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Academic Abstract

Portable Free Fall Penetrometers (PFFPs) are lightweight tools used for rapid and economic
characterization of surficial subaqueous sediments. PFFPs vary in weight, shape and size with
options for using addn units. The different configurations enable deployments in various
environments and water depths, including the nearshore zone where conventional methods are
challenged by energetic hydrodynamics and limited navigable depth. Moreover, PFFPs offer an
oppatunity to reducethe high site investigation costs associated with conventional offshore
geotechnical site investigation methods. These costs are often a major obstacle for small projects
serving remote communities or testing novel renewable energy tiagvesachines. However,

PFFPs still face issues regarding data analysis and interpretation, particularly in energetic sandy
nearshore areas. This includes a lack of data and accepted analysis methods for such environments.
Therefore, the goal of this reseh was to advance data interpretation and sediments
characterization methods using PFFPs with emphasis on deployments in energetic nearshore
environments.

PFFP tests were conducted in the nearshore afedakutat Bay, AK; Cannon Beach, AK; and

the US.Ar my Corps of Engineersdéd Field Research
measurements, the research goal was addréssdd) introducing a methodology to create a
regional sediment classification scheme utilizing the PFFP deceleration and pongrepress
measurements, sediment traces on the probe upon retrieval, and previous literature; (2)
investigating the effect of wave forcing on t
in sediment strength to wave climate, sandbar migration, anc ddptlosure, as well as
identifying areas of significant sediment mobilization processes; and (3) estimating the relative
density and friction angle of sand in energetic nearshore areas from PFFP measurements. For the
latter, the field data was supporteég vacuum triaxial tests and PFFP deployments under
controlled laboratory conditions on sand samples prepared at different relative densities.

The research outcomes addresssgagnowledge with regard to the limited studies available that
investigate te sand geotechnical properties in energetic nearshore areas. More specifically, the
research contributes to the understanding of surficial sediment geotechnical properties in energetic
nearshore areas and the enhancement of sediment characterizatideranetation methods.
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General Audience Abstract

The increasing demand for energy, fluctuations of oil priaed, the expected reduction in the
worl dos oil product i on itotheglaba clitnateochange driveccten c e r n
search for renewable energy sour€st of the different sources of renewable energy, the reliable
availability of waves isan advantage over other sourtike solar and windHowever,different
challenges are still facing the advancement of generating energy from wavesngamtant
challenge isthe reliability of the anchoring or foundation system, and the associated site
characterization and data collectidie stability of the systems depends ons#@imentstrength
(ability accommodatéoads), sedimentsusceptibility to scoufremovalof the sediments around
thefoundations) and local morphodynamig¢shanges in theembed shapeln fact, the stability of

the foundationsin the seabed represents a major concernmany nearshore anaffshore
structuresAccordingly, the site characterization stage of any project is essentialigate the

risks of failures as wellas to achieve cosffective designs.

Portable Free fall penetrometers (PFF&® rapid and economical toolssedto charactere
uppermost seabed sedimerithe variability of suclievices in weight, shaandsizeenablethe

usein different environmats and water depths. Howevedataof PFFPs in sandy sediments is still
limited whichcontradictghe fact that sand represents the most common soil type on the beaches
worldwide. Accordingly, the aim of this research is to investigate the sediment lwehavi
energetic wavareasand to advance the methods of interpreting the PFFRrdsaady nearshore
zones

A PFFP was used tcharacterizéhe sedimerstin three main areas: Yakutat Bay, AK, Cannon

Beach, AKandthe U.S. Army Corps of Engineetd~ieldRe sear ch Faci |l ityds be
The resultsvere utilized to introduce a sediment classification scheme @nplete an existing

sediment distribution map for Yakutat Bay, AK; study the effectafmson the seabed sediment

strength andto determne sand strength parameters using PRERsurementd he results of this

research will contribute to improve the sediment characterization methods andetstamd
topmost sediment | ayersd properties.
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PREFACE

The chapters of this dissertation consist of a series of pageuscripts, wich arecombinel to

form the dissertation body. Chapters 2 through 6 are each individual paper manuscripts while
chapter 1 is an introduction. The dissertation author is the lead author of each manuscript. Three
of these are journal manuscripts (Chaptersahd 6), and two angeerreviewedconference paper
manuscripts (Chapters 3 ark). The contribubrs to each manuscript and thaeublication/

submission information are provided at the beginning of each chapter.



TABLE OF CONTENTS

ACAEMICADSIIACE ...t e e e e e e e e st e e e e e e e e e e e nnnneeees iL.
General AUAIENCE ADSITAE ............ooiiiiiiiiee ettt e e e e e e e e e rmnne e e s bbbt e et e e e s eeemeeeeaeaaeas lii
ACKNOWLEDGMENTS .ottt eeei ettt e e e e e e e e e s s ammne e e e e e e bbbttt e e e e e e e s emmmeeeeaaaaeaens iv
P REF A CE e et e e e e am— e e e e e e e e e bt e ettt et aaan— ettt taaaaaaaaeaeaaanne V.
TABLE OF CONTENTS ...ttt ettt eeea ettt e e e e e e e e e e e e e e e nnnnae s s annnnneeees Vi
LIST OF FIGURES ...ttt ettt ettt e e e e e e e e e e s e b e e e sbtbbaneeeeaeaaens X.
LIST OF TABLES ..o te ettt rmme e e e e e e e ettt et e e ereta e e e e e aaaaaeaeeaans XVii
(@4 g =T o) (=1 g I [ o1 { (o o (1 To{ 1o o PP RUR P PPPPRPURR 1
1.1 1Y T 1AV o] o PP PPPUPRPTPT 1
1.2 BACKGIOUNG.....coiiiiieee et e e et eenenr e e e e e e e e eaaens 2
1.2.1 Nearshore Site CharaCterizZatiOn............uuuue e 2
1.2.2 Free Fall PenetrOmMEteLS . .........uuiieiiiiiiee ettt e e e e e e e e e e e e e e e emee 5
1.2.3 Processing of the PFFP measurements...........ooooviiiiieemiieeeeeeeeeeeeeeeeeee 7
1.24 Bearing capacity Of SOIl...........uuuuuuiiiiiiiiiei e 10
1.2.5 Shear Fength of SANC.........cooor i 13
1.2.5.1 Effect of the CONfiNING Pre@SSULE......ccoiiiiiiiiiee e 13
1.2.5.2 Effect of the relative deNSIty............oouviiiiiiiiiimmeee e 16
1.2.5.3 Effect of grain size and gradation................oooiiiiiimemiii e 16
1.2.5.4 Effect Of partiCle SNape...........uuuuiiiiiii i e 17
1.3 GaPS N KNOWIBUQGE. ....evvvetiiiiiiie et sttt e et b beebbenssens s mmme e 17
1.4 CONIBULIONS ...ttt eeea e 21
15 Dissertation Structure and CONLENL.............oooiiiiiiimemi e 22
1.6 REIEIENCES. ... e e e e s s e e e e e 24
Chapter 2: Rapid sediment mapping and insitu geotechnical characterization in challenging
AQUALIC ABIBAS. ... iiiieieieeereteuututttinnnreeeeteeteteeteaeestesse s nnneeeeeeeaeeteeeeeeeessstsstnnneeeeeeaaeeees 32
2.1 ADSITACT. ... e e e e e e e e e e 34
2.2 INEFOAUCTION. ...ttt e r et e e e e e e s s e e e e e e e e 34
2.3 REQIONAI CONTEXL ... .eviiiiiiiiiiiiiiiimmr et eeeb bbb mmme e e e e e e eeeeesaeeneensesmnmeeeeeees 36
2.4 MEENOAS. ... e e e e e e e e e e e 38
24.1 Free Fall PENetrOmMELer. ... ..o it 38
2.4.2 Analysis of deceleration MeasUreMEeNLS..............uuuureimnereeeeeeeieeeeereneeneen 39
243 SOl ClASSIFICALION. ...t e e e 42
24.4 Analysis of pore water pressure measurementS..........ccceeveevvveeeiieiiieeeeeeeeeeennnn . 42
2.4.5 FIEIA SUINVEYS. .. ..ottt rree e e e e e e e e ettt s e e nnneeeeeeaaeeeesd 43
25 RESUILS. ..ttt e e e e e e e e ammme e e e e e e e nnnn e 44
251 SOl ClASSIFICALION. ...t e e e e 46
252 Pore water @Ssure (PWP) r€SPONSE.......coiiiiiiieiie e e cceeiiiiie s e e e e e e eeesrsennnnns 49
2.6 DISCUSSION. ...ttt ettt ettt e e e e e e e e e e e e e e st e et et e e e e e e e e smmmr e e e e e e e e e e annnn 53
2.7 CONCIUSIONS ...ttt e e e e e e e e e e e e e bbb eeeenss e e e e e e eeas 60
2.8 ACKNOWIBAGMENTS.....ciiiiiiieieeiitiiiiitieeee e e e e et e e eee et rnae e e e e eeeeeaeeeeeeeeeeesnnrnnneeees ] 61
2.9 REIEIENCES. ...t e e e e e e e e e e e e e e e 61

