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Abstract

Gravel barrier beaches are important geomorphological feattmat provide a buffer to low

lying coastal areaground the world from wave attacKhis sheltering effect also promotes the
formationof extensive intertidal habitat and lagoar@mposed opoorly consolidatedediment
substrates of varied stratigraphy in the lee area with silt, clay and peat layers. Gravel barriers
naturally respond to increases in sea level and waeeioppng of beach material by migrating
landwards over the poorly consolidated substrate in their lee. This application of load causes the
substrate to consolidate, causing the barrier crest to reduce over time. The magnitude of
consolidation and consequent ctéswering will make the barrier vulnerable to further sea level
rise and wave overtopping, resulting in acceleration of landward migration and increases in flood
risk. Very few global or local studiegist to explore this problem and there is a lack of
gualitative datadespite the implications for coastal management. This tlesis toaddress

this knowledge gap, utilisindurst Spit as an interesting and important case studyrattaral
gravelbarrier system maintainedin response tostorm eventsin order to preserve its major

flood defencepurpose The gravel barridras migrated landward by 10@etres over the last 60

years in response to a reduction in sediment supply and storm dariihgenext phase of
sediment recharge is due within the next 5 years, with material due to be placed on the back
slope, to attain a wide crest that meets design requirements. This realignment of the back slope
will extend onto the poorly consolidated matdy causing it to consolidat&ediment coring
confirmed that the substrate material was predominately marine muds, with high water
content, but low permeabilityThegreater thethickness of the poorly consolidated matertake

higher the magnitude ofamsolidation, and the thickness of the substrates found to be less

than theheight of the beach overburdeiihe magnitude of consolidatiat Hurst Spit is varied
making some areas more vulnerable to crest lowering. Vulnerability to consolidatioaused c

by increased substrate thickness, presence of peat and beach aspect in relation to incoming
predominate storm waves which cause enhanced overtopping and landward migration of the
barrier. The results highlight the need for further understanding ®@fcttnsolidation of barrier
beaches, especially when conducting beach maintenance which essentially realigns barrier
beaches over poorly consolidated materidlse process of consolidation coupldh future

sea level risés of great interest for thos@volved in the management of gravel barriers in the

future, especially where large areas of llging land and assets are protected.
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1. Introduction
1.1 Motivation of Study

In the UK, avel barriersprovide widespread natural protection to the coastline amd of

major ecological anénvironmental importanceBarriers tendo migrate landwardsiue to
overtopping stormwaveswhichpush sediment over the crest to the back slopkistendency

has beerexacerbatediue to increases in relative sea leveer the20" and early21% Century

further enhancedoy anthropogenic climate change in the future. Barriers underlajobyly
consolidatedsedimentsare especiallyulneralde as these sediments consolidate under the load
applied by a migrating barriecausing the barrier crest to lower and making the barrier
vulnerable to further overwash and overtoppifarrier formatias provide a wealth of benefits

as they reduce coastal flood risk and shelterligng land in their lee. Coastal managers looking

to maintain thsflood protection need to understand thmagnitudeof consolidation tqredict

barrier dynamics anednsure hat the design level is maintained. Managed realignment of gravel
barriers may become a preferreshoreline managemenpolicy for coastal managers itne

future, as the'Hold the lin€may be increasinglynsustainable in light of sea level rise. This may
involve material placed on the lee slope of existing barriers as an artificial roll back, loading
previously unconsolidated material. Tmeagnitude of consolidation in this contexand
implications for coastal managemesrte not widely understoodand thisis due to the lack of
understanding of the stratigraphic and geotechnical properties of the substrate beneath
migrating gravel barriers that make it vulnerable to consolidation proce3$es. thesis
addresses this problem by providing an analysis ofoidation behind a significant barrier
beach at Hurst Spit, Hampshire, UK. Previous collection and analysis of such data is very limited,

both in the UK and worldwide.



1.2 Aims and Objectives

The primary aim of thighesisis to investigate the stratigraphic and geotechhiproperties of
the back barrier sediments at Hurst Spit, an important example of a migrating gravel barrier.

The following objectives wemmnsidered

Objective 1 Conductrepresentativesediment samphg of the back barrier sediments at Hurst
Spit, using coring equipment.

Objective 2 Establish the physical and geotechnical properties ofe¢kdenent.

Objective 3 Explore the implicatiorthese results for the management of Hurst Spit, including
a propased replenishment

Objective 4 Discuss the wider implication$ these resultgor coastal managemertf barrier
beaches

1.3 Structure of Thesis

The structure of this thesis aims to clearly pregbatsteps taken in order to meet the aim of
this thesis, to investigate the stratigraphic and geotechnical properties of the back barrier

sediments at Hurst Spit.

Having introduced the study motivation, aims and objectives, a major section to drawetogeth
relevant literature is presented. This literature review explores the overarching concepts to
enable a detailed understanding of the problem that this thesis aims to solve. The methodology
section then demonstrates the methods used to solve the proldewh the results section then

aims to present findings of the field and laboratory work. A discussion of the results follows in
the next section, and will link the findings back to the aims and objectives of this thesis. In the
final section, a concludingtatement aims to draw together the findings atldrify important

key findings and make recommendations for future research.
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2. Literature Review

A review of available relevant literature was undertaken and is presented within this section. The
first sedion looks to explore main feature of shétudy gravelbarrier beach systems. A detailed
overview of barrier beach system configuration and stratigraphy, in addition to the forcing
factors which influence the morphological evolution over a range of saes is provided.
Consolidation is then introduced as the main process of this study, firstly througaraiewwof
consolidation theory and then applied to the coastal context. Methods for prediction of
consolidation are provided. The next session tdews together a range of case studies of
consolidation in the coastal environment, to set this study into context and discuss its
importance. Finally, Hurst Spit, the study site used to investigate the stratigraphic and
geotechnical properties of the ssfipate beneath migrating gravel barriers that make it
vulnerable to consolidation processes is presented. A summary of the literature review draws

together the main points.

