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Abstract - Embankments failure in cohesive soils are often 

preceded by periods of cyclic wetting and drying due to 

changing climatic conditions. The resulting desiccation cracks 

tend to have significant effects on the stability of slopes and 

other engineered infrastructures founded on such soils 

susceptible to shrinkage and cracking. This research 

investigates the shrinkage and cracking behaviour of an 

engineered clay soil under series of wetting and drying cycles. 

Experimental cyclic wetting and drying were conducted using 

an intermediate plasticity Durham boulder clay and synthesis 

bentonite mix samples. These samples were subjected to four 

dry-wet cycles, the desiccation rate of the samples was 

observed and recorded using wind source and oven drying 

approach at 600C. The surface dimension of the samples 

cracks were quantified both virtually and using digital image 

processing.  The results of the experiments indicated that the 

samples with higher plasticity index have a greater crack 

intensity factor (CIF) irrespective of the drying approach. 

Also both sample displays a significant increase in the cracks 

geometries and dimension after the first two cycles and tend 

to attain an equilibrium state after subsequent cyclic episodes. 

The mechanism of cracking was observed as initiating from 

the surficial or textural defects of the sample where the tensile 

strength is minimum and exceeded by the tensile stress. 

Further observations of the cracks indicated some obvious 

mechanism of closure especially the major cracks as the width 

size reduces with successive cycles. Within the context of this 

research, some recommendations were provided all directed 

towards improving the material thereby reducing it 

susceptibility to shrinkage and cracking. 

Key Words: Bionic Embankment, Cyclic Wetting and Drying, 

Desiccation Cracks, Shrinkage, CIF, Closure 

1. INTRODUCTION 

It is a generally arising phenomenon that Shrinkage 

often leads to cracking in clay soils as a result of consistent 

moisture loss. Cracking usually occur when soils are 

restrained while undergoing shrinkage, which generates 

high negative pore pressure otherwise known as soil 

suction, within the drying soil mass (Mitchell, 1993; Holtz 

& Kovacs, 1981). The desiccation cracking can induce 

detrimental impacts in cohesive soils, such as reduction in 

the strength, stiffness, stability of the overall soil mass, and 

also an increase in the compressibility and soil hydraulic 

properties (Chertkov, 2000). The cyclic reoccurrence of 

this phenomenon results in a worldwide problem which 

prompt considerable and far reaching damages and reduce 

efficiency (or performance) of engineering projects such as 

foundations, embankments, impermeable core of earth-dam, 

long term radioactive waste storage, excavations and 

structures which are constructed on cohesive soils 

vulnerable to cracking. 

 

Cohesive soils such as clays are commonly used in 

engineering constructions like cuttings, support for 

foundations, embankments and also as impermeable layer 

for waste disposal. Within the UK, numerous embankments 

constructed in the transport industry are of over a century 

in age and were built principally using clay materials which 

are prone to a significant volume change either swell or 

shrink (Briggs, 2010).  The clays within these materials 

may be a major risk to the above mentioned engineering 

structures owing to their capability to expand, shrink and 

crack with recurrent variations in soil moisture content 

particularly due to climate change and high water 

demanding vegetation (Britishgeologicalsurvey, 2012). 

More interestingly, an embankment failure or inefficiency 

of engineering projects can result in major issues within the 

industry like delays in transportation network affecting 

people going to work or travelling to and about. 

This failure can unswervingly distress and cost the 

government or the transport establishments millions of 

pounds for either compensations or embankments and other 

infrastructures repairs. Research in the UK transport with 

respect to embankment stability is on the increase as seen 

in a new four years funded project futurenet (Future 

Resilient Transport Networks) which revolves around 

assessing the flexibility of the UK transport network in 

2050 using series of models (Wilks, 2010).  

The United Kingdom embankment projects are mainly 

constructed using variety of materials from a native source, 

and the possible failure of these embankments is usually 

associated with the reduction in the ultimate strength or 

possibly a zone of weakness developed within the structure 

(Wilks, 2010). It is expected that recurrent cyclic climatic 

conditions within the UK become continuous and more 

pronounced which in turn will result in more severe cycles 

of shrinkage and swelling. The pore water pressure in a soil 

increases and decreases the effective stress of a slope when 

subjected to cyclic wetting and drying condition which 

simulates the typical alternating UK climatic condition. 

Figure 1.1 shows the swell and shrinking clay potential map 
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of the UK based on volume change potential. As expected, 

an embankment will be as close to failure as possible 

depending on the numerous cycles it had witnessed. The 

embankments which have experienced sequences of pore 

water variations are expected to be closer to failure than 

others with less cycles, meanwhile if these cyclic events are 

much more pronounced with extreme effects on the soil, it 

may take less cycles to fail such embankment. 

Cracking which is as a result of desiccation is an 

unvarying event worldwide, evolving into a wide range of 

forms and dimensions, the endless cycles of opening and 

closing of soil crack easily modifies the permeability of the 

soil. Once a soil cracks, the cohesive force within the soil is 

destroyed and cannot be re-bounded even if the crack 

closes, this led to an increase in pores which in turn 

increase the permeability of the soil (Anderson et al., 1982).  

Meanwhile the mechanism of cracking, the behaviour of 

soil under wetting and drying cycles, the crack initiation, 

advancement, closure and other resulting structures are still 

vague and need to be research. In general it is believed that 

shrinkage is due to water loss by evaporation and if drying 

continues from the surface down, the dried out upper layer 

shrinks first and a tensile stress develops leading to a 

negative pore water pressure resulting in cracking, meaning 

that shrinkage leads to cracking (Kodikara et al., 2002). 

 

Figure 1.1: Swell and shrinking clay potential map, based on volume change potential (Britishgeologicalsurvey, 2012). 

 

In preparation for the future to make proper 

evaluations and recommendations of proposed projects, as 

climatic conditions are expected to change and boost more 

extreme periods of shrink and swell cycles. Geotechnical 

engineers require both field and laboratory information to 

provide geological and geotechnical data needed to 

appropriately design structure on cohesive soils with swell 

and shrink properties within environments prone to similar 

climatic variation as the UK. This project focuses on 

geotechnical investigation of the shrinkage and cracking of 

clay soil under cyclic wetting and drying cycles through 

experimental techniques, using Durham boulder clay from 

the Bionic embankment (Biological and engineering 

impacts of climate change on slopes). 

1.1 Aim 

The aim of this project is to investigate the 

behaviour of clay soil as it undergoes shrinkage and 

cracking under repeated wetting and drying cycles. 

1.2 Objectives 

To effectively complete this investigation, the following 

objectives are set to be achieved: 

1. To advance in the understanding of the processes 

involved in the formation of cracks during wetting 

and desiccation. 

2. To determine the properties of clay soils which are 

directly responsible for altering its behaviour after 

numerous cycles of drying and wetting. 

3. To understand the initiation of cracks and its 

geometry in clay soils of different properties 

through different drying conditions. 

4. To estimate the crack geometry and dimensions 

using image processing technique. 

5. To assess the repeatability and healing (closure) of 

the crack in different clay soils: Nafferton 

(Durham boulder clay), Bentonite and other 

manufactured clays in the laboratory. 
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6. To evaluate the implications of this cycles on 

foundation works and slope stability. 

7. To relate this research outcome to provide 

recommendations for appropriate design and 

construction measure in order to mitigate this 

problem. 

 

1.3 Scope 

This project will investigate mechanically compacted 

engineered clays from the Bionic embankment to simulate 

extreme conditions of the behaviour of the soils on 

foundations works, embankments and engineered slopes. 

This research work is primarily experimental based and 

will carry out the wetting and drying tests to examine the 

behaviour of clays in relation to crack initiation and its 

geometry, crack repeatability, the ratio of surface crack to 

surface area of the tested samples, and also determine the 

implication for long term behaviour of foundation and 

embankments. The Laboratory methods and analysis of 

data will be in accordance with British Standard. 

Limitation of this research work is that it might not fully 

address field scenario mainly because of the various 

processes going on in the field which is too complicated to 

replicate in the laboratory, but will certainly give an 

explanations to the initiation and closure of the cracks 

formed on the field. This research work is in collaboration 

with a current PhD project on the mechanism of desiccation 

on clay embankments. 

1.4 Background of Bionic embankment 

The samples for this project were taken from the 

Bionic Embankment which is about 21km west of 

Newcastle University at Stocksfield Northumberland, 

which is one of the university farm for research purposes. 

The embankment is a current full scale testing instruments 

of the United Kingdom, mainly for Biological and 

Engineering impacts of the effects of change in climate on 

engineering structures, such as slopes which describe an 

embankment constructed to the British standards of 

railways and highways agency (Hughes et al., 2009). The 

embankment has a width of 29 meters and a length of 90 

metres with an angle of slope of 1:2 with a height of 6 

metres and a crest of 5 metres. 

 The Bionic embankment is basically used by several 

educational institutions within the UK for research 

purposes. The embankment is divided into four segments 

each 18 metres long, the middle two sections (36 metres 

long) have been built using good compaction method, and 

is an illustration of a newly constructed embankment 

according to the rail and highway agency standards. The 

rest two outer sections have been built using poorly 

compacted technique which is expressive of the conditions 

that may be found in an old embankment. Figure 1.2 shows 

the current state of the embankment (Hughes et al., 2009). 

 

Figure 1.2: Current state of the Bionic Embankment in 2015 (Photo by Bamgbopa Sunday). 

The embankment was built using Durham boulder 

clay with plastic limit of 23%, and liquid limit of 41% 

(Hughes et al., 2009). The commencement of the 

embankment started in June 2005, the divisions of the 

embankment which were constructed to highway agency 

standards were compacted with a smooth drum vibrating 

roller with about 18 rolling passes. The section which is 

poorly compacted was constructed using a tracked 

excavator but was not compacted and hence did not 

received any passes (Hughes et al., 2009). The compaction 

results of the two sections are listed in  

Table 1.1 below. Due to compaction the mid panel 

had an improved density and reduced in percentage of air 

void which in tum reduced the volumetric variation of the 

soil. 
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Table 1.1: Construction values of the good and poorly compacted section of the Embankment (Hughes et al., 2009). 

Compaction Bulk Density 
(Mg/m3) 

Water content (%) Dry Density 
(Mg/m3) 

Air Void Degree of saturation 
(%) 

Poor 1.93 20.7 1.6 6 85.3 

Good 2.01 20.01 1.7 3.2 91.4 

 

2. LITERATURE REVIEW 

Over the past few decades, comprehensive research 

had been carried out to understand the mechanism of 

shrinkage and cracking of cohesive soils. Several scientists 

have described both field and laboratory evidences of 

desiccation cracking, even though many of these studies 

have concluded with some remarkable results which are 

quite pertinent to this research project, little is still known 

about soil cracking. Also an engineered clay soils present 

much more complexities, below are brief reviews of some 

experimental researches and theories applicable to this 

project with explicit references to the mechanism of 

cracking, cyclic wetting and drying, compacted soils, 

effects of environmental conditions and several drying 

approaches to the initiation and closure of cracks. 