Vi



Chapter 3:

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

Chapter 4:

4.1
4.2
4.3
43.1
4311
43.1.2
4.3.2
43.2.1
4.3.2.2
4.3.2.3
4.3.3
43.3.1
4.3.3.2
4.3.3.3
4.4
44.1
4.4.2
4.4.3
4.4.4
4441
4442
4443
4444
4.5
4.6
4.7
4.8

In-Situ Geotechnical Early Site Assessment of a Proposed Wave Energy

Converter Site, Yakutat, Alaska, Using a Portable Fred-all Penetrometer........! 66
Y 0] (= ox PSSP PPPPPPRURPTRT 68
11 oo [N ox 1 o] o PP PPPRPPPPPRRTRTR 68
RegioNal CONEXL.....ccciiiiiiiiiiiiiiiieeeesiitittee e e e e e e e e s smme e e e e e e e s e s snnnnnesseeeennnsensnesd O
1Y 11 oo OSSP PPPPPRR 70
RESUILS. ...ttt et e e e e e e e e e e ammme e e e e e e e e nnnneeneees 12
DISCUSSION. ...ttt ettt ettt ettt e e e e e e e e e e e reee s s nssbbbbe e et eeeeeeaeessmmmeaaeeeeeeeeaannns 74
CONCIUSIONS ...ttt ettt e e e e et e e e e e e e e e s s s nenseseeeennnssssnneeeeeeees L O
ACKNOWIEAGMENTS.....ciiiiiiiiiii ettt e e e s eeeneseeeis 78
RETEIENCES. ...ttt e e e e e e e e e e e eaees 79
Estimating in-situ relative density and friction angle of nearshore sand from

portable free fall penetrometer teStS. ... 82
ADSITACT. ... ottt ettt e e e e e e e e e e s ammr e e e e e e e annnneanees 84
[0 11 T 1 o o PRSPPI 84
=3 1 o0 £ 86
Field Measurements and Data ANalySIS...........uueuiiiiiiccneeeeieiiiiiiiiii e 86
Portable Free fall Penetrometer............ooii i eeeee e 88
SAMPIING ... e Q0
= Lo T = 10 YA =T KPP 91
Grain Size ANAIYSIS.......cooo i 91
Shear SBNGIN TeSTS ... e 91
Relative Density from Portable Free Fall Penetrometer Deployments............... Q3
Estimating the Friction Angle &and from Field Measuremenis......................... 93
Durgunoglu and Mitchell (1973) theoryiNjs (* Nja-og @NAL Njs-asinh) ««veeeevvveeeeriiinnnnn. a3
Meyerhof (1961) bearing capacity methoth (- Mjriog @NdL Niv-asinh) «-veeeerevveeeeennnne 96
DENSLY MEENOUL INB «..vvvveetiiiiiii e 96
RESUILS. ..ttt e e e e e e e s s e e e e e 97
Grain SiZE ANAIYSIS......oiveeieiiiiiiiiiiiiiimmr et e e eeeeeea bbb mmmr e e e e eeeeeeeeesseaseeasasnnne s 97
Soil behavior during the PFFP penetratiQn.................eceeeeeeeeiiiiiiiiiienna 98
Shear SIrengthl... ..o ——— 100
Estimating friction angles from the Free Fall Peneeter measurements........... 102
Durgunoglu and Mitchell (1973)Njs (* Nia-tog @NAL Njg-asinh) < -vvveeeerrmmvreeeiiiiinenns 102
Meyerhof (1961) MethOENjy .. ...cvvvrriiiiiiiiiiiiiiiiieeee e 103
DT a1 12\ (gL 103
Comparing the different Methods............ccoovviiii 103
DISCUSSION. ...ttt ettt ettt e e e e e e e e e e e e e e s bbbt e e et e e e e e e s ammmr e e e e e e e e eaaans 107
CONCIUSIONS ...ttt ettt eeee e e e e e e e e e e e e e e e e nnnr e ee e 111
ACKNOWIEAGMENLTS......ciiiiiiiiiiiiiiiiiiiiemme ettt mmme e e e e e e eeeeeeeeeessesnnsnnnne s 113
REIEIENCES. ...ttt e e e e e e e e e e e 113

Vil



Chapter 5: In-situ geotechnic&investigation of nearshore sediments with regard to cross

Shore MorphodYNAMICS........uuuiiiiiiiiiiee et 121
5.1 ADSITACT . ...ttt e e e e e e e e e e e e e e e e e e e e e e annne 123
5.2 11 oo [8]ox 1 o] o P PP UPRPR N PPRRRTUT 123
5.3 REGIONAI CONEXL...ceiiiiiiiiiiiiiie it eee et rmme e e e e e e e e eeneeees 124
5.4 1Y 11 o o OO 125
5.5 RESUILS. ...t e e e e e e e e e s e ammme e e e e e e e nnaeaees 127
5.6 DISCUSSION. ...ttt ettt et e e e e e e e e e e s et e e es s ne bttt e et e e e e e e e e e e ammmeeaaaeeeeeaans 130
5.7 (@70 o3 0153 1o o FU PP PUPP R PURTPPRT 133
5.8 ACKNOWIEAGMENTS....cciiiiiiiii i eee ettt rmmne e e e e e e e eemee s 133
5.9 RETEIENCES. ...ttt nnne e e e e e e e e e eeees 133
Chapter 6: Investigation of spatial and shortterm temporal nearshore sandy sediment
strength using a portable free fall penetrometer...............ccccuviiiiiieeciiiiieneenenn. 137
6.1 Y 011 = Vo SRS 139
6.2 oo 11T 1 o o PRSPPI 139
6.3 ReGIONAl CONEXL.......ciiiiiiiiiiiiiieee e et eeee s 141
6.4 Y= 1 T 0 £ 144
6.4.1 Free fall penetrometer measurements and data analySiS...............covvceeeviennnns 144
6.4.2 Coefficient of wave impact on sediment surface strength CWS..................... 147
6.4.3 FIEIA SUINVRYS... ..ottt 149
6.5 RESUILS. .. e e e e e e e e 150
6.5.1 Grain SiZE @NAIYSIS. ... .oiiii i 150
6.5.2 Free fall penetrometer reSUS.......coooooe i 150
6.5.3 Coefficient of wave impact on sediment surface strength CWS..................... 156
6.6 DISCUSSION. ...ttt e e e e et e e e e e e e et e e e e e s smmmr e e e e e e e e e e 159
6.7 CONCIUSIONS ...ttt ettt eeee et e e e e e e e e e e e e e e enenn e 165
6.8 ACKNOWIEAGMENLS......ciiiiiiiiiiiiiiiiiii ittt mmme e e e e e e e e eeeeeseeeeensssnnne s 166
6.9 REIEIENCES. ...t e e s rmmr e e e e e e 167
Chapter 7:  Conclusions and OULIOOK................uuuuuniiiiireeeeeiiviiiii e 173
7.1 CONCIUSIONS ...ttt ettt eeee et e e e e e e e e e e e e e e ne e 173
7.1.1 Development of a methodology of creating a simple sediment classification scheme
USING PFFP MEASUIMEMENIS.......cvviiiiiiiiiiiiimmeeeeeeeeeeeeeeeasesseesnsmmneeeeseeeeeeesssssnnnes 173
7.1.2 Investigation of the effect of wave forcing and geomorphodynamics on the surficial
SEAIMENT SIFENGLNL.....uiiiiiii e enreees 174
7.1.3 Estimate insitu relative density and friction angle of nearshore sand from portable free
fall PENEIOMETET TESLS. .. it 175
7.2 OULIOOK. ...ttt ettt e e e e e e e e e e e e n e 176
Appendix A: Data repository INfOrMatioN .............eeeeiiiiaoiiiiiice e 178
Al (D=1 2= K] A O | £= Ui [o] o TSP PPPPPP PP RUUSTPPPN 178
A2 REAAME FlE.... ...ttt 178