2.1 Barrier BeachSystems

This section aims to clarify the form and configuration of barrier beaches, forcing factors and

morphological evolution over a range of time scales.

2.1.1 Beach Nomenclature

In the first instance, beaches may be categorised into type dependent on sedimguisitoom.

This can be defined with use of a particle size distribution study, where the dominant sediment
sizeor sizes (bimodal distribution) can be identifi&daditionally, thdJddenWentworth scale
(Wentworth, 1922)s usedPackhanet al.,2001)(Appendix A)This classifies gravel as having a
mean diameter of 2 to 256mml1{ to -83), sand as §8n to 2mm (4 to -1>) and mud <6@m

(<4%). Mud can be composed of silt and clay, with clay as any sediment less thanir3.9
diameter.The compositiorof beach sediments can vary between locations and is a function of
local sediment supplyye, 2001Striplinget al, 2008 Sutherland and Thomas, 2011

11



With an understanding of the particle size distribution of the beach, it may be further
categorised irda fine (sand), coarse (gravel) and mixed (sand and gravel) grained beach types.
The beach profile of each type varies due to the particle size. Coarse sediment is able to
maintain steeper slope angles, and it is often found that gravel beaches have,aefleepve
shoreface(Nicholls 1985 Pye, 2001; Anthony, 2008)he permeability is also relatively high,
allowing for dissipation of incoming wave energy (Anth@098. Beaches of fine sediment
composition are not able to maintain such a steep slopgylting in dissipative beaches of a
gentler slope, and a lower permeabililyis worth mentioning that beaches are oftemature

of a range of coarse and firparticle sizesi.e. amixture d sand and gravdbut may have a
dominant sediment sizg(Nicholls, 1985;Pye, 2001;Dornbusch and Ferguson, &)1
Understanding of the detailed dynamics of wave interaction with caamdemixedgrained
beaches is regarded to be narrower in scope tloarfirie-grainedbeachesRye, 2001])ennings

and Shulmeister2002;Nealet al.,2002;Buscombe and Masselink, 20@6ithony, 2008

Coarsegrainedbeaches are often referred to as gravel or shingle beg&tsekhanet al.,2001;

Van Rijn and Sutherland, 20Mith a sediment size of-@4mm according to the Wentworth

Scale There is a tendency to us®hingl€to describe roundedand subrounded gravel
(Packhanet al.,2001; Pye, 200Nlicholls and Webber, 198a@hd therefore the terminology is
interchangeable with reference to both in the literatureCoarsegrained sediment will be
NEFSNNBR (2 Fa WINIg@gStQ F2NJ 6KS LldzN1)l2asSa 27

sediment above 2mm in diameter.

Beaches can be further categorised based on theifigumation. Fringing beaches are wholly

joined to the mainland at the landward side of the beach and remain in this location. Free
standing beaches may be partially attached to the mainland in the form of a spit, or tombolo, or
detached in the form of a Ioaer beach Anthony, 2008Stiplinget al, 200§. Beaches may also

0S LI IFOSR Ayild2 (KS Wagl akK F®{AAYESKR QF {2AND yUSRRNR T
orientated perpendicular to the dominant wave direction, and are therefore subject to cross
AK2NE ONI YAINANIGS I d KINEIRD @B OKSa | NBE 02y (NP
due to waveslue to orientation at an angle to the dominant wave direc{idavidsorArnott,

2010;Masselink and Rus§e2013).
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The gravel barrier beach & greatest interest to this study. The reflective, wave energy
dissipating features of gravel in the form of barrier serves as an important natural coastal
defence for aras of vulnerable lodying land. Gravel barrieeze considered as more resilient

to change on a larger temporal and spatial scale than barriers composed of sand (Anthony,
2008).Barrier beaches are consideredrasrow elongatedeatures with a distinatrest, which
separates seaward and landward beach slopes (Strggliaty 2009. Figurel showsa typical

cross sectional profilef a gravel barrier beach, which distinct features such as a steep back

slope, crest, and steep foreshore with berm features.

cliff beach face foreshore offshore

- MHWS
PIPNSAT rr o s N =
77 YT
i = MLWS
= bar A
LT (sand)™ -
-‘-—H.}‘-‘“——-—_

Figure 1Typicalcross sectional pfite of a gravel barrier bea¢Wan Rijrand Sutherland2011).

Finegrained barrier beachesre also common features around the wothdwever their form

and morphological evolution vary to those of gravel composilibare is a growing consensus
that gravel beaches are excellent faceto coastal managers, as features with vast
geomorphological, ecological and engineering importance to the natural and human

environment (Pye, 2001).

2.1.2 Morphological Evolution of Gravel BarrierSystems

Gravel barriers are dynamic features, influenced by a variety of diflsmgimbnmentaforcing

factors in the coastal zon&he benefits of gravel barriers are under threat due to changes in
environmental forcing factor&(adbury, 2000Rosatet al, 2010).Their evolution occurs over a
range of temporal scales, from response to storm events to sea level rise over millennia (Rosati

et al, 2010)
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One forcing factothat influences the morphological evolution of gravel barriers is the sediment
supply(Bradbury, 2000 DavidsopArnott, 2010) Gravel barriers can be found in many mid to
high latitude coastlines around the world, the majoafywhich were previously impacted by
Quaternary glaciatiofNicholls, 1985Pye, 2001Anthony, 2008; Van Rijn and Betiand, 2011).

