to the amount of 

materials eroded from a block. If this were to prove perfect, % mass loss will be equal to Em. 

However, this relationship could be true but not perfect; then, % mass loss may produce a 

similar (but not exact) trend to Em. The later would be generally expected for reasons (in this 

case) linked to the precision and accuracy of the measuring instrument (i.e., the balance scale 

and laser scanner used in collecting the measurements). Even if the scanner was to be perfect 

(having the highest precision and accuracy), another factor would be the density, which 

would influence the mass (weight) of the material on scale but cannot (except pre-imputed) 

be measured by a scanner. 

Therefore, it was necessary to conduct the assessment (between surface change and mass 

loss) on the controllable factors (such as material type, cycle and duration of exposure) that 

are designed in this study.  

 

Figure 7-5: Relationship between mass loss and eroded material in blocks subjected to 15 
seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay & 

Chalk) are shown in one diagram for comparison.  

15 seconds (Figure 7-5):  
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Mass loss and Em showed similar trend from one cycle to the next in all three materials, i.e., 

a rise in mass loss also produces a rise in Em and vice versa. Though similar, the result showed 

differences, which varied with material type. Also, the results showed mass loss to be higher 

than Em in Barton Clay and London Clay; whereas, mass loss was lesser than Em in the Chalk. 

The Chalk showed very little difference between mass loss and Em from C1 to C3 (average 

0.1% higher in Em than mass loss), however the difference increased slightly in C4 and C5 

(average 0.3% higher in Em than mass loss). The London Clay showed a consistent difference 

(average 1.5% higher in mass loss than Em) from C1 to C5.  Also, the Barton Clay showed a 

consistent difference (average 2.4% more in mass loss Em) from C1 to C5.   

Overall, the mean measured difference were; Barton Clay 2.4% higher in mass loss than Em; 

London Clay 1.5% higher in mass loss than Em; and Chalk 0.2% higher in Em than mass loss. 

However, these differences were also shown to fluctuate at various cycle.  

 

Figure 7-6: Relationship between mass loss and eroded material in blocks subjected to 30 
seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay & 

Chalk) are shown in one diagram for comparison. 

30 seconds (Figure 7-6):  

Mass loss and Em showed similar trend from one cycle to the next in all three materials, i.e., 

a rise in mass loss also produces a rise in Em and vice versa. Like the 15 seconds results, the 

result showed differences that varied with material type; but, unlike the 15 seconds, mass 

loss was consistently higher than Em in all three materials.  
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The Chalk showed very little difference between mass loss and Em in C1 (0.1% higher in mass 

loss than Em). However, it increased sharply in C2, with gentle increase in subsequent cycles 

(average 1.5% higher in mass loss than Em from C2 to C5). Both the London Clay and Barton 

Clay showed a gentle increase in the difference between mass loss and Em from one cycle to 

the next. On average, the differences were 2.8% and 2.5% higher in mass loss than Em for 

London Clay and Barton Clay respectively.  

Overall, the mean measured difference were; Barton Clay 2.5% higher in mass loss than Em; 

London Clay 2.8% higher in mass loss than Em; and Chalk 1.2% higher in mass loss than Em. 

However, these differences were also shown to fluctuate at various cycle.  

 

Figure 7-7: Relationship between mass loss and eroded material in blocks subjected to 60 
seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay & 

Chalk) are shown in one diagram for comparison. 

60 seconds (Figure 7-7):  

Mass loss and Em showed similar trend from one cycle to the next in all three materials, i.e., 

a rise in mass loss also produces a rise in Em and vice versa. Like the 30 seconds results, the 

result showed differences that varied with material type and was consistently higher in mass 

loss than Em in all three materials.  

The Chalk showed a consistent difference (average 1.6% higher in mass loss than Em) from 

C1 to C5. However, both the London Clay and Barton Clay showed a gentle increase in the 

difference between mass loss and Em from one cycle to the next. On average, the differences 
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were 3.3% and 3.9% higher in mass loss than Em for London Clay and Barton Clay 

respectively.  

Overall, the mean measured difference were; Barton Clay 3.9% higher in mass loss than Em; 

London Clay 3.3% higher in mass loss than Em; and Chalk 1.6% higher in mass loss than Em 

However, these differences were also shown to fluctuate at various cycle.  

 

Figure 7-8: Relationship between mass loss and eroded material in blocks subjected to 120 
seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay & 

Chalk) are shown in one diagram for comparison. 

120 seconds (Figure 7-8):  

Mass loss and Em showed similar trend from one cycle to the next in all three materials, i.e., 

a rise in mass loss also produces a rise in Em and vice versa. Like the 30- and 60-seconds 

results, the result showed differences that varied with material type and was consistently 

higher in mass loss than Em in all three materials.  

The Chalk showed a consistent difference from C1 to C3 (average 3.6% higher in mass loss 

than Em); though, at C4 and C5 the difference doubled (average 6.6% higher in mass loss 

than Em). However, both the London Clay and Barton Clay showed a gentle increase in the 

difference between mass loss and Em from one cycle to the next. On average, the differences 

were 4.9% higher in mass loss than Em for both London Clay and Barton Clay.  
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Overall, the mean measured difference were; Barton Clay 4.9% higher in mass loss than Em; 

London Clay 4.9% higher in mass loss than Em; and Chalk 4.8% higher in mass loss than Em. 

However, these differences were also shown to fluctuate at various cycle.  

 

Figure 7-9: Relationship between mass loss and eroded material in blocks subjected to 180 
seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay & 

Chalk) are shown in one diagram for comparison. 

180 seconds (Figure 7-9):  

Mass loss and Em showed similar trend from one cycle to the next in all three materials, i.e., 

a rise in mass loss also produces a rise in Em and vice versa. Like the 30-, 60- and 120-seconds 

results, the result showed differences that varied with material type and was consistently 

higher in mass loss than Em in all three materials.  

The Chalk showed a generally (except for a drop in C2) consistent difference (average 10.7% 

higher in mass loss than Em) from one cycle to the next. However, both the London Clay and 

Barton Clay showed a gentle increase in the difference between mass loss and Em from one 

cycle to the next. On average, the differences were 6.4% and 5.1% higher in mass loss than 

Em for London Clay and Barton Clay respectively.  

Overall, the mean measured difference were; Barton Clay 5.1% higher in mass loss than Em; 

London Clay 6.4% higher in mass loss than Em; and Chalk 9.3% higher in mass loss than Em. 

However, these differences were also shown to fluctuate at various cycle.  
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7.4.3 Summary of Mass Change Analysis  

The mass change analysis has shown the Chalk to be most susceptible to mass loss from 

erosion amongst the three materials. This agrees with the results of the surface change 

analysis. However, the Chalk was shown to perform better than the London Clay and Barton 

Clay in short (15- and 30-seconds) spray duration; this was supported by the Chalk having 

the lowest mass loss per seconds at short duration. Though as the test progresses to longer 

spray duration, the Chalk was then heavily, hence, it showed a far more bigger mass loss than 

the Barton Clay and London Clay.  

Between the Clays, the London Clay recorded lesser % mass loss than the Barton Clay in 15-

, 30-, and 60-seonds test; subsequently in 120- and 180-seconds, % mass loss of the Barton 

Clay became lesser than those of the London Clay. Again, this was supported by the Barton 

Clay having a higher rate in mass loss per second than the London Clay at C1; at C2 and C3, 

mass loss per second was same for both; then at C4 and C5, mass loss per second became 

higher in the London Clay. This therefore shows cyclicity (repeated exposure) may have a 

role in the determining the rate of mass loss under erosion. 

In the mass change versus surface change analysis, as expected (see section 7.4.2), the results 

showed similar trend from one cycle to the next for all three materials. These trends (though 

with ignorable differences) were also replicated across the various test duration. Generally, 

the analysis showed mass loss to be higher than Em in all test duration for the three 

materials, except for 15-seconds Chalk test. Also, except for 180-seconds test, which 

produced a higher difference in the Chalk, the mean differences were shown to be lower in 

the Chalk and about the same for the London Clay and Barton Clay.    

Overall, these analyses (Figure 7-5 to 7-9) have shown Surface topography (with the 

incorporation of Em parameter) to be a useful tool in quantifying the erosion of earthen 

blocks.  

7.5 Volume Change  

Just like mass, volume is directly related to the density of a block, which in turn can influence 

the compressive strength of the block. Though, there have been no direct correlation 

between volume and erodibility in the past, except for internal decay, the volume of any 

earthen material is usually impacted when they degrade. 

Therefore, like the mass change analysis, the volume change analysis will explore;  
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I. the performance of the three (Barton Clay, London Clay and Chalk) materials under 

erosion, and  

II. the relationship between volume change and surface topography (Recall, the 

purpose is to assess the surface topography results with volume change results).  

7.5.1 Use of Volume to Evaluate Material Performance 

The volume change results have been analysed to show the performance of the three (Barton 

Clay, London Clay and Chalk) materials under erosion. This analysis is presented in two 

formats; volume vs cycle (Figure 7-10) and volume vs duration (Figure 7-11).  

Volume vs Cycle –  
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Figure 7-10: Volume loss versus spray cycle with reference to the three materials (Barton 
Clay, Chalk and London Clay) - [a] 15 seconds duration of water impact. [b] 60 seconds 

duration of water impact. [c] 180 seconds duration of water impact. 

For 15 seconds (Figure 7-10): 

At Cycle 1, % volume loss was highest in the Chalk (0.07%), followed by Barton Clay (0.06%) 

and then the London Clay (0.01%). Though % volume loss was different for Barton Clay and 

London Clay at Cycle 1, the rate, which was about 0.08% per cycle, is approximately the same 

in both materials.  

At the end of this test (Cycle 5), % volume loss for the three materials were; Chalk - 0.91%, 

Barton Clay - 0.42% and London Clay - 0.38%. 

For 30 seconds (Figure 7-10):  
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Unlike the 30 seconds result, at Cycle 1, % volume loss was lowest in the Chalk (0.2%), 

followed by the Barton Clay (0.8%) and then the London Clay (0.7%). The rate of volume loss 

per cycle varied with material type, including between Barton Clay and London Clay that 

recorded about same volume loss at Cycle 1.  

Rate of volume loss per cycle were; Chalk - 0.4%, London Clay - 0.4% and Barton Clay - 0.2%. 

This means that though the Chalk may have started well (with less volume loss at Cycle 1), 

with cyclicity (repetition of the test), it was losing more volume than the Barton Clay and 

about same volume with the London Clay.  

At the end of this test (Cycle 5), % volume loss for the three materials were; London Clay - 

2.1% Chalk - 1.8%, and Barton Clay - 1.2%.  

For 60 seconds (Figure 7-10): 

At Cycle 1, % volume loss was highest in the Chalk (0.6%), followed by London Clay (1.0%) 

and then the Barton Clay (0.9%). The rate of volume loss per cycle was approximately the 

same in the London Clay and Barton Clay, while the Chalk was significantly higher.  

Rate of volume loss per cycle were; Chalk - 1.5%, London Clay - 0.4% and Barton Clay - 0.4%. 

This clearly shows that the Chalk block was losing significantly more volume than the Barton 

Clay and London Clay blocks. Unlike previous test duration, it also shows the Barton Clay and 

London to lose about same volume per cycle.   

At the end of this test (Cycle 5), % volume loss for the three materials were; Chalk - 7.3%, 

London Clay - 2.2, and Barton Clay - 2.1% %. 

For 120 seconds (Figure 7-10): 

At Cycle 1, % volume loss was highest in the London Clay (1.7%), followed by Chalk (1.3%) 

and then Barton Clay (0.9%). Like the 60 seconds result, the rate of volume loss per cycle was 

approximately the same in the London Clay and Barton Clay, while the Chalk was significantly 

higher. 

Rate of volume loss per cycle were; Chalk - 5.7%, London Clay - 0.5% and Barton Clay – 0.6%. 

Again, this clearly shows that the Chalk block was losing significantly more volume than the 

Barton Clay and London Clay blocks. 

At the end of this test (Cycle 5), % volume loss for the three materials were; Chalk - 28.3%, 

Barton Clay - 2.9% and London Clay - 2.7%.  
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For 180 seconds (Figure 7-10): 

At Cycle 1, % volume loss was highest in the Chalk (6.8%), followed by London Clay (2.1%) 

and then the Barton Clay (1.2%). Like the 60- and 120- seconds result, the rate of volume loss 

per cycle was approximately the same in the London Clay and Barton Clay, while the Chalk 

was significantly higher. 

Rate of volume loss per cycle were; Chalk – 8.7%, London Clay - 0.9% and Barton Clay – 0.7%. 

Again, this clearly shows that the Chalk block was losing significantly more volume than the 

Barton Clay and London Clay blocks. 

At the end of this test (Cycle 5), % volume loss for the three materials were; Chalk - 43.7%, 

London Clay - 4.3% and Barton Clay - 3.5%.  

In summary, this (Figure 7-10) analysis has shown the Chalk to be most susceptible to volume 

loss from erosion amongst the three materials. However, short spray duration and cyclicity 

was found to reduce the amount of volume loss. Between the Clays, there was no clear-cut 

pattern in which performed better; though the London Clay recorded lesser % volume loss 

than the Barton Clay in 15-seconds test, in 30- and 60-seconds it was the Barton Clay that 

recoded lesser % volume loss. Subsequently, in 120-seconds the results were almost the 

same; then, in 180-seconds, % volume loss of the Barton Clay became lesser than those of 

the London Clay.  

Volume vs Duration –  

Figure 7-11 (volume loss vs duration) below, was designed to show the rate of volume loss 

per seconds, unlike the previous (Figure 7-10), which showed the rate of volume loss per 

cycle. NB: for this analysis, it is useful to consider that unlike volume loss vs cycle, the tested 

samples are not the same from one time to another, i.e., samples were grouped into five 

different test duration (15, 30, 60, 120 and 180-seconds) and repeated for five cycles (C1, C2, 

C3, C4 and C5). Therefore Figure 7-11, is only to show the likely rate, as any more detail 

interpretation could be highly subjective 
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Figure 7-11: Volume loss versus spray duration with reference to the three materials (Barton 
Clay, Chalk and London Clay). 

Cycle 1 (Figure 7-11):  

In blocks sprayed for only one cycle, the general rates of volume loss were shown to be; Chalk 

– 0.04% per second, Barton Clay - 0.01% per second and London Clay to be 0.01% per 

seconds. Though this clearly shows the Chalk to be more susceptible to volume loss, Figure 

7-10 have shown this rate to vary depending on the spray duration, with the Chalk displaying 

about the same amount of volume loss with the Barton Clay and London Clay in short (15-

seconds) spray duration.  

Cycle 2 (Figure 7-11):  
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In blocks sprayed for two cycles, the general rates of volume loss were shown to be; Chalk – 

0.2% per seconds, Barton Clay - 0.01% per seconds and London Clay to be 0.01% per seconds. 

Again, this clearly shows the Chalk to be more susceptible to volume loss than the Barton 

Clay and London Clay. Like blocks spray for one cycle, it shows the Barton Clay and London 

Clay to lose volume at the same rate.  

Cycle 3 (Figure 7-11):  

In blocks sprayed for three cycles, the general rates of volume loss were shown to be; Chalk 

– 0.2% per second, Barton Clay - 0.02% per second and London Clay to be 0.02% per second. 

Like blocks sprayed for one and two cycles, this clearly shows the Chalk to be more 

susceptible to volume loss than the Barton Clay and London Clay. Like blocks of previous 

cycles, it shows the Barton Clay and London Clay to lose volume at the same rate. 