viii



Appendi x B: Laboratory t.est.s...an..Cann.on..B8achos

Appendi x C: Comparison between nearshore zones

Field Reseach Facility Beach, NC...........ccoooiiiiiiiiiieieececee e 189
C.1 Duplicate deployments at approximately the same locatian....................oeee...... 189
C.2 Crossshae variations in the sediment strength...........cccccooiiiiiccc i, 190
C.3 DISCUSSION...cettieeeee e e e ettt e e ettt e e e e e e e e e s amme e e e e e e e s e e e nnnbbbtbae e e ennsssseeeeeaaaaeens 191
CA4 (@70 003 015 1o 1T EUTU T TPT 192
C5 =] (=] =] (o =L SO PPPRPI 192
Appendix D: Quantifying the effect of wave action on seabed surface sediment strength using a

portable free fall PENEIIOMELEN...........oviiiiiiiiie e 193
D.1 0] 1 = Tod PRSPPI 195
Appendix E: Friction angles at sandy beaches from remote imagery...........cccccvveeeerrrieennee. 196
E.l N 0] 1 =T od SO PPPPPPPUPPR 198



LIST OF FIGURES

Chapter L:INtrodUCTION. .....oeiiii et e e e 1
Figurel.l.Site investigation stages and expected tasks at each stage: preliminary andsitetailed
investigations. (Source: Stark et al 20L4)........ov e 4

Figurel.2. The projectildike free fall penetrometeBlueDrop(left image), b) the lanckke free
fall penetrometetIRmeter(right image) (fromhttp://www.geo.urbremen.dg. The

images also show the size and then requiresopesel to handle theevice............ 6
Figurel.3. The forces exerted on a free fall penetrometer during penetration. ThBREBRop
was used as an eXamMPIB.........cooi i 8.

Figurel.4. Schematic illustration ahecontribution of sliding friction, dilatancy and crushing to
the measured Mohr galope for drained tests on sand (replotted after: Lee and Seed

Figurel1.5. Straight failure enveloped versus curved failure envelope. Shown results are for sand
samples from Cannon Beach, Yakutat, AK tested in vacuum triaxial test at initial
relative densSity OF 400 ... ..o 15

Chapter 2: Rapid sediment mapping and insitu geotechnical characterization in challenging
o0 [ = L ToR= U= 32

Figure2.1. Googlé& Earth (2016) images for Yakutat Bay showing the penetrometer deployment
locations (mint dots), and the respeettransect numbers. Yakutat City coordinates
are 59.5469° N, 139.7272° W.....cooeei ittt aaa e e e e e e e 37

Figure2.2. Deployment of thé8lueDropin Yakutat Bay, Alaska................cccccoeevvviieeeeennnn. 39

Figure2.3. An examm of the measured deceleration (black solid line), the derived values for the
impact and penetration velocities (black dashed line), and the estigsitegrofile
(blue line including uncertainty following from the choice of strain rate factor). The
greenshaded area highlights a soft sediment top layer. The profile was measured along
transect 15 at a distance of 600 m from the shoreline................ccoovveninnen. 41

Figure2.4. Loose sediment top layer thickness (LSTL) with distance from the shoreline along the
16 tr ansect sdevidlionifosthetLBTe thiskheasrinceach side of the bay..
................................................................................................................... 45

Figure2.5. Theqgsbcversus the distance from the shoreline along the measured transeets...

Figure 2.6. Sediment distribution map for Yakutat Bay modified after Wright (1972). PFFP
deployment locations are represent®d colored symbols. The color scale of the
symbols show the penetration depth while the blue hatch indicates the suggested
sediment type based on the PFFP measurements. The pore pressure response types are
reflected in the symbol shape, and were groupgdn@amally consolidated or
overconsol i dundeeahsolidNe®d/UCO©QG, or not consider
pressure anal.y.s.i.s. . . .BNLAOG. . a7



Figure2.7. Firmness factor (after Mulukutla et al. 2011) gsbcin the proposed soil classification

scheme: clay (green), sfited),sand(yellow)...........cccoveviiiiiiiiiiiiii e, 48
Figure2.8. The measured pressure sensor reading during impact and penetration (black solid line).
The penetration depth is given with regs

shaded area indicates the penetration depth at which the tip but not thegssteer
inlets have entered the sediment, 8dhows the value of the measured pressure at
the seabedvater interface. The red solid line gives the pressure corrected for the
Bernoulli effect. The dashed line represents a reference lidg+aPhyq a) Reduced
followed by elevated pressure with increasing sediment depth, b) Elevated pressure at
the beginning of penetration followed by a reduction during penetration, c) Elevated
pressure during penetration and over the full penetration............................. 50
Figure2.9. The excess PWRith time during impact and penetration (black solid line) compared
to the approximated effective stress (black dashed lines). The blue solid lines show the
dynamic force calculated from the measured deceleration. The vertical red lines
indicate the positin of the maximum dynamic force. a) the excess PWP is negative ,
b) the excess PWP exceeded the effective stress before the maximum dynamic force
, C) the excess PWP exceeded the effective stress after the maximum dynamic force....

Figure2.10. a) The excess PWP tite maximum dynamic force versus the measured maximum
deceleration, b) the effective stress minus the excess PWP at the maximum dynamic
force versus the measured maximum deceleration. The green, red and yellow shadings
show the ranges of the decelerationclay, silt and sand, respectively, based on the
proposed classification SCheme............ooouiii i 52

Figure 2.11. Pore pressure behavior types observed while the penetrometer was at rest in the
sediments. Black solid lines show the measured PWP, black dashed lines show the
hydrostatic pressure considering the Bernoulli effect, while the blue dashed line shows
the calculated pressure based on the echo sounder water depth. The sudden change of
the pressure values at the beginning represent the change of the pore water pressure
during of the pore water pressure sensor penetration (i.e. shown in Figure 8). The
arrows show the points at which the device was retrieved. The response type (a) was
found mainly in sandy sediments while the response typasdc) were found in both
Silty and clayey SEdIMENTS........cccuuiiiiiii e e 53

Figure2.12. The change of water depth along one of Jordan (1962) profiles which shown in Figure
(6) (B-B"). The figure shows also the water depth in 2005 extracted from the
bathymetry map after Caldwell et al. (2011)...........ccovviiiiiiiiiiieie e 59

Chapter 3:In-Situ Geotechnical Ealy Site Assessment of a Proposed Wave Energy
Converter Site, Yakutat, Alaska, Using a Portable Fred-all Penetrometer......66