 

2.1 Mechanism of cracking 

Various experimental tests had been conducted in the 

past, all trying to understand the mechanisms of cracks 

using different approaches and variety of base material 

varying from rectangular test, circular, long mould test and 

field analysis. Also numerical models had been set up to 

simulate the conditions that influence the formation of 

cracks. In line with Kodikara and Costa (2013), the 

essential requirement for desiccation cracks is the 

development of tensile stress which exceed the tensile 

strength with restrained shrinkage.  

The study showed that if a drying soil is free from any 

restraint whatsoever, then the soil will shrink on a full scale 

without cracking and this will depend only on the soil 

properties and environment. Cracks initiation is mainly 

control by two factors, first is the distribution of tensile 

stress due to restraining of shrinkage strain within the soil 

mass. With respect to this control, studies had shown that 

cracks will initiate at the centre of the soil drying mass 

where the tensile stresses are concentrated most (Nahlawi 

and Kodikara, 2006). The second factor relates to the 

initiation of cracks as a result of flaws or imperfections on 

the soil surface, the initiation of cracks are affected by the 

tensile stress at these locations. Flaws can be due to micro 

cracks, air bubbles, large particles and surface texture as 

stated by Nahlawi and Kodikara (2006). The figure below 

indicates the influence of tensile stress and flaws on the 

initiation of cracks. 

 

Figure 2.1: Flaws effects on crack initiation (Costa et al., 2013). 

 

With reference to the fracture mechanics, the tensile 

stress needed to trigger a flaw is inversely proportional to 

the square root of the flaw size. Therefore it is likely for 

cracks to initiate at a place away from the location of 

maximum tensile stress if the flaws at these points are 

adequate enough to be triggered by the prevalent tensile 

stress (Nahlawi and Kodikara, 2006). 

 

2.2 Cyclic wetting and drying 

The unfavourable effects of reoccurring wetting and 

drying on the performance and behaviour of soil have 

received attention for several years, the mechanism of 

swelling, shrinkage and cracking are still not well 

understood. This area of focus received attention of more 

than a few researcher with uttermost interest in this genre. 

Laboratory observations and field studies were performed 

by Anderson et al. (1982) on the effect of shrinkage on the 

pore water pressure and stability of slopes contained by a 

clay embankment, which was vulnerable to variation in 

climatic conditions along a motorway within close 

proximity to Wootton Bassett, England. Several 

instruments were installed at depth across the site for the 

purpose of measuring both the positive and negative soil 

suction within the area. The area was divided into grids and 

marked for adequate spatial crack observation and precise 

monitoring with adequate measurement such as the 

occurrence at interval, width, depth within the grids. After 

careful monitoring, it was observed that most prevalent 

cracks occurred in August and consequent to that, there 

was a substantial rainfall which reduced the depth of these 
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cracks which continued to heal till the end of that year. It 

was recorded that the cracks finally closed by February of 

the next year following another heavy downpour. 

Assessments of the soils on the field indicated that there 

had been an increase in the permeability of the soil and also 

examination of the density of the soil indicated a variation.   

The prompt variations in suction suggested that the 

desiccation cracks had increased its penetration and 

evaporation rates which is established by the variation in 

density which in turn suggest that the closed cracks only 

remain as a minute discontinuities in the soil as a potential 

weakness zone. The limitation of this research work was 

that the tensiometers used for measuring the soil suction 

were only fixed to a depth of 2m, whereas the embankment 

was 7m in thickness, hence only the performance of the 

upper surface was acknowledged and as discovered by 

radiography, the cracks were much deeper than initially 

recorded. 

 Albrecht and Benson (2001) studied the influence of 

wet/dry cycles on the hydraulic conductivity of compacted 

clays and demonstrated the fact that enormous increase in 

the hydraulic conductivity occurred when samples were 

compacted moist of optimum but not as much changes took 

place in dry compacted samples. Subsequent studies by 

Albrecht and Benson (2001) on the consequences of 

desiccation on compacted clays investigated how factors 

such as compaction conditions, properties of soil, drying 

rates, minerals constituents have influence on shrinkage 

and desiccation leading to cracking. Samples tested are 

both of low and high plasticity soil and the mineralogy of 

the samples were determined by the means of x-ray 

diffraction. The eight clay samples were compacted at 

different compactive efforts preceding saturation in a 

permeameter, and then allowed to dry at room temperature 

which took approximately 14 days. The cycles were 

repeated and samples that cracked in the course of drying 

were subjected to hydraulic conductivity testing subsequent 

to each drying cycle. It was observed from the testing that 

those soil samples with considerable amount of clay 

minerals undergo higher volumetric shrinkage as a results 

of their attraction to moisture.  

After drying, tested cracked samples displayed a 

significant increase in the hydraulic conductivity which 

remained the same following further cycles. The most 

significant increase in the shrinkage strain and hydraulic 

conductivity occurred after the very first cycle of drying 

indicating that just one intense period of desiccation is 

completely enough to cause destruction to soil structure. 

Furthermore cracks formed during desiccation fail to close 

when exposed to prolonged period of hydration in a 

permeameter. These tests failed to reproduce field 

conditions correctly as the saturation method was not 

representative, also during desiccation the samples were 

open to the atmosphere which again was not realistic and 

therefore overestimated the effects and rates of drying, 

which in turn had significant impacts on the formation of 

crack. 

 Tang et al. (2011) worked on a laboratory 

experiment to investigate the effects of wetting and drying 

on the initiation of cracks on a clay layer from a slurry state.  

For this laboratory experiment, four duplicate slurry 

samples were prepared and subjected to five wetting/drying 

cycles. The rate of evaporation, initiation of cracks and the 

changes in the structures of the samples were monitored, 

the crack pattern formed were analysed using image 

processing. It was observed and recorded that the measured 

cracking moisture content, the ratio of the crack surface 

and the thickness of all of the samples increased 

considerably after the first three cycles and then 

approached equilibrium. The observed cracks formed after 

the second wetting and drying cycle were more uneven 

compared to the first cycle. The relative increase in the 

surface crack lead to decrease in the pore volume shrinkage 

during desiccation. In addition to their results, it was 

observed that the wetting and drying cycles led to the 

rearrangement of the samples structure as the original 

homogeneous structure was altered to a clear and 

aggregated structures with noticeable inter aggregate pores. 

The volume of the samples increased usually with 

cumulative cycles as a result of increasing porosity. Figure 

2.2 (a & b) shows the setup and desiccation sample used 

for the experiment. 

 

Figure 2.2: (A) Schematic drawing of set-up. (B) A typical desiccation crack pattern of specimen during the first drying path (Tang et al., 2011). 
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2.3 Environmental and climatic conditions 

Climatic change is clearly an issue to be considered as 

it cannot be controlled but only monitored to avoid its 

destructive impacts on engineering structures. Climate 

change and global warning has been an immense point of 

concern at this recent times with the summer of 1998 being 

the warmest global summer ever recorded in over 142 years 

and also the 1990’s being the hottest period in the United 

Kingdom (UKCIP02, 2002). It is generally recognized that 

the latest climatic rise is associated to anthropogenic 

backgrounds with a considerable tendency of temperature 

increase with the commencement of industrial revolution as 

documented by Falkowski et al. (2000). The relevance of 

climatic condition with respect to this research is the 

significant and intense escalation in the wet and dry period 

which may result in more extreme cycles of shrinking and 

cracking leading to deterioration of embankments and other 

engineering structures. 

2.4 Shrinking and cracking of clays 

Expansive soil exposed to a slight change in moisture 

content can lead to a volumetric change in the crack surface 

area. These soils expand during precipitation by absorbing 

water into their structure and also shrink during desiccation 

within a period of dryness, moisture is also lost via 

evapotranspiration (Rao et al., 2004). These recurrent 

cycles have capacity to damage infrastructure and 

compromise the stability of slopes. The volumetric changes 

are determined by factors like the type of clay mineral 

present, the compaction of the soil, the depositional 

environment which are responsible for the arrangement of 

particles, the overburden pressure and as expected 

weathering (Mishra et al., 2008). Shrinkage of compacted 

soils was observed in three stages by Mishra et al. (2008), 

they are initial, primary and residual shrinkage.  

With respect to the experiment performed by the 

aforementioned authors, soil samples of different 

composition were subject of 32oC ± 3oC observing the 

shrinkage rate as the samples desiccated. The void ratio and 

moisture loss occurred at the same time, this phase is the 

initial-primary shrinkage. Within the final residual phase 

moisture loss is apparent as well, but little or no significant 

void ratio variation was observed. 

Soil cracking is observed in soil of high constituent of 

deformable clay minerals (Novák, 1999). The initiation and 

propagation of crack as observed by Tang et al. (2010) is 

due to the effect of capillary suction and rearrangement of 

constituent particles. As this suction advance, units of soil 

at the surface are exposed to tensile stresses which 

continues as evaporation proceeds, it got to a point where 

the tensile stress exceed the tensile strength of the soil, at 

that point cracking will occur.  

With respect to Bradley et al. (2007) the formation of 

cracking that existed are: wide vertical cracks which are 

formed as a result of horizontal shrinkage, cracks 

associated to the matric pore within the clay which tend to 

varies over time depending on the moisture content and 

lastly the internal structural void with constant geometry. 

The understanding of all these functions and how they 

relates to the formation of cracks is vital to engineering as 

cracks formed can modify the surface properties by 

changing the soil permeability, infiltration and evaporation 

properties (Tang et al., 2010). Additionally these 

modifications can also affect the soil strength as zone of 

weaknesses are usually formed as shrinkage cracks initiate 

and propagate within the soil. Kodikara et al. (2002) 

appears to disagree with this as their research showed that 

as further drying and wetting cycles take place, the soil 

structure becomes more stable and will resist failure during 

wetting event which eventually improve to a more stable 

structure. 

According to Haines (1923) referenced in (Lau, 1987), 

three distinct stages of shrinkage were acknowledged: they 

are normal, residual and no shrinkage. The samples 

categorised as normal are those that experienced significant 

variation in moisture content with time. The change in the 

moisture content was equal to the volume of the moisture 

loss. Moreover the residual shrinkage was regarded as the 

remaining volume of moisture minus the volume of the 

moisture loss. Hence when a variation in moisture can no 

longer be identified during drying, the soil sample is 

therefore at no shrinkage. Figure 2.3 below shows a 

shrinkage curve at different phases of shrinkage.  

 

Figure 2.3: A shrinkage curve for clay soils emphasising the normal and residual shrinkage limits(Lau, 1987).
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2.5 Temperature effect on cracking 

Cracking has been studied by several researchers over 

time, meanwhile not too much has been established with 

respect to the connection between temperature, wind speed 

and the exact rate at which cracking develops (Tang et al., 

2010). With the obvious variation in climate, it is suggested 

that if the temperature of the UK is projected to increase, it 

is absolutely important to comprehend the effect of this 

adjustment on the cracking of soils. High clay content 

samples with 170% moisture content were subjected to 

three separate temperatures and humidity ranges  (RH) 

(22°C 55% RH, 60°C 5% RH, 105°C 0%RH). At about 

22°C the soil samples needed 7 hours to reach equilibrium  

 

which was nearly 13 times higher than the samples 

exposed to the other two greater temperatures. 

The residual moisture content of the sample at the 

lower temperature at equilibrium was 4.5% which 

compared to 60°C, 0.6% and 105°C, 0% is significantly 

higher. Figure 2.4 shows the outcomes of nine soil samples 

in groups of three being subjected to three different 

atmospheric environments. The figure indicated that as the 

temperature rises the more moisture losses.  Tang et al. 