The last glaciation yielded a source of glacioflwadiment witha full spectrum of sizefor

beach dune, barrier and estuaringrowth, however it is a finite source of limitedfshore

supply (Masselink and Russell, 2018&yavel beaches may also be found at lower latitudes
adjacent to coral reef systems, eroding cliffs or adjacent to mouths of high energy rivers (Pye,
2001).

Wave action is thought to be the exclusive driver of sediment transport on gravel beaches, with
tidal actionrelativelyineffective in sediment entrainmentéwis, 1931, 193&ye, 2001Van

Rijn and Sutherland, 2011). Incoming waves push gravel up the beach to-thelimit during

the uprush phase, and during the backwash (weaker due to percalatargh the gravel) the

gravel moves down the beach due to gravity and wave retreat (Van Rijn and Sutherland, 2011).
During prolonged periods of exceptional swell wave condjtibil@smorphological evolution of
gravel barriers is acceleratedsulting fromovertopping and overwashingspecially where a

site has experienced extreme wave heights and water levels during a storn{ictotls and
Webber, 1989Bradbury, 2000).

The beach is naturally driven landwards, as material is removed from the seswaraf the

beach and transported over the crest to the landwards face, in a cydbovker(Masselink and

Russ#, 2013) During periods of energetic wave energy, this process is exacerbated, and the
crest of tte beach may translate many metrduringan individual storm event. It is likely that
barriers have naturally been migrating landwards over longer timescales during the Holocene
transgression, d0,000year period of rising sea Vel after the last glaciatiorswash aligned

gravel barriers respéd G2 aSI f S@St NA &S (KNPRdzaKetal N} ya3
1995;Dornbuschand Ferguson, 2@).

Increases in sea level over the last millennia have resité@hdward migration of coastal
systemsGlobal mean sea level has risen aa@ of 1.7mm per year during the 2@entury,
increasing to 3.2mm per year in the period 1993 to 2003 (Horsburgh and Lowe, I2G13).
barrier is unable to migrate at the same rate as relative sea level rise into a suitable

accommodation space, this leatb coastal squeez®(ford and Pethick, 200®osatiet al,

14



2010 Masselink and Russell, 2010n the other hand, if the barrier is able to migrate over a
gently rising, solid geology, then the barrier is able to maintain pace seéhlevel rise

(Bradbury, 2000).

As the barrier elongates and accumulates, liherier provides a shelteringffect from waves

storm surges and winuh its lee. This often promotes formation of extensive intertidal habitat
and lagoongomposed of poorlgonsolidated sedimergubstrates of varied stratigraphy in the

lee area with silt, clay and peat laydbayidsorArnott, 2010;Rosatiet al, 2010).The presence

of poorly consolidated sediment within the accommodation space of a landward migrating
barrier can make the barre/ulnerable to subsidence as the load applied esutise substrate

to consolidate Peat is highly compressible, and is more compressible than silts and clays. The

magnitude of consolidation of peat depends on its thickness (Rbosdti2010).

The useof ground penetrating radar (GPR) to investigate the internal stratigraphy of barrier
beaches has been explored at a variety of locatibieslEt al.,2002) as the gravel and sand
sediment is of low electrical conductivity (Benredtal.,2009). Bennetet al, (2009) continue

to highlight the need to investigate the use of GP&ato insight into how barriers evolve over a

range of spatial and temporal scales.

For those barrier beaches undergoing a net loss of sediment, this may be mitlyategh
artificial beach nourishment techniques (Dean, 1988ate<et al.,2001). Compatible material

may recharge the beach during a replenishment, or be recycled from adjacent beaches
undergoing a net gain of material. This technique is becoming ravmirbble to coastal

YI Yyl 3SNRA ledginderia techigaetisisen to have a higiesrefit to costratio and
provides a sustainable solutiodnother coastal management technique that accommodates for
the morphological evolution of gravel barrigisems is that of managed realignment, which is
becoming a viable option for a variety of sites. It is clear that gravel barriers naturally migrate
and adapt to changes in forcing factors and that in some locations, holding them back is not
considered susinable in the futurdCooperet al.,2004) Managed retreat provides additional
accommodation space for gravel barriers undegterm sea level rise and can provide habitat
creation(Cooperet al.,2004).In some locations, th#Hold the lin€rincipleis maintained for
gravel beaches to maintain the beachpasnary flood and erosion risk defences. Pevensey

barrier beach is an example of an intensive management plan to maintain the level of
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protection; howeverthis method is expensive and requires ongoing commitment (Sutherland

and Thomas, 2011).

2.1.3 Future of Gravel Barriers

By referring to thecontemporarymorphological evolution of gravel barriers, an insight into the
future of gravel barriers can baferred. In brief, potential future changes in environmental
conditions including sedimemvailability, wave actionyater level and accommodation space
are likely to impact gravel barrier morphology and evolut@radbury, 2000Dornbusch and
Ferguson,2016), with variations in response dependent on local conditions (Masselink and

Russell, 2013)