Cycle 4 (Figure 7-11):  

In blocks sprayed for four cycles, the general rates of volume loss were shown to be; Chalk – 

0.2% per second, Barton Clay - 0.02% per second and London Clay to be 0.02% per second. 

Like blocks sprayed for one, two and three cycles, this clearly shows the Chalk to be more 

susceptible to volume loss than the Barton Clay and London Clay. Like blocks of previous 

cycles, it shows the Barton Clay and London Clay to lose volume at the same rate. 

Cycle 5 (Figure 7-11):  

In blocks sprayed for five cycles, the general rates of volume loss were shown to be; Chalk - 

0.24% per second, Barton Clay - 0.02% per second and London Clay to be 0.02% per second. 

Again, this clearly shows the Chalk to be more susceptible to volume loss than the Barton 

Clay and London Clay as observe in all previous cycles. It also shows the Barton Clay and 

London Clay to lose volume at the same rate as observe in all previous cycles. 

In summary, this (Figure 7-11) analysis has shown the Chalk to have the highest rate of 

volume loss per second amongst all three materials. However, the difference in rate may 

vary depending on the spray duration. Hence, the Chalk displayed about the same amount 

of volume loss with the Barton Clay and London Clay in short (15-seconds) spray duration. 

The Barton Clay and London Clay recorded about same amount of volume loss per second 

across all test durations and cycles.  
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7.5.2 Volume Change vs Surface Change 

This analysis was designed to compare the results of volume change and surface change 

results. Recall, eroded material Em is derived from surface topography; in other words, this 

analysis compares the results of volume loss with the derived Em.  

 

Figure 7-12: Relationship between volume loss and eroded material in blocks subjected to 
15 seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay 

& Chalk) are shown in one diagram for comparison. 

15 seconds (Figure 7-12):  

Volume loss and Em showed similar trend from one cycle to the next in all three materials, 

i.e., a rise in volume loss also produces a rise in Em and vice versa. Though similar, the result 

showed differences, which varied with material type. The result also showed the difference 

to slightly vary with cycle (i.e., higher in some cycles but lesser in others). However, there 

was no consistency to verify any link with cyclicity, i.e., the results did not show the 

differences to follow a pattern that can be linked to repetition of the test.  

Except for C4 of Barton Clay, the results showed Em to be higher than volume loss across the 

cycles in all three materials. The Barton Clay showed very little difference between volume 

loss and Em from C1 to C2 (average 0.1% higher in Em).  In C3, the difference was reduced 

to almost zero. The difference reversed slightly in C4, making volume loss about 0.02% higher 

than Em. However, in C5, the difference returned to Em being higher than volume loss with 

about 0.3%.  
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The London Clay showed very little and consistent (except for C3) difference (average 0.1% 

higher in volume loss than Em) from C1 to C5.  The Chalk also showed very little and 

consistent (except for C4) difference (average 0.1% higher in volume loss than Em) from C1 

to C5.  

Overall, the mean measured difference was 0.1% higher in volume loss than Em in all three 

materials. This difference however was shown to fluctuate at various cycle.  

 

Figure 7-13: Relationship between volume loss and eroded material in blocks subjected to 
60 seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay 

& Chalk) are shown in one diagram for comparison. 

30 seconds (Figure 7-13):  

Volume loss and Em showed similar trend from one cycle to the next in all three materials, 

i.e., a rise in volume loss also produces a rise in Em and vice versa. Like the 15 seconds results, 

the result showed differences, which varied with material type; but, unlike the 15 seconds, 

volume loss was consistently higher than Em in Barton Clay and London Clay. With the Chalk, 

Em was higher than volume loss in C1 to C3, then at C4 and C5, volume loss became higher 

than Em.  

The Chalk showed very little difference between volume loss and Em in C1 (0.1% higher in 

Em). This increased to 0.4% in C2 and then dropped to 0.2% in C3. The difference however 

reversed in C4 and C5 making volume loss higher than Em (average 0.5% higher in volume 

loss).  
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The London Clay and Barton Clay showed similar pattern in the difference between volume 

loss and Em from one cycle to the next, with volume loss consistently higher than Em across 

all cycles.  

Overall, the mean measured difference were; Barton Clay 0.2% higher in volume loss than 

Em; London Clay 0.5% higher in volume loss than Em; and Chalk 0.1% higher in volume loss 

than Em. However, these differences were also shown to fluctuate at various cycle. 

 

Figure 7-14: Relationship between volume loss and eroded material in blocks subjected to 
60 seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay 

& Chalk) are shown in one diagram for comparison. 

60 seconds (Figure 7-14):  

Volume loss and Em showed similar trend from one cycle to the next in all three materials, 

i.e., a rise in volume loss also produces a rise in Em and vice versa. Like the 15- and 30 seconds 

results, this result showed differences, which varied with material type; but, unlike those 

results, volume loss was consistently higher than Em in London Clay and Chalk. With the 

Barton Clay, it was an interchange of close positions between volume loss and Em, producing 

very little differences.  

The Barton Clay showed the difference to be 0.3% higher in volume loss than Em at C1. At 

C2 and C3, Em became about 0.2% higher than volume loss. Then, at C4 and C5, volume loss 

became about 0.3% higher than Em 
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The London Clay showed a consistent difference, with volume loss higher than Em from one 

cycle to the next. While, the Chalk showed a gentle increase in the difference between 

volume loss and Em from one cycle to the next. 

Overall, the mean measured difference were; Barton Clay 0.1% higher in volume loss than 

Em; London Clay 0.6% higher in volume loss than Em; and Chalk 0.7% higher in volume loss 

than Em. However, these differences were also shown to fluctuate at various cycle.  

 

Figure 7-15: Relationship between volume loss and eroded material in blocks subjected to 
120 seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay 

& Chalk) are shown in one diagram for comparison. 

120 seconds (Figure 7-15):  

Volume loss and Em showed similar trend from one cycle to the next in all three materials, 

i.e., a rise in volume loss also produces a rise in Em and vice versa. Like the 15, 30- and 60-

seconds results, this result showed differences, which varied with material type; but unlike 

those results, volume loss was consistently higher than Em in all three materials.  

The London Clay showed a generally consistent difference from one cycle to the next. 

However, both the Barton Clay and Chalk showed a gentle increase in the difference between 

volume loss and Em with repeated cycle.  

Overall, the mean measured difference were; Barton Clay 0.6% higher in volume loss than 

Em; London Clay 1.1% higher in volume loss than Em; and Chalk 4.4% higher in volume loss 

than Em. However, these differences were also shown to fluctuate at various cycle.  



192 
 

 

Figure 7-16: Relationship between volume loss and eroded material in blocks subjected to 
180 seconds spray duration. Plots from the three tested materials (Barton Clay, London Clay 

& Chalk) are shown in one diagram for comparison. 

180 seconds (Figure 7-16):  

Volume loss and Em showed similar trend from one cycle to the next in all three materials, 

i.e., a rise in volume loss also produces a rise in Em and vice versa. Like the 120-seconds 

result, this result showed differences, which varied with material type and was consistently 

higher in volume loss than Em in all three materials.  

The Chalk showed a gentle increase with repeated cycle in the difference between volume 

loss and Em. However, the Barton Clay and London Clay showed a generally consistent 

difference between volume loss and Em from one cycle to the next.  

Overall, the mean measured difference were; Barton Clay 1.0% higher in volume loss than 

Em; London Clay 1.7% higher in volume loss than Em; and Chalk 8.6% higher in volume loss 

than Em. However, these differences were also shown to fluctuate at various cycle.  

7.5.3 Summary of Volume Change Analysis  

The volume change analysis has shown the Chalk to be most susceptible to volume loss from 

erosion amongst the three materials. This agrees with the results of the surface change 

analysis. However, short spray duration and cyclicity was found to reduce the amount of 

volume loss in the Chalk; this was supported by the Chalk displaying about the same amount 

of volume loss with the Barton Clay and London Clay in short (15-seconds) spray duration. 
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Though as the test progresses to longer spray duration, the Chalk was then heavily impacted; 

hence, it showed a far more larger volume loss than the Barton Clay and London Clay at the 

end of the test (C5 of 180-seconds).  

Between the Clays, there was no clear-cut pattern to show which performed better; though 

it appeared to slightly follow same pattern with the mass change analysis, i.e., the London 

Clay displaying lesser volume loss than the Barton Clay in short duration; while in long 

duration, the Barton Clay displaying lesser volume loss than the London Clay. However, 

volume loss per second was almost the same for the Barton Clay and London Clay across all 

test durations and cycles.  

In the volume change versus surface change analysis; volume loss and Em showed similar 

trend from one cycle to the next for all three materials. These trends, though with little 

differences were also replicated across the various test duration. Generally, the analysis 

showed the volume loss to be higher than Em across all test duration for the three materials, 

though with occasional fluctuation that were mostly observed in short spray duration. The 

mean differences were also found to be higher in the Clays than the Chalk at short (15 and 

30-seconds) spray duration, though as the test progress to long (60, 120 and 180-seconds) 

spray duration, the difference became higher in the Chalk than the Clays. Between the Clays, 

the mean differences were shown to be higher in London Clay than the Barton Clay across 

all test duration.  

Overall, these analyses (Figure 7-12 to 7-16) have shown Surface topography (with the 

incorporation of Em parameter) to be a useful tool in quantifying the erosion of earthen 

blocks.  

7.6 PSD Change  

For the first time in a spray test design, this study has incorporated PSD alongside surface 

topography to understand the behaviour of earthen blocks when subjected to erosion from 

water impact.  

Before now, PSD has been recognised as a very important property which can influence the 

strength of EBs (Arumala & Gondal, 2007; Danso et al., 2015); however, there has been no 

direct correlation between PSD and erodibility. Therefore, to create this correlation, the PSD 

of the eroded materials from the spray test were analyzed to; 
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1. understand how the particles behave under erosion, i.e., is there a selective erosion 

of soil particles that can be related to material type, spray duration and cycle? And 

2. understand the relationship between PSD and surface change, i.e., can the PSD of 

the eroded materials be used to predict the state/stage of erosion in earthen blocks? 

7.6.1 Soil Particle Behaviour under Erosion   

Recall (in section 6.5), the PSD results produced broad patterns (eroded particle behaviour) 

for the three materials. These patterns show the particle sizes that are (more or less) eroded 

from the blocks compared to the original PSD.   

The overall results allowed the patterns to be grouped into three categories based on 

duration of spray; short (15seconds), intermediate (30 to 120 seconds) and long (180 

seconds). Therefore, instead of re-looking at the whole (five duration) PSD, this analysis only 

focuses on the short (15-seconds), intermediate (60-seconds) and long (180-seconds) spray 

results. It also separately analysed the individual particle size (clay, silt or sand), while 

comparing them for the three materials.  

 

Figure 7-17: Relationship between change in eroded clay-size and material type. Showing 
eroded clay vs cycle in 15 seconds (Short duration), 60 seconds (intermediate duration) and 

180 seconds (long duration) of water impact.  

15 seconds - Eroded Clay (Figure 7-17): 
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The Chalk showed the eroded clay-size to generally increase with repeated cycle, reaching 

34.0% at C5 compared to 25.5% in Co (original clay content). This meant an average increase 

of about 1.7% per cycle.  

The London Clay however showed the eroded clay-size to be almost the same from C1 to C5 

as in Co.  

While the Barton Clay showed the eroded clay-size to generally decrease with repeated 

cycle, reaching 11.4% at C5 compared to 17.1% in Co. This meant an average decrease of 

about 1.1% per cycle.  

60 seconds - Eroded Clay (Figure 7-17): 

Like the 15 seconds, though with a singular drop at C2, the Chalk showed the eroded clay-

size to generally increase with repeated cycle, reaching 39.6% at C5 compared to 25.5% in 

Co. This meant an average increase of about 2.8% per cycle.  

Similarly, the London Clay showed the eroded clay-size to be almost the same from C1 to C5 

as in Co. 

Also, the Barton Clay showed the eroded clay-size to generally decrease with repeated cycle, 

reaching 9.8% at C5 compared to 17.1% in Co. This meant an average decrease of about 1.5% 

per cycle.  

180 seconds - Eroded Clay (Figure 7-17): 

Unlike 15- and 60-seconds, the Chalk showed the eroded clay-size to be lesser at C1, C2, C3 

than in Co. Though at C4 and C5, eroded clay-size became higher than in Co. 

However, like 15- and 60-seconds, the London Clay showed the eroded clay-size to be almost 

the same from C1 to C5 as in Co. 

Like 15- and 60-seconds, the Barton Clay showed eroded clay-size to generally decrease with 

repeated cycle, reaching 11.0% at C5 compared to 17.1% in Co. This meant an average 

decrease of about 1.2% per cycle.  

In summary, this (Figure 7-17) analysis has shown; Chalk produces an increase in eroded clay-

size particles in short and intermediate spray duration, then a decrease in eroded clay-size 

in long spray duration. London Clay produces almost the same amount of eroded clay-size 

particles in short, intermediate and long spray duration. Barton Clay produces a decrease in 

eroded clay-size particles in short, intermediate and long spray duration. 
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Figure 7-18: Relationship between change in eroded silt-size and material type. Showing 
eroded silt vs cycle in 15 seconds (Short duration), 60 seconds (intermediate duration) and 

180 seconds (long duration) of water impact. 

15 seconds - Eroded Silt (Figure 7-18): 

The London Clay showed the eroded silt-size to be almost the same from Co to C5 as in Co.  

While, the Barton Clay showed the eroded silt-size to be lesser at C1 and C2 than in Co. Then 

at C3, C4 and C5, eroded silt-size became higher than in Co. 

The Chalk showed the eroded silt-size to rise sharply at C1 reaching 65.4% compared to 

40.7% in Co. It remained increased compared to in Co, from C1 to C5; though with little 

fluctuations at every cycle.  

60 seconds - Eroded Silt (Figure 7-18): 

Both the London Clay and Barton Clay showed the eroded silt-size to be almost the same 

from C1 to C5 as in Co.  

However, the Chalk showed the eroded silt-size to gradually increase with repeated cycle, 

reaching 54.4% at C5 compared to 40.7% in Co. This meant an average increase of about 

2.7% per cycle.  

180 seconds - Eroded Silt (Figure 7-18): 
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The London Clay showed the eroded silt-size to be almost the same from C1 to C5 as in Co.  

While, the Barton Clay showed the eroded silt-size to gradually increase with repeated cycle, 

reaching 77.7% at C5 compared to 69.1% in Co. This meant an average increase of about 

1.7% per cycle.  

The Chalk showed the eroded silt-size to be lesser at C1, C2, C3 and C4 than in Co. Then at 

C5, eroded silt-size became almost the same as in Co. 

In summary, this (Figure 7-18) analysis has shown; Chalk produces an increase in eroded silt-

size particles in short and intermediate spray duration, then a decrease in eroded silt-size 

particles in long spray duration. London Clay produces almost the same amount of eroded 

silt-size particles in short, intermediate and long spray duration. Barton Clay produces an 

increase in eroded silt-size particles in short, almost the same amount of eroded silt-size 

particles in intermediate and an increase in eroded silt-size particles in long spray duration.  

 

Figure 7-19: Relationship between change in eroded sand-size and material type. Showing 
eroded sand vs cycle in 15 seconds (Short duration), 60 seconds (intermediate duration) and 

180 seconds (long duration) of water impact. 

15 seconds - Eroded Sand (Figure 7-19): 

The Chalk showed the eroded sand-size to drop sharply from 33.8% in Co to 10.2% at C1. 