(2010) settled that as temperature increases, water loss 

along with the percentage at which surface cracking occurs, 

therefore there rate of cracking will increase in the UK with 

respect to the increase in temperature. 

 
Figure 2.4: Desiccation curve of  soil sample at 22oC, 60oC and 105oC (Tang et al., 2010). 

 

2.6 Wind Speed effect on cracking 

Studies have also discovered a correlation between the 

rates of cracking and the effect of wind speed which is 

directly related to the rate at which moisture loss. The 

higher the wind speed, the greater the moisture loss which 

quickly accelerated the rate of evaporation (Ellah, 2009). 

Only few studies are seen in literature that actually 

demonstrated the effect of wind speed on the cracking of 

soil samples. Studies by Jacobson (1999) indicated the 

direct effect of soil moisture content on the speed of wind, 

temperature and concentration of pollutants in Los 

Angeles.  

The studies showed that with higher day time wind 

speed, only low water content was achieved, whereas the 

opposite was observed with low time wind speed. Even 

though the desiccation performance was not experimentally 

observed through this investigation but the changes of soil 

moisture content with variation in wind speed gave a 

suggestion that greater wind would more probable 

stimulate greater desiccation as vapour loss is critical 

aspect to cracks initiation and development. 

 

2.7 Compaction effect on engineered clays 

Day (1994) investigated the swell-shrink behaviour of 

a compacted clay exposed to cycles of wetting and drying 

at temperature that represented field situations, the samples 

used are silty clay of liquid limit of 46% and plasticity 

index of 24%. The samples contain 9% of fine sand, 59% 

silt and 32% clay. The clay minerals identified are mostly 

kaolinite but montmorillonite was also detected. The 

sample was compacted to dry density of about 1.79Mg/m3 

at an optimum water content of 15%.  This studies 

suggested that the first cycle of wetting and drying resulted 

in a low values of swell or shrink, meanwhile after repeated 

wetting and drying cycles, the amount of swell increased 

rapidly, this signifies that the effect the clay had when 

compacted at the moisture content above the optimum was 

destroyed by the cyclic wetting and drying. 

Also Ferber et al. (2009) suggested that the failure of 

an embankment with respect to the shrink/swell cycles is 

influenced by largely on the mineralogy of the soil, the dry 

density, the moisture content and the amount of water 

intake, therefore it was concluded that the original 

compaction of the soil is very important and key to the 

failure of the soil. In this study, four samples with liquid 

limits greater than 50%, plasticity indexes greater than 30% 
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and a clay fraction higher than 60% were compacted at 

different stages using a miniaturized Proctor rammer. The 

compaction led to samples with different dry densities. The 

samples were retained in a conventional oedometric 

devices with 3kPa vertical stress. After 60 minutes the 

height of the samples were measured and then wetted, the 

tests was performed using different moisture content for 

each samples. Hence it was observed that less compacted 

soils were not as much as stable as those highly compacted 

(Ferber et al., 2009). 

2.8 Miscellaneous  

The aspect of shrinkage and cracking is an important 

issue to consider and several authors have a variety of 

approaches to this crucial engineering concern. Numerous 

numerical models have been created to investigate 

desiccation cracks and their behaviours. For example a 

model was established by Novák (1999) to simulate 

infiltration into dry cracked soils for the purpose of 

predicting soil water systems. Stirling et al. (2015) 

modelled desiccation cracking in the near surface of 

compacted soil using a finite difference modelling FLAC 

2D which was considered to simulate the progression 

involved in the instigation and proliferation of cracking 

under laboratory condition. Chertkov (2002) also generated 

a model in order to characterise phases of saturated soil 

samples as they crack. Even though numerous 

investigations have been carried out, the essential 

mechanisms and consequences of desiccation cracking are 

still vague and not completely understood, therefore it is 

evident that more understanding of the issue is deemed 

necessary to precisely investigate soils exposed to repeated 

cyclic wetting and drying. 
 

2.9 Summary of cracking 

Cracking occurs both in engineering structures and 

natural settings. In the instance of engineering structures, 

negative equilibrium of energy arises within the soil which 

results in cracking. This is as a result of variation in 

moisture content and compaction energy within the 

structures, also during the construction phase (Fang and 

Daniels, 2006). In field conditions at a natural 

environment, the consistent shrinking and swelling of the 

soil as a result of cyclic weather pattern leads to cracking. 

Cracks are of various sizes and shapes, they can be major 

or extremely negligible and unnoticeable, but with time can 

be responsible for failure. 

According to Fang and Daniels (2006) cracks can be 

classified into four major categories; shrinkage, tensile, 

thermal and fracture. Shrinkage cracks are the most 

common and they are formed due to moisture loss at the 

soil surface. During this process cracking occurs when the 

tensile stress generated is greater than the tensile strength 

of the soil. Thermal cracks take place when the soil mass 

experiences a rapid change in the thermal stress state of the 

soil. This can only happen in areas which experience high 

temperatures within the day and low temperatures at night 

which will cause freeze thaw effect on the soil mass.  

Fracture cracks are as a result of pre-existing cracks 

within the soil formed due to deviations in precipitation, 

evaporation rate and water table which directly have an 

impact on the pore pressure. The continual variations in the 

pore pressure with time affect the water holding capability 

of the soil’s void configuration. During the desiccation 

process, tensional forces occur in the soil water structure 

and compression forces in the soil mass.  The combination 

of these stresses led to fracture cracks. Tensile Cracking 

occurs as a result of overburden pressures which develop in 

a soil due to natural processes such as rainwater, snow, 

plants and surface creep. These processes led to an increase 

in the pressures within the soil mass and results in cracking 

(Fang and Daniels, 2006). 

 

3. MATERIALS AND METHODS 

This chapter provides details of the resources 

necessary for efficiently determining the effects of cyclic 

wetting and drying conditions on the shrinkage and 

cracking mechanism of Nafferton clay, along with the 

laboratory experimental techniques and apparatus used in 

this project. It also outlines the experimental plan that was 

followed in order to complete the testing in appropriate 

time. The principal objectives of this project were to 

investigate the shrinkage and cracking under series of 

cyclic events and also relating the laboratory behaviour of 

the samples to field conditions to observe the opening, 

closure and re-opening of the cracks.  In order to 

accomplish all set out objectives, it was required to carry 

out a series of laboratory investigation and some other 

basic tests, therefore appropriate scheduling was essential 

to ensure all testing tailed a coherent and consistent manner 

within the time limits. 

3.1 Materials 

The Durham boulders clay was the primary sample 

used in this investigation, the physical properties are 

presented in the Table 3.1 below. The sample was used in the 

construction of the Bionic embankment which is a current 

full scale testing instrument of the United Kingdom mainly 

for Biological and engineering impacts of the effects of 

change in climate on engineering structures. 

 

Table 3.1: Properties of the Durham boulders clay (Hughes et al., 2009). 

Durham Boulders clay 

Physical properties  Values 

Liquid Limit 41.70% 

Plastic Limit 23.20% 

Plasticity Index 18.50% 

Shear Strength C=4kpa, ø=27.5o 
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3.2 Samples collection 

Trip to the Bionic embankment was done on the 28th of 

April 2015 for sample collection, the Durham boulder clay 

was hand dug from the site using shovel and digger. It was 

paramount to collect enough samples for the laboratory 

experimental work to mitigate the risk of insufficient 

samples which might hinder the progress of the project as 

these samples are essential elements of this research. Figure 

3.1 below shows the nature of the soil heap which was in a 

moist condition making it slightly challenging for removal. 

 

Figure 3.1: Sample collection from a soil heap (Bionic Embankment 2015). 

 

After the collection of the samples, they were 

transported back to the University geotechnical laboratory 

where the bags of samples were sorted and kept for use. 

3.3 Sample preparation 

The soil samples were placed in a big container and 

passed through 20mm sieve size to ensure appropriate 

mixture. The samples were left in the container for 48 

hours to ensure adequate mixture and drying of the sample 

to a workable water content, therefore the moisture content 

was determine before the start of the experiment. The 

samples were then spread into a metal pan measuring 

400mm in length by 400mm width and 75mm thickness 

using a spatula. The clay samples were compacted in the 

desiccation pan targeting a uniform thickness of 55mm. 

During the compaction process, consideration was made to 

uniformly distribute the samples to reach the above 

thickness by placing a steel plate on the top of the samples 

prior to tamping with the hammer. Also the surface of the 

samples were therefore smoothed by the aid of a spatula to 

facilitate observation of the cracks. A digital camera was 

also mounted on a stand clamp over the experiments set-up 

to capture the cracks initiation, development and closure at 

different time intervals. The mass of each sample was 

measured and recorded at interval during the drying cycles 

to determine the desiccation rate of the samples. Moreover 

adequate attention was focus on the mass loss during the 

first crack initiation. Figure 3.2 & Figure 3.3) shows the 

sample preparation and setup using a wind source 

desiccation approach. 
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Figure 3.2: Sample preparation by tampering with a square base hammer 

 

It was essential for the purpose of comparison and 

wider application to have soil of higher plasticity variable, 

therefore a synthetic soil with the addition of 5% Bentonite 

by mass was introduced to the primary sample.  
 

 

Figure 3.3: Sample setup using a wind source desiccation method. 
 

3.4 Material properties determination 

The material properties of the samples such as the 

liquid limit, plastic limit, and linear shrinkage were 

determined in the laboratory according to British Standard. 

Also with respect to the established facts that shrinkage 

lead to cracking, the surface of the samples was monitored 

closely every cycles to estimate the shrinkage in all the 

sides of the desiccation pan. This was achieved by creating 

a distinctive mark at the sides of the pan which serves as a 

reference point for measuring the amount of shrinkage 

which had occurred at the end of every wetting and drying 

cycles. Also since a thickness of 55mm was set constant, 

Wind source 

Digital camera 

Desiccation pan 
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vertical shrinkage was also observed and recorded as the 

soil shrink. 

3.5 Drying and Wetting Experiment 

Four similar samples were prepared as stated above 

and subjected to series of wetting and drying cycles under 

different desiccation techniques (Wind source and Oven). 

 

3.5.1 Drying Approach 

The samples were exposed to a wind source of 

1.3m/sec average speed and the mass loss of the samples 

was recorded every hour to ascertain the desiccation rate. It 

is important to mention that the samples were dried for 48 

hours and the residual weight of the sample was measured 

and recorded. At interval, digital camera was used to 

capture the cracks initiation, and propagation and this was 

analysed using Image J software to properly characterize 

the crack geometry such as the crack intensity factor, the 

crack widths and other interesting features. Meanwhile at 

the end of every cycles, manual measurements of the 

cracks were done such as cracks width, and depth with the 

aid of a vernier calliper and a meter rule. 

The other desiccation method employed in this 

research work is oven drying at 60oC. The prepared sample 

of known mass was placed in the oven and allowed to dry. 

The drying rate was measure every hour up to 7 hours and 

then 24 and 48 hours thereafter. A digital camera was also 

used to capture images at various interval between the 

crack initiation phases to about 24 hours. Also at the end of 

every cycle (dry/wet) an image of the sample was taken for 

analysis using the image J software. 