Future sediment availabiliig of concern, as the major contemporagyaciofluvialsediment
source is of limited supplyand therefore supply via longshoreansport and wave driven
offshore to onshore transport is reducing England and Wales, it is calculated that 30% of the
coastline is fringed by gravel beachegh many sites undergoing a net loss of material (Jehes

al., 2013).0thersources such as cliff input will vary in the future, as sections prone to erosion
are stabilised, often blockingjrect supply of materiaio the beach.For maintained beaches,
artificial nourishment of sediment from a range of different land based amithensources is an
increasingly preferred beach maintenance metkhmahcrease beach volumgsith recycling of
beach material from local areas of natural surplus to areas of erosion as an additional method.
Of interest is the emerging increased frequefaymaterial to be placed on the lee slope of
barriers during renourishment, as opposed to the front slapéncrease beach volume and
consequent defence heighthis is aelativelynew technique to stabilisand widenthe barrier
crest, in a form of maged realignment as opposed to holding the lana] accepts that the
barrier would naturally evolve in this wélyornbusch and Ferguson, 2018his method will
increase the landward footprint of the barrier, extending into areasrtiaat beinternationaly
designated for their habitatnature conservation or geologicalue, and therefore the benefits

of making the barrier more resilient to storms will rdhasditat management issues. It must be
highlighted that, in the absence of human intervention,lbeier would naturally roll back over
these designated habitats and so they would be engulfed natuBaéglfury, 2000Dornbusch

and Ferguson, 2@). There has also been a shift in acceptance of using dredged marine material
for beneficial use in beagknourishment schemes if it is of suitable particle size distribution and

quality for the intended useThe gravel base layer of Cowes Breakwater was supplied with
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beneficial use material won from dredging in SouthamMiater. Beneficial useanserve as a

new source of locally won material, reducing the cost of importing from further afiledd.
apparent paradigm shift in coastal management from hard defence schemes to soft defence
schemesand managed realignmem likely to continue into theufure (Cooperet al.,2004)

with some management schemes abandoned entirely with the policy of no active intervention.
This has occurred most recentlyMédmerry (West Sussex) and Cley (North Norfolk) where the
barrier beaclks werepreviouslymaintainedand reprofiled annuall§o main the crest height for

flood defence.

Sea level rise is a major global contributory forcing factor causing coastal erosion at a local scale
over a greater temporal scaleith concern mounting in rise of predicted rates di el rise

due to climate changm the future(Zhanget al., 2004;Masselinkand Russell, 201 3/asselink

et al, 20195. Predictions of future rates of sea level rise are dependent on isostatic and eustatic
changes, and will vary locally duddoalconditions.Sea level for the London region is predicted

to rise by 18cm by 2040 and 36cm by 2080 based on probabilistic projections for a medium
emissions scenario, and includes land movement (UKCP, P088icted Giture sea level rise

will reduce the aailable freeboard, the distance between mean water level and the crest of the
barrier, resulting in increased watdepths, whichallow higher waves to arrive at the barrier
(Masselinket al.,2015;Dornbusch and Ferguson, B)1If the accommodatiospace in the lee

of the barrier is suited to roll back of the barrier, then the barrier will be able to maintain its
form, especially if the gradient of the land in the lee is of a gradually increasing slope (Dornbusch

and Ferguson, 2@).

A further predited consequence of future climate cige is increasewave climateseverity

due toincreased storm frequency and duration, and changes in the prevailing wave direction
(Masselink and Russell, 201Bhis is predicted to increase coastal flooding and @mossk
(Orford and Pethick, 2008asselinket al, 2015).The magnitude of increase is more difficult to
predict, especially at a local scallbde projected future trends in storm surge by 2100 are <9cm
above the current average storm surge levels, bay rall within the expected natural range
(UKCP, 2009)ncreased storminess would increase the risk of overtopping, and therefore

increase the rate at which barriers migrate landwards over time.
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It is clear that a mixture of localised factors are impuria deciding the future of gravel barrier
morphology. Human intervention in the form of coastal protection works aims to stabilise

barrier migrationin a sustainable way, to keppcewith sea level rise.
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2.2Consolidation

This section aims to clarify the theory of consolidation. Gravel barriers mitemote the
formation of poorlyconsolidated materials in their lee, over which they rollback, causing this
substrate to consolidate. The theory of consolidation is introduaed, then placed in the
context this study. Experimental techniques to calculate consolidation potential are also

explored.

2.2.1 Consolidation Theory

Consolidation theory ian important element of soil mechanics for engineering purpoBes
geotechnical pyperties of the ground beneath a structure must be determined before the load

is applied to ensure thasubsidence does not occu&ettlement within a sand or gravel
substrate often occurs instantaneously or over a short period of time. In low permesdlfty

such as clay or silt, the settlement occurs over a larger temporal scale, from months to years,

decades or even centuries after construction due to consolidation (Head and Epps, 2011).

Terzaghi (1925) derived the originbkoretical relationshigor calculating soil consolidation,

and this is reproduced in further works (Terzaghi, 1943; Terzaghi and Peck TE92&yhi
(1925) distinguishes between primary and secondary consolidation in order to define the
process of consolidation. Primary consatiioh is the dissipation of excess pore water pressure
from the soil matrix based on fundamental hydraulic principles. Secondary consolidation is the
consequent shifting and deformation of the soil grains as they fill the voids left by the pore
water. Theefore KS G SN WO2 Yy a2 thé jdcass\ & i) defodnatiSriNduringl 2
expulsion of pore water under loaddad and Epps, 201BRpwrie, 2014)The rate at which soil
deformation occurs is controlled by the rate of drainage and therefore soil périme (k) and

length of maximum drainage path (d) influences the rate of consolidation. Silts and clays are
relatively slow draining but have high consolidation potential (Powrie, 2bddher detailed

information on the derivation of consolidation daafound in Powrie (2014).
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2.2.2 Consolidation of Barrier Beaches

The sheltering effect of the barrier from wave attack often promotes formation of intertidal
habitat and lagoons composed of poorly consolidated sediments in the lee area such as silt, clay
and peat (Rosagt al, 2010).During the deposition of material onto the poorly consolidated
substrate, the natural loading that takes place is considered to caus&liraeasional
compression, as the surrounding soil preveatsral strains (Powrie, 2@} Due to the low
permeability of the substrate (silty clay), when a load is added it causes an increase in pore
water pressure. Pore water is expelled from the soil due to the formation of a hydraulic gradient,
and the remaining soil deforms. The poretavgressure gradually obtains an equilibrium, and

soil deformation no longer takes pla@®wrie, 2014)in this time, the barrier crest has lowered,

increasing overtopping and overwashing.