Xi



Figure3.1. Location of Cannon Beach in Yakutat, AK. Yakutat City coordinates are 59.5469° N,
139.7272° W. The black dots represent the penetrometer deployments locaf@ns.
Figure3.2. The FFPBlueDrop(from www.bluecdesigns.com..............cccvviiiiiiiiiceniinnnnnn. 72
Figure3.3. Thebathymetry of the surveareabased on thBlueDropdeployments (crosses). The
numbers 1 through 5 indicate the transect numbers. The arrow indicates a possibly
shore parallel bar between transects 2 and. 3...........cccooveviiiiiiieecin e, 74
Figure 3.4. The deceleratioepth and penetration velocithepth (left), andysbedepth (right)
profiles for two deployments (Bllack lines; D2blue lines) at approximately the
same location. The error bars represent the uncertainty ranges resulting franainthe s
rate factor of 11.5. Thegsbcvalues at a sediment depth of < 0.6 cm were impacted by
deviations following the calculation approach and were neglected here........75
Figure 3.5. Estimatedgsbcwith the distance fromshorelinefor transect 5. The figure shows an
increase ofjsbcwith the increase of the distance from the shoreline to a distance of

about 2000 m from the shoreline..............cooeiii i, 76
Figure 3.6. The loose sediment top layer thicknedsng transect 5 showing the decrease of its
thickness with the increase of the distance from the shoreline...................... 76

Chapter 4: Estimating in-situ relative density and friction angles of nearshore sand from
portable free fall penetrometer teStS.......c..vviviiiieiii e 82

Figure4.1. Googlée Earth (2018) image shows the location of Cannon Beach, Yakutaf /K.
yellow dots indicate the PFFP deployment possi with TAT5 representing the
crossshore transect numbers from Albatal and Stark (2016)......................... 87

Figure4.2. a) and b) Sand rainingystem used to prepare samples at different relative densities
(modified after Eid 1987). c) Perforated bases used to change the soil density (numbers
show the opening diameter size). All dimensions are iN MM........................ 92

Figure4.3. Flowchart for the analysis process to determine the sand friction angle based on the
BlueDropresults. The dashed line represents a weakness point for the used approach
(SEE TISCUSSION)cam .. e eeeiiii e et e ettt et e e e e e e e e et e e e e e e e e e e e aan e e e ennnas A

Figure4.4. a) Bearing capacity factor for &fip cone, @ N0.5 and different relative penetration
depths (Durgunoglu and Mitchell 1973), b) An example for determining the friction

angle using the iterative proCedur@..............ccooeieiieieiiiii e a5
Figure4.5. Shallow penetration bearing capacity factors by Meyerhof (1961) for perfectly smooth
cones (solid lines) and perfectly rough cones (dotted lines).............cccccevuenn.l 97

Figure4.6.The grain size distribution for the last three samples closest to the low water line of
eachtransect collected from the lower intertidal zone. Transects were labeled S3 thru
S7 in the area of this study. Along each transect, sample locations were denoted as A
L, with A starting at the berm and L or K being the closest to the water. The figorre als
shows the grain size distribution for the sand used in the laboratory to correlate the
relative density to the maximum deceleration (bold black line)...................... 98

Xil



Figure4.7. a) The penetration velocity v ranges at which the sand behavior is fully undrained,
partialy drained and fully drained for fine sand. Tdy@ange is for finesandaccording
to Duncan et al. (2014), and the hatched area indicates the ranges afetermined

for Cannon Beachodéds sand. b) A typical dep
partially drained zones being indicated by the hatched areas. The horizontal centerline
marks the depth of MaXimuOGeg ...« «eeerrrmireiiiiiii e Q9

Figure4.8. Example results for the secant friction angle of Cannon Beaatitested atifferent
confining pressures in vacuum tial test, at initial relative density of 40% (left
panel). Results from vacuum triaxial tests at different relative densities and confining
Pressures (Mgt PaNEI).... ... oo e 100

Figure4.9. Relationship between the secant friction angle from the vacuum triaxial tests and the
estimated friction angles using Equation 4.9 and the modified constants. The symbol
shape shows the confining pressure while the symbol hatch shows the initiaérela
(0= 01/ SO 101

Figure 4.10. Direct shear test for saturated samples (left), and for dry samples (right)....

Figure4.11. The relative density versus maximum deceleration for the tests performed in the
=T oTo] = 10 Y/ PSP PPPT PPN 103

Figure4.12. The relationship between the friction angbedculated using DM and MY methods
and the calculated friction angles using the density method, using the logarithmic
equation (left) and inverse hyperbolic Sine (NGt ... vveeereiiieeiiiiiieeiiieeees 105

Figure 4.13. The relationship between the calculated friction angle using the density method
ver sus DM met hod (left) and Meyer hof s m
using the best fit fOK ..o oo 106

Figure4.14. The relationship between the firmnessda@nd the calculated friction angle, using
DM met hod (left) and .Mey.er.haf.ds...mBT hod (r

Figure4.15. The secant friction angles for Cannon Baadtand estimated using Equation 9 and

Duncands et al (2014) constants (hatched
friction angl es Duncanodos et al (2014)
£ 010 16 1) TP 108

Figure4.16. The relationship between the relative density estimated using Akal and Stoll (1995)
findings versus the calculated relative density back calculated deeqpusing DM
met hod (left) and Mey.e.r.hof.ds...met.hd (ri gt

Chapter 5:In-situ geotechnical investigation of nearshore sediments with regard to cress
shore morphodyNAMICS. .......ccovuieiii e e 121

Figure 5.1. Googlé€e Satellite images showing the location of Duck, NC (36°10'32" N and
75°45'20" W). The blue dots represent the penetrometer deghbylotations along
transects 4. The right hand side image shows the bathymetry near FRF from the

Xiii



digital elevation model (DEM) survey on April 29th obtained from
http://www.fri.usace.army.Mil............ooiiii e 126

Figure5.2. The FFPBlueDrop(modified fromwww.bluecdesigns.com.............cccceevevenn... 127

Figure5.3. The maximungsbcof each deployment along transects Tl with the distance from
the basédine that is part of the FRF coordinate system. bhedine is corresponding
to an average distance of 114 m from the mean sea level shoreline (Thornton et al.
1996). The solid black line shows the average mean graimnlsizevhile the shaded
area shows standard devi.at.i.on..l..b¥®&ed on

Figure 5.4. The gsbedepth profiles for four duplicated deployments {Black lines; D2blue
lines) atdifferent water depths h along transect 2. The error bars show the uncertainty
due to the strain rate factor-{15). The shaded areas show the loose top layer thickness
at the different locations. The values at penetration depth of < 0.5 cm were impacted
by deviations following the calculation approach and were neglected

Figure5.5. Theqgsbcvariation along the survey line showing the bar location. The red ellipse
indicates the deployments in the inner trough. The average foreshore slope is about
13:1 (H:V), while the average slope further offshore is about 160:1. The crosses sh
the estimated seabed elevation based on the pressure measurements at the deployment
locations. The solid line shows the profile obtained from http://www.frf.usace.army.
0 USSP PPPPPPPRTPN 129

Figure 5.6. Crossshore variation of the loose sediment top layer LSTL thickness. The lines
represent the trend of the LSTL thickness for the regions where the scatter becomes
relativVely SIMAl. .. oo e 130

Figure 5.7. Significant Wave Height (SWH) from NOAA Riy Station 44056 (36°12'0" N
75°42'50" W) for the period between the morphology survey and geotechnical
LS 1] o PRSPPI 131

Chapter 6: Investigation of spatial and shortterm temporal nearshore sandy sediment
strength using a portable fee fall penetrometer ............cccoooeeviiiiiiiiien e, 137

Figure6.1. GoogléE Satellite images showing the location of Duck, NC, USA (36°10'32" N and
75°45'20" W). The blue dots show the 27 PFFP deployment stations along the
1= 142

Figure6.2. The top panel shows thelpametry of the FRF nearshore area from a digital elevation
model (DEM) obtained from http://www.frf.usace.army.mil. The highlighted profiles
indicate profile #1006 that was used to validate the SWAN model, and profile #509
was used to calculate the sigogint wave heights at each deployment location. The
bottom panel shows profiles #1006 and #509 surveyed on September 08, 2016 in
addition to the location of each deploying station................c.cceeeeen..en...0. 143

Xiv



Figure6.3. Significant wave heightHs) and dominant wavperiodT during the survey periods.
The data is obtained from the NOAA National Data Buoy Center, Buoy Station 44056
(36°12'0" N 75°42'50" W) at water depth of 17.4.Mu.ceveiiviiee e, 145