Subsequently, the eroded sand-size was characterised by rise and fall from one cycle to the 

next, though remained far lesser than in Co at every cycle; recording 8.0% at C5.  
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The Barton Clay showed the eroded sand-size to be higher at C1 and C2 than in Co. Then at 

C3, C4 and C5, eroded sand-size became lesser than in Co.  

The London Clay showed eroded sand-size to be lesser at C1 and C2 than in Co. Then at C3, 

C4 and C5, eroded sand-size became almost the same as in Co. 

60 seconds - Eroded Sand (Figure 7-19): 

The Chalk showed the eroded sand-size to drop sharply from 33.8% in Co to 18.4% at C1. This 

was followed by a rise at C2 compared to C1, though eroded sand-size remained lower in C2 

than in Co. Then from C3 to C5 it showed a continuous decrease with cycle, recording 6.0% 

at C5.  

The Barton Clay showed the eroded sand-size to be lesser at C1, C2, C3 and C4 than in Co. 

Then at C5, eroded sand-size became almost the same as in Co. 

However, the London Clay showed the eroded sand-size to be almost the same from C1 to 

C5 as in Co.  

180 seconds - Eroded Sand (Figure 7-19): 

The Chalk showed the sand-size content of the eroded materials to rise sharply at C1 and C2, 

then began falling at C3 and C4, though eroded sand-size remained higher than in Co. At C5, 

eroded sand-ze became almost the same as in Co. 

The Barton Clay showed the eroded sand-size to very gradually decrease with repeated cycle, 

recording 30.7% at C5 compared to 33.8% in Co. This meant an average decrease of about 

0.6% per cycle.  

However, like 60-seconds spray, the London Clay showed the eroded sand-size to be almost 

the same from C1 to C5 as in Co. 

In summary, this (Figure 7-19) analysis has shown; Chalk produces a decrease in eroded sand-

size particles in short and intermediate spray duration, then an increase in eroded sand-size 

particles in long spray duration. London Clay produces generally almost the same amount of 

eroded sand-size particles in short, intermediate and long spray duration. Barton Clay 

produces generally a decrease in eroded sand-size particles in short, intermediate and long 

spray duration. 
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7.6.2 PSD Change vs Surface Change  

A good reason for comparing the PSD change and surface change is based on the idea that 

the conection (bonding) between the soil particles may determine how much material is 

eroded from the block’s surface. This may then be evident in what particle sizes are eroded 

from one stage (duration and cyle) to another.  

Therefore this analysis was done to check if there are recogniseable and repeatable patterns 

which are aligned with this idea that can help to understand and predict the level of 

degredation in earthern blocks. If a pattern is recognised it will also be important to check if 

it is same, or varies with material type.  

In a neautral scenario (i.e., where almost same PSD as the original is eroded at every stage), 

the results would have reflected no substantial change in PSD. However, from the resuts, we 

know this is not the case.  

Therefore, if there is some form of selectivity in the PSD of the eroded material, then this 

may likely produce a pattern that may help us understand the level of erosion a block is 

undergoin; though only by comparison with the oroginal PSD. 

To do this analyis, the PSD results were converted to a parcentage fraction of the eroded 

material (Em). This was done to reflect the fractional change in relation to Em at the various 

stages (duration and cycle).  
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Figure 7-20: Relationship between eroded PSD and eroded material (Em) in blocks subjected 
to 15 seconds (i.e., short) spray duration. Plots from the three tested materials (Barton Clay, 

London Clay & Chalk) are shown in one diagram for comparison. 

15 seconds (Figure 7-20):  

The PSD of the Barton Clay was shown to be different from one cycle to the next. The changes 

were more reflected in the general decrease in eroded sand-size. Since with repeated cycle, 

Em was shown to increase, it is expected that this increase is proportionately reflected in the 

eroded PSD, but rather eroded sand-size was shown to be lesser at every cycle compared to 

its proportion in the original PSD.  

Except for in C2, the PSD of the London Clay did not show much differences from one cycle 

to the next. On the other hand, the Em was shown to increase gently with repeated cycle. 

This may be down to the London Clay having a high percentage of fines (clay and silt) in its 

original PSD; therefore, it will be less likely to see much changes in the eroded PSD. Since Em 

in the London is relatively smaller than the others (Barton Clay and Chalk) in this stage, it 

means the bonding between the particles are still very much intact.  

The PSD of the Chalk was shown to be very different in C1, C2 and C3; though at C4 and C5, 

it appeared to show very little changes. Like the Barton Clay, the changes were more 

reflected in the decrease in eroded sand-size. Since with repeated cycle, Em was shown to 

increase, it will be expected that this increase is proportionately reflected in the PSD, but 

rather eroded sand-size was shown to be generally lesser compared to its proportion in the 

original PSD.  
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Overall, this (Figure 7-20) analysis has shown eroded sand-size particles to be a good marker 

for short spray duration in both the Barton Clay and Chalk; generally suggesting short spray 

to produce a lesser percentage of eroded sand-size particles compared to the original PSD. 

The London Clay however did not show much differences in the eroded PSD, which may be 

due to poor sorting (high percentage of fines) in the original PSD; therefore, no tangible 

information to create a correlation with Em. 

 

 

Figure 7-21: Relationship between eroded PSD and eroded material (Em) in blocks subjected 
to 60 seconds (i.e., intermediate) spray duration. Plots from the three tested materials 

(Barton Clay, London Clay & Chalk) are shown in one diagram for comparison. 

60 seconds (Figure 7-21):  

Like the 15-seconds, the PSD of the Barton Clay was shown to be different from one cycle to 

the next. The changes were more reflected in the general decrease in eroded clay-size. Since 

with repeated cycle, Em was shown to increase, it is expected that this increase is also 

proportionately reflected in the eroded PSD, but rather eroded clay-size was shown to be 

lesser at every cycle compared to its proportion in the original PSD.  

Like 15-seconds, the PSD of the London Clay did not show much differences from one cycle 

to the next. On the other hand, the Em was shown to increase gently with repeated cycle. As 

earlier explained, this may be down to the London Clay having a high percentage of fines 

(clay and silt) in its original PSD. 
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The PSD of the Chalk was shown to be remarkably different from one cycle to the next. The 

changes were obvious in eroded clay, silt and sand-size; though more reflected in the sharp 

increases observed in eroded clay-size at every cycle, which was not proportionate to the 

increase observed in Em. 

Overall, this (Figure 7-21) analysis has shown eroded clay-size particles to be a good marker 

for intermediate spray duration in both the Barton Clay and Chalk; suggesting short spray to 

produce a lesser percentage of eroded clay-size for Barton Clay and higher percentage of 

eroded clay-size for Chalk compared to the original PSD. Like the short spray duration, the 

London Clay did not show much differences in the eroded PSD, which may be due to poor 

sorting (high percentage of fines) in the original PSD; therefore, no tangible information to 

create a correlation with Em. 

 

Figure 7-22: Relationship between eroded PSD and eroded material (Em) in blocks subjected 
to 180 seconds (i.e., long) spray duration. Plots from the three tested materials (Barton 

Clay, London Clay & Chalk) are shown in one diagram for comparison. 

180 seconds (Figure 7-22):  

Like the 15- and 60-seconds, the PSD of the Barton Clay was shown to be different from one 

cycle to the next. The changes were more reflected in the general decrease in eroded sand-

size. Since with repeated cycle, Em was shown to increase, it is expected that this increase is 

proportionately reflected in the eroded PSD, but rather eroded sand-size was shown to be 

lesser at every cycle compared to its proportion in the original PSD.  



203 
 

Except for in C2, like the 15- and 60-seconds, the PSD of the London Clay did not show much 

differences from one cycle to the next. On the other hand, the Em was shown to increase 

with repeated cycle.  

The PSD of the Chalk was shown to be remarkably different from one cycle to the next. The 

changes were obvious in eroded clay, silt and sand-size; though more reflected in the high 

percentage of eroded sand-size observed at every cycle, which was not proportionate to the 

increase observed in Em. 

Overall, this (Figure 7-22) analysis has shown eroded sand-size particles to be a good marker 

for long spray duration in both the Barton Clay and Chalk; suggesting long spray to produce 

a lesser percentage of eroded sand-size for Barton Clay and higher percentage of eroded 

sand-size for Chalk compared to the original PSD. Like the short and intermediate spray 

duration, the London Clay did not show much differences in the eroded PSD, which may be 

due to poor grading (high percentage of fines) in the original PSD; therefore, no tangible 

information to create a correlation with Em. 

7.6.3 Summary of the PSD Change Analysis  

Unlike the Mass and Volume Change analysis that was conducted to evaluate the 

performance of the three materials, the PSD change analysis can only suggest a behavioural 

pattern base on the original PSD. Therefore, the first thing that was established with this 

analysis is that the three materials must be treated independently when it comes to 

understanding these patterns; hence, the often reference to ‘original PSD’.   

In short (15 seconds) spray duration: Barton Clay was found to erode; lesser clay-size, higher 

silt-size and lesser sand-size compared to the original PSD. The Chalk was found to erode; 

higher clay-size, higher silt-size and lesser sand-size compared to the original PSD. While the 

London Clay was found to erode almost same PSD as the original PSD, which can be 

attributed to high percentage of fines (clay and silt) present in the original PSD. 

In intermediate (60 seconds) spray duration: Barton Clay was found to erode; lesser clay-

size, same silt-size and higher sand-size compared to the original PSD. The Chalk was found 

to erode; higher clay-size, higher silt-size and lesser sand-size compared to the original PSD. 

Like the short spray the London Clay was found to erode almost same PSD as the original 

PSD. 
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In long (180 seconds) spray duration: Barton Clay was found to erode; lesser clay-size, higher 

silt-size and lesser sand-size compared to the original PSD. The Chalk was found to erode; 

lesser clay-size, lesser silt-size and higher sand-size compared to the original PSD. Like the 

short and medium spray, the London Clay was found to erode almost same PSD as the 

original PSD. 

The patterns observed for short, intermediate and long spray duration was also found to be 

suggestive of a set behaviour when correlated with Em. These behaviours, which were shown 

to be consistent for short, intermediate and long spray duration was further broken-down 

to the individual particle-size which were more dominant (markers) in the overall behaviour. 

In all duration, the lack of tangible change in PSD for the London Clay meant no behaviour 

could be observed.   

For short spray duration, the marker is sand-size particles; generally, a lesser percentage of 

eroded sand-size particles compared to the original PSD for both Barton Clay and Chalk.  

For intermediate spray duration, the marker is clay-size particles; generally, a lesser 

percentage of eroded clay-size for Barton Clay and higher percentage of eroded clay-size for 

Chalk compared to the original PSD.  

For long spray duration, the marker is also sand-size particles; generally, a lesser percentage 

of eroded sand-size for Barton Clay and higher percentage of eroded sand-size for Chalk 

compared to the original PSD.  

Finally, it was difficult to observe patterns that relates to spray cycle; though it was possible 

to compare eroded PSD with the original PSD, it showed random variations across cycles. 

This could be due to the impact of cyclicity, i.e., the block behaves like a fresh sample each 

time the test is stopped for drying awaiting the next cycle; therefore, it may erode in a 

pattern similar to the exposure time (duration), but not to a particular cycle. 
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS 

8.1 Introduction 

This research was designed to address a shortfall in the science of material 

erodibility/durability with regards to earthen materials, by developing a spray test that 

incorporates the use of 3-D laser scanning, to identify and quantify degradation of earthen 

‘Cob’ structures subject to repeated or prolong water impact.  

The research set out (see section 1.5) by outlining its objectives and research questions; 

therefore, this chapter has been structured to summarise the findings of this research 

according to those objectives.  

8.2 Review of Earthen Materials  

Earthen materials were found to cover a very wide range of materials used in construction. 

Therefore, it was important to always clarify which is being referenced; in this study, it 

referred to unfired and unstabilised soil (or soil mix) used in the construction of buildings 

generally known as ‘Cob’ in the UK (see section 2.2). As part of the review, this study 

conducted a classification of earthen materials (see Figure 2-1) to provide information on the 

different types used in construction. Though found to follow similar stages of production 

(Rigassi, 1985), the production technique adopted was found played a key role in 

differentiating the types of earthen structure (see Figure 2-2); the two main types being 

Rammed Earth (RE) and Earthen Blocks (EBs).  

The Performance properties of earthen materials, though known to include physical, 

mechanical and durability has mostly been researched from the physio-mechanical property 

perspective. This is mainly because research (e.g., Arumala and Gondal, 2007; Abdulrahman, 

2009; Niroumand and Kassim, 2010; Chee-Ming, 2011; Tattersall, 2013; Danso et al., 2015) 

into earthen materials are mainly to enhance their strength and physical appearance for use 

in new (present and future) construction programmes, with only a few (e.g., Heathcote 1995; 

Heathcote, 2002; and Ipinge, 2013) covering durability of existing/historic structures. Some 

of the Physical properties well researched includes density (e.g., Walker, 1997), plasticity 

(e.g., Guillaud at. al., 1995; and Price & Heath, 2013) and PSD (e.g Maniatidis & Walker, 2003; 

Arumala & Gondal, 2007; and Kalale, 2014); while mechanical properties include 

compressive and tensile strength (e.g., Chee-Ming, 2011; Tattersall, 2013 and Danso et al., 

2015).  
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Current methods for testing EBs in the UK are mainly adopted from overseas, as there are 

no specific British or European standard covering the testing of EBs. Popular national 

standards which cover the testing of EBs include NZS 4298:1998 (New Zealand), ARS 

674:1996 (Kenya and most southern African nation) and NMAC 14.7.4:2006 (USA). Some 

studies have also adopted (without modifications) British or Americans standards for testing 

other types of blocks (e.g., fired bricks) in their research e.g., Tattersal (2013) and Danso et. 

al. (2015) used ASTM C1314 (1998) and BS EN 771-1 (2011). The argument for doing this is 

that if EBs is to be accepted into modern construction, they must be subjected to same 

testing regime as other modern types construction blocks. Widely used testing methods are; 

compressive strength, which includes Direct Unit Test, RILEM (2-half unit) Test and Wall Unit 

Test; and durability which includes Cyclic Wet/Dry Appraisal Test, Geelong Drip Test and 

Erosion Spray Test. For durability, most popularly used test is the Erosion Spray Test; 

however, Houben & Guillaud (1994), supported by Heathcote (2002) and (Ipinge) 2013 have 

argued that the test is too rigorous for testing ‘unstabilised’ EBs. While Obonyo et al (2010a) 

advocated for a modification of the test to reflect intended usage conditions.  

8.3 Review of the Case Study area  

According to data held by the Department of Landscape Planning and Heritage Environment, 

Hampshire County Council, the case study area Hampshire, a mainly rural county (see Figure 

4-2) was found to have a total of 1,123 documented cob structures. 460 of these structures 

are listed and classed as Grade I, II and II* (see Figure 4-3), and ranges from fully inhabited 

buildings to abandoned farmhouses and boundary walls.  

The two main material types for historic cob construction in Hampshire were clay or chalk; 

hence, they are often referred to as ‘clay cob’ or ‘chalk cob’ (Pearson, 1992). The original 

construction method can be described as a variant of the rammed earth (RE) method (see 

section 2.3), though recent repairs have mainly been done with EBs (NFDC, 2003). Hence, the 

presence of both is recorded in the area. There have been relatively few studies into the 

Hampshire cob, with the current ones being those conducted by the district councils (e.g., 

Chalk and Clay cob report by the New Forest District Council), which are generally 

informative but less scientific.  