Figure2 shows a schematic of the landward migration of a barrier over time, and the resulted
substrateconsolidatiorand cresioweringadapted from Rosa(?009.

Overwash material
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--------------------------------------------------------------------------------------------
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Figure2: Schematic of the process of landward barrier migration over time and resultantetelzsinsolidation
Adapted fromRosati(2009.

Thisthesisis focused on the physical and geotechnical properties of the substrate beneath a
gravelbarrier, whichmake the substrate liable to consolidation, and therefore the barrier liable
to subsidence. There is a notable ladkother studies within the UK thdbcus on this
overarching themewith variousstudies conducted on the fine sandy coasioethe Unted

States. The lack of studies is often attributed to the lack of quantitative core data to
demonstrate the physical and geotechnical properties or thickness of the substrate. The core
extraction is complex, and requirdschnical equipment, time and expges to conduct.

Furthermore, the study sites are often protected by an array of environmental protection
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designations, whicHiscourage sedimememoval. To enable predictions of consolidation to be
conducted, an understanding of the physical and geotieah properties of the substrate are
required. This igven moredifficult in the coastal zone due to tidal constraints and the soft
suface causes access issultleast, an understanding of the thickness of poorly consolidated

substrate is required.

Dean (1983) briefly discusses the presence of marsh deposits beneath barrier islands, and how
this leads to amplified landward migration by lowering of the crest elevation and increased
vulnerability to overwash. Dean (1983) continues to suggest that i theesiers were to be
artificially stabilised through beach nourishment, that the subsidence would only occur to a
limit, and so that over time a stabilised beach would be possible. The need to understand where
consolidation of barriers is a potential issand the consequent requirements when conducting

an artificial nourishmenis highlighted (Dean, 1983osatiet al, (2010)further studied the
process of consolidation beneath barrier islanvdsere the substrate was poortonsolidated
deltaic, estuane, peat or bay sediments and made the barrier vulnerable to accelerated
landward migration. Rosadt al, (2010) present &avo dimensional (2Dnodel for crosshore
migration of a barrier island to represent consolidation of the underlying substrate, and barrier

migration over time.

Cooper (2015peveloped a numerical model of substrate consolidation beneath a retreating
barrier beach. Assumptis of the substrate stratigraphy were made, however findings indicated
that higher magnitudes of consolidation were expected with increased substrate depth. In
addition, it was inferred that substrates of higher permealalitgt lower stiffnesslso resukd

in greater subsidence. Areas with a layer of peat within the poorly consolidated substrate were

also vulnerable tgreaterconsolidatiormagnitude
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2.2.3 Consolidation Measurement and Prediction

The onedimensional oedometer test is one of the simplest amost traditional methods for
understanding the behaviour of soil during consolidation (Atkinson, 2007; Knapge@raig,

2012; Powrie, 2014Yhestandardoedometer test is conducted on samples of-lesvmeability

such as silt or clay to investigate thtress strain relationship in the vertical directidiedd and

Epps, 2011Powrie, 2014). There are various methods and devicapsetvailableHead and

Epps, 201lly GKA& OlFasSsy G(KS WFAESR NAy3aIQ 2S8SR2YSGS
study, and the operation of the ondimensional oedometer test foll@the Bitish Standard
Institution BS 1377, Part 5, currently standandthe UK British Standards Institution, 1990;

Head and Epps, 201Knappett and Craig, 2012).

A cylindricabample of the soil is prepared within a ring with porous disks placed on the top and
bottom to drain the sample in the vertical dimension, ensuring that consolidation is one
dimensional Atkinson, 2007; Powrie, 2014Axial stress is applied through addiegds in
increments to control the loading stress, and the resultant axial strain is measured with a dial
gauge at intervals for a period of at least 24 hours (Atkinson, 20€ad and Epps, 2011;
Knappett and Craig, 2012Jhe methodology used for oedotee operation is described in

further detail in Section 3.3.

In a saturated soil such as the substrate used in this study, it does not compress instantaneously
after an applied load, however will settle for some time as the void ratio decreases and the soi
matrix deforms. This rate of deformation is controlled by factors such as soil perméglaitity

maximum drainage path leng(t) (equal to half the specimen thickness) (Powrie, 2014).

Powrie (2014) highlights that as the reduction in void rati@isnstantaneous, neither is the
change in effective stress. As the load increments are added, the increase in total vertical stress
results in a preliminary increase in pore water pressure. Then, over time as the water is expelled
from the pores causingo# consolidation, the excess pore water pressure dissipates (Powrie,
2014). At the end of each increment period, the applied total stress will equal the effective
vertical stress in the specimen once the excess pore pressure has dissipated (Knappreatigand
2012).To enable an estimation of the consolidation, the relationship between vertical effective

stress(s Q and strain(eQ is required. To understand the time over which the settlement

occurs, the geotechnical characteristics of the soil nede tiested (Powrie, 2014).
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An oedometer test provides:

1) Plots of specific volumev)(against the natural logarithm of vertical effective stress

(Ins Q. These plots are usew investigate the behaviour of the soil under load at

different depths and can indicate how soll stiffness varies under load.

2) Plots of settlement ) against the square root of timé&x}f for each load increment
(where load is added). These plots dhen used to estimate the magnitude of
consolidation that will be observed in the field when subjected to an increase in vertical

load, and can indicate the theoretical time for 90% of consolidation to occur.