Figure6.4. The measured deceleration a, and derived velocity v and-sfadisi bearing capacity
gsbcprofiles for two deployments at the same location on September 23 at a distance
of 260 m from the baseline (Station 16). The error bars show the uncertagritytthe
used strain rate factor-IL5) following Stark et al. (2012) approach. The shaded areas
show the loose top layer thickness. The figure shows how the values of the deceleration
and depth z are selected to determine the coefficient of wave impaszdiment

surface StreNGICWS...... .o e e e e 146
Figure6.5. The measured significant wave heights by the 6 m AWAC versus the estimated wave
height values resulted from SWAN model............ocuiiiiiiiiiiiiiee 149

Figure6.6. Grain size distributions for the samplesledied on September 22. The legend shows
the corresponding station to each line and the median grainDstzdor this

Figure6.7. The estimated quastatic bearing capacitysbcvalues versus water depth for each
survey day. The vertical line shows the water depth at whichdbewvas maximum

AlONG the Profile. ..o e 152
Figure6.8. Thegsbcas an average value foeployments conducted at the same station plotted
versus the distance from the baseline. ..., 154

Figure6.9. The measure pore water pressure PWP at maxigslooversus water depth for the
deployments with penetration depths > 10 cm, with N being the number of
deployments that achieved a penetration depth >10.CM........coeeevveee ceeeeenn. 155

Figure6.10. The left pael showshe estimated friction angle,Nfrom the PFFP measurements
for September 24 deployments. The right panel shows the relation between the
Firmness FactofFFandt Njor Cannon Beachdés sanihand FF

Figure6.11. The coefficient of wavempact on sediment surface strenGiNVSversus water depth
for all the deployments using Bilici et al. (2018) equation. The results on September

22 show the three suggested zones bastdte CWStrend.............coeeeveveeeenen. 157
Figure6.12. The variation of the significant wave heigh¢ and bottom orbital velocity, with

water depth obtained using SWAN model.........covviiiiiieeiiiiceceeeeee, 159
Figure6.13. CWS2 versus water depth for all the deployments..........ccc.evueiieeeeennnnenns 160
Figure6.14. CWS versus water depth for all the deployments...........ccueviniiiiiiiinnnnnnnn. 161
Figure6.12. The elevation at each deployment location obtained from the measured water depth

DY the PEFERBIUEDIOP. . ....uiiiiieeee ettt ettt ee e e e e e e e e e eeeee 163

XV



Appendix B: Laboratory tests on Cannon Beachs sand..............ccccceeeiiiiiiiiii, 182
Figure B.1.The grain size distribution for the samples collda®ng Transects &nd

TR UUUU PP PPPPPUPPPTTPRPIN 182
Figure B2. The grain size distribution for the samples collected along Transects 5
TP 183
Figure B3. Example of a loose sample (left panel) and a dense sample (right panel) failed in
VACUUM THAXIAL TEBE. ... evve e e ettt eeeie e e e e et e e e e ee e e e et e e e ea e e e een s 187
Figure B4. Strain versus principal stress ratim(Us) at different relative densities conducted
USING VACUUM THAXIAL TS vttt 188

Appendix C: Comparison between nearshore zones of Cann@each, AK and the
USACEOGs Field Resear.c.h..Fac.i.l.l.ty...BBach,
FigureC.1. Duplicate deployments approximately the same location (a) in Cannon Beach, and
(b-d) in the FRF beacliAdapted from Figures 3.4 and 5.4).......cccccovvvvnnnnn.. 190
Figure C.2. The variation in the maximwugsbcof with the distance offshore in Cannon Beach
(top panel) and the FRF beacliiom panel). The vertical red line shows the depth
of closure whilecyanshaded area in the lower panel shows the variations in the grain
size.(Adapted fronTfigures 3.5 and 5.3)....ccccoveeimiie e 191

XVi

N (



LIST OF TABLES

Chapter 4: Estimating in-situ friction angles of nearshore sand from portable free fall
PENEITOMETET TESTS. . ... i e 83

Table4.1. The strain rate empirical coefficiedtvalues used in literature..........c.cccceveeeeenees 91

Chapter 6: Investigation of spatial and shortterm temporal nearshore sandy sediment

strength using a portable free fall penetrometer............cccoovveviiiieviieceneeeennn. 137
Table6.1. Summary of the PFP results for all the deployments...........cccuuevivviiiniiinennns 153
Table6.2. Summary of th&€WSresults using the differel@WSformulas............coeovnnnene 158
Appendix B: Laboratory tests on Cannon Beachs sand.............ccoooovviiiiiiiiiiiiiiiiiinn, 182
TableB.1. Summary of the sieve analysis tests on Cannon Beach.sand.................... 182
TableB.2. Summary of the sievanalysis tests on Cannon Beach sand........................ 183
TableB.3. Summary of the vacuum triaxial test on the sand samples from the lower intertidal zone

IO g] o] I === Tod o 1 187

XVil



Chapter 1: Introduction

1.1 Motivation

Nearshore areas are caeterized byhe preseceof wavesmost of the time. Waves can travei

very long distances due to the small dissipatiorwave energy in deep wagerThe energy
imparted to the waves along these distances is then dissipated through different pincesses
nearshore areas (Dean and Dalrymple 2004). The interactions bébheeesaveprocesses artthe

seabed in nearshore zone result in a dynamic seabed profile that varies depending on the wave
climate. The seabed profile,turn, affecsthe nearshore hyddynamicsespecially wave shoaling

and breakinde.g.,Holman 1995; McNinch 2004Y he sediment remobilization amedeposition
activities associated with the profile dynamiasfluence the stability of the coastles and
nearshore structures in energetic areas. Accordingly, studyingrelagonship between
morphodynamics and geotechnical seabed characteiistgtgeh areas is essential for planning

any construction project or coastline preservation measures ¢ata0k

Among the different methodsr charactering seabed sedimentgrtablefreefall penetrometers
(PFFPs) havehe advantage of being lightweight topksnabing deploymentin different wave
conditions and water depths. This mak&FFPsspecificdly interesting for nearshore site
investigation wherdhe use ofconventional methods can be challenging due to the energetic
hydrodynamicslimited navigable dep#h andlarge costs. As a geotechnical investigation tool,
PFFPs are specifically useful feediment characterization during the early site assessment stage
during whicha projects budget is usually limitedarge survey i@as are still being considered
initial sediment informatioris limited, and thefeasibility of the projectis being deterined
(Randolph et al. 2005, Stark et al. 2014).

Information about the surficial sediment type and shear strength can be estimated using PFFP
measurements. However, a number of challenges still @aigicularly regarding data processing
methods and intpretation For example, limited sediment classification schemes based on PFFP
measurement are available in the literat{erg., Stoll et al. 2007; Mulukutla et al. 201I)hese
schemes were dewgled for specific penetrometexsd/or specific sites. Therefore, they are often

not suitable to be used for a different penetrometér other locations. Moreover, pore pressure

measurementsaverarely beenconsideredeven thoughhey represent an important parameter



standard Cone Penetration Test{@PT) (Sandven 2010; Lunne 2012). Another factor that has
rarely beenconsiceredduring data interpretatiois the role of active wave forcingnd its impact

on surficial seabed sediments (e.g. Stark and Kopf 2011). Regarding existing studies and literature,
lightweight hanedeployedpenetrometerBave mainlybeenused in clayey sedimés to estimee

the undrained shear strength. Howeverdaeno method has been validated to determine the in
situ friction angle relative density, or shear strengthh sands based on the deceleration
measurements by PFFPs. This is an issue for nearditer investigation as most energetic
nearshore zones contain predominantly sandy sediments. Thus, advances aiming tdheddress
issueslisted aboveare needed to assess how valuable PFFP surveying may be for early site
assessment afearshore engineegnprojectsand to establishthe use ofPFFPfor more cost
effective nearshore geotechnical site investigations.