 

3.5.2 Wetting Approach 

During the wetting process, measure was taken to add 

back the water which was estimated to be the mass loss, 

this is a gravimetric quantification of the moisture loss. The 

samples were saturated back in phases with the aid of a 

spray bottle every 30 minutes and this continue until all the 

mass loss had been introduced back. After the wetting 

cycle, the samples were sealed up with a cling firm 

membrane to disallow evaporation. The samples were then 

left for approximately 24 hours to completely absorb all the 

water back to their previous state. This mark the end of the 

wetting cycle and the beginning of the second drying cycle 

as the samples were exposed again to the previous drying 

approaches (wind source/oven). Meanwhile several manual 

observations such as measurement of the crack depth and 

aperture were made before the beginning of each drying 

phase to ascertain if the cracks heal or not. These values 

were needed to compute for the total area of the cracks. 

3.6 Quantitative analysis using digital Imaging 

Digital imaging utilizes the aid of a digital camera to 

obtain images of the cracks for proper quantitative analysis. 

The Digital camera uses register images on an electric light 

beam which is composed of millions of pixels. The factors 

which are responsible for the quality of the images are the 

image resolution and image file compression. The former is 

associated with the amount of pixels in the light sensor (the 

more the pixels, the greater the resolution and enhanced 

images), while the latter reduces the quantity of memory 

space used up by the images, therefore permitting more 

images to be taken and stored. Also it is essential to 

frequently observe that the camera and lighten system are 

in a good condition (Yam and Papadakis, 2004). 

3.6.1 Image analysis 

The image J software was used to analyse the cracks 

surface area to determine parameters like, total surface area, 

cracks intensity factor and width. The methods used in the 

image processing are as follows: 

1. The coloured images of the cracks were transformed to 

a grey level image (Figure 3.4(a)). 

2. The grey images were divided into cracks and clods by 

the method of binarisation which resulted in a binary 

image (black and white) (Figure 3.4(b)). 

3. The binary images were improved to skeleton images 

which resulted in a clear segment of the crack network 

system (Figure 3.4(c)). 

4. The geometric parameters such as the crack intensity 

factor, cracks width and area were calculated. 

 

Figure 3.4: Development of image processing. (a) Initial grey level image, (b) binary image (c) frame of crack system (Tang et al., 2008).

3.6.2 Quantitative Analysis 

For depicting the geometrical properties of the crack 

system, the below parameters were determined through 

image processing:  

 Mean width of cracks (Wm). The width of cracks 

was estimated by calculating the distance from 

two opposite side of a chosen cracks and averaged 

to obtain the mean crack width. 

 Crack intensity factor CIF. This is the proportion 

of the cracks area to the total area of soil sample. 

The CIF displays the level and degree of surficial 

cracking.  
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4. RESULTS AND DISCUSSION 

This chapter presents the results of the laboratory 

experiment for discussion and interpretation. 

4.1 Liquid and plastic limit test 

The liquid and plastic limits tests were conducted on 

the soil samples. The liquid limits of the Nafferton clay and 

Bentonite mix samples are 42.5% to 46.4%, whereas the 

plastic limits are 23.2% to 25.4%. These gave a plasticity 

index of 19.3% and 21.0% respectively which classified the 

samples as intermediate plasticity as indicated on the 

Casagrande plasticity chart (Figure 4.1). Note that the 

plasticity of the Bentonite mix is higher than the Nafferton 

sample.  

 
Figure 4.1: Plasticity chart for sample classification (NF-Nafferton clay, NFB-Bentonite mix) 

 

4.2 Linear shrinkage 

The linear shrinkage test is the estimation of the 

horizontal shrinkage of a sample at its liquid limit, the test 

was in accordance with British Standard 1377-2: 1990. The 

shrinkage capability of the Nafferton sample was observed 

by conducting a linear shrinkage test to investigate the 

extent at which the samples will shrink. This is a key factor 

in soil cracking when associated tensile stress within the 

sample exceeds the soil tensile strength (Kodikara et al., 

2000; Peron et al., 2009). Three linear shrinkage tests were 

carried out on each of the Nafferton samples and the mean 

shrinkage was estimated. Interestingly, there were 

evidences of extensive curling in the three bentonite mix 

samples which is thought as the effect of the higher 

plasticity and the characteristic of high water affiliation of 

bentonite (Figure 4.2) which also enhanced its shrinkage 

potential as shown in the Table 4.1 

. 
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Figure 4.2: Linear shrinkage test (note the higher plasticity sample has curled) 

The table below summarizes the result of the linear shrinkage test. 
 

Table 4.1: Linear shrinkage test of NF and NFB samples 

TEST DATA NF NFB 

Specimen Reference C2 A1 A8 B9 A6 C8 

Initial length                Lo(mm) 140.00 140.00 140.00 140.00 140.00 140.00 

Oven dried length        Ld(mm) 128.36 128.19 127.51 123.59 126.90 125.09 

Linear shrinkage 100[1-(Ld/Lo)] (%) 8.31 8.44 8.92 11.72 9.36 10.65 

Average linear shrinkage (%) 8.56   10.58 

 

From the average linear shrinkage of the two samples 

with varying plasticity, it is evident that the higher the 

plasticity, the higher the linear shrinkage potential and vice 

versa. 
 

4.3 Experimental wetting and drying cycles 

Experimental wetting and drying cycles were 

conducted on the Nafferton samples to investigate their 

behaviour with respect to the mechanism of cracking and 

the disparity in the presence of some variables. For a 

successfully experimental program, a trial test need to be 

conducted to have a general feel of what is to be expected. 

4.3.1 Trial Test 

To ascertain the crack potential of the Durham 

boulders clay (Nafferton clay) and validate the method of 

restraint shrinkage test program, a trial test with slurry soil 

prepared by wet-sieving the clay sample through 2 mm was 

carried out. The moisture content of the slurry was 57% 

and the sample thickness was 55 mm. The test also 

represented a worst moisture content of an un-engineered 

condition.  The sample was dried in the oven at 110oC. 

During the wetting cycle, the mass loss was added back to 

the sample at once to simulate a worst case condition in the 

field. Figure 4.3 below shows the states of the sample at 

different points. 

 
Figure 4.3: Validation of cracks in a slurry sample (A): Slurry at the start of the experiment (B) After oven drying at 110oC (C) Second drying cycle at 110oC 

After the first drying cycle the mass loss was 3.84 kg, 

this was assumed to be the gravimetric mass of the water 

loss. From Figure 4.3b, the maximum width of crack 

measured was 34 mm with depth of 25 mm.  The average 

width of cracks in the first drying cycle at 110oC was 20 

mm. Shrinkage was also observed around the sides of the 

pan with an average width of 15 mm. With the 

aforementioned method of wetting, it was observed that the 

sample found it difficult to absorb all that water at once, 

therefore the slow and rapid infiltration of water led to the 
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initiation and development of new cracks. As the sample 

became gradually saturated, it heaved and increased in 

thickness. 

During the absorption of water, the mechanism of 

closure was observed as a result of breaking off and falling 

in of weak particles of soil as they lost their cohesion at the 

edge of the cracks. The soil particles shed off into the gap 

leading to the gradual closure and the depth of the cracks 

reduces. This can be related to the field scenario as intense 

rainfall washed some particles into the open cracks and 

reduced their depth. After the second drying cycle, mass 

loss was 3.35 kg, the island created by the first drying cycle 

further developed into secondary cracks (Figure 4.3c). The 

new cracks met at an average angle of 90o. The infilling of 

falling material reduced the depth of the cracks and 

influenced closure. Since this is a trial test, only two cycles 

were observed. 

 

4.4 Engineered clay soil 

This project focuses on the engineered compacted soils, 

therefore the samples were prepared by passing through a 

20 mm sieve mesh to fairly represent field situation. The 

sample were compacted by tampering with a square base 

laboratory hammer weighing 6 kg.  

 

Table 4.2 below shows the laboratory test methods and sample properties used (refer to Appendix A). 

 

Table 4.2: Laboratory test process and sample properties used. 
Soil Samples LL (%) PL (%) PI (%) MC 

(%) 

Classification Desiccation 

Approach 

Number of 

Cycles 

NF 1 42.5 23.2 19.3 22 CI Wind Source 4 

NF 2 42.5 23.2 19.3 22 CI Oven Drying 4 

NFB 1 46.4 25.4 21.0 27 CI Wind Source 4 

NFB 2 46.4 25.4 21.0 27 CI Oven Drying 4 

Note: NF- Nafferton Clay, NFB- Nafferton clay plus 5% Bentonite, CI-Intermediate Plasticity 
1-Wind Source, 2- Oven Drying. 

4.4.1 Nafferton clay using wind source desiccation 

The desiccation condition was through air drying 

using a table top electric fan which gave an average wind 

speed of 1.3 m/s, and the moisture content of the sample 

was 22%. The first sets of cracks appear within 90 minutes 

and began its propagation. It is interesting to note that some 

cracks initiated around some visible cobble size sand 

particles inclusion and surface texture roughness due to 

sample preparation. These serves as surface flaws which 

are often thought as a potential locations of stress 

concentration for crack initiation (Kodikara and Costa, 

2013). Elias et al. (2001) also studied vertisols soils from 

three diverse areas of Sudan which had different particle 

sizes and established the facts that particle size had a 

significant effect on the development of cracks in the field. 

Figure 4.4 indicates the time series photograph of crack 

initiation and development. Note the crack initiation near 

stone inclusion in the desiccation pan. 
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Figure 4.4: Crack initiation and development in an engineered clay soil. 

 

 

The crack history of the different cycles is also 

presented in Figure 4.5. The cracks representing the start of 

the second, third and fourth cycles as shown in Figure 4.5 

(e, f and g) do not completely close upon wetting. The 

cracks are seen repeated during subsequent drying, 

however there are secondary cracks development of similar 

geometry as shown at the end of each drying cycle (Figure 

4.5 a, b, c and d). 

 

Figure 4.5: Nafferton sample at different wetting and drying cycles using wind source desiccation approach 

A, B, C, D: Sample after first, second, third and fourth drying cycle 

E, F, G: Sample after first, second and third wetting cycle 

International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181http://www.ijert.org

IJERTV5IS110183 

Vol. 5 Issue 11, November-2016

(This work is licensed under a Creative Commons Attribution 4.0 International License.)

Published by :

www.ijert.org 297



After the end of each cycles, manual dimensions 

such as the width and depth of the cracks were observed 

and recorded. It is clearly seen that the crack dimensions 

slightly varied with each consecutive cycle up to the third 

cycle. For example, the average crack widths were 4.3 mm, 

6.5 mm, 7.1 mm and 7.3 mm showing that there were no 

significant changes between the third and fourth cycles. 

This agree with studies conducted by Tang et al. (2011) 

who indicated that an equilibrium state can be achieved 

after certain cycles which in this case is third cycle. After 

the wetting phase some minor cracks seem to close 

completely as they were not obvious at the end of the 

wetting cycle (Figure 4.5). Also the primary cracks 

appeared to close partially, besides new minor cracks 

formed which were prompted by the wetting phase and 

caused as a result of the variation in swelling stress due to 

re-wetting. 