This information will be collected apdesented for the purposes of this thesis.

2.2.4 RelevantCase Studies of Consolidation

A study of global and local examples of barriers was conducted to set the wider context of the
issue of consolidationtmthe coastadomain Other structures such &seakwaters built onto a

poorlyconsolidated substrate are also considered.

There is a distinct lack of case studies withinawailableliterature that specifically study the
process of consolidation beneath gravel barriatdooth a globaland localscale. Furthermore,
very little quantitative dataxploresthe physical and geotechnical properties of the substrate
over which the barrier migrates and therefore how vulnerable they are to consolidation
processes. For the studies that do exist, the mgjaie based on sandy barrier islands. The
2O0SNI NOKAY3 O2yOSLIi A&a adagatt NBESQOryas | a
consolidated substrate generallystill silty clay marine sedimentsramer (2016) investigated
the evolution of théNest Belle Pass BarrigouisianaUnited States oAmerica), in addition to

the primary consolidation ats back barrier sediment§his information fed into a conceptual
model of back barrier loading originally presented by Resati, (2010). It s concluded that
consolidation of the barrier is likely due to the presence of poorly consolidated materials in the
lee of the barrier, and the likely requirement of future beach renourishment to maintain the
protective nature of the barrier beach to largreas of lowying deltaic land behind the barrier

(Kramer, 2016).
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Within the UK, there are many examples of gravel barrier beaches, where consolidation of back

barrier sedimentsiue to landward migration of the barrierlikely.

ChesilBeach is an iecoc gravel barrier beach located on tfeentratsouthern UK)oastline,

ASLI NFGAY3I | GARFE € 322 ¢tald2000STheGHich&sa 61 gravelR Y |
barrier is likely to be relatively higher than the substrate over which it has migrated, and the
poorly consolidated lagoonal substrate is likely to be vulnerable to consolidation under
increased overburdemttempts to use GPR tdantify the stratigraphy of the barrier sediments

could not be applied to the substrate beneath the barrier as these materials are considered to
hinder the radar signal due to increased salinity by saltwater intrusion (Beziradtt 2009).

Few records aothe substrate stratigraphy beneathe Chesil Beach are available (Bengetil,

2009) so its difficult to make predictions about consolidation at this locatiGonsolidation of

the barrier over time is of importance due to the protective natur€loésil Beach. The present
YIEYyFE3SYSyid LRfAoe F2N [/ KSaAft Ada WK2fR GUKS
management of Chesil Beach will accountctmmtinuingnatural landward barrier migration in

light of sea level rise and may include an increasthe cross sectional area, and landward

migration of the crest in places.

Slapton Sands locatedwithin Start Bay, on theentratsouthern UKcoastline, separating a
FNBaKgl GSNI I 32 2tfle sda{StaptdniBangs is[ aSBaher ex@riNge \of avelr
barrier beach undergoing natural landward migration over poorly consolidated materials, with
increased rates of rollback during large storms. In 2001, a severe storm resulted in major
damage to the barrier, so that thiead that runs along had to ke realigned further landward.
(Chadwicket al., 2005;Masselink and Buscombe, 2008presabstracted down through the
barrier, and in the Ledemonstrate that bneath the gravel barrier lay#nere is an underlying
substrate of muddy saltmarsh sedimentéie presence of these sediments highlights that the
barrier must have migrated landwardser longer timescale@Chadwicket al, 2005) as the
formation of muddy sediments requires a sheltered environméhné future management of
Slapton Sands is focudsen an important access road which runs almost its entire length. It is
concluded that it is not likely to be sustainable to maintain this access road in the future, due to

the natural landward migration of the gravel bar(iiasselink and Buscombe, 2008

During the largescale replenishment works to the gravel barrier of Hurst, $aitpshiren

1996, predictions of expected consolidation due to loading of replenishment material were
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made, and monitored using displacement beacons. peated subsidence of 1m proved to be
an overestimate with a range of 8€03/m observed during the first 10 years after construction
(Bramptonet al., 2007). This datawere provided by the NFDC Coastal Group in the form of

measureddisplacementfrom settlement beacons installed after the 1996 recharge scheme,

with total settlement to 1999abelled (Figures). It is cleathat settlement magnitude varied
spatially, with 'y NBF G OteSnost WikhefaBIl& to tadsbliddiion (<0.5m in 3

years).

Settlement (metres)
e Settlement beacon locations

500
[ 1M

Figure3: Post1996 scheme settlement beacon data (199®9)courtesy of NFDC Coastal Group, with settlement
in metres.

To enable the understanding of consolidation in the coastal context to be studieer, the
scope of this section was extended to examples of other stricsureh as breakwaters form

of coastal defence, sometimes built on top of poorly consolidated marine sediments in the
coastal zone. In preparation for construction, groundtngsis often carried out by the
engineering company to enable predictions of consolidaiobe calculated. Oftethe design

of the breakwaterdetails a specific crest height and rup to meet the coastal defence
requirementsof the structure. If the stiment beneath the structure consolidates, and the