1.2 Background

1.2.1 NearshoreSite Characterization

The complexity otombinatiors of the geologic, environmental, physical and chemical processes
during soil formationresulsin aninherent soil variability in the vertical and horizontal directions
(Phoon and Kulhawy 1999 heuncertaintyin soil conditions represes# major riskfor onshore

and offshore projectsand failing to characterizeuch ugertaintiescan impact the project cost,
design, time, construction methoggrsonnehealth andsakty, and theenvionmen (Peuchen
2012; Cook et al. 201400k et al. (2014)stedtheproblems associated witifshore renewable

energyprojectsthat are relate to soil conditionsas follows

1. Presene of soft soils that can affect tfmundatiords stability.

2. Presence of mobile sediment layers that may affect the foundakiehavior and cable
protection.

3. Presence of hard soils that need special equiptodiatrdie.

4. Rapid change in soil conditisnvhich mayrequirethe useof more than one foundation
type for the same project.

5. Presencef surfaceor buried obstructionkke unexplodedrdnance (UXO).

1'soils' and 'sedimestare synonymoysind used interchangeably in this dissertation



6. Presence of shallow gas thiapreserga risk for drilling.
7. Risk of seismic activities and associated shiguefaction

Accordingly, detailedsite characterizatios necessaryo make sure that theezeno undesirable
conditionsat the project sitat any timeand toplanhow toaccount forsuchconditions ifpresent
(Clayton et al. 1995).

The site characterization stagd any project can beivided intoreconnaissance, preliminary and
detailed investigtions(Jaksa 2000; Baechend Christian 2003; Stark et al. 2014Buring the
preliminarysite investigationstage &lsoknown as early site assessmeittis required to find the
properlocationand to estimate the initial soil properties design (Baecher and Christian 2003)
Additionally, Stark et al. (2014¢mphasizetheimportance obathymetrymorphodynamicsand
sediment dynamics in environmentbaracterized by strong hydrodynantienditions (Figure
1.1). The results ofthe preliminary investigation stagee expected tiolertify afavorable location
andlead toa planfor a detailed geotechnical site investigation progi&talubec 2010)During
the preliminarysite investigationstage the project's budgetan be limitegdand the final decision
regarding proceedingf the project may nobhavebeen made yetRandolph et al. 2005; Stark et
al. 2014b)

Geotechnical site investigatismommonly include theollection of soil samplesand controlled
laboratorytests on these samplasdin-situ geotechnicalests(Lunne and Long 2006; Randolph
and Gourvenec 2011)n the offshore site investigation practitke site investigatiogenerally
includesrecoveringsample®f fine-grainedsoilsand performingn-situ testing such geenetration
and vane shear testifg.g.,Lunne and Long 200&euchen 2012Due to challenges with the
collection of undisturbed sand samplessitu testing isa crucial componenh the case of sandy
sedimentgRandolph and Gourvenec 201Hor examplegravity and vibro-core samplers are
frequently usedor offshore sampling; howevesuch techniques yield disturbed samples tdue
altering the insitu stresseas well as the ethanical disturbandey the samplergLunne et al.
1998)

The GnePenetrationTest(CPT) is the most comon am acceptedn-situ tesing methodin the
offshore geotetbnical site investigationpractice (Randolph et al. 2005; Lunne 2012; Stephan
2015) A continuous profilean be obtainethatallows detecting even thin layetsing CPT tests.

Furthermore,the procss of using CPT testing is fullyestablished including deployment,



maintenanceand proceduredn addition to the possibility of conductingusbmized tests like
dissipation angeismcity tests(Hodgson et al. 1995; ISO 2012; Peuchen 20¥®yeover, CPTs
can penetrate up to 100 m below the searthcein water depths up t8000 m(Lunne 2012)
However the process of using CPT testingoifshore areas is expensive aimde-consuminglue
to the required mobilizationf specializedsurvey vesselsTypically, the time between planning
anddatareporting exceeds a year with a cost of several million dqiReisdolph and Gourvenec
2011) The cost of thenobilizationof survey vessels becoswa major factor for remote locations
(Peuchen 2012Due tothe limited water depthsshoaling and breakingaves strongcurrents
and potentialtraffic movement in some cases, offshore survey vessels might poadtecalin
nearshore zorsgGillon 2008) An additional disadvantage appears wharfacesediment layers
areconsideredA large CPT reactiorframe isusuallylowered to the seabed in der to support
t he CPT dwhicheistughstimeeppermost layers of the dmad and the flowStark 2010)

Assessment of Hydrokinetic Energy

Early Site Assessment
Including seabed investigations such as:

« Bathymetry 1. Identifying possible deployment
+ Identification of sediment dynamics | locations
* Characterization of sediment 2. Front end engineering designs

« Basic geotechnical characterization
(e.g. cohesion, friction angle)

v

Detailed Site Assessment

Including seabed investigations such as:
+ Monitoring of gecomorphodynamics 1. Decision on deployment location
* Geophysical investigations 2. Detailed engineering design
+ In-situ geotechnical testing and sediment coring 9 3. Design of deployment strategy
« Assessment of liquefaction potential and bearing 4. Documentation of anticipated
capacity environmental impacts
+ Simulation of environmental impacts of

preliminary design

Figurel.1. Site investigation stages and expected tasks at each stage: preliminary and

site investigations. (Source: Stark et al 2014)



Thein-situ site investigation inhe coastal and nearshoaeeaansometimede conducted using
onshore technique# CPT truck carbe mounted ona locally chartered bargdowever, such
methods can be usednly in sheltered areas where no energetic waves are exgéetdddson et

al. 1995) Anothertype ofplatform that is typically used forearshore site investigati@ne jack-

up platforms. Jackup platforms provide a stable working platform that overcomes the
disadvantage of using a survey vessel in energdiadlow areas. They arenarufacturedin
differentsizes and shapgand the maximurwater depth that can be investigated using aigck
platform keep increasing.However there are limitations for using jaekip platiorms including

the difficulty of movingthemfrom one location to another which might need remobilization each
time; daly rates are expensive (typically arange ofthe low hundreds of thousandsdufilars)

and backupsupport vesselare requiredat all time (Randolph and Gourvenec 2Q1RAnother
disadvantage appears when remote areas are targetedmayichquiremovinga platform over

long distancedn thiscasethe mobilization cost can lwe the range of several millisrofdollars.
Accordingly, novel methodare neededb decreae thesite investigatiorcostsandto overcome

the difficultiesasso@ted with investigating energetic nearshore areas

1.2.2 Free Fall Penetrometers

Free fall penetrometers offer aaconomial, fast and robust option to investigate the seabed,
especially ifdeep penetration iaot needed(Dayal 1980; Stark et al. 2009PDne ofthe first
versions ofree fallpenetrometerg/iasby Scott(1967)who attached an accelerometer to a gravity
corer to measure the sampler deceleration during its penetratioriadifter freely in the water
column(Chari et al. 1981)Afterwards, he concept of using faee fall penetrometedesignedo
estimate the sediment strengtfas introducedoy Dayal and Allen (1973)In the following
decades, differerfree fall penetrometerwere introducedthat differ in the device shape, mass,
deployment methodand measuring sensors. According to the shape fype,fall penetrometesr
can be categorized into projectllike, and lancdike (Stark 2010; Dorvinen 201§)-igure 1.2).
Consideringthe penetrometer mass, they can be categorizdightoveight (e.g., 7 kg for the
eXpendable Bottom PenetromekBP, Stoll and Akal 199911 kg forNimrod, Stark et al. 2009
intermediate (e.g, 4070 kg forF~CPT, Stegmann et al. 200@nd heavy (e.g500-200 kg for
LIRmeter Fabian et al. 200832003400 kg forCPT Stinger Young et al. 2011 Lightweight



systemsan be retrievabl(e.gNimrod) or expendable (e.)XBP). Intermediate and heawdgvices

are allretrievable Measurements can include acceleration, cone resistance, and sleeve friction
with or without pore pressure measuremeamnd more uncommon measurements such as
temperature However, even if an impact penetrometer measures the cone resistance and/or sleeve
friction, the device needs tbe equipped withsensorto estimate the peneteat depth. More
information about the weight, shape, measuring sensors and deplayingjtees can be found in
Stephan (2015)

Portable free fall penetrometerd=FHs belong to the lightweight category dhe impact
penetrometers. Théghtweight characteristic makebanding and deploying PFFPs an easy
process which enablesapplicationfrom small vessels of opportunity ranging from a kayak to
larger fishery vessels (Stoll et al. 2007; Stark et al. 2086¢ordingly, PFFPsare suitable

Figure 1.2. The pojectile-like free fall penetrometeBlueDrop (left image, b) the lancelike
free fall penetrometet.IRmeter (right image (from: http://www.geo.unrbremen.dg The

images also show the size and then required personhahtte the device.



for a rapid andeconomicassessmentf the uppermost seabed surface sediments in energetic
nearshore areashis makes them specifically interesting for the early site assessment of nearshore
projects, particularly if a limited budgetlsing PFFPs can b&pecifically convenientfor small

projects for which the high site characterization costs can represent a major obstacle.