4.4.2 Nafferton clay by oven drying 

Nafferton clay was prepared in a similar way as 

above but subjected to desiccation through oven drying 

means. It was expected that rapid drying of the sample will 

occur due to the method employed in the drying process at 

temperature of 60oC. Figure 4.6 relays the samples at 

different cycles. 

 

Figure 4.6: Nafferton clay sample at different wetting and drying cycles using oven drying desiccation approach 

A, B, C, D: Sample after first, second, third and fourth drying cycle 

E, F, G: Sample after first, second and third wetting cycle 

Also similar observation of the crack width and 

depth was done and recorded. The average crack widths of 

the four cycles are 3.1 mm, 5.2 mm, 5.9 mm and 6.1 mm 

respectively. These also shows a trend of gradually 

attaining equilibrium state after the third cycle as there 

seems to be a rearrangement of sample structure into a 

more stable configuration. Visual observation showed that 

more cracks were formed with increasing cycles. Similarly 

the re-wetting phase showed some closure of the cracks 

which completely closed the minor cracks but partially heal 

the major ones (Figure 4.6).  

 

 

4.4.3 Bentonite mix by wind source desiccation 

Sample NFB1 contains the mixture of Nafferton 

clay with 5% Bentonite using a wind source drying 

approach. From the wetting and drying experiments on this 

sample, it was observed that this sample exhibited an 

increase in the extent of cracking with the number of cycles. 

Cracking was observed as the surface of the sample 

gradually dried out, it started with an appearance of few 

cracks which later developed increasingly with time, with 

full crack developed within 48 hours of desiccation using 

the aforementioned desiccating approach. Wetting resulted 

in the obvious closure of most minor cracks which were 

visible after the drying cycle, but the next drying led to 

both the re-opening of the primary cracks caused the first 

drying cycle and the initiation of additional minor closely 

spaced cracks. Figure 4.7 shows the sample at the end of 

each cycle.  
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Figure 4.7: Bentonite mix sample at different wetting and drying cycles using wind source drying desiccation approach 

A, B, C, D: Sample after first, second, third and fourth drying cycle 

E, F, G: Sample after first, second and third wetting cycle 

During the crack initiation and development, as 

desiccation proceed from the surface down and moisture is 

being loss, there exist an interesting features which will be 

of uttermost interest to engineering as far as cracking is 

concern. The bentonite mix sample seemed to have a 

layered cracks as the cracking depth terminated within the 

sample and continue in a horizontal manner forming a kind 

of horizontal cracking. The sample also exhibited an 

extensive heaving and shrinking from one side of the 

sample with respected to the others. This might be as a 

result of the physical properties of bentonite as it absorbed 

water but reluctant to release it. Therefore as moisture is 

being loss from the sample, there seem to be a 

redistribution and absorption of moisture from one region 

to the others. 

4.4.4 Bentonite mix by oven drying 

Similarly, the prepare bentonite mix sample as 

above was desiccated at a temperature of 600C in the oven. 

The intensity of crack was also significant and similar to 

the air dried equivalent sample as the crack intensity factor 

increases with cycles. The crack widths ranged from 3 mm 

to about 25.6 mm. These widths decreased with cycles as 

closure was observed and more crack developed. Figure 4.8 

shows the sample at the end of each cycles. This sample 

also displays layered and horizontal cracking as observed 

in wind source equivalent. 

 
Figure 4.8: Bentonite mix sample at different wetting and drying cycles by oven drying desiccation approach 

A, B, C, D: Sample after first, second, third and fourth drying cycle 

E, F, G: Sample after first, second and third wetting cycle 

4.5 Shrinkage monitoring 

The shrinkage of the samples was monitored and recorded at the end of every cycle to investigate the linear shrinkage. 

Figure 4.9 shows the method of shrinkage estimation. The table below shows the variation of the shrinkage: 
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Table 4.3: Linear shrinkage of the test samples 

 Linear shrinkage (%) 

Samples Wet-Dry 

cycle 

S1 

(mm) 

S2 

(mm) 

S3 

(mm) 

S4 

(mm) 

Final Length (mm) Linear Shrinkage (%) 

NF 1 First 4 10 10 3 373 6.8% 

Second 4 8 7 2 379 5.3% 

Third 3 6 7 2 382 4.5% 

Fourth 3 2 2 2 391 2.3% 

NF 2 First 7 8 9 4 372 7.0% 

Second 7 6 5 3 379 5.3% 

Third 6 5 4 3 382 4.5% 

Fourth 2 2 4 2 390 2.5% 

NFB 1 First 3 4 1 3 389 2.8% 

Second 2 2 1 2 393 1.8% 

Third 3 2 2 2 391 2.3% 

Fourth 3 2 3 4 388 3.0% 

NFB 2 First 1 2 2 2 393 1.8% 

Second 2 2 2 2 392 2.0% 

Third 2 1 1 1 395 1.3% 

Fourth 5 5 4 5 381 5.5% 

 

 
Figure 4.9: Methods of Shrinkage measurement 

4.6 Method of desiccation justifications 

The method of desiccation in this research is through a 

wind source approach and oven drying at temperature of 

600C.  The wind source method represents a slow drying 

process where the moisture content within the sample is 

expected to reduce steadily depending on the wind speed 

which in this case is 1.3m/sec. The oven drying approach 

represented a thermal desiccation at a rapid rate, this is 

aimed at observing the effect of a rapid drying rate on the 

crack development. As thermal drying increases, the soil 

tensile stress increase which is expected to reduce the soils 

strength and results in cracks formation. This approach is 

also aimed to observe the cracking moisture content of the 

samples with cycles, even though this was achieved by 

estimation as the exact cracking time was unknown due to 

sample drying in the oven. Another justification is the fact 

that United Kingdom weather can be a little bit 

unpredictable, hence simulating a rapid and slow 

desiccation approach was considered. 

 

 

 

4.7 Summary of the cyclic experiment 

From the wetting and drying experiments, it was 

clearly observed that surface imperfection, texture, defect 

or flaws caused by tampering hammer or other sample 

preparation procedures significantly influenced the cracks 

initiation and pattern. In addition, comparing the air dried 

Nafferton sample to the oven dried Nafferton sample, it 

was evident they both have similar crack pattern as most of 

the cracks intersected at an angle of 900. Moreover, the CIF 

was considerable less compare to the bentonite mix 

samples. The variables introduced between the two samples 

were the addition of 5% Bentonite to the Nafferton clay to 

attain at a more plastic soil sample, the variation in 

moisture content which differ by 5% and also the 

desiccation approaches (wind source and oven). These 

variables had a major impact on the crack pattern, crack 

geometry, crack intensity factor, repeatability and healing. 

Therefore from the laboratory test as illustrated previously, 

it can be concluded that all these variables are worthy of 

attention when considering cracks initiation, propagation 

and closure. Table 4.4 below shows the drying procedure 

water content results.  
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Table 4.4: Drying procedure water content results 
Samples Wet-Dry cycle Residual water content 

(%) 

Test duration 

NF 1 First 8.7 12 days 

Second 6.2 

Third 9.72 

Fourth 12.03 

NF 2 First 6.16 12 days 

Second 7.33 

Third 6.15 

Fourth 5.43 

NFB 1 First 12.14 12 days 

Second 13.57 

Third 13.56 

Fourth 13.51 

NFB 2 First 4.51 12 days 

Second 7.66 

Third 5.23 

Fourth 4.85 

Note: NF- Nafferton Clay, NFB- Nafferton clay plus 5% Bentonite 

1-Wind Source, 2- Oven Drying. 
 

Note that NF and NFB samples have a starting 

moisture content of 22% and 27% respectively. From the 

results above, the significant differences in the residual 

moisture content of the wind source and oven dried 

samples signifies a higher desiccation rate of the sample 

dried in the oven. It is of interest to note that within the 

context of this project each cycle took 3 days.  
 

DISCUSSION 

Consequent to the completion of the cyclic 

experiments, below are some notable observations and 

discussions. 

4.7.1 Visual observations 

Quantitative analysis of the crack pattern is essential 

when examining cracking in clay soil, these geometric 

factors are helpful to understand the hydro-mechanical 

properties of the clay water system (Tang et al., 2011). 

They provide essential mechanism to comprehend the 

formation of cracks. Similarly the crack propagation 

behaviour and the geometric parameters reveal the 

plasticity and mineral composition of the soil. Perrier (1995) 

suggested that if the actual structure and features of crack 

pattern can be determined, then soil response to wetting 

and drying may be predicted. Visual observation of the 

cracks was done at the conclusion of each drying cycle to 

quantify the width, depth and thickness of the cracks and 

compare the variations with subsequent cycles.  

 

 

Table 4.5: Quantitative parameters of the cracks at the end of each cycle 
Samples Wetting- Drying 

cycle 
Average Width 

(mm) 
Average Depth 

(mm) 
Average thickness 

(mm) 

NF 1 First 4.3 28.8 48.2 

Second 6.5 29.5 50.3 

Third 7.1 28.1 48.7 

Fourth 7.3 23.1 50.9 

NF 2 First 3.1 7.5 52.0 

Second 5.2 10.7 53.2 

Third 5.9 10.9 51.9 

Fourth 6.1 11.2 52.2 

NFB 1 First 20.2 22.3 49.8 

Second 18.4 17.4 51.2 

Third 17.9 17.1 52.7 

Fourth 18.2 17.2 52.7 

NFB 2 First 25.6 25.3 50.9 

Second 21.4 17.6 51.7 

Third 20.9 16.3 51.1 

Fourth 20.1 16.4 52.0 
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Table 4.5 summarizes the quantitative parameters 

measured at the end of each wetting-drying cycle using a 

Vernier calliper. The average final thickness of each 

sample was measured and plotted with wetting-drying 

cycle (Figure 4.10). It was observed that consistent increase 

in soil final thickness with cycle was as a result of 

consecutive reduction in drying rate. This is supported by 

increasing residual moisture content with drying, however 

it seems soil structure had re-organised from the third cycle 

as observed by Kodikara et al. (2002). Hence this trend is 

completely reversed as more secondary cracks leading 

again to increase desiccation and greater settlement. 

Also from the chart below, the final swelling height 

of the wetting showed minor differences, however it was 

observed that the sample with Bentonite mix heaved and 

curl as the soil cracked. This is considered as result of the 

greater affinity of bentonite to water which reduced the rate 

of desiccation and consequently the dynamics of cracking. 

 

Figure 4.10: Average final drying thickness with cycle 
 

The result above illustrated that the cyclic wetting 

and drying considerable have an effect on the characteristic 

of the samples, meanwhile the degree of influence tend to 

decrease after the third cycle and approach an equilibrium 

state. 