Recent information (DLPHE.HCC, 2015) corroborated by site visits (see APPENDIX 3) has 

shown the Hampshire cob to be under threat from facade erosion and degradation caused 

by water splashes from vehicular traffic and wind-driven rain. This threat was found to be a 
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result of two interrelated factors (Figure 4-4); 1. exposure of cob structures to water-

splashing conditions due to ‘ill-planned’ road network through rural areas, and 2. the 

growing number of traffic in rural roads (22.5% increase between 1993 and 2014 alone – DfT, 

2018) leading to constant water splashes from vehicles during the winter period. The threat 

brought about by these factors are therefore a serious source of concern to the many historic 

cob buildings in Hampshire.  

In other to thoroughly resolve the issues faced by the Hampshire cob, a better understanding 

of the problem was required to inform stakeholders and policy makers. Like every problem-

solving approach, this study also reviewed further information (such as material type, 

geology, formation and engineering properties) on the Hampshire materials to aid a better 

understanding of the problem.  

At the end of the review, three material types associated with the local geology were 

recognised to have been used in the construction of cob buildings in the case study area. 

They are Barton Clay, London Clay and Chalk, corresponding to the cluster of cob buildings 

in Hampshire.  

8.4 Design and Development of a Suitable Spray Test 

incorporating 3-D Laser Scanning 

Since the problem is now known, this objective was designed to address two important 

elements highlighted in the literature review. They are; 1. develop a non-invasive method 

which could be adapted to use either in the laboratory for accelerated testing or in-situ 

erosion detection and monitoring of heritage earthen buildings, and 2. modify the test to 

consider sensitivity and eliminate ambiguities, which are usually associated with other 

durability tests (e.g., the Wet/Dry Appraisal Test; see section 3.3.1) by developing a 

quantifiable and condition-based method (e.g., considering factors such as climatic, 

environmental and usage condition).    

The main parameter for assessing this method was SURFACE TOPOGRAPHY, with Mass and 

Volume data collected alongside. The main spray test (Figure 5-7) was modified from the 

Erosion Spray Test reviewed in section 3.3.3. Since this was a novel method incorporating 

laser scanning, its success depends on the accurate measurement of the block’s surface 

subject to erosion. To achieve an acceptable level of accuracy several conditions were 

satisfied in the pre-scanning and post scanning phase (see sections 5.3.5 and 5.4.1).  
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Recent studies (e.g., Dąbek et. al., 2018; Wang & Lai, 2018; Turowski & Cook, 2017; Eltner 

2016; Longoni et. al., 2016) have shown the laser scanning technique to be useful in erosion 

studies.  

Also, for the first time in a spray test design, the eroded samples collected during the spray 

test were analysed for PSD to understand the soil particle behaviour of earthen blocks when 

subjected to erosion from water-spray impact. 

The overall test was structured to assess the performance of three Hampshire materials 

(Barton Clay, London Clay and Chalk) through the measured parameters (Mass, Volume, 

Surface Topography and PSD) using spray cycle and duration as the control measures; 

though, spray cycle is set as the primary control, i.e., samples were grouped into five 

different test duration (15, 30, 60, 120 and 180-seconds) and repeated for five cycles (C1, C2, 

C3, C4 and C5). 

8.5 Quantification of Erosion using Surface Topography  

As earlier mentioned, several studies (e.g., Dąbek et. al., 2018; Wang & Lai, 2018; Turowski 

& Cook, 2017; Eltner 2016; Longoni et. al., 2016) have utilised surface topographic analysis 

from laser measurement for erosion studies. However, these studies were mainly focused 

on the natural environment, e.g., Eltner (2016) used laser scanning technique to conduct an 

across-scale assessment of soil erosion; and Longoni et. al. (2016) used laser scanning 

technique to monitor riverbank erosion in mountain catchments in Val Tartano, Northern 

Italy. Since these studies covers a large field of operation, there was no hard requirement for 

detailed measurement and quantification of the results.  

But unlike the previous studies, this study was about building erosion; therefore, the 

operation field is small, and quantification was a high priority. Thus, this method was 

developed with quantification in mind Therefore, from the results, a new parameter, Eroded 

material* (Em) for quantifying the rate and degree of erosion in earthen materials is 

developed and proposed. This was done to enhance correlation of the surface topography 

results, giving context to factors such as the wall thickness during comparison and overall 

data reporting (see details in section 7.2).  

Using Em a range of values were generated from the surface topography results, which in 

turn allowed for impact rating of the blocks at different stages of erosion (see Table 7-1).  
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The Chalk was found to be most susceptible to erosion amongst the three materials; having 

the highest rate of Em per second amongst all three materials. Total Em of Chalk at the end 

of the test was also far bigger than those of the Barton Clay and London Clay; Chalk 30% 

(severely eroded), London Clay 3% (increasingly eroded) and Barton Clay 2.5% (increasingly 

eroded). However, the impact rating was found to be same for all three materials in 15- and 

30-seconds test; meaning long spray duration had far more damaging impact on the Chalk 

than the Clays.  

Between the Clays, the London Clay performed better than the Barton Clay in shorter spray 

duration, but at longer spray duration, it was the Barton Clay that was less eroded. This may 

have been caused by the higher clay content in the London Clay creating a stronger 

interstitial bond in its matrix than the Barton Clay with lesser clay content, though this 

resilience created by the higher clay content tend to be less effective with continuous spray; 

as the clay bond become weakened, triggering a higher Em rate than materials with lesser 

clay content, i.e., what made the London Clay stronger at short spray made it weaker at long 

spray.  

Cyclicity was also found to play a role in the response to erosion, and this tend to favour 

more the London Clay with high clay content; the pause in water impact, allows the clay 

matrix to recover and strike fresh bonds, while a continuous spray will loosen the bond 

quicker just like with longer spray. There was also variability in the Em per second at various 

cycles, which was remarkably observed even between the Barton Clay and London Clay 

which had same overall impact rating. This also suggests cyclicity may have a role in the 

determining the rate of Em even in materials with similar erosive behaviour.  

8.6 Using Mass Change to Evaluate Material Performance 

under Erosion  

The Chalk was also found to be most susceptible to mass loss from erosion amongst the three 

materials. However, the Chalk was shown to perform better than the London Clay and Barton 

Clay in short (15- and 30-seconds) spray duration; this was supported by the Chalk having 

the lowest mass loss per seconds at short duration. Though as the test progresses to longer 

spray duration, the Chalk was then heavily eroded; hence, it showed a far more bigger mass 

loss than the Barton Clay and London Clay.  
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Between the Clays, the London Clay recorded lesser % mass loss than the Barton Clay in 15-

, 30-, and 60-seonds test; subsequently in 120- and 180-seconds, % mass loss of the Barton 

Clay became lesser than those of the London Clay. Again, this was supported by the Barton 

Clay having a higher rate in mass loss per second than the London Clay at C1; at C2 and C3, 

mass loss per second was same for both; then at C4 and C5, mass loss per second became 

higher in the London Clay. This therefore shows cyclicity (repeated exposure) may have a 

role in the determining the rate of mass loss under erosion. 

8.6.1 Relationship between Mass Change and Surface Change 

The results showed similar trend for mass change and Em across all cycles for all three 

materials. These trends, though with little differences were also replicated across the various 

test duration. Generally, the analysis showed mass loss to be higher than Em in all test 

duration for the three materials. Also, except for 180-seconds test, which produced a higher 

difference in the Chalk, the mean differences were shown to be lower in the Chalk and about 

the same for the London Clay and Barton Clay. 

8.7 Using Volume Change to Evaluate Material Performance 

under Erosion  

Like previous analysis, the Chalk was found to be most susceptible to volume loss from 

erosion amongst the three materials. However, short spray duration and cyclicity was found 

to reduce the amount of volume loss in the Chalk; this was shown in the Chalk displaying 

about the same amount of volume loss with the Barton Clay and London Clay in short (15-

seconds) spray duration. Though as the test progresses to longer spray duration, the Chalk 

was then heavily impacted; hence, it showed a far more larger volume loss than the Barton 

Clay and London Clay at the end of the test (C5 of 180-seconds).  

Between the Clays, there was no clear-cut pattern to show which performed better; though 

it appeared to slightly follow same pattern with the mass change analysis, i.e., the London 

Clay displaying lesser volume loss than the Barton Clay in short duration; while in long 

duration, the Barton Clay displaying lesser volume loss than the London Clay. However, 

volume loss per second was almost the same for the Barton Clay and London Clay across all 

test durations and cycles.  
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8.7.1 Relationship between Volume Change and Surface Change 

The results showed similar trend for volume change and Em across all cycles for all three 

materials. These trends, though with little differences were also replicated across the various 

test duration. Generally, the analysis showed the volume loss to be higher than Em across all 

test duration for the three materials, though with occasional fluctuation that were mostly 

observed in short spray duration. The mean differences were also found to be higher in the 

Clays than the Chalk at short (15 and 30-seconds) spray duration, though as the test progress 

to long (60, 120 and 180-seconds) spray duration, the difference became higher in the Chalk 

than the Clays. Between the Clays, the mean differences were shown to be higher in London 

Clay than the Barton Clay across all test duration.  

8.8 Soil Particle Behaviour under Erosion  

In short (15 seconds) spray duration: Barton Clay was found to erode; lesser clay-size, higher 

silt-size and lesser sand-size compared to the original PSD. The Chalk was found to erode; 

higher clay-size, higher silt-size and lesser sand-size compared to the original PSD. While the 

London Clay was found to erode almost same PSD as the original PSD, which can be 

attributed to high percentage of fines (clay and silt) present in the original PSD. 

In intermediate (60 seconds) spray duration: Barton Clay was found to erode; lesser clay-

size, same silt-size and higher sand-size compared to the original PSD. The Chalk was found 

to erode; higher clay-size, higher silt-size and lesser sand-size compared to the original PSD. 

Like the short spray the London Clay was found to erode almost same PSD as the original 

PSD. 

In long (180 seconds) spray duration: Barton Clay was found to erode; lesser clay-size, higher 

silt-size and lesser sand-size compared to the original PSD. The Chalk was found to erode; 

lesser clay-size, lesser silt-size and higher sand-size compared to the original PSD. Like the 

short and medium spray, the London Clay was found to erode almost same PSD as the 

original PSD. 

8.8.1 Relationship between PSD and Surface Change 

The patterns observed for short, intermediate and long spray duration was also found to be 

suggestive of a set of behaviours when correlated with Em. These behaviours, which were 

shown to be consistent for short, intermediate and long spray duration was further broken-

down to the individual particle-sizes which acted as ‘markers’ in the overall PSD behaviour. 
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In all duration, the lack of tangible change in PSD for the London Clay meant no meaningful 

behaviour could be observed.   

For short spray duration, the marker is sand-size particles; generally, a lesser percentage of 

eroded sand-size particles compared to the original PSD for both Barton Clay and Chalk.  

For intermediate spray duration, the marker is clay-size particles; generally, a lesser 

percentage of eroded clay-size for Barton Clay and higher percentage of eroded clay-size for 

Chalk compared to the original PSD.  

For long spray duration, the marker is also sand-size particles; generally, a lesser percentage 

of eroded sand-size for Barton Clay and higher percentage of eroded sand-size for Chalk 

compared to the original PSD.  

Finally, it was difficult to observe patterns that relates to spray cycle; though it was possible 

to compare eroded PSD with the original PSD, it showed random variations across cycles. 

This could be due to the impact of cyclicity, i.e., the block behaves like a fresh sample each 

time the test is stopped for drying awaiting the next cycle; therefore, it may erode in a 

pattern similar to the exposure time (duration), but not to a particular cycle. 

8.9 Conclusion  

As highlighted throughout this chapter, this study has combined data from a variety of 

sources, including ones particular to the case study area (Hampshire, UK) to develop a spray 

test method that combines the use of a non-invasive technique (i.e., 3-D Laser Scanning) to 

identify and quantify the rate of erosion on earthen blocks.  A summary of the findings of 

this research highlighting the contribution to science are presented in Table 8-1. 

The method developed in this research, which is based on a multidisciplinary approach (i.e., 

with input from civil engineering, geotechnics and applied geography) can be adapted for 

use in laboratory testing or field monitoring. Being based on laser (or LiDAR; Light Detection 

and Ranging) measurement of the block/wall’s surface, the primary property measured is 

the Surface Topography; although other parameters such as volume and mass can be 

deduced. To properly quantify this property, the eroded material (Em) parameter developed 

in this study was used.  

An application of this method to the testing of blocks made from three materials (Barton 

Clay, London Clay and Chalk) used in constructing earthen ‘cob’ buildings in the case study 
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area produced useful data and surface change models that can serve as a framework for the 

scientific understanding of earthen ‘cob’ wall degradation, which is lacking in this area. Most 

especially, this method also provides a proper identification and quantification of erosion, 

which is also missing in other durability test methods.  

The 22 analyses conducted (Figure 7-1 to 7-22) showed Surface Topography (with the 

assimilation of the Em parameter) to be a very useful tool in quantifying the erosion of 

earthen blocks. In the PSD analyses (with a total of 128 tests conducted), a drop in one 

particle size will mean a rise in another. Therefore, it was more appropriate (and easier) to 

highlight particle-size changes (termed markers) to lookout for at different stages of erosion. 

For the suggested ‘markers’ (see section 7.6.3), it will be useful to also look out for the 

particle-size that fits the opposite when analysing future samples, i.e., if lesser clay is 

expected, then more sand or slightly more silt may become more obvious in the PSD results. 

Another way to look at it will be fine and coarse particles, in which case clay and silt will fit 

into fines and sand will be coarse.   
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Table 8-1:Summary of research findings highlighting the contribution to science. 

Subject area 

 

Research question  

 

Research findings  

 

Contribution to Science  

 

Earthen 

Materials 

 

Review:  

Does type and 

production technique 

defer?  

 

Earthen materials were found to cover a wide range of construction 

materials; whilst ‘unfired’ earthen materials may have a general 

production setup/stages (Rigassi, 1985; Figure 2-3), production 

technique also differs, and was found to play a key role in 

differentiating the types of earthen structures.  

Extended classification of unfired 

earthen materials based on 

production technique (Figure 2-2) 

Review:  

What properties are 

currently used in 

measuring their 

performance?  

Most of the research (which includes Abdulrahman, 2009; Arumala 

and Gondal, 2007; Niroumand and Kassim, 2010; Chee-Ming, 2011; 

Tattersall, 2013; Danso et al., 2015) into earthen materials are mainly 

to enhance their strength and physical appearance for use in new 

construction programmes.  

This have therefore influenced the choice of properties tested in 

previous studies; hence, physio-mechanical properties such as density, 

By focusing on material erodibility 

(through identification and 

quantification), this research has 

added/furthered the science of 

understanding earthen material 

degradation, which has seen little 

attention in previous studies.  
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What testing methods 

are currently available?  

 

unit weight, compressive and tensile strength are highly researched. 

Therefore, creating a shortfall in research into durability and erodibility 

properties. 

Review:  

Are testing methods 

used in previous 

studies, (which were 

mainly developed for 

other block types) 

suitable for earthen 

walls/blocks? 

Do these tests consider 

the sensitivity of 

heritage buildings? e.g., 

does it consider their 

A lack of specific British or European standard covering the testing of 

earthen blocks (EBs) have led to the direct adoption of methods for 

testing other block types in recent studies; e.g., Tattersal (2013) and 

Danso et. al. (2015) adopted ASTM C1314 (1998) and BS EN 771-1 

(2011) respectively in their studies.  

However, there are national standards which covers the testing of EBs. 