PFFPsare robust devices due tiging accelerometers only instead of load cells located in the tip,

which makeghem particularly stiéable for energeticonditions, and/or environments for which

little information is available prior to the surveMlicro-electremechanical systems (MEMS)
accelerometers measureontinuously, includingt h e probeds deceleratioca
penetration aér falling freely inthewatercolumn The deceleraticiime records can then be used

to derive the penetration depth, sediment strength, and impact and penetration velocities as
outlined inSection 1.23. Some PFFPs are also equipped with a pressureltregisthat is usually

|l ocated behind t(kegu positiore Figure ing Havevérstheduse gfpore

pressure measurements in the data analysis for PFFPs is still lemdedore research is needed

in this arede.g., Stegmann et &006Seifert et al2008 Stark et al. 2015)

1.2.3 Processing othe PFFP measurements

The penetrometer i mpacts the soil at an init.i
terminalfree fallvelocity in water rope draganddistance of fal(Stark and Kop2011).During
the free fall and penetratioRFFPs are being subjected to different forfegure1.3). Jeanjean

et al. (2012formulated theequationof motionfor a PFFPduring penetration as follows:

1= L 9"F (y5uF (0% F (»1 F (15 F (et (1.2)

wheremis the mass dahe probeais the probeccelerationWWNg thebuoyant weight of the probe,
Fgeeis the end bearing forcEap the side adhesion forom the cone and shakgsis the buoyancy
force in soil, and Fp and Fpr are thedrag forces on the probe and ropegspectively.Solving
Equation 1.1 can be difficuind associated with unknovempiricalfactors and becomes even
more complicated for partial penetrationtive soil, which is the case when penetrating sandy
sediments. Accordingly, duation1.1 is usualy simplified by neglecting thdeast significant

terms. The soil buoyancygan be neglectedue to the limited penetration deptlespeciallyin



sandy sediment$Stark (2016Yound that neglecting the soil buoyance results in an error of about

1% of t he s edtomenetrationsdepthe Iess than 20ndthe expected penetration

depths for lghtweight PFFPs in sandy sediments is usually less than Z8.gnLucking et al.

2017; Stark et al. 2009, 2012b, 20IMeimpact ofdragandadhesiorforces canalsobe neglected

due to the limited penetration depgtndb e cause of the penetrometer 0
drag force(Aubeny and Shi 2006; Stark et al. 201F)oreover,the adhesiorforce can be

negligible if a clearance between the probe andisslcreatedue tothe fast penetration and soill

failure (True 1976) Therefore simplifying Equation 1.1 aboveesults in the following equation

1= L9"F (5u (12
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Figurel.3. The forces exerted on a free fall penetrometer during penetration. The PFFP

BlueDropwas used as an example.



In Equation 1.2, the only unknown term is the bearing force, which is used to determine the
sediment bearingapacity (i.e. the maximum stress the soil can bear without fdiliagzaghi
1943) see sectiod.2.2).

The resuling bearing forcdrom solving the equation of motion is usedieterminethe dynamic
bearing capacity of sediment during penetratibmowing the bearing resistance foréee, and
the area subjected to loall,anultimate dynamic bearing pacity, qud, the probe is subjected to

during penetratiocan be estimated as follows:

MxL (5 # (1.3)

In general, soils exhiba higher resistance with increasing the lmgdAccordingly, a strain rate
factor is used to account for this increasbe application of a strain rate factor is common in
geotechnicaproblemswhen testing the soil under large strain rates. For example, for triaxial
compression tests, eatén foldsincrease irthe strain rate is expected to resultlf percent
increase in the value of tadrairedshear strength of clgiKulhawy and Mayne 1990%imilarly,

the ultimate dynamic bearing capacity is usually higham the soil bearing resistance that would
be expected for static (conventional) loa@syal and Allen (1973) proposed to cotreébe
dynamic sediment strengtbr this increaseusing a strain rate factoleading to a quasstatic
strength equivalent to measurements conducted at a chosen comdesance velocity.
Accordingly, to determine an equivalent of static resistapeg(alsoknown asggsbqg, a strain rate
correction, B. sis applied(Dayal and Allen 1973; Stark et al. 2011, 2012b; Steiner et al. 2014)

MgsL MOXM,. Bs (1.4)

The most commdwy usedstrain rate factocoefficientfor the case of sandy seik expressed as a
logarithmicequation(e.g.,Stoll et al. 2007, Stark et al. 2009, 2012, Stephan et al. 2015)

Bal SE- Z'%KRis Rig0 (1.5)

where vagyn is the dynamic penetration velocity which can be determined by integrating the
measured deceleratioover time, et is @ chosen reference penetration velo¢ugually the
standard penetration velocity for Cone Penetration TesBingm/s) andK is a dimensionless

empirical coefficient.



Different strain ratéactorvalueshave been used in the literatuFer sandy sedimentshevalues

of fsr ranged from 1 (K coefficient of zero, for penetration velocity up to 0.8 m/s) (Dayal et al.
1975) to values of-5 (K coefficient of 0.81.5 at impact velocities > 3 m/s) (Stoll et al. 2007,
Stark et al. 2012, Stephan et al. 20¥5¥imilar variationis also availableni the literation for the
strain rate factor for cohesive sediments. The strain rate factor coeficiamted between 0.03
to 1.5(Dayal et al. 1975; Steiner et al. 201Aj)ditionally, the strain rate factor can vary for the
same soilSeed and Lundgren (195®)und that denseand have highesensitivity for change

in the strain ratéactorthanloose sandDayal et al(1975 found the reverse for clayhere they
found that the strain rate decreases with the increase of thendeginedshear strength. However,
no relationship isvailable that correlates the sand densityrdheclay shear strength to the value
of the strain rate fact@nd one valués usuallyusedfor the same soil regardless of ifenge in
thepropertiesThis makeghe uncertainty in the strain rate factioe highestsource of error during
data analysisor FFP test¢Chow and Airey 2014)

Beside the logarithmic equation, other equations have been introduced like the inverse hyperbolic
sine and powelaw equatios (Biscontin and Pestana 2001; Randolph 20Bwever, the use of
these equations is still limited fme-grainedsoils, and no literature was fourftht utilizesthese

eguations in sandy sediments.