4.7.2 Evaporation, Shrinkage and Crack Initiation 

In order to investigate the desiccation, shrinkage and 

cracking rate of the samples, the mass of the four samples 

were measured during the drying cycles at interval to 

estimate the moisture content within the sample at different 

point in time by gravimetric method as follows:  

The mass m1 of the desiccation pan was measured at 

the beginning of the experiment, the total mass of the pan 

and the wet sample was measured at the start of each cycle 

after sample was prepared and ready for desiccation as m2, 

the mass of pan and the sample after each cycle of drying 

was measured as m3. After each drying cycle, the final 

mass of the sample was m3-m1. The mass of water loss was 

estimated as mw= m2 – m3; the moisture content at each 

point in time during the period of desiccation was 

estimated as: 

𝐌𝐨𝐢𝐬𝐭𝐮𝐫𝐞 𝐂𝐨𝐧𝐭𝐞𝐧𝐭 = (
𝐌𝐚𝐬𝐬 𝐨𝐟 𝐰𝐚𝐭𝐞𝐫

𝐅𝐢𝐧𝐚𝐥 𝐃𝐫𝐲 𝐦𝐚𝐬𝐬
) = (

𝐌𝟐− 𝐌𝒙  𝐚𝐭 (𝐦𝐚𝐬𝐬 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐚𝐦𝐩𝐥𝐞 𝐚𝐭  𝐭𝐢𝐦𝐞 =𝒕 

𝐌𝐃𝐫𝐲𝐅𝐢𝐧𝐚𝐥
); 

Time t (hrs) is the time at which the mx was 

measured and recorded. 

According to Tang et al. (2011), two distinctive 

evaporation phases exist in the desiccation curve referred to 

as constant and falling evaporation phase. The constant 

evaporation phase is the duration of which moisture 

decrease linearly with time and a consequent falling 

evaporation phase is the stage during which moisture loss 

reduces gradually until the residual water content is 

reached. Since the drying phase of each sample only took 

48 hours, Figure 4.11 and Figure 4.12 show the desiccation 

curves for the samples at different drying approaches. The 

residual water content is the estimated moisture remaining 

in the sample at the end of the drying cycle. From Figure 

4.11 and Figure 4.12, the residual moisture content is about 

8.7% and 6.1% for Nafferton clay through wind source and 

oven in the first drying cycle respectively. 
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Figure 4.11: Desiccation curves for Nafferton clay using wind source. 

 

Figure 4.12: Desiccation curves for Nafferton clay using oven drying. 
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The same trend was observed in the bentonite mix 

as moisture content decreases linearly with time within the 

first 24 hours before slowing down to its residual moisture 

content after 48 hours. Comparing the desiccation rate of 

samples, it was observed that as expected oven drying at 

60oC had a rapid drying rate 40 g/hr compared to the wind 

source approach which was at 70g/hr. This was also 

confirmed as the residual water content of 12.14% and 4.51% 

for Bentonite mix sample (NFB) through wind source and 

oven respectively. Furthermore in the tests carried out, it 

was pragmatic that the cracks instigated at the initial stage 

of desiccation when the samples had lost about 2% of their 

moisture content, the above desiccation curve had similar 

pattern from the constant evaporation stage to the falling 

evaporation stage as the sample approaches an equilibrium 

or residual state toward the end of the drying cycles. 

4.7.3 Cracking water content 

During desiccation, as the sample witness 

moisture loss consistently with time, as soon as the first 

crack appears on the sample, the amount of water within 

the sample at that time is defined as the cracking moisture 

content (wc) (Tang et al., 2011). This is however an 

important observation in the understanding of the 

mechanism of cracking in different soils. The suction 

developed during the drying process is a direct function of 

the water content of the sample as observed in the 

desiccation curve. It was earlier established that for 

cracking to occur, the tensile stress developed must exceed 

the tensile strength of the soil. Similarly for the samples 

dried in the oven, it was difficult to know the exact 

cracking time and therefore the cracking time was 

estimated using the desiccation curve from the first visual 

crack observation.  

The observed cracking moisture content of the 

samples is indicated in Figure 4.13 and Figure 4.14, the 

graphs both for the Nafferton and bentonite mix samples 

reasonable compare with that of Tang et al. (2011) 

indicating increasing cracking with increasing cycle. 

However in this study, the initial portion of the air dried 

Nafferton sample between the first and second cycles 

behave approximately due to the close starting moisture 

content value of the two cycles. This was attributed to the 

method of wetting as the soil was wetted back to the 

starting mass which implies almost the same starting 

moisture content. The slight different behaviour here could 

be attributed to engineered condition as compaction will 

impact a different response change to drying, and enable 

the soil to display a more gradual pattern of desiccation 

with time which eventually displays the three different 

segment of crack as documented by Li and Zhang (2011).  

The cracking moisture content changed 

significantly just after the second drying cycle between the 

air dried and oven dried Nafferton sample (at the prepared 

moisture content of 22%), but this differ significantly from 

the first cycle between the air dried and oven dried 

bentonite mix samples at the same starting moisture content 

of 27%. The average of the first drying cycle for NF 

samples is 20.71%, increasing to 20.78% in the second 

cycle, then increases by about 0.61% (21.39%) in the third 

cycle and up to 21.46% (0.07% increase) in the fourth 

cycle. This indicate a rapid increasingly trend with the first 

three cycles and then a lower increase at the fourth cycles. 

 

 
Figure 4.13: Cracking moisture content of NF samples during each drying cycle. 
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Figure 4.14: Cracking moisture content of NFB samples during each drying cycle. 

Similar trend was observed in NFB samples but 

the significant increase in the cracking moisture content 

was observed within the first two cycles and a slight 

variation within the subsequent cycles. Generally cracking 

moisture content displays by the above sample showed an 

increases with cycles especially the first three cycles. This 

is as a result of the wetting phase of each cycles as crack 

usually occurs as soon as the sample begin desiccation 

depending on the drying approach. Nafferton clay was 

observed to begin it crack initiation within 2-3 hours of 

drying. Meanwhile this can differ in other clays depending 

on the variables such as its starting moisture content, 

drying approach, drying rate and most importantly the 

material properties. 

4.7.4 Effects of wetting-drying cycle on cracking 

moisture content 

The effect of wetting and drying cycles on the cracking 

moisture content was demonstrated above, the rate of 

increase in cracking moisture content (wc) in the first, 

second and third cycles was significant. According to 

Morris et al. (1992) and Kodikara et al. (2002) cracking 

takes place once the tensile stress prompt during 

desiccation surpass the tensile strength of the sample. 

Therefore, below are the effect of the wetting and drying 

cycles on the samples behaviour. 

1. During desiccation, the shrinkage of the sample 

increases persistently which results in an irreversible 

change and increase in the weak zone of the sample due to 

the increasing tensile stress (Yong and Warkentin, 1975). 

The tensile strength of the sample is reduced considerably 

which influences cracking at high cracking moisture 

content (wc) during consequent desiccation cycles. 

2. During the first wetting-drying cycle, the initial 

sample structure and arrangement are distorted and 

rearranged giving rise to heterogeneity in subsequent cycles. 

Due to these non-uniform particle distribution, the tensile 

stress develop during desiccation of the next cycle would 

concentrate on the weak zone within the sample structure 

with lower tensile strength. Tang et al. (2008) observed 

that the initial crack formed at the surface defect can 

promote more cracks within its surrounding and tensile 

stress concentration. This was seen in NF and NFB samples 

as the primary crack at the end of the first drying path 

developed into series of minor crack within their 

surrounding during the subsequent cycles. This was noticed 

visually and also proven by estimating the crack intensity 

factor. 

4.7.5 Structure changes effect of wetting and drying 

During the cyclic wetting-drying experiment, it is 

expected that some changes will occur within the soil pore 

spaces. Kodikara et al. (2002) recorded some important 

evidences of changes in the micro and macro-structure of a 

surficial clay material subjected to wet-dry cycles. The 

process of structural changes is usually refer to as maturity 

of soil and considered to be due to the redistribution of the 

pore spaces during the drying episodes. Similar changes 

were observed in Nafferton clay samples during the cyclic 

experiment as the desiccation rate, cracking moisture 

content, crack intensity factor vary with cycles. The 

mechanism and consequence of this structural changes are 

explained as follows: 

1. The rate of moisture loss during desiccation is very 

important especially comparing with consequent cycles. 

Generally moisture is stored within the inter-particles pores, 

moreover with subsequent cycle, the desiccation rate 

decreases as moisture is now shifted and stored with the 

intra-particles (adsorbed water). This delayed evaporation 

rate is evidence in the desiccation curve of NF1 sample. 

During the first drying cycle, moisture was lost at the rate 

of 40 g/hr and the residual mass after 48 hrs was 14.30 kg. 

While in the second cycle after wetting, the residual mass 

after same period of drying was 14.61kg which indicated 

the desiccation rate was slower in the second cycle. 

2. During wetting, the aggregates particles masses 

formed in the drying cycle was seen breaking down and 

collapsing as a result of separation of particles. This 

process of separation end up affecting the pre-existing bond 

between the soils mass. This is evident as the sample swell 

and attains a considerable thickness upon wetting as water 

mount up over the increase particle area. During this period, 

the structural instability of the sample led to particle 

realignment in a more disperse form, moreover if the soil 

had previously witness this, then more bonds will be made 

within the sample leading to a more stable structure as 

cycle progress. 
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3. As the number of cycle progress, the soil sample 

becomes more stable and will be resistant to further 

rearrangement and therefore will be eventually matured. 

These changes tend to attain equilibrium in this cases after 

three cycles depending on the soil structure and material 

properties. 

4.7.6 Equilibrium state during wetting-drying cycles 

Several researchers have worked extensively to 

understand the variation of cracks formation and the 

differences in the behaviour of soil during numerous 

wetting and drying cycle. Based on the result obtained from 

the cyclic wetting-drying of Nafferton clays samples, it was 

observed that after the samples were subjected to the first, 

second and third cycles, the subsequent fourth cycles 

experienced little of no significant variation in the cracks 

formation and the major cracks re-opened again with 

similar dimensions and geometry (this will also be referred 

to in the image analysis of the cracks). This is assumed to 

occur as result to the re-arrangement of the sample 

structure diminishing and approaching a more stable 

structure (Kodikara et al., 2002; Tang et al., 2011). From 

previous studies, there seems to be a confirmation as 

equilibrium state tends to occur during multiple wetting 

and drying cycles, meanwhile this largely depend on the 

percentage of clay mineral in the soil. Basically samples 

with high plasticity required more cycles to reach an 

equilibrium state compare to sandy soil samples (Al Wahab 

and El-Kedrah, 1995; Omidi et al., 1996; Yesiller et al., 

2000). 

It was earlier established that crack network became 

more complex with wetting-drying cycles, meanwhile the 

reasons for the continuous breakage of cracks into more 

complex network than the previous homogenous system 

are stated below based on the observation of the Nafferton 

clay samples. It was observed that the initial homogeneous 

system was broken into further heterogeneous systems after 

the first drying cycle, therefore the second drying cycle 

treated each of the created islands as a separate 

homogenous system which now cracks and further 

subdivided depending on the flaws at the edges of the 

various boundary which is now been created. This goes on 

with cycles until it get to the smallest possible level where 

it cannot subdivided again that is, where further drying will 

only lead to evaporation and not cracking anymore. At that 

point, the system was stable because it had become weaken 

that no adequate tensile strength can develop again that will 

lead to further cracking, even the tensile strength of the 

respective segment was very low at that point. The soil had 

been broken down almost into aggregates, so there were no 

structures for tensile stress to build up again to cause 

cracking.   