These includes NZS 4298:1998 (New Zealand), ARS 674:1996 (Kenya 

and most southern African nation) and NMAC 14.7.4:2006 (USA). 

Although adopting these tests for UK-based materials may also raise 

the question of usage conditions, which of course differs with locality 

and building type.   

For even with these standards, factors such as usage conditions must 

be considered in any assessment. Most of these standards covered a 

In developing a testing method, 

this study has considered the two 

points highlighted in the review 

findings; material sensitivity and 

conditions of use. 

Therefore, the method used was a 

modification of the NZS 4298:1998 

Spray Test. Since the NZS 

4298:1998 already ‘to some 

degree’ considered material 

sensitivity; the modification was 

done to align the test to the 

expected usage condition by 

systematically downs-scaling the 
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make-up and intended 

usage?   

 

very wide range of earth blocks that sometimes include cement 

stabilised earth blocks. Such earth blocks may be used for the 

construction of high-rise buildings that unstabiised EBs will not be used 

for; hence, the NZS 4298:1998 (or Bulletin 5) Spray Test was described 

to be too radical for unstabilised EBs due to the magnitude of energy 

involved (Ipinge, 2013). 

magnitude (i.e., reducing the spray 

pressure and testing time). A 

schematic diagram of the spray 

test used in this study in 

comparison with the NZS 

4298:1998 Spray Test is shown in 

Figure 5-7. 

Hampshire 

earthen ‘cob’ 

structures  

Review:  

Hampshire Cobs, how 

many are they?  

What are they made 

of? 

What is the problem, 

and what do we know 

about it? 

A total of 1,123 documented cob structures. 460 of these structures 

are listed and classed as Grade I, II and II* (Figure 4-3), and ranges 

from fully inhabited buildings to abandoned farmhouses and boundary 

walls.  

The two main material types for historic cob construction in Hampshire 

were clay or chalk, hence they are often referred to as ‘clay cob’ or 

‘chalk cob’ (Pearson, 1992). The original construction method can be 

described as a variation of the rammed earth (RE) method, though 

recent repairs have mainly been done with EBs (NFDC, 2003). Hence, 

the presence of both have been recorded in the area.  

Producing a research (thesis) with 

useful data and surface change 

models that can serve as a 

framework for the scientific 

understanding of earthen ‘cob’ 

wall degradation, which was 

generally lacking in Hampshire. 
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Recent information corroborated by site visits (see Appendix 3) has 

shown the Hampshire cob to be under threat from facade erosion and 

degradation caused by water splashes from vehicular traffic and wind-

driven rain (DLPHE.HCC, 2015). Very little is known about this problem; 

compared to the large number of global researches into earthen 

materials, there have been relatively few studies into the Hampshire 

cobs. Most of these are conducted by the district councils (e.g., Chalk 

and Clay cob report by the New Forest District Council), which are 

generally informative but less scientific. 

 

Testing 

method: 

Durability of 

earthen 

blocks/walls 

Design and 

Development: 

Can a non-invasive 

technique be developed 

to identify and measure 

degradation in earthen 

buildings?  

To achieve the objective of designing a non-invasive technique, the use 

of 3-D laser scanning was incorporated into the spray test design.  

Recent studies (Dąbek et. al., 2018; Wang & Lai, 2018; Turowski & 

Cook, 2017; Eltner 2016; Longoni et. al., 2016) have shown the laser 

scanning technique to be useful in erosion studies. However, these 

studies were mainly focused on the natural environment e.g., Eltner 

(2016) used laser scanning technique to conduct an across-scale 

Successfully developed a spray test 

method that combines the use of 

3-D Laser Scanning to identify and 

quantify the rate of erosion on 

earthen blocks. 
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Can the results be 

quantified?  

 

 

assessment of soil erosion; and Longoni et. al. (2016) used laser 

scanning technique to monitor riverbank erosion in mountain 

catchments in Val Tartano, Northern Italy. 

Since these studies covers a large field of operation, there was no hard 

requirement for detailed measurement; thus, the surface change 

measurements were hardly quantified. The combination of a large 

operational field and low requirement for quantification also 

influenced the choices of scanners used. With the two examples; 

Eltner (2016) employed a time-of-flight scanner, whilst Longoni et. al. 

(2016) utilised both phase measurement and time-of-flight scanners. 

These scanners, being mid-range were suitable for large field study of 

the natural environment; however, they genially have lesser accuracy 

than triangulation scanners (see Appendix Table 2).  

Unlike the previous studies this study was about building erosion; 

therefore, the operation field is small, and quantification was a high 

priority. Thus, this method was developed with consideration to the 

accurate measurement of the block’s surface subject to erosion. With 

ranging less important, the study therefore utilised a triangulation 

The incorporation of 3-D laser 

scanning (non-invasive technique) 

makes this method suitable for 

both laboratory testing of EBs and 

direct (field) monitoring of 

protected heritage buildings (in 

which case the spray test set-up 

will not be needed) 

 

Proposed a new parameter, 

eroded material (Em) for 

quantifying surface change data 

(produced by laser scans) for 

building erosion and durability 

studies.  
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(NextEngine 3D Desktop) Laser Scanner with a quoted precision of 123 

microns.  

To achieve an acceptable level of accuracy several conditions, which 

included designing a scanning station/platform (Figure 5-9) specifically 

for scanning purpose and the use of appropriate software were 

conducted in the pre-scanning and post scanning phases (see sections 

5.3.5 and 5.4.1). 
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8.10 Recommendations  

From the findings of this study, the following recommendations are made:  

1. Historic buildings made of Chalk in Hampshire should have urgent management plan in 

place as they are most susceptible to erosion than others.  

2. Any historic earthen building (made of Clay or Chalk) identified to be at risk due to the 

three factors highlighted in section 4.4 should be urgently reviewed to inform the 

appropriate level of conservation.  

3. Hampshire County Council, Historic England and responsible authorities to promote 

policies which effectively protects the integrity of historic earthen building through 

proper planning of rural roads and if possible, diversion of heavy traffic away from 

buildings identified to be at risk during wet seasons.   

4. Responsible authorities to launch a programme of assessing the current threat levels 

facing buildings at risk, giving such building an impact rating, which can periodically be 

reviewed following a programme of actions.  

5. Stakeholders and Homeowners of historic earthen buildings to be educated on current 

threat levels to allow for corporation in conservation efforts. 

6. Finally, a programme of monitoring using 3D-laser scanning may be launched to 

periodically monitor earthen buildings at selected sites to gather more information on 

the rate of eroded material (Em) in the field. Since this study was based on laboratory 

testing, field data will allow for correlation and possible adjustments to the laboratory 

models.  

REFERENCES 

Abdulrahman, Y. K. (2009). Durability Properties of Stabilized Earth Blocks. University of Sains 

Malaysia. 

Adam, E. A., & Agib, A. R. A. (2001). Compressed stabilised earth block manufacture in Sudan. 

France, Paris: Printed by Graphoprint for UNESCO. 

Afana, A., Solé-Benet, A., Pérez, J. C., Gilkes, R. J., & Prakongkep, N. (2010, August). 

Determination of soil erosion using laser scanners. In Proceedings of the 19th World 

Congress of Soil Science: Soil solutions for a changing world: Brisbane, Australia, 

International Union of Soil Sciences (pp. 39-42). 



221 
 

Ampatzi, G., Chatzigogos, N., Makedon, M., Papathanassiou, G., & Marinos, V. (2016). 

APPLICATION OF TERRESTRIAL LASER SCANNING (LIDAR) IN ROCK SLOPE STABILITY. ΑΝ 

ΕXAMPLE FROM NORTHERN GREECE. Bulletin of the Geological Society of Greece, 

50(2), 586-595. 

Anonymous (2009). “Compressed earth blocks (CEB) with no added cement”. Seguridady 

Medio Ambiente - Nº 115 

ARS 674 (1996). Compressed Earth Blocks Technical Specifications for Ordinary Compressed 

Earth Blocks. 

ARSO (1996) ARS 674: Compressed earth blocks. Technical specifications for ordinary 

compressed earth blocks. Nairobi (Kenya): African Regional Standard. 

Arumala, J. O., & Gondal, T. (2007). Compressed earth building block for affordable housing. 

In Proceedings of The Construction and Research Conference of the Royal Institution 

of Chartered Surveyers, London. 

ASTM (1998) “Standard Test Method for Compressive Strength of Hydraulic Cement Mortars 

(Using 2-in. or [50-mm] Cube Specimens” ASTM Standard C109, American Society for 

Testing of Materials, West Conshohocken, Pennsylvania. 

Boehler, W., Heinz, G., & Marbs, A. (2002). The potential of non-contact close range laser 

scanners for cultural heritage recording. International archives of photogrammetry 

remote sensing and spatial information sciences, 34(5/C7), 430-436. 

British Standard Institution. (1992) Guide to Durability of Buildings, and Building Elements, 

Products and Components. BS7543:1992 

BS EN 771-1 (2011) Methods of test for masonry units. Determination of compressive 

strength. European Standard adopted by British Standards Institution.  

BSI (1990) BS 1377: Methods of test for soils for civil engineering purposes – Part 2: 

Classification tests. BSI, London, UK. 

Bundy, S. (2013). Geotechnical properties of chalk putties (Doctoral dissertation, University 

of Portsmouth). 

Chang, J. R., Chang, K. T., & Chen, D. H. (2005). Application of 3D laser scanning on measuring 

pavement roughness. Journal of Testing and Evaluation, 34(2), 83-91. 



222 
 

Chee-Ming, C. (2011). Effect of natural fibres inclusion in clay bricks: Physico-mechanical 

properties. Geotechnical and Geological Engineering, 73(51), 1-8. 

Chin, A. (2006). Urban transformation of river landscapes in a global context. 

Geomorphology, 79(3-4), 460-487. 

Ciancio, D., Jacquin, P., & Walker, P. (2013). Advances on the assessment of soils stability for 

rammed earth. Construction and Building Materials, 42, 40-47. doi: 

10.1016/j.conbuildmat.2012.12.049 

CIAV. (1996). International Committee for Vernacular Architecture – Newsletter. Trimestral 

Publication. 

Coventry, K. A. (2004). Specification development for the use of Devon cob in earthen 

construction. 

Cullen, N., & Bourke, M. (2018, April). A new approach for measuring microscale platform 

erosion: A comparison of the Transverse Micro Erosion Meter and Structure from 

Motion Photogrammetry. In EGU General Assembly Conference Abstracts (Vol. 20, p. 

799). 

Dąbek, P. B., Patrzałek, C., Ćmielewski, B., & Żmuda, R. (2018). The use of terrestrial laser 

scanning in monitoring and analyses of erosion phenomena in natural and 

anthropogenically transformed areas. Cogent Geoscience, 4(1), 1437684. 

Danso, H., Martinson, B., Ali, M., & Mant, C. (2014). Performance characteristics of enhanced 

soil blocks: a quantitative review. Building Research & Information, 43(2), 253-262. 

Danso, H., Martinson, D. B., Ali, M., & Williams, J. (2015). Effect of fibre aspect ratio on 

mechanical properties of soil building blocks. Construction and Building Materials, 83, 

314-319. 

DEBA. (2008). Devon Earth Building Association: COB DWELLINGS, Compliance with the 

Building Regulations 2000 (as amended). 

Deboucha, S., & Hashim, R. (2011). A review on bricks and stabilized compressed earth 

blocks. Scientific Research and Essays, 6(3), 499-506 

Delgado M. C .J., & Guerrero I. J. (2007).The Selection of Soils for Unstabilised Earth Building: 

A Normative Review, Construction and Building Materials, Vol 21, pp 237 – 251 



223 
 

Department of Landscape Planning & Heritage Environment, Hampshire County Council 

(2015). A Strategy for the Sustainable Management of Earth Structures in Hampshire.  

Department of Landscape Planning & Heritage Environment, Hampshire County Council 

(2010). An Overview of the Hampshire Landscape. Integrated Character Assessment: 

Part 2. 

Devon Historic Buildings Trust. (1992). Looking after the inside of your old house. Devon 

Historic Buildings Trust. 

Eltner, A. (2016). Photogrammetric Techniques for Across-scale Soil Erosion Assessment: 

Developing Methods to Integrate Multi-temporal High Resolution Topography Data at 

Field Plots (Doctoral dissertation, Technische Universität Dresden). 

English Heritage (2007).  3D Laser Scanning for Heritage, 8. 

Forster, A. M., Medero, G. M., Morton, T., & Buckman, J. (2008). Traditional cob wall: 

response to flooding. Structural Survey, 26(4), 302-321. 

Gilbert, G. K., & Murphy, E. C. (1914). The transportation of debris by running water (No. 86). 

US Government Printing Office. 

Gilkes, R. J. (1968). Clay mineral provinces in the Tertiary sediments of the Hampshire Basin. 

Clay Minerals, 7(3), 351-361. 

Girardeau-Montaut, D. (2006). Detection de Changement sur des Données Géométriques 3D 

(Doctoral dissertation, PhD thesis, Signal and Image processing, Telecom, Paris, 

France, 184 pp). 

Glanville, J., Neville, A. (Ed) (1997). Prediction of Concrete Durability. Proceedings of STATS 

21st Anniversary Conference. The Geological Society,London, 16 November 1995. E & 

FN SPON. London, England 

Goodhew, S., & Griffiths, R. (2005). Sustainable earth walls to meet the building regulations. 

Energy and Buildings, 37(5), 451-459. 

Gooding, D. E. M. (1993). Soil Testing for Soil-Cement Block Preparation. Development 

Technology Unit working paper, 38. 

Gregory, K. J., Davis, R. J., & Downs, P. W. (1992). Identification of river channel change to 

due to urbanization. Applied Geography, 12(4), 299-318. 



224 
 

Guillaud, H., Joffroy, T., & Odul, P. (1995). Compressed earth blocks-Volume 2: Manual of 

design and construction. Companion volume to Rigassi (1995). Vieweg, ISBN, 3(52802), 

080. 

Gupta, A. (1982). Observations on the effects of urbanization on runoff and sediment 

production in Singapore. Singapore Journal of Tropical Geography, 3(2), 137-146. 

Hall, M. R., Lindsay, R., & Krayenhoff, M. (Eds.). (2012). Modern earth buildings: Materials, 

engineering, constructions and applications. Elsevier. 

Hamard, E., Cazacliu, B., Razakamanantsoa, A., & Morel, J. C. (2016). Cob, a vernacular earth 

construction process in the context of modern sustainable building. Building and 

environment, 106, 103-119. 

Hamard, E., Cazacliu, B., Razakamanantsoa, A., & Morel, J. C. (2016). Cob, a vernacular earth 

construction process in the context of modern sustainable building. Building and 

Environment, 106, 103-119. 

Harries, R., Clark, D., & Watson, L. (2000). A rational return to earth as a contemporary 

building material. Terra, 319-21. 

Harries, R., Saxton, B., & Coventry, K. (1995). The geological and geotechnical properties of 

earth material from central Devon in relation to its suitability for building incob'. 

PROCEEDINGS-USSHER SOCIETY, 8, 441-441. 

Harwin, S., Lucieer, A., & Osborn, J. (2015). The impact of the calibration method on the 

accuracy of point clouds derived using unmanned aerial vehicle multi-view stereopsis. 

Remote Sensing, 7(9), 11933-11953. 

Heathcote, K. (2002). An Investigation into the Erodibility of Earth Wall Units. Sydney: 

University of Technology Sydney. 

Heathcote, K. A. (1995). Durability of earthwall buildings. Construction and building 

materials, 9(3), 185-189. 