structure subsides then this design height is not maintained.
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Tothe eastof Hurst Spit, within the Western Solesit_ymington Estuary. Lymington Marina is a
popular yacht haven located within the Esgyawhich is fringed on both sides at its entrance
with saltmarsh. This saltmarsh is undergoing erosion, and therefore its protective wave
attenuating properties are in decline. In response to this increased risk of highehewghts
propagatingup the esuary into the marina, the Lymington Harbour Commissioners developed a
multi-phase coastal defenqggogramme thattommenced ir2010. The first phase involved the
construction of &l00mrock breakwater that spanned an area of saltmarsh and mudflat on the
western approaches to the Marin&he second phasavolved the construction of B35mrock
breakwater that spanned an area of saltmarsh and mudflat on the eastern approaches of the
marinain 2014 Further phases will extend these in length away from thereaon an as
required basiswith an extension to the western breakwater as phase 3 projected to occur
between 2024 and 2028 (Lymington Harbour Commissioners, .28f@p¢ndix Bshows the
layout and location of the Phaserdall breakwaters. Analysis afdr data (Gannel Coastal
Observatory (2011-2013 demonstrates that consolidation of up to 0.5m occuradohg the

span of the breakwater, which wasexcess of predictiong\n additional volumwas required
during thePhase 16 NB I 1 ¢ I (1 S ND#® alldwefof arédddsétteefit so that thew
design factoredh this additional subsidence (Black and Veatch, 2013).

Also located within the Solent area on the southern coast of England is the newly installed
offshore breakwatert the entrance to Cowes on the Isle of Wigfite substrate beeath the
breakwater was poorlgonsolidated and therefore consolidation was factored into the design
with use of a geotextile and drainage layer, and installation of settlement beacons in the first
stage of construction of the gravel core. Results from the initial monitoring of subsidence were
factored in to the final stage of construction whéhe rock armouring was addéd maintain

the desired crest heigl{Cowes Harbour Commissioner, 2016).

It is clear that consolidation is a key process influencing the management of coastal protection
at a vaiety of locations. Not only does consolidation occur beneath gravel barriers, but also
beneath any structure, that overlies poorly consolidated marine sediments. Generally, this
consolidation is factored into the design, however an understanding of thgsiphic and
geotechnical properties of the substrate is required to make adequate predictions of
consolidation magnitude, to maintain the required design crest height of these defence

structures.
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2.3 Introduction to Hurst Spit

This thesis focuses on Hist Spit as a study sitas this is an example of a barrier beach
undergoing landward migration over a poorly consolidated substrate at an acceleratetheate.
following sections describe the site, and its past, present and futardiguration and
managenent. The substrate underlying HurSpit consists ofpoorly consolidated saltmarsh
sediments, siHilled buried channels and interstratified relict beach gravels with interstitial sand.
The barriemwas subject to aignificant stabilisatioachemein 19%, and it wagonsidered that

the overburden of recharge material would result in setént of the crest of about 1m over 10
years, with rates varying spatialeasurements up to 1999 indicated up to 0.5m of settlement,
most of it in the first year (1897) with negligible consolidatiom the period 19972009
Bradbury et a) 2009).

In response to a series of severe storms, thie lEsexperienceda netloss of sedimensince

the last major scheme in 1996nd requires an imminent recharge of simgasportions and
extent to the 1996 management schert® maintain its future standard of protectioifhe
design requires additional material to be lodde the landward slope of theg increasing the
crest width by more than 20 mets This would agaiareate a significant new overburden that
will result in consolidation of the substrate material, and settlement of the crest. The potential
for settlement is of interest to NFDC Coastal Groupo are ceordinating the design of the

future recharge schemeo ensure that this is factored into the design.

This section discusses the location and description of Hurst Spit, and its past, present and future

evolution.
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2.4.1 Hurst Spit Site Location ad Description

Hurst it is gravel barrier located in Christchurch Bay on the Southern central coastline of the
UK(Figured). It is often referredi 2 |
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The Spitit is attached to the mainland Milford-on-Sea and its configuration can be split into

three sectiongdepending on aspect. The first section can be described as extesuditigast

from the fortified proximal end bylkmto (i KS  Wé&iitQMmAichmarks the second section

where there is a slight deflection in angle for anothlem towards Hurst Castle Point. Hurst

Castle marks where thekm recurve bends andextends to the North West making thepig

approximately3km in total. Figure5 showsan image withcross sectiomprofile locations to

represent these three sections.
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Figure5: Mapto show the locations of three key coastal monitoring profiles, to demonstrate the variability in cross
section along the length of Hurst Spiterial photography (2016) (C) NFDC, courtesy of the Channel
Coastal Observatory.

The first sectior{profile 5f00045has much in common with barrier features as it is the most
vulnerableto transgression due to overwash as it is orientated to the dominant south westerly
wave direction (Nicholls and Webber, 1987). The se¢prafile 500020)and third (profile
5c00584)sections are more typical of recurve features with lower elevatibimes.typical cross
sections of each of the three sections are showirrigure6 to demonstrate how the cross

sectional areand crest heightlecreasesvith distance alonthe $it.
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Figure6: Typical cross sections of the three sections of Hurs{@pited using SANDS software at CCO).
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The dominant sediment type is gravath a mean diameter @) of 15mm (Bradbury 1998;
Striplinget al.2008) but is currently a mixture of stamgular and subounded sand and gravel

This isdue to replenishment from a mixture of sources over the pastury (inland quarry
material, import from the Shingles BaoKshore and recycling from the distal end at North
Point) New sediment sometimes varieddharacteristics to the natural sediment (Stripletg

al.,, 2008). There is poor sorting of sediments due to human activity, with some areas of pure
gravel, and dter areas with a wetlefined poportion of sand (Striplingt al.,2008).The crest
height has been artificially increased over tifnem 2.4 to 4.2mpre-1996;it is currently4.2 to

5.6 along the main sectioffhe 1996 scheme increased the crest to 8mD has since been

reduced through crest trimming.

The tidal range at Hurst Spit during spring tides is small, at 2.2m (Nicholls and Webber, 1987;
Striplinget al., 2008); however there are strong tidal currents in the vicinity of Hurst Castle
which carreach 2.3m/s (Nicholls and Webber, 1987).