The above observation will largely depend on the 

size of the sample as while three cycles can completely 

mangle up the Nafferton samples of 400 x 400 x 75 mm, a 

very large sample of considerable sizes will take up to 

much more cycles to attain the equilibrium state as describe 

herein. As far as there are segments for the tensile stress 

formed to propagate, more cracks will keep developing as 

the sample continues to subdivide. With respect to Tang et 

al. (2011) equilibrium explanation at the end of three 

cycles, this concept of subdivision will depend on the size 

of starting sample that will determine the number of cycles 

at which it starts to equilibrate because as far as there are 

still a large islands of soil mass, it will still further crack. It 

will continue to subdivide until the whole system has 

become aggregated completely.  

This idea was conceive from the drying Nafferton 

samples taking note that at the end of the drying, there are 

still some residual moisture content within the sample 

waiting to be evaporated, yet no cracking was observed 

anymore. This is because the surface area of the different 

aggregate has gotten to a smallest bearing minimum that no 

changes necessary will occur. This mechanism of crack 

propagation and equilibrium had not been seen or 

explained in any literature and therefore will need to be 

validated through further research. Figure 4.15 below 

explains the crack development and progression towards 

attaining equilibrium (concentrating on the bounding 

circle). 

 

Figure 4.15: Cracks development gradually approaching equilibrium 
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4.7.7 Image analysis of Cracks 

With reference to the procedure stated in the 

methodology section, all the crack images at the end of 

each cycles for every sample were analysed by the image 

analysis software for quantification of the surface area of 

the cracks. All crack parameters were calculated precisely, 

the data estimated from the sample images of the cracks are 

shown in Table 4.6. 

To measure the extent of cracking, crack intensity 

factor (CIF) was determined which is the percentage of the 

surface area of the cracks to the total surface area of the 

samples. The images of the cracks were analysed in the 

imaging software (Figure 4.16 and Figure 4.17), it is 

interesting to observe that all the Nafferton samples have 

similar orthogonal crack pattern basically intersecting at an 

angle of 900. 

 
Figure 4.16: Processes involved in extracting cracks parameters (NF1 and NF2) 

 

 
Figure 4.17: Processes involved in extracting cracks parameters (NFB1 and NFB2) 

Table 4.6: Geometric parameters of cracks during each wetting-drying cycle using imaging analysis 

Samples Wet-Dry 
cycle 

Average 
Width 
(mm) 

No of cracks 
Intersection 

CIF (%) 

NF 1 First 4.34 7 4.3 

Second 6.48 10 7.0 

Third 6.93 12 7.5 

Fourth 7.27 11 8.6 

NF 2 First 3.15 4 4.0 

Second 5.21 12 5.7 

Third 5.93 12 6.8 

Fourth 6.10 13 7.1 

NFB 1 First 20.27 7 10.5 

Second 18.42 20 17.1 

Third 17.95 26 23.8 

Fourth 18.21 24 23.9 

NFB 2 First 25.59 8 15.5 

Second 21.27 20 17.3 

Third 20.94 22 19.2 

Fourth 20.16 19 20.8 
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For the purpose of estimating the number of crack 

intersections using the imaging software, images of the 

samples at the end of each cycles were being skeletonized 

and a diagonal line was drawn on the images. The software 

was set to count the intersection of any cracks along the 

diagonal line (Figure 4.18). 

 
Figure 4.18: Image processing to extract crack intersection 

 

4.8.7.1 Crack intensity factor (CIF) 

In view of the fact that desiccation cracking commonly 

occurs in form of a system of cracks with numerous widths, 

length and depth, estimation of which could be hard and 

time consuming. Crack intensity factor (CIF) is usually 

calculated to basically relate to the area of cracks in an 

integrative manner. For the purpose of estimating and 

quantifying the intensity of the cracks, a crack Intensity 

factor (CIF) was calculated which was centred on the 

description by Miller et al. (1998) as the proportion of 

cracks area to the overall surface area of the drying sample 

mass. The accuracy of the techniques used for estimating 

the cracks area can significantly affect the estimated crack 

intensity factor values.  

Though manually estimating the crack widths, lengths 

and depths had been considered inaccurate and therefore a 

much more accurate technique was used in this research 

which is the image analysis. After each drying cycles, the 

variation of the surface crack ratio was estimated using the 

imaging software to understand deviation of the crack area 

with respect to the total surface area and the results was 

plotted in Figure 4.19. 

 

 

Figure 4.19: Crack intensity factor after each wetting-drying cycle 
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Figure 4.19 indicates that the CIF increases with 

cycles in all the samples, meanwhile the higher plasticity 

bentonite mix sample (NFB) has a greater crack ratio 

compare to the Nafferton samples. This thus confirms that 

material property such as plasticity index has a significant 

effect on the initiation and propagation of cracks. 

Furthermore, the method of desiccation does not 

significantly affect the crack intensity factor, but the rate of 

drying and possibly the sample thickness. 

4.7.8 Repeatability and Closure 

Whether cracks are repeated during of cyclic 

events or not have received similar attention as the issue of 

cracks development is concerned (Yesiller et al., 2000). 

Rayhani (2007) noticed that the hydraulic conductivity of 

saturated soil samples after cracking was greater than the 

intact sample not exposed to desiccation which suggested 

that the cracks did not heal completely after wetting. 

Yesiller et al. (2000) conducted experimental tests to 

examine the desiccation cracks of some compacted soils 

and found that consequent wetting cycles created some 

curing to the cracks that developed in the first wetting-

drying cycle. However, the major primary crack kept re-

occurring in subsequent cycles but with some evidences of 

gradual closure with respect to their widths, lengths and 

depths.  

Consequently to the occurring of cracks of 

Nafferton samples in the first cycle, measure was taken to 

observe the cracks repeatability in the subsequent cycles. 

 
Figure 4.20: Repeatability of cracks seen in NFB 1 sample (concentration within bounding rectangle) 

Concentrating on the area within the bounding rectangle, 

some primary cracks were identified right from the first 

cycle and monitored through to the fourth cycle. The 

observed cracks are labelled below.  

 

Figure 4.21: Repeatability of cracks seen in NFB sample 

From Figure 4.20, it is evident that the first sets of 

cracks which appeared in the first drying cycle repeated 

themselves in subsequent cycles, but this time with some 

obvious evidence of healing due to the re-arrangement of 

the soil structure. Meanwhile during this process, the soil 

loses some of its thicknesses and aperture. Table 0.7 shows 

the widths of the measured cracks in the Figure 0.21, note 

how the cracks widths increased and decreased based on 

the initiation of other minor cracks during subsequent 

cycles.     

 

 

Table 4.7: NFB2 sample and crack widths dimension with cycle 

  Cracks  Widths   

Cycles A (mm) B (mm) C (mm) D (mm) E (mm) F (mm) G (mm) 

1 16 18 3 20 4 10 5 

2 14 15 8 5 7 10 4 

3 13 13 5 5 7 8 3 

4 13 13 5 5 7 8 3 

 

The positions of the cracks are repeatable on other 

cycles. The mechanisms of the repeatability of these cracks 

can be considered from a perception of soil behaviour and 

wetting approach. The soil pore structure can be classified 

as intra-elemental pores, intra-assemblage pores, inter-

assemblage pores, and trans-assemblage pores (Collins and 

McGown, 1974). Usually, the adsorbed water in the intra-

elemental pores is difficult to eliminate from the soils 
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especially the higher plasticity soil (bentonite mix). Cracks 

are the margins of different masses in a soil, the bonds 

within the masses are much stronger than that between the 

cracks segments. Therefore extra bonding produced inside 

the masses during a drying cycle will cause the 

strengthening of masses which resists the failure of the 

particles during subsequent wetting process. Cracks may 

heal due to softening of the soil or the falling in of shed off 

particles at the surface or edges of the cracks. Though the 

bonds within the cracked region are much feebler than the 

bond within the soil mass, thus with further drying cycles 

more particle masses become even and cracks tend to 

appear between the soil masses mainly within the earlier 

cracked zones. Tang et al. (2008) also witnessed repeatable 

cracks in clays soil and establish that the very first three 

dry/wet cycles improved soil cracking, thereby enhancing 

the crack intensity factor in subsequent cycles. 

4.7.9 Implication of cyclic wetting and drying on 

ground works and slope stability 

Clay soils are one of the most abundant materials 

within the earth crust, and also inevitable for use in any 

engineering construction especially within the UK. These 

cohesive material combined with the alternating weather 

pattern tend to have a significant point to worry about 

owing to the established behaviour of these materials to 

consistent moisture change. Clays are known to be fine 

grained which signifies their susceptibility to shrinkage and 

cracking, and to geotechnical engineers the long term 

stability of various infrastructures like embankments, 

motorways, bridges, dams, railway and so on is of 

uttermost concern. Perry et al. (2003) estimated that thrice 

as many slopes which had failed in the past are likely to fail 

again in  the future if no preventive actions are reserved to 

account for the cyclic change in climate and its effects on 

infrastructures. 

The adverse effect from series of embankment failures 

prompted Mishra et al. (2008) into broad investigation of 

slope movements. The outcome of the study had proven 

that most of the slope failures are associated with 

precipitation and also the properties of the soil involved. 

Rainfall is related to soil cracking such as providing a 

pathway for percolation of water thereby decreasing the 

slope resistance to slide. Also the moisture content within 

the slope rapidly increases through the cracks resulting in 

the decrease of effective stresses, cohesion (c) and angle of 

internal friction (Φ). The pore pressures which are applied 

within the sides of the cracks thereby decrease the slope 

stability. As recorded by Clarke et al. (2006), the region 

with prolong dry season, shallow slope failure results due 

to a considerable large surface crack which were as a result 

of extreme shrinking in the summer and healing rapidly in 

the wet period. 

With all of the above implications, one of the objective 

of this project is to propose some measures which when 

followed along with other geotechnical specifications will 

mitigate the problem of infrastructural failures associated 

with soil cracking. Below there are some measures which 

are considerably high enough to prevent, or limit the 

detrimental effects of soil cracking due to the unavoidable 

cyclic weather pattern.  

1. Material properties 

The primary factor affect the initiation of cracks is the soil 

properties which are the expansive clay minerals which 

enhance the activity of the soil. According to the 

geotechnical specification for construction, the more the 

percentage of expansive clay the more problematic the clay 

will be and this include the shrinkage and cracking 

potential. Table 4.8 and Figure 4.22 indicate the activity of 

some clay mineral as stated by Skempton (1953). 

 

Table 4.8: Activity values of some clay minerals (Skempton, 1953) 

Clay mineral Activity 

Kaolinite A=0.5 (low activity) 

Illite A=1.0 (medium activity) 

Montmorillonite A=7.2 (very high activity) 

Note Activity A =
PI

%clay finer than 2µm
 

Where: A < 0.75 =Inactive clay, 0.75 < A < 1:25 =Normal clay, A > 1.25= Active clay 
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Figure 4.22: Relationship between plasticity index and percentage of clay (Skempton, 1953) 

Plasticity is a direct reflection of the expansive clay 

minerals present within the soil mass, the plasticity index 

of the Nafferton clay is 19.3% while that of the bentonite 

mix is 21.0%. The outcome of the variation in the plasticity 

index of the samples used for the laboratory experiment is 

obvious as the bentonite mix sample have a higher 

shrinkage and cracking surface area compared to the 

Nafferton clays. According to Dyer et al. (2009), the soils 

with plasticity index higher than 25% are more prone to 

cracking. Also different soil types will have different 

tensile strength which as indicated by Yesiller et al. (2000) 

that region of considerably low strength is more prone to 

cracking maintaining that the properties of the weak zone 

within the soil imitate the strength at which cracking will 

occur. Therefore to avoid soil cracking, all these variables 

need adequate and accurate specifications to enhance a 

long term stability of engineered infrastructures. 