Heathcote, K. A., & Jankulovski, E. (1992). Aspect ratio correction factors for soilcrete blocks. 

Transactions of the Institution of Engineers, Australia. Civil engineering, 34(4), 309-

312. 

Houben, H. & Guillaud, H. (2008) Earth Construction: A Comprehensive Guide. CRATerre – 

EAG, Intermediate Technology Publication, London, UK. 



225 
 

Houben, H., & Guillaud, H. (1994) Earth Construction: A Comprehensive Guide. Intermediate 

Technology Publications, London, UK 

Ipinge, I. (2013). Durability of compressed stabilised earth blocks (Doctoral dissertation). 

University of Portsmouth UK. 

Ismail, S., & Yaacob, Z. (2011). Properties of laterite bricks reinforced with oil palm empty 

fruit bunch fibres. Pertanika J. Sci. Technol, 19(1), 33-43. 

Jaafar, H. A. (2017). Detection and localisation of structural deformations using terrestrial 

laser scanning and generalised procrustes analysis (Doctoral dissertation, University of 

Nottingham). 

James, M. R., & Robson, S. (2012). Straightforward reconstruction of 3D surfaces and 

topography with a camera: Accuracy and geoscience application. Journal of 

Geophysical Research: Earth Surface, 117(F3). 

Jaquin, P. A., Augarde, C. E., & Gerrard, C. M. (2007). Historic rammed earth structures on 

Spain; Construction Techniques and Prelimenary Classification.  

Kalale, P., (2014). Compressed Earth Block Construction: Turning Soil into a Sustainable 

Structure. Retrieved from http://www.poplarnetwork.com/news/compressed-earth-

block-construction-turning-soil-sustainable-structure on 09/02/2015. 

Keefe, L. (1993). The cob buildings of Devon 1 & 2. DHBT Devon. 

Keefe, L. (1998). An investigation into the causes of structural failure in traditional cob 

buildings. Unpublished MPhil thesis, University of Plymouth. 

Keefe, L. (2012). Earth building: methods and materials, repair and conservation. Routledge. 

Keefe, L., Watson, L., & Griffiths, R. (2001). A proposed diagnostic survey procedure for cob 

walls. Proceedings of the Institution of Civil Engineers-Structures and Buildings, 146(1), 

57-65. 

Kerry, R., Rawlins, B. G., Oliver, M. A., & Lacinska, A. M. (2009). Problems with determining 

the particle size distribution of chalk soil and some of their implications. Geoderma, 

152(3-4), 324-337. 

Kottke, J. (2009). An investigation of quantifying and monitoring stone surface deterioration 

using three dimensional laser scanning. 

http://www.poplarnetwork.com/news/compressed-earth-block-construction-turning-soil-sustainable-structure%20on%2009/02/2015
http://www.poplarnetwork.com/news/compressed-earth-block-construction-turning-soil-sustainable-structure%20on%2009/02/2015


226 
 

Krefeld, W. J. (1938). Effect of shape of specimen on the apparent compressive strength of 

brick masonry. Proceedings of the American Society of Materials, Philadelphia p, 363-

369. 

Kwong, A. K. L., Tham, L. G., & King, B. A. (2005). Application of 3-D laser scanning technique 

to slope movement monitoring. Journal of Testing and Evaluation, 33(4), 266-273. 

Lawrence, M., Heath, A., & Walker, P. (2008, October). Mortars for thin unfired clay masonry 

walls. In Proceedings of the LEHM 5th International Conference on Building with Earth, 

Koblenz, Germany (pp. 9-12). 

Lemeš, S., & Zaimović-Uzunović, N. (2009, October). Study of ambient light influence on laser 

3D scanning. In Proceedings of the 7th International Conference on Industrial Tools 

and Material Processing Technologies (pp. 327-330). 

 Ley, T., & Widgery, M. (1997). Devon Earth Building Association: cob and the Building 

Regulations. Structural Survey, 15(1), 42-49. 

Ley, T., & Widgery, M. (1997). Devon Earth Building Association: cob and the Building 

Regulations. Structural Survey. 

Lima, S. A., Varum, H., Sales, A., & Neto, V. F. (2012). Analysis of the mechanical properties 

of compressed earth block masonry using the sugarcane bagasse ash. Construction 

and Building Materials, 35, 829-837. 

Little, B., & Morton, T. (2001). Building with earth in Scotland: Innovative design and 

sustainability. Edinburgh, UK: Scottish Executive Central Research Unit. 

Longoni, L., Papini, M., Brambilla, D., Barazzetti, L., Roncoroni, F., Scaioni, M., & Ivanov, V. 

(2016). Monitoring riverbank erosion in mountain catchments using terrestrial laser 

scanning. Remote Sensing, 8(3), 241. 

Macinnes, L. (2004). Historic landscape characterization. Countryside planning: New 

approaches to management and conservation, 155-169. 

Maniatidis, V., & Walker, P. (2003). A review of rammed earth construction.Innovation 

Project “Developing Rammed Earth for UK Housing”, Natural Building Technology 

Group, Department of Architecture & Civil Engineering, University of Bath. 



227 
 

Martins, T., & Varum, H. (2006). Adobe;s Mechanical Characterization in Ancient 

Constructions: The Case of Aveiro’s Region. (P. M. Vilarinho. Ed.) Materials Science 

Forum, 514-516. doi: 10.4028/www.scientific.net/MSF.514-516.1571 

McKean, E. (2005). The new oxford American dictionary (Vol. 2). New York: Oxford University 

Press. 

Medero, G. M., Forster, A., Morton, T., Kennedy, J., & Buckman, J. (2009, March). Cob 

construction in Scotland: Case study old school house at Cottown, Perthshire. In 

Proceeding of the 1st Mediterranean Conference on Eart Architecture. 

Millogo Y., Morel J. C., Aubert J. E., Ghavami K. (2014). Experimental analysis of pressed 

adobe blocks reinforced with hibiscus cannabinus fibers. Constr Build Mater; 52:71–8. 

Minke, G. (2009). Building with Earth: Design and Technology of a Sustainable Architecture 

(2nd ed.) Birkhauser GmbH. 

Molnar, V. (2003). Examination of pressed adobe brick. Istvan University, Department of 

Architecture and Building Contruction. Szechenyi: Hungarian Electronic Journal of 

Science. Retrieved from heja.szif.hu/ARC/ARC-021227-A/arc021227a.pdf 

Morel, J. C., & Pkla, A. (2002). A model to measure compressive strength of compressed earth 

blocks with the ‘3 points bending test’. Construction and Building Materials, 16(5), 

303-310. 

Morel, J., Pkla, A., and Walker, P. (2007). Compressive strength testing of compressed earth 

blocks. Construction and Building Materials, 21(2):303–309. 

Morris, H. (2006). New Zealand: Aseismic Performance-Based Standards, Earth Construction, 

Research, and Opportunities. Getty Seismic Adobe Project 2006 Colloquium (pp. 2-66). 

Los Angeles: Getty Conservation Institute.  

Morton, T. (2008). Earth Masonary Design and Construction Guidelines. Bracknell: BRE Press. 

New Forest District Council. (2003) Historic Buildings - Chalk and Clay Cob. Conservation and 

Urban Design.  

Nguyen, V. N., Taibi, S. (2015), “Improvement of Drip test for laboratory measurement of 

erosion and results in soil by rainfall – Application in Le Havre area, France”, 

Construction and Building Materials. 



228 
 

Niroumand, H., & Kassim, K. A. (2010). Comparison of Compressive Strength in Mud Bricks 

with Shred Tires and Concrete Particles as Sustainable Materials. EJGE, 15, 1151-1158. 

NMAC (2006). NMAC 14.7.4: Housing and Construction: Building Codes General: New Mexico 

Earthen Building Materials Code, New Mexico Regulation and Licensing Department, 

Santa Fe, New Mexico. 

NZS 4298 (1998). Materials and workmanship for earth buildings [Building Code Compliance 

Document E2 (AS2)] 

Obonyo E., Tate D., Sika V., Tia M. (2010). Advancing the structural use of earth-based bricks: 

addressing key challenges in the east African context. Sustainability 2:3561–71. 

http://dx.doi.org/10.390/su2113561. 

Obonyo, E., Exelbirt, J., & Baskaran, M. (2010a). Durability of compressed earth bricks: 

assessing erosion resistance using the modified spray testing. Sustainability, 2(12), 

3639-3649. 

Olwig, K. R. (1996). Recovering the substantive nature of landscape. Annals of the association 

of American geographers, 86(4), 630-653. 

Pearson, G. T. (1992). Conservation of Clay & Chalk Buildings, Wimbledon, Donhead 

Publishing,  

Pfeifer, N., & Briese, C. (2007, April). Laser scanning–principles and applications. In 

GeoSiberia 2007-International Exhibition and Scientific Congress. 

Poppe, L. J., Paskevich, V. F., Hathaway, J. C., & Blackwood, D. S. (2001). A laboratory manual 

for X-ray powder diffraction. US Geological Survey Open-File Report, 1(041), 1-88. 

Price, N., & Heath, A. (2013). Quality control of earth construction in developing 

areas. Proceedings of the Institution of Civil Engineers: Construction Materials, 1-10. 

Rigassi, V. (1985). Compressed earth blocks–Manual of production. CRATerre-EAG, vol. 1. 

GATE/GTZ/BASIN, German. 

Riza, F. V., Rahman, I. A., & Zaidi, A. M. A. (2010). A Brief Review of Compressed Stabilized 

Earth Brick (CSEB). In Science and Social Research (CSSR), 2010 International 

Conference on (pp. 999-1004). IEEE. 

http://dx.doi.org/10.390/su2113561


229 
 

Sherman, D. B. (1952). Genesis and morphology of the alumina rich bauxite plains in 

problems of clay and laterite genesis. New York. 

Silveira, D., Varum, H., Costa, A., Martins, T., Pereira, H., & Almeida, J. (2012). Mecahnical 

properties of adobe bricks in ancient contructions. Contruction and Building Materials, 

28, 36-44  

Sjöström, C. (1997). Durability of building materials and components 7: Proceedings of the 

Seventh International Conference on Durability of Building Materials and 

Components. Stockholm, Sweden. 

Standards Australia & Walker, P. (2002) HB 195: The Australian earth building handbook. 

Sydney (Australia): Standards Australia. 

Stephenson, W. J., & Finlayson, B. L. (2009). Measuring erosion with the micro-erosion 

meter—contributions to understanding landform evolution. Earth-Science Reviews, 

95(1-2), 53-62. 

Swantesson, J. O. H., Moses, C. A., Berg, G. E., & Jansson, K. M. (2006). Methods for 

measuring shoreplatform micro-erosion; a comparison of the micro-erosion meter 

and the laser scanner. Zeitschrift fur Geomorphologie Supplementband, 144, 1-17. 

Tarque, N., Crowley, H., Pinho, R., & Varum, H. (2010). Seismic Capacity of Adobe Dwellings. 

14th European Conference on earthquake Engineering. Ohrid. 

Tattersall, G. (2013). Structural Testing of Compressed Earth Blocks and Straw Bale Panels. 

Trinder, J. C., Jansa, J., & Huang, Y. (1995). An assessment of the precision and accuracy of 

methods of digital target location. ISPRS Journal of Photogrammetry and Remote 

Sensing, 50(2), 12-20. 

Turowski, J. M., & Cook, K. L. (2017). Field techniques for measuring bedrock erosion and 

denudation. Earth Surface Processes and Landforms, 42(1), 109-127. 

UN Human Settlements Programme. (2009). Interlocking Stabilised Soil Blocks   Appropriate 

earth technologies in Uganda. Nairobi: Co-published by UN Habitat and Good Earth 

Trust 

Van Genechten, B., Caner, H., Poelman, R., Heine, E., Lerma, J.L., Reiner, H., Biosca Taronger, 

J.M., De Bruyne, M., & Hankar, M. (2008). Theory and practice on Terrestrial Laser 

Scanning—Training material based on practical applications. Santana Quintero, M., 



230 
 

Lerma, J.L, Heine, E., Van Genechten, B, Eds.; Vlaams Leonardo Da Vinci Agentschap 

v.z.w.: Valencia, Spain, Universidad Politecnica de Valencia. 

Velosa, A., Varum, H., & Saez, M. (2010). Characterization of Adobe Blocks from Burgos. 

University of Aveiro, Department of Civil Engineering. Aveiro: RIA Repositorio 

Institucional. 

Walker, P. (1996). Specifications for stabilised pressed earth blocks. Masonry international, 

10(1), 1-6. 

Walker, P. (1997). Characteristics of pressed earth blocks in compression. In Proc. of the 11th 

international brick/block masonry conference (pp. 1-10). 

Walker, P. (2004). Strength and erosion characteristics of earth blocks and earth block 

masonry. Journal of Materials in Civil Engineering, 16(5):497–506. 

Walker, P., Heath, A., & Lawrence, M. (2011). Modern Innovations in Unfired Clay Masonry 

in the United Kingdom. L. Rainer, A. Bass, 641, 271-276. 

Wang, Y. C., & Lai, C. C. (2018). Evaluating the erosion process from a single-stripe laser-

scanned topography: A laboratory case study. Water, 10(7), 956. 

Watson, L., & McCabe, K. (2011). The cob building technique. Past, present and 

future. Informes de la Construccion-Revista, 63(523), 59. 

Watson, L., & McCabe, K. (2011). The cob building technique. Past, present and future. 

Informes de la Construccion-Revista, 63(523), 59. 

Waziri, B. S., Lawan, Z. A., & Mustapha, M. A. M. (2013). Properties of Compressed Stabilized 

Earth Blocks (CSEB) For Low-Cost Housing Construction: A Preliminary Investigation. 

International Journal of Sustainable Construction Engineering and Technology, 4(2), 

39-46. 

Webster, F. (2002). Some thoughts on "Adobe Codes", First published in 1995 in Adobe 

Codes, 3rd Edition. Bosque, NM 

West, I. (2013) Geology of Hoddle Cliff, Hampshire. (Constantly updated website) 

http://www.soton.ac.uk/~imw/ (Accessed March 2016) 

Winkler, E. M. (1986). The measurement of weathering rates of stone structures: a 

Geologist's view. APT Bulletin: The Journal of Preservation Technology, 18(4), 65-70. 



231 
 

Wolfskill, L.S., Dunlop, W.A. & Callaway, B.M. (1970). Handbook for building homes of earth. 

Department of Housing and Urban Development, Office of International Affairs (OIA), 

Washington, DC 20410. 

Yalley PP. (2012). Use of waste and low energy materials in construction. Germany: LAP 

LAMBERT Academic Publishing. 

Yetgin, Ş., Çavdar, Ö., & Cavdar, A. (2008). The effects of the fiber contents on the mechanic 

properties of the adobes. Construction and Building Materials, 22(3), 222-227. 

Yuangdetkla, K. (2013). Distribution of landslides and geotechnical properties within the 

Hampshire Basin. PhD Thesis: University of Portsmouth  

Yuangdetkla, K., Gibson, A., Whitworth, M., Foster, C., Entwisle, D., & Pennington, C. (2011). 

Distribution of landslides and geotechnical properties within the Hampshire Basin. 



232 
 

APPENDIX 1: REVIEW OF EROSION MEASUREMENT 

TECHNIQUES 

A1.1 Introduction  

Measuring the rate of erosion (in microscale) is a phenomenon which will mostly depend on 

two factors – Accuracy and Precision (Eltner, 2016; Turowski & Cook, 2017; Trinder et. al., 

1995; Harwin et. al., 2015; James & Robson 2012; Birginie and Rivas, 2005).  