The $it and saltmarsh ardnternationaly designated as a Ramsar Siwth European
designation as &pecial Area of Conservation (SAGJ Special Protected area (SRAY
national designation as a Site of Special Scientific Interest ($530, 19 Striplinget al,
2008) The SSS$ designated for the Spit as a site of geomorphological interest, and the
saltmarsh is part of the Keyhaven to Lymington saltmarsha®83National Nature Reserve
(NNR)for ornithological interes{NFDC, 19). Hurst Spit provides coastal protection to an
extensive area of land in the Western Solent, which isiyimg and vulnerable to coastal
flooding such as residential areas, HEststle historic monument and sites of national and

international conservatiomalue(NFDC, 198 Striplinget al, 2008).

In the lee of Hurst Spiies the Keyhaven Saltmarsh, with areas of saltmarsh vegetation
separated by a wetlevelopedcreek systermand mudflatancluding the channel at Mount Lake
Hurst it has been rolling back over these sediments, and therefore the substrate beneath
Hurst Spit idikely to beconsolidated saltmarsh and mudfldéposits(Figure 7)overlyinga
gravel bed® T Wdz{ A NISBI®HEs 51985).
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Figure7: A viewsoutheastwardslong Mount Lakéowards Hurst Castle, from the lee of Hurst Spit, showing the
poorlyconsolidated materiadf the Keyhaven intertidal mudflats

There is a lack of understanding of the configuration and stratigraphy beneath Hurg Spit.
survey undertakerby British Geological Survay Hurst Spit to enable an understanding of
beach thickness usirgTromino passive seisndeviceat two locationslt concluded that the
sand and gravel proportioof beach sediments varied, and that this is possibly due to
remediation works Attempts were made to esablish the thickness of poorlgonsolidated
material beneath Hurst Spit, however discussion of resufies that further work is required,
including verification with boreholgkrough the gravel barrier and substrate beneéf#aines
and Morgan, 2016).
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2.4.2 History of Hurst Spit and Management

The history of Hurst Spit may be categorised into plases millennial,longterm natural
evolution, and its relatively recent management and human interveotioa centennial scale
Historically, Hurst Spitas beervulnerable to breaching during severe storm events andta
lossin sediment supplyA detailedchronology of the millennial scale evolution is provided by
Nicholls (1985and Nicholls and Webber (19871h essenceHurst Spit is thought to have
commenced formation as a result of a series of marine transgressions which eratidl
and formed theChristclurch Embayment at least 7000B¥cholls, 1985; Nicholls and Webber,
1987).

Human intervention commenced in the late™@8entury, originally through mineral extraction

and beach mining. The extracted materials were used to construct buildingamig industry,

often enhanced coastal erosiofhe construction of coastal defence structures originated in the

M p ssim &temptto reducesoft cliff erosionwith largescalegroyne construction in the 198D

along the Bournemouth and Christchurch sthae dramatically reducing the longshore drift

rate further east towards Hurst Spit. Volumes of sediment reaching this furthest downdrift
frontage were massively reduced, and beach volumesalosserate (NFDC, 1%). Notable

storm damage occurred during events in 1954, 1962, -B281198990, where overtopping and

crest lowering occurred, sometimes leading to breaching. The rate of transgression increased
during these storm events with predictions of 1.5m per yeahénpreceding period 1867 to

1968 increasing to 3.5m per year from 1968882 (NFDC, 1995; Nichaltsd Webber, 1987).

The need for a largscalecoastal protectiorschemewas further emphasised by storm damage

in 1989 andwasimplemented in 1996 by Neforest District Councihvolving a major gravel
renourishment and construction of a rock revetment angbkwater (NFDC, 199Bramptonet

al., 2007. The recharge almost doullehe volume of the prscheme Bit and increased the

crest width and heightb between 5 and 7m. Allowance for settlement due to compaction of the
substrate was factored into the desidgirdmptonet al, 2007. Evidence of failure of the poorly
consolidated material due to excessive loading was reported through observations of mud
squirting out from beneath as the recharge material as it was added, and these localised areas of
rapid failure and consolidation madt@ading of gravel difficult, so the method of loading was

adjusted to smaller stages (Brampttral, 2007).
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Recent History ofHurst Spit

A series of severe storms dugiwinter 201314 impactedHurst Spit, with wave heights #f5m
measured at Milford on Segenerated during the highest magnitude event on thE Edbruary

2014 (Bradbury and Mason, 20143even of the 15 highest storms (exceeding a 1 in 1 year
return period) since 2003 at Milfoioh-Sea were recorded between October 2013 and February
2014, with the 1% of February storm reaching a 1 in 50 year return pefite. many sections

of the it from the proximal point to Hurst Castle saw reduced crest width and height, with
prominent overwash fans (Dornbusch and Ferguson, 2@&Hproximately 47,000fwas lost
between March 2013 and February 2014 (Bradbury and Mason, 201d3ponse to the seve

storm damage, repairs were conducted to reinstate the desired profile cross section, using
sediment recycled from the overwash fans and locally from North Point, with sediment
reprofiled on the back slope. The back slope is nhow steeper, but theawestds can be seen

in Figures.

May 1987

Sept 1989

Sept 1994
April 1997
Sept 2010

Sept 2013

Feb 2014

Sept 2016

Figure8: Cross section at profile 500045 to show change over time

Figure8 also demonstrates théongterm rollback of the barrier at 500045 1987 to 2016. It
clearly shows the change in profile after the 1996 recharge, the highest that the profile was
built. It has since lowered due to subsidermed crest reprofilingnd trimming In almost 30

years, the asthas moved landward by almost Beters.
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