2. Compaction effect 

Several studied showed that compaction of soil 

invariably improves the strength parameters which in turn 

limits the potential for cracking. Compaction increases the 

soil density, reduces porosity and dissipates the excess pore 

pressure (Batey, 1990). As established earlier that cracking 

occurs when the tensile stress generated from negative pore 

pressure (suction) exceeds the soil tensile strength, 

compaction will enhance the soils tensile strength thereby 

reducing its susceptibility to cracking. Figure 4.23 indicates 

the demonstration of a compacted soil. 

 
Figure 4.23: Compacted soil showing demonstration of an engineered embankment, taken from (University of Minnesota, 2001) 

3. Vegetation effects 

The rate at which moisture is lost within the soil give 

rise to soil suction resulting in cracks initiation. From 

literature, it is has been established that moisture can be 

lost either through evaporation or evapotranspiration. The 

existence of vegetation on an embankment gives rise to less 

cracks and also control the development of pre-existing 

cracks by reducing the rate of moisture loss within the soil 

mass. In this case, the nature of the vegetation roots also 

comes into plays as indicated by Smethurst et al. (2006). 

The aforementioned study observed the pore pressure and 

moisture content of grass protected slope in London clay 

over a period of 12 months and discovered that the 

vegetation has a significant impact on the effective stress 

on the topmost layer of the soil profile. In this study the 

influence of root types was not considered which should be 

the subject of further investigation on the impacts of 

vegetation roots on formation of cracks. 

5. CONCLUSIONS 

The wetting and drying effects on shrinkage and 

cracking were investigated on Durham boulders clays 

otherwise refer to as Nafferton clays. The investigation was 

mainly laboratory based, but aim to simulate field scenario. 

The desiccation rate, linear shrinkage, cracking moisture 

content, structural changes, cracks quantification, 

repeatability, closure of cracks and the implication of this 

cyclic event on engineered work were scrutinized. Digital 

imaging tools were used to analyse the images of the cracks 

at the end of each cycle. The overall deductions of the 

behaviour of the tested samples are summarized as follows: 
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 Desiccation rates decreased with cycles as observed in 

the desiccation curve, meanwhile this largely depends 

on the wetting approach and drying time. 

 From the desiccation curve, it was observed that 

moisture content decreases with time irrespective of 

the desiccation approach. Two phases of water 

evaporation were identified, constant evaporation stage 

where moisture is lost at a rapid rate and the falling 

evaporation stage where there seems to be a decrease 

in moisture loss with time at it approaches a residual 

state. 

 Oven drying at 600C has a higher desiccation rate 

compare to air drying at 1.3m/s wind speed. 

 The residual moisture content is the estimated moisture 

content within the sample at the end of the drying 

phase which in the case of this project is 48 hours. 

 Estimated plasticity index of the 5% bentonite mix 

sample was still classified as intermediate plasticity 

but have a higher PI compared to the Nafferton clays. 

 Linear shrinkage is the estimation of the horizontal 

shrinkage of a sample at its liquid limit. Samples with 

higher plasticity have a higher shrinkage potential as 

observed in the bentonite mix samples. 

 The cracking moisture content is the moisture content 

within the sample at the first crack observation. 

 The structure of soil changes during cycles which 

initiate from the micro scale and manifested with the 

obvious rearrangement of the particle during wetting. 

 Depending on the number of cycles and the properties 

of the soil, during the cyclic events the soil tend to 

approach an equilibrium state where consequent cycles 

have no or little effects on the samples. 

 Crack intensity factor is the ratio of the surface area of 

cracks to the total surface area of the samples. 

 Image analysis of the cracks surface area indicated that 

the crack intensity factor increases with cycles, 

meanwhile the variation between the third and fourth 

cycle was not significant in relation to the first and 

second cycles. 

 The bentonite mix sample has a higher crack intensity 

factor compare to the Nafferton clay. 

 The repeatability of the major cracks is evident as 

cracks are seen occurring again in subsequent cycles, 

meanwhile the dimension such as widths and depths 

were altered and also led to the formation of minor 

cracks. 

 The cohesions in previously crack area are weaker than 

the bonds within the soil mass, thus more minor cracks 

were seen occurring in the earlier crack regions. 

 It is clearly observed that all major cracks with 

significant width and depth of greater than 1.5 mm and 

20 mm respectively were repeated in subsequent 

cycles. 

 The mechanism of closure was initiated during the 

wetting phase but evident at the end of the subsequent 

drying phase. The weak materials lost their cohesion 

and filled the cracks space. Also the re-arrangement of 

the soil particle was observed during wetting 

especially the surface particles contribute to closure of 

some cracks. 

 As much as this project tries to simulate field 

conditions, the development of cracks in the laboratory 

experiment is different to the field due to conditions 

like soil heterogeneity, desiccation approach, wetting 

approach, effect of boundary and time all of which are 

difficult to simulate appropriately in the laboratory. 

 The cracking adverse effects on the prediction of 

extreme cyclic weather condition will be minimised 

with the understanding of the shrinkage and cracking 

mechanism. 

 Understanding of the mechanism of cracking will be 

useful to prevent slope failure which will save the 

governments millions of pounds for reconstruction and 

compensation to the affected public.  

5.1 Achievement of the project objectives 

Within the content of this research based on the 

shrinkage and cracking investigation under cyclic wetting 

and drying, all the laid down objectives were examined and 

achieved. Objective one was to progress in the knowledge 

of the mechanism involved in the initiation of cracks, and 

this was achieved by comprehensive literature review.  The 

determination of the properties responsible for altering the 

behavior of soil after numerous cyclic events was the focus 

of objective two and that was achieved by introducing 

series of variables such as the moisture content, plasticity, 

rate of drying, method of drying, and compaction 

(engineered soil). All these variables one way or the other 

have an influence on the behavior of the soil.  

The geometry and dimension of the crack formed were 

examined and adequately investigated to understand their 

variations with each variables introduced with cycles. 

Objective three and four were accomplished by looking at 

these dimensions in terms of widths, thicknesses and crack 

intensity factor using imaging analysis. The essential focus 

of objective five was to actually observe the repeatability of 

the cracks with subsequent cyclic events and this was 

accomplished in discussion section. The core aim of this 

research is to generate an idea which can be applied in the 

real world to save life, properties and improve the standard 

of current and future infrastructures. This was achieved by 

evaluation the implication of cracks on engineering works 

like embankment, slopes, foundations etc.  In addition, 

adequate preventive measure was provided for further 

studies which can be included in future specifications. 

 

5.2 Recommendations for further research 

The laboratory investigation of shrinkage and cracking 

of Nafferton clays soil has provided an understanding about 

the behaviour of a representative intermediate plasticity 

clay under cyclic wetting and drying. Moreover, more 

works still need to be done to fully comprehend the 

mechanism of cracking. Below are some area of focus for 

further studies: 

 Cracks occur when the tensile stress developed during 

desiccation exceed tensile strength of the soil. 

Moisture content is not the main factor that led to 

cracking but the second derivative known as suction. 

Many authors seem to use water content directly to 

explain desiccation cracks, probably because suction is 
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difficult to measure in the soil. Meanwhile its 

quantification can shed more light on the mechanism 

of cracking, therefore it need to be investigated further. 

 This project uses Nafferton and Bentonite mix clays 

for the cyclic experiment. Future experiments should 

be carried out on variety of different clays of varying 

material properties to understand their behaviour for 

comparison purpose, wider application and to have an 

overall behaviour of clays under cyclic events. 

 More cycles of drying and wetting should be 

conducted to further confirm or invalidate some 

already known concepts whether they are still valid or 

not, also other variables should be introduce such as 

temperature, drying rate, clay mineralogy, wetting 

approach, compaction effect, vegetation and other 

worst case conditions in preparation for the future of 

extreme cyclic event as predicted. 

 Future investigation should look at the use of image 

processing techniques, which would permit accurate 

cracks measurements at different moisture contents 

with greater accuracy. 

 More numerical models should be setup which will at 

a greater length simulate field conditions. 

 Since vegetation reduces the moisture within the soil 

due to the process of evapotranspiration, it is necessary 

to study and understand the rate at which this occurs 

and its influence on the initiation and development of 

cracks using different species of plants and trees. 
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APPENDICES 

Appendix A: Liquid and plastic limit test 

NAFFERTON CLAY 

PLASTIC LIMIT    Test no. 1 2 3 Average 

Container no. C26 R2 B5 

  

Mass of wet soil + container g 12.09 11.75 11.73 

Mass of dry soil + container g 11.07 10.77 10.78 

Mass of container g 6.64 6.60 6.64 

Mass of moisture g 1.02 0.98 0.95 

Mass of dry soil g 4.43 4.17 4.14 

Moisture content % 23.02 23.50 22.95 23.16 
 

LIQUID LIMIT                           Test No. 1 2 3 4 

Initial dial gauge reading (mm) 14.4 17.7 23.8 25.6 

Final dial gauge reading (mm) 14.4 18.0 23.9 25.2 

Average penetration (mm) 14.4 17.8 23.8 25.4 

Container no. E30 C23 B4 N3 

Mass of wet soil + container (g) 20.78 17.35 28.59 28.88 

Mass of dry soil + container (g) 16.00 13.39 20.78 20.91 

Mass of Container (g) 3.86 3.82 3.64 4.19 

Mass of Moisture (g) 4.78 3.96 7.81 7.97 

Mass of dry soil (g) 12.14 9.57 17.14 16.72 

Moisture content (%) 39.37 41.38 45.57 47.67 
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BENTONITE MIX 

PLASTIC LIMIT Test no. 1 2 3 Average 

Container no. M6 C20 B9 

  

Mass of wet soil + container g 11.52 12.82 11.50 

Mass of dry soil + container g 10.49 11.51 10.51 

Mass of container g 6.47 6.51 6.49 

Mass of moisture g 1.03 1.31 0.99 

Mass of dry soil g 4.02 5.00 4.02 

Moisture content % 25.62 26.20 24.63 25.48 

 

LIQUID LIMIT                           Test No. 1 2 3 4 

Initial dial gauge reading (mm) 16.4 18.6 23.2 24.6 

Final dial gauge reading (mm) 16.8 18.5 22.9 24.9 

Average penetration (mm) 16.6 18.5 23.0 24.7 

Container no. R1 P3 F2 E10 

Mass of wet soil + container (g) 21.79 27.20 31.79 30.10 

Mass of dry soil + container (g) 16.28 19.80 22.73 21.16 

Mass of Container (g) 3.81 3.59 4.07 3.48 

Mass of Moisture (g) 5.51 7.40 9.06 8.94 

Mass of dry soil (g) 12.47 16.21 18.66 17.68 

Moisture content (%) 44.19 45.65 48.55 50.57 

 

 

Appendix B: Desiccation curves for the bentonite mix samples 
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Appendix C: Images of the Nafferton and bentonite mix samples during the cyclic wetting and drying. 
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