Accuracy refers to the degree of closeness of a measured value to a standard or known value. 

For example: if a given substance is known to weigh 5kg, but when measured in given 

equipment, it was found to weigh 1.5kg, then the measurement is inaccurate because it is 

not close to the known value. 

Precision on the other hand, refers to the repeatability of a measured value under the same 

conditions, using the same method of measurement.  Using the example above, if a given 

substance is weighed five times, and get 5kg each time, then the measurement is said to be 

very precise.  

Precision and accuracy are independent of each other. A measurement can be very precise 

but lacks accuracy. Same way, a measurement can be accurate but not necessarily precise. 

A common analogy for understanding accuracy and precision is to imagine a football player 

shooting and aiming to hit the crossbar. If the player shoots with accuracy, his shot will 

always take the ball close to or hitting the bar. If the player shoots with precision, his shot 

will always take the ball to the same spot, which may or may not be close to the crossbar. An 

excellent player will be both accurate and precise by shooting the ball the same way each 

time and each time hitting the crossbar. In the same manner a testing technique will be 

expected to be accurate and precise at every test.  

In the course of advancing the research into erosion (with a core aim of achieving accuracy 

and precision), two main methods have been developed. They are the use of micro-erosion 

meter, which is termed a contact/invasive technique, and photogrammetry (DEM or Lider 

images), which is contactless/non-invasive.  

A1.2 Micro-Erosion Meter  

Micro-erosion meter (MEM) is a devise designed by Hanna (1966) and High & Hanna (1970), 

for measuring the rate of erosion on an exposed soil/rock surface. It consists of a triangular 



233 
 

base, with three legs positioned at each corner, and a precision dial gauge located on a 

central pillar (Stephenson & Finlayson, 2009; Turowski & Cook, 2017). 

For measurements, the three legs are placed on fixed benchmarks, with the spindle of the 

gauge extending through the base plate. Benchmarks are usually three masonry bolts 

permanently fixed into the soil/rock surface.  Bolts may consist of marine grade stainless 

steel threaded rods and a masonry expansion shell or other variations discussed by Shakesby 

and Walsh (1986). With the same working principle, there have been various modification to 

the MEM. Notably is the replacement of the dial gauge with a micrometer in studies such as 

Drysdale & Gillieson (1997) and Allred (2004). Other modifications have as been made to 

adapt the device for use in other environments, such as coastal (Robinson, 1976) and 

underwater (Askin & Davidson-Arnott, 1981) environments. 

The Traversing Micro-erosion Meter (TMEM) is a modification born out of the limiting 

number of measurement points, which were only three (in a given set of benchmarks) for 

the original MEM design (Figure A1-1; Turowski & Cook, 2017). This modification by Trudgill 

et al. (1981), allowed for a larger number of individual point measurements over an area of 

up to 200 cm2. Further improvements to the TMEM includes that by Stephenson (1997), 

which replaced the analogue gauge with a digital device with direct communication to a 

computer for semi-automatic data acquisition (Turowski & Cook, 2017). 

 

Figure A1-1: The MEM (left) and the TMEM (right), a ‘contact’ device used for measuring 
the rate of micro-erosion (source: Turowski & Cook, 2017, who acknowledged W. 

Stephenson and E. Gill) 

Measurements of erosion rate is generally reported as millimeters per annum. This is derived 

from its definition; Erosion rate (E) is the ratio of a change in surface position to a change in 
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time (E = Δh/Δt; where, Δh is change in surface position with respect to a benchmark; Δt is a 

change in time). 

The MEM and TMEM has been widely used in scientific studies, focusing on the erosion of 

the natural environment, such as shore platforms, soil cover and rock formations (e.g., 

Trudgill, 1977; Spencer, 1981; Trudgill, 1986; Smith et al., 1995; Mosses et al., 1995; Cucchi 

et al., 1996; Stephenson and Kirk, 1998; Muhammad and Beng, 2002; Allred, 2004; Liu et al., 

2006; Stephenson et al., 2012). Stephenson and Finlayson (2009) presented a summary 

(Table A1-1) of the scientific results achieved with the use of MEM and TMEM 
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Table A1-1: Erosion rates measured with the MEM/TMEM (from: Stephenson and Finlayson, 
2009) 

Maximum or 

range of 

erosion 

(mm/a) 

Duration of 

measurement 

(yr) 

Lithology Study area Authors 

0.011–2.966 0.9–21.9 Coastal 

limestone 

Croatia Furlani et al. 

(2009) 

0.009–0.044 2–26.3 Inland 

limestone 

Italy Furlani et al. 

(2009) 

13.600 1 Carbonate 

blocks 

Lijiadong and 

Chenzhou, 

Hunan 

Province China 

Liu et al. (2006) 

(MEM) 

0.031–0.046 7–9 Limestone Alaska Allred (2004) 

(REM) 

0.005–1.830 0.4–1.2 Limestone 

blocks 

Kinta and 

Lengong 

Valleys, 

Malaysia. 

Muhammad 

and Beng 

(2002) 

0.010–0.040 15 Limestone Trieste, Italy Cucchi et al. 

(1996) 

0.015–0.022 4 Dolerite & 

gneiss 

Eastern 

Antarctica 

Spate et al. 

(1995) (TMEM) 

0.003–0.018 12 Limestone South eastern 

Australia 

Smith et al. 

(1995) (TMEM) 

0.010–0.040 15 Carbonates Venezia Giulia 

region NE Italy 

Cucchi et al. 

(1994) 

With exception to a few studies such as the MEM sites on St Paul's Cathedral in 1980, which 

represents a unique long term experiment examining building stone decay (Sharp et al., 

1982; Trudgill et al., 1989, 1990, 1991, 2001), there have been limited use of both the MEM 

and TMEM in the study of the built environment. Stephenson & Finlayson (2009) opined that 

the invasive nature of this techniques has contributed to its limited use on building erosion 

studies, which favours less invasive techniques.  
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The invasive nature of this technique, which relied on the installation of bolts to the studied 

surface, have led to the development of non-invasive techniques such as laser scanning 

(Birginie and Rivas, 2005) and photogrammetry (Inkpen et al., 2000) for building erosion 

studies. 

A1.3 Photogrammetry  

Photogrammetry is the science of making measurements from photographs, especially for 

recovering the exact positions of surface points. Photogrammetry has long been used to 

generate digital elevation models (DEMs) from aerial and satellite images. Dornbusch et al. 

(2008) used DEMs from aerial photographs to measure shoreline platform erosion and cliff 

retreat. Same technique was used by Bennett et al. (2012) and Cook et al. (2013) to study 

andslide and rapid fluvial incision respectively. 

The application of Photogrammetry in micro-erosion studies have been fairly recent, only 

beginning about two decades ago (Turowski & Cook, 2017). This is because DEMs from 

traditional aerial photographs are characterised by relatively low resolution and accuracy. 

This meant that only macroscale erosion, such as slope movement (landslides, rockfalls) 

could be robustly interpreted, and good quality noise-free images could also be difficult 

and/or expensive to obtain (Turowski & Cook, 2017). 

Continuous improvements in photogrammetry have led to the development of the structure-

from-motion (SfM) technique and software. In combination with other factors such as the 

arrival of low-cost UAVs and ease of data collection have obviously led to a surge in the 

application of photogrammetry in a number of scientific fields. SfM allows for the creation 

of 3D point clouds from randomly oriented photographs without the need for independent 

camera calibration (Turowski & Cook, 2017). 



237 
 

 

Figure A1-2: Application of photogrammetry in erosion stidies. (A) UAV for taking aerial 
photographs for SfM. (B) Digital elevation model created using SfM. (C) Terrestrial laser 

scanner (D) Digital elevation model created from TLS data (source: Turowski & Cook, 2017). 

Photogrammetry have been classified in several ways. Based on camera location during 

photography, it can be classified into Aerial Photogrammetry and Terrestrial (or Close-Range) 

Photogrammetry (Figure A1-2). Aerial Photogrammetry refers to when the camera is 

mounted in an aircraft and pointed vertically towards the ground to obtain overlapping 

photos, taken as the aircraft flies along a flight path. Traditionally, aerial photogrammetry is 

associated with manned aircrafts, but more recent projects are conducted with Unmanned 

Aerial Vehicles (UAVs) and drones. Terrestrial or Close-range Photogrammetry refers to 

when the camera is located on the ground, mounted on a pole, tripod or handheld. The 

output in this type of photogrammetry are usually non-topographic, i.e., unlike aerial 

photogrammetry that outputs terrain models or topographic maps, this type outputs 

measurements, drawings, 3D models or point clouds. 

A very recent technique of photogrammetry, which have also seen rapid development in the 

past two decades is laser scanning (Pfeifer & Briese, 2007). A review of this technique, its 

working principle and application in erosion studies will be discussed in the following 

sections. 
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A1.4 Laser Scanning  

Laser scanning also known as HDS (High Definition Surveying) or LiDAR (Light Detection and 

Ranging) is a technology that uses laser light to capture and measure distances from a sensor 

to an object in a systematic pattern (Pfeifer & Briese, 2007). The technique is based on laser 

pulse emission of radiation (near-infrared or ultraviolet) through the atmosphere and 

recording of the backscattered laser radiation (Ampatzi et.a al., 2016). The outputted data 

set from a single scan, often known as a point cloud, is a series of single-point measurements 

(at specific intervals) that are recorded in a three-dimensional (XYZ) coordinate system 

(Kottke, 2009). Subsequently, in what is termed as the post-scanning phase/stage, the point 

cloud are then processed with appropriate computer software to produce 3D or colourised 

(RGB – red green and blue, e.g., DEM and DTM) models.   

3D laser scanning was initially developed to provide a means for quality control in the 

reverse-engineering and manufacturing of industrial spare parts (Kottke, 2009). They are 

currently used by many industries, including manufacturing, civil engineering, earth science, 

and heritage preservation (Kottke, 2009). Some studies have tested it for use as standard 

tests: e.g., recommending the adoption as a standard tool for evaluating pavement 

roughness (Chang et. al., 2005) and slope movement monitoring (Kwong et. al., 2005). 

Operational protocols can also be gathered from case studies and professional training, 

however no British or European standards currently exist.  

Currently there are a variety of laser scanners available in the market, with different speed, 

accuracy and range to meet its specific use. Kottke (2009) classified 3D laser scanners into 

four groups, based on their accuracy and resolution ranges (Table A1-2). 
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Table A1-2: Classification of 3D laser scanners (after, Kottke 2009) 

Laser Scanner Resolution 

Capability (accuracy 

@ operating range) 

Operating Range 

Description 

Operating Principle 

Triangulation 

Scanners  

.05mm-1m @ .1m - 

25m 

Close-range Triangulation 

Terrestrial Time-of-

flight Scanners  

3-12mm @ 2-100m Mid-range Time-of-flight 

Terrestrial Phase 

Comparison Scanners  

5mm @ 2-50m Mid-range Phase measurement 

Airborne Scanners  .15m @ 10 - 3500m Long-range Time-of-flight or 

Phase measurement 

 

As shown in Table A1-2, the operating principle, which is the technique used in capturing the 

distance from the sensor to the object differs with scanners and largely depends on its use. 

Three main techniques have been used to capture the distance information. They are;  

1. Time-of-flight technique 

2. Phase measurement technique 

3. Triangulation technique  

A1.4.1 Time-of-flight technique  

Time-of-flight technique is based on calculating the XYZ coordinates of the measurement 

point using the known speed of light, mirror angles (vertical and horizontal) and the time of 

flight for an emitted laser pulse to hit and reflect off the object and return to the device 

(Joeckel & Stober, 1999; Van Genechten et al., 2008; Eltner, 2016). This is achieved by an 

inbuilt optical lens which collects the light reflected back into the system. On detecting the 

returning pulses, the system records the time taken for the pulse to go from the laser scanner 

to the object and back. Then, the distance between the device and the object is then 

calculated based on the speed of light (Figure A1-3; Slob & Hack, 2004). 
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Figure A1-3: Working principle of time-of-flight laser scanning technique (source: Eltner, 
2016) 

Scanners that use this technique could be either airborne or mounted on a tripod (e.g., TLS - 

Terrestrial Laser Scanners) and operate at mid to long range distance. They are usually able 

to scan in 360 degrees in the horizontal and 180 degrees in the vertical, although with slightly 

larger resolution ranges and lower accuracy levels (in comparison with triangulation-based 

scanners). Their ability to scan in 360 degrees in the horizontal and 180 degrees in the vertical 

makes them more suitable for capturing general large information, such as rock formations 

and building facades (Kottke, 2009). 

Recent studies have utilised time-of-flight scanners in collecting data for erosion research. 

This includes Eltner (2016) who employed a TLS (Riegl LMS Z420i) scanner, which is based on 

time-of-flight technique to conduct an across-scale assessment of soil erosion.  

A1.4.2 Phase measurement technique 

Phase measurement technique is based on the phase-shift between the emitted and 

reflected signal and the number of full wavelengths (Figure A1-4; Maar & Zogg 2014; Jaafar, 

2017). This is achieved by calculating the differences in the signal between the emitted and 

the reflected back laser pulses (Pfeifer & Briese, 2007; Kottke, 2009).  
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The relation between the phase-shift and the one-way range is given as:  

R = ∆ϕ/(2. π).λ/2+ λ/2.n (Pfeifer & Briese, 2007) 

Where:  λ is the wavelength (m); n is the unknown number of full wavelengths between the 

sensor system and the reflecting object surface 

 

Figure A1-4: Working principle of phase measurement scanning technique (source: Maar & 
Zogg 2014) 

This technique is designed to capture more information at faster rates and precision (Pfeifer 

& Briese, 2007), although it has been argued that the resulting vast quantity of data causes 

problems at the post-scanning stage (Kottke, 2009) 

The phase measurement technique is similar to the time-of-flight technique regarding 

distance and accuracy ranges. i.e., they are characterised by having larger range with lesser 

accuracy when compared to triangulation scanners. On the other hand, phase measurement 

scanners are generally considered to have lesser range (but higher speeds and better 

resolution: Jaafar, 2017) than the time-of-flight scanners, which then safely puts them as 

mid-range scanners.  

Phase measurement technique have ben majorly deployed in terrestrial laser scanners (TLS). 

This was linked to their range limitation when compared to time-of-flight scanners (Pfeifer & 

Briese, 2007), however the use of this technique in airborne projects have been 

demonstrated in few studies (e.g., Hug and Wehr, 1997).  
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Application of phase measurement technique in erosion/micro-erosion studies have been 

mainly by the use of the TLS. These studies include Afana et. al. (2010), Longoni et. al. (2016) 

and Dąbek et. al. (2018). Afana et. al. (2010) used a phase measurement-based device (Faro 

LS-800) in combination with other devices (including an airborne laser scanner ALS) to 

analyse the difference in soil erosion measured by a set of laser scanners. Longoni et. al. 

(2016) utilised a Faro Focus3D scanner, which is based on phase measurement as a 

preliminary device to monitor riverbank erosion in mountain catchments in Val Tartano, 

Northern Italy. However, range limitations meant that the device used was changed to a 

time-of-flight scanner for completing the project (Longoni et. al., 2016).  

A1.4.3 Triangulation technique 

Triangulation technique calculate the XYZ coordinates of each measurement point by using 

angle measurements and trigonometric calculations (Pfeifer & Briese, 2007; Kottke, 2009). 

This is based on the formation of a triangle (with the help of a rotating mirror) by the laser 

spot or strip projected onto a target object, an internal CCD camera, and the laser emitter. 

The angles of the formed triangle are then calculated when the internal CCD camera with a 

base distance from the laser emitter locates and records where the laser strikes the object 

within its field of view (Figure A1-5; Boehler et. al., 2002; Kottke, 2009).  
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Figure A1-5: Working principle of triangulation scanning technique (after, Boehler et. al., 
2002) 

Triangulation scanners are close-range scanners because the technique is restricted in depth. 

The distance from the emitter to the CCD camera cannot be extended for practical reasons, 

hence the quality of the intersection decreases with range (Pfeifer & Briese, 2007). For this 

reason however, these scanners have higher resolution capabilities and accuracy levels, 

making them more suitable for desktop or laboratory scanning of small objects with higher 

precision.  
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Most triangulation scanners are supplied with rotating turntable for stationary (desktop) 

scanning projects (e.g., the NextEngine 3D Scanner, which was used in acquiring data for this 

research: more details in the methodology chapter). They can also be mounted on robotic 

arms or portable tripods. When mounted on robotic arms, they are often referred to as 

“hand-held scanners”. Hand-held scanners work best in laboratory environments; however, 

they can also be used for in-situ scanning (Kottke, 2009).  

Due to the range limitation, very few studies, which are mostly laboratory based have used 

triangulation scanners for erosion studies. One of such studies include Wang & Lai (2018) 

who used a stripe laser apparatus to evaluate the erosion process of soil surface and the 

resultant topographic changes. Away from erosion, Boehler et. al. (2002) used a SOISIC 

scanner, which implements the triangulation principle to study the potential of laser 

scanning for cultural heritage recording. 

A1.5 Conclusion  

As observed throughout this review, erosion and micro erosion studies have seen a lot of 

interest from a variety of scientific fields ranging from physical geography to geology, civil 

engineering to soil science and to material science. Interestingly, from the reviewed 

literatures, early researchers have always employed techniques which satisfied narrow aims 

or aligned with their specified field of interest. An example is the remarkable difference in 

the approach and methods employed by Geographers and Civil Engineers in erosion studies. 

Whilst the former mainly used direct testing or monitoring (e.g., the use of MEM and TMEM), 

the latter have relied more on indirect and simulation techniques (e.g., spray test and drip 

test) to estimate the rate of erosion. An obvious reason for this is of course the target (aim) 

of the project: geographers are concerned with the natural environment, whist the engineers 

are more concerned with the built environment.   

Techniques used in erosion studies have been either invasive or non-invasive. With invasive 

technique becoming less popular because of two reasons; the measurements require the 

researcher to be in contact and invasive; i.e., requires placement of the reference studs 

causing damage to the surface measured. It is therefore considered a destructive tool and 

would typically not be appropriate for fragile or delicate materials like unfired/unstabilised 

earth walls. This have therefore led to the rise of photogrammetry (which includes laser 

scanning) in the study of erosion. Another advantage is that photogrammetric 

measurements provide a large number of individual readings that a MEM/TMEM cannot per 

site or per project (Monserrat and Crosetto, 2008). Although, regardless of the numerous 
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advantages of photogrammetry, understanding the rate or effect of erosion will require the 

use of multiple techniques (Stephenson & Finlayson, 2009); i.e., methods designed based on 

multidisciplinary approach.   

Winkler (1986) stated that “…accurately measuring the effect … of erosion on building stone 

depends on the measurement technique used and the geology of the stone itself”.  

The above statement can be described as a benchmark for measuring the erosion of earthen 

materials. Unlike previous studies such as Heathcote (2002), who tried to simulate erosive 

forces (which of course, is almost impossible), this research (as presented in Chapter 5) have 

adopted a more focus approach of using a non-invasive technique to identify and quantify 

the rate of erosion on earthen blocks. The adopted methodology was based on a 

multidisciplinary approach, i.e., it combined the use of a modified spray test (civil 

engineering), material testing (geotechnics) and laser scanning (applied geography).  
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APPENDIX 2: SUMMARY OF PRELIMINARY TESTING 

PROGRAMME 

A2.1 Introduction 

One of the preliminary tests conducted is the wet/dry appraisal test, proposed in Appendix 

C of Materials and Workmanship for Earth Buildings, New Zealand Standard (NZS 4298:1998). 

Though the original test did not require any measurements to be taken, in an effort to 

quantify the changes to block mass and volume, measurements were done with the use of 

callipers (as shown in one of the photos).  

The reasons for modifying the test are discussed in section 3.3.1.2; i.e., they included lack of 

measurable parameter and limited data set.  

A2.2 Method  

The modified version in this study involved the following procedures;  

1. soaking blocks for 3 different cycles (1, 2 and 3mins) and analysing the blocks after 

each cycle. 

2. 4 set of blocks were involved which was soaked for 1 minute, 2 minutes, 3 minutes 

and a fourth which was soak for 2 minutes on the same bowl of water for the 3 cycles.  

3. Analysis involves – change in volume and change in mass. 

See Figure A2-1[a] for stages of this test.  

A2.3 Result  

• The test result showed a continuous loss in mass from cycle 1 to cycle 3, and from 

1min to 3min soak period respectively (Figure A2-1[b]).  

• However, there was a slight difference with the loss in volume. The set of blocks 

socked for one minute didn’t show much change in volume when compared to those 

soaked for 2 minutes and 3 minutes (Figure A2-1[c]). 

A2.4 Conclusion  

In conclusion, the test creates a basic understanding of the behaviour of earthen blocks 

exposed to water. However, it only considers the action of water ingression, but not the 

water-spay action that are known to rapidly erode earthen wall surface; hence, the change 

in volume results showed very little difference. Also, the measurement of the blocks with 

contact technique (callipers) were not very effected as changes could be in micro scales.  



247 
 

Lessons learnt from the above test led to the design of the spray test, which incorporated 3-

D laser scanning used in this study. A poster produced from initial results is presented as 

Figure A2.2.  
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Figure A2-1: Highlights of preliminary testing programme: involving the use of a modified version of the wet/dry appraisal test, proposed in Appendix C of 
Materials and Workmanship for Earth Buildings, New Zealand Standard (NZS 4298:1998) 
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Figure A2-2: Poster presentation of the initial tests conducted to assess the method and techniques used for this research.  
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APPENDIX 3: HIGHLIGHTS OF SITE VISITS 

Objectives of site visits were: 

1. Survey of cob building to observe extent of deterioration caused by water damage. 

Possible measurement of original wall thickness (width), in comparison to present 

thickness. 

2. Observe and note surface decay patterns 

3. Observe materials used for cob walls in order to determine possible source and also 

to compare with literature. 

 

Figure A3-1: Extract of Site Visit Risk Assessment 

 

Figure A3-2: Map showing the areas visited. 
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Figure A3-2: Annotated photographs highlighting the fieldwork undertaken in the case study area, Hampshire. 
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APPENDIX 4: X-RAY DIFFRACTION (XRD) RESULTS OF THE THREE STUDY MATERIALS 

See sections 5.2.1, 5.2.2 and 5.2.3 for interpretation of the XRD charts and more engineering properties of the Barton 

Clay, London Clay and Chalk respectively.  

 
Figure A4-1: X-ray Diffraction (XRD) results of the study materials.  
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APPENDIX 5: RESULT DATA  

A5.1 Barton Clay Result Data 

The mass change and volume change data for Barton Clay acquired from the spray test are 

presented below.  

 

Table A5-1: Barton Clay Mass Change data 

Duration 

 

 

Cycles 

Mass Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec 180 Sec 

Co 100 100 100 100 100 

C1 97.39572306 97.25226905 96.4302369

9 

95.8623619

4 

95.39241879 

C2 97.32796951 96.88756268 95.2134650

4 

94.4360552

9 

94.41801189 

C3 97.29409274 96.67205437 94.7216687

2 

93.6113369

7 

93.37298216 

C4 97.17975863 96.48970119 94.0433289

5 

92.5998300

8 

92.27552561 

C5 97.07389371 96.29077044 93.4709797

8 

91.6057774 90.28148836 
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Table A5-2: Barton Clay Volume Change data 

Duration 

 

 

Cycles 

Volume Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec 180 Sec 

Co 100 100 100 100 100 

C1 99.94054825 99.88320947 99.70626286 99.65912241 99.5824579 

C2 99.21647732 99.05724259 98.91546707 98.78165727 98.76692072 

C3 99.07932903 98.92279912 98.81122251 98.07951996 97.91384574 

C4 99.15320298 98.00263522 97.90154646 97.42024081 97.11319907 

C5 98.82908765 97.57935897 96.7738228 96.7186649 96.4667663 
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A5.2 London Clay Result Data 

The mass change and volume change data for London Clay acquired from the spray test are 

presented below.  

Table A5-3: London Clay Mass Change data 

   Duration 

 

 

Cycles 

Mass Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec  180 Sec 

Co 100 100 100 100 100 

C1 98.53205243 97.0566761 96.8230649

2 

96.5214549

2 

96.33369234 

C2 98.27617166 96.88327097 96.5384262

2 

95.7697156

5 

95.39579968 

C3 98.18638894 96.64597974 96.3685612 94.7845169

7 

93.73092802 

C4 97.99335608 96.21246692 95.2713249

5 

92.7861045 89.59791779 

C5 97.75543185 95.65118189 93.7884491

8 

90.638278 85.75659666 
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Table A5-4: London Clay Volume Change data 

   Duration 

 

 

Cycles 

Volume Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec  180 Sec 

Co 100 100 100 100 100 

C1 99.98751463 99.29250354 98.98903123 98.3344801 97.89709272 

C2 99.95234861 99.15714321 98.90634903 98.25748141 97.50813987 

C3 99.72266921 98.8185355 98.70613399 97.92137279 96.59800699 

C4 99.67617508 98.59356287 98.07062948 97.75248131 96.38444998 

C5 99.6158305 97.93324333 97.80280512 97.25601533 95.69716144 
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A5.3 Chalk Result Data 

The mass change and volume change data for Chalk acquired from the spray test are 

presented below.  

Table A5-5: Chalk Mass Change data 

   Duration 

 

 

Cycles 

Mass Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec  180 Sec 

Co 100 100 100 100 100 

C1 99.88075932 99.67423589 98.1752353

4 

94.8927080

3 

86.64066309 

C2 99.64227797 98.23225065 95.5442915

8 

87.4308185

3 

75.68015602 

C3 99.63750835 97.75797643 95.1049963

8 

82.8527041

5 

68.8298391 

C4 99.45626252 97.32681805 93.9608979 78.8960093

2 

62.1257923 

C5 99.31317371 96.98189135 93.4573980

2 

74.5557821

1 

56.6552901 
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Table A5-6: Chalk Volume Change data 

   

Duration 

 

 

Cycles 

Volume Change (%) 

15 Sec 30 Sec 60 Sec 120 Sec  180 Sec 

Co  C1 C2 C3 C4 

C1 0 100 100 100 100 

C2 15 99.98751463 99.95234861 99.72266921 99.67617508 

C3 30 99.29250354 99.15714321 98.70613399 98.59356287 

C4 60 98.98903123 98.90634903 98.8185355 98.07062948 

C5 120 98.3344801 98.25748141 97.92137279 97.75248131 
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APPENDIX 6: LABORATORY WORK RISK ASSESSMENT 

ASSESSING OUR RISKS – 
GENERAL RISK ASSESSMENT FORM 

Calculate: Probability multiplied by severity for No/Post 
control scores. 
NB:  For scores of 10 (High), or more contact the health & 
safety department for further advice. 

Site/Department:  
1. Soils Lab. (First floor), Burnaby Building, School of Earth and Environment 

Sciences. 
2. Structures Lab. (Ground floor), Burnaby Building, School of Civil Engineering and 

Surveying. 
3. NIR Lab. (Third floor), Burnaby Building, School of Earth and Environment Sciences. 

       
Probability 
 
 
Severity   
 

Minor 
injury 
 
      1 

Lost time/ 
Ill Health 
 
    2 

Major / >3 
days  
 
     3 

Perm. 
Disability  
 
    4 

Fatal/ 
Site Loss 
 
      5 

Task/Activity/Area:  

• Soil testing in the Soils Lab to include; PSD, Compaction etc. 

• Block making in the Soils Lab using steel molds and hammer 

• Block making/testing in the Structures Lab using the Zwick compaction rig. 

• Block testing in the Soils Lab using spray pump  

• Scanning of blocks in the Lab using NextEngine Laser machine 

Highly 
Unlikely 1 

1 2 3 4 5 

Unlikely   2 2 4 6 8 10 

   Notes:  
Risk is relatively low if safety procedures are followed Possible 3 3 6 9 12 15 

Probable 
4 

4 8 12 16 20 

RA Team:  
(Mgr, Supervisor, EHS Adviser, Safety Rep, Employee, minimum is 2 people) 

 

Date of RA: 
Certain    5 5 10 15 20 25 
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Ref No or 

Task-step 

Identified hazards or Injury 

causes, highlighting risks 

(Injury focused - see checklist) 

Score -No 

controls 

(Probability  x  

Severity = 

calculation) 

Controls/Procedures/Key Behaviours 

(existing controls, information, training etc) 

Score -Post 

Controls 

(Calculation) 

Further action 

required 

Action 

Priority 

(H/M/L) 

1 Dust from soils during breaking 

down process penetrating eyes or 

causing nasal blockage/breathing 

problems 

6 Wearing of nose mask and eyeglasses. Activity to 

be carried out when the Lab is less busy/not in use 

by other students; most appropriately in the 

afternoons/evenings. 

2 No L 

2 Injury from dropping rammer 

during compaction test. 

4 Wearing of safety shoes and being careful. 1 No L 

3 Injury from dropping hammer 

during block making. 

4 Wearing of safety shoes and being careful. 1 No L 

4 Injury from moving mechanical 

parts when using the Zwick 

compaction rig. 

8 Work to be supervised by a trained Technician and 

Lab safety procedures to be followed. 

3 No L 

 People at risk:  
Researcher (Jonathan Ikpere), Lab. technicians, other students, other university employees and visitors   

Research Supervisor (Print 
Name): 

 

Dr. Gareth Swift Signature: 

 

Review 
Date: 

 

14/10/2015 
Date 
Updated: 

 

01/11/2017 
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Ref No or 

Task-step 

Identified hazards or Injury 

causes, highlighting risks 

(Injury focused - see checklist) 

Score -No 

controls 

(Probability  x  

Severity = 

calculation) 

Controls/Procedures/Key Behaviours 

(existing controls, information, training etc) 

Score -Post 

Controls 

(Calculation) 

Further action 

required 

Action 

Priority 

(H/M/L) 

5 Damage to eyes from breaking 

samples when using the 

Hounsfield HK50 compression 

machine. 

6 To ensure that the safety guard is on at all times, 

work to be supervised by a trained Technician and 

Lab safety procedures to be followed. 

2 No L 

6 Injury from dropping heaving 

objects (e.g., steel molds) in the 

Structures Lab. 

12 Safety shoes to be worn all the time, being careful 

and Lab safety procedures to be followed. 

2 No L 

7 Laser beam from NextEngine 

Scanner causing damaging effect 

on health, 

12 Getting enough training, initial work to be 

supervised by a trained Technician, wearing of 

PPEs (Lab coat and glasses) and generally being 

careful. 

1 No L 

8 General fatigue due to prolong 

time of working in the Lab, 

3 Taking of periodic breaks and drinking of enough 

fluid. 

1 No L 
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APPENDIX 7a: COPY OF ETHICS REVIEW CERTIFICATE 
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APPENDIX 7b: COPY OF ETHICS REVIEW CHECKLIST (FORM 

UPR16) 

 

 