The quality of the analysis method of tREFP deceleratiordepth measuremenis commonly
assessed by comparing the calculated equivalent resmtancegc.eq With the cone resistance
obtained from CPT testsg (e.g.,Bowman et al. 1995, Steiner et al. 205tefan et al. 2015)
Hence if theequivalent of static resistangeeqis assumed tequals the cone resistarmeheved
by CPT tests, the shear strength of sediment can be deterusimgdthe methods proposed for
CPT testing

1.2.4 Bearing capacity of soil

The forces resistg the advancement of penetrating pradbsoil are similar to the forces resisting
the bearing failure of foundation@rue 1976) Thus the capability of soil to resist a penetrating
probe can be compared to the soil bearing capaddigy bearing capacity is the maximum load (or

critical load) per unit area that the soil can take without faifirgrzaghi 1943)In other words,
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the bearing capacity is the minimum stress that triggers failure for the soil. The bearing capacity
of the soil depends on the soil properties and size, shape and depth of the loaded area. The bearing
capacity equation that consideoil cohesion, frictiorand surcharge weight wéisst introduced

by Terzaghi (1943)The ultimate bearing capacity equation for strip foundations is:

M L ?OOE—,[S$ 0 E M, (1.6)

where M s the ultimate bearing capacity of sails soil cohesiorB is the width of the foundation,
(Lis the effective unit weigh of soil below the foundatibaseq is the surcharge weight of the
soil above the foundation base, a@g 0 and 0 are bearing capacity factors which their value
depend ont. A more detailed bearing capacity equation was propoderingh Hansen (1961)
which takes to consideration the shape of the kadithe embedment depthihe equation for

vertical loads is:

S . - 1.7
M L OOO@a@E—t$LJeO @xeEM;Q= (7
05 L ASOa%P =8I ywE( t; (1.8)
OsL :05Fs;?2KPO (1.9)
0 Ls&:04Fs;P=J06 (1.10)
. raw
@L s& E$ - . (111
Z EY&X 'sEyP=8B;?
@Ls (1.12)
Fs
@ L @F@ (1.13
O4
L .
8L SET4EP=0,— (1.14)
S
aeLsF—t:rélEPz:b;—S; (1.15
Fs
@La@Fa@ (1.16)
O4
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where @ @, @ are depth factors for cohesion, friction, and surchaegeae ag are empirical
shape factors for cohesion, friction, and surcharge, L is thed&iom length and D is the
embedment depthLater on, corrections were suggested $ome of thesdactors. These
corrections will not be discussed hdpecause it is not within the scope of this dissertation.

Equatiors 1.6 and 1.Averederivedfor flat base footing. Meyerhof (1961 proposed a method to

detemine the bearing capacity for wedgead cone shapedfoundations. An advantagef
Meyerhobs met hod i s that it distinguishes betwee
base roughness. However, only perfectly smooth and perfectly rough case®msderedand
Meyerhofsuggested usinginear interpolationto estimate other roughnedsgress. For conical

shapes, the bearirggpacityequation was:

S .
ML ?064E LéoaéE—t U®p 4 (1.17)

wherep,=K» 2 D, Ky is an earth pressure factor (0.5 for sand and 1.0 for clayNg@ehdN, are
bearingcapacityfactors Durgunoglu and Mitchell (1973howed that there are shortcomings for
the Meyerhof (1961)method including that the method distinguishes only between shallow
(D/BO 1and deep penetratio(®/BO 4and betweethecompletelysmooth and rough basehile

an interpolation is required famtermediate case®everthelessthis method was found to achieve
reasonable results estimate the friction angle of sand from CPT measurentergsMitchell

and Lunne 1978; Lunne and Christoffersen 1983)

Durgunoglu and Mitchell (1973htroduced aigorousbearing capacity approach to determine the
shear strength parameters of $aiim CPT testsThis approaclhistinguishes betven a shallow
and a deep penetratitny s peci f yi n g.Ths dépitdependiorctiaelfrictioreapgieh o

cone roughnesandpenetraneter tip angleThe cone resistancg., can be represented by:

M L 20088 E (30 528 (1.18)

w h e rie theosubmerged unit weight of sdil,is the penetrometer diametét, 4s the bearing
capacity factor which includes badfttiction and surcharggactors (\,, Ng), and3: and3, areshape
factors. The \aluesof Nc andN, (dependn the effectivdriction anglet ', coneroughnessi 4/, the

penetratiordepthnormalized to the penetrometer diaméddB, and the penetrometer tip andgle

Later on,cavity expansion theory based methods were proposed to determigleetir strength
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parameters from CPT tegsomeof these methods asemnarized by Yu and Mitchell(1999);
however, these methods a@ within the scope of this dissertatiandwill not be discussed here.

1.2.5 Shear Strength of &nd

The sabedresistacefor a PFFRpenetration igontrolled by the shear strengthsedimentsThe
shear strength of soil @soessential for any type gkotechital analyses or desigAdditionally,
theshear strength parametefsand specifically the friction anglend correlated angle of repgse
control the criticalshear stressequired for the initiation of motion and then sediment transport
(e.g.,Kirchner et al. 1990)Thereforeit is important to investigate the factors that affect the shear
strength of sand.

Sand is consideredsaadrained material under conventional loa@lke shear strength saindis

usually repesented byviohr-Coulombstrength envelope equation:

OL PEéi—fé" (119
wheres is the shear strength, Njthe cohesion intercepig i s t he ef fective
failure plane,andg i s t he ef f ect Bincethesand is &cohedioslésatdrial, o n

the shear strength envelopé sandysoils shouldpassby zeroat zerolig Consequentlythe shear
strength of sand can be represented by the second term of the equation omly {ian - X
Different factors affect the value of the fimh angleand the shape of the failure envelope
including confining pressuretelative density, particlessize and distribution, mineralogy and
particles shape The soil mineralogyloes nousuallychangen the same locatiowhile the other
factors carvarywithin the same locatiomhe effectof these fators on the sand friction angtan

besummarized as follows:

1.2.5.1 Effect of the confining pressure

TheMohr-Coulomb envelope sloder sandy soilshanges depending on the confining pressure.
This changes due to the variation in thendency for volume change and partictashing with
changes irconfining pressuie Lee and Seed (196d)scussed the effect of the confining pressure

on thethreesources othe friction angle of sandsurface frictionvolume changeand crushing.
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They suggested that the sliding friction angle is almost constant at any confining pressure because
it depends only on the material propertidslow confining pressures, crushird the paricle is

not expected thus the shear stress (and then the friction angle) is due to sliding friction,
rearrangement of particles and related dilatamarticle rolling overneighboring particlgs

(Figure 1.5). Increasingthe confining pressureesults ina decreas inthe dilatah behavior but

the particles crushingncreasesUnder high confining pressuresaricles crushingequiresless

energy than the energy requiried rearrangementr rolling (Duncan et al. 2014)his results in

a curvature in the failure envelopEherefore using an average failure envelope nmagultin
underestimating the friction angle at low confining pressures and oveagsiy for the friction

angle at high confining pressures.

Different method$iave been suggestedaddress the curvature in the failure envelope. The least
usedmethodis using a cohesion intercept dsne byPonce and Bell (1973yho found using a
cohesion intercept appropriate to represent the failure envelope at extremely low confining
pressures. fie use of the secant friction angépresers a practicalmethod to address the change

in the failure envelop with the confining pressure chan@eerzaghi et al. 1996; Duncan et al.

2014) In this methodthe friction angle is determined by measuring, or by calculating, the angle
bet ween the abscissa and the | ine (Figuegt®.nt t o
Following this method, the friction angkeexpected taecreaswith the increasefahe confining
pressurefor samples prepared at the same initial void ra&ieother method to determine the

friction angle is usinghet o and gt method(Duncan et al. 2014)which can be formulated as

follows.

AN
6L 6, F A6H rgg:Ff—;G (1.20)

where 0,is the value of friction angle at confining pressure of one atmosppei®the reduction
in friction angle for a 1dold increase in confining pressuréfis the confning pressure, apglis

atmospheric pressure.
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Measured strength = Sliding friction + dilatancy
+ crushing and rearranging

Extrapolation of
measured strength

of low pressures
s
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Shear Stress

Dilatancy
(can be + or -)

Sliding friction

0 Normal Stress

Figurel1l.4. Schematic illustration ahe contribution d sliding friction, dilatancy and crushin

to themeasuredMohr envelope for drained tests on sémgplotted afterLee and Seed 1967)
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Figure 1.5. Straightfailure enveloped versus curved failure envelope. Shown results ar

sand samples from Cannon Beach, Yakutat, AK tested in vacuum triaxial test at initial r«

density of 40%.
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1.2.5.2 Effect of therelative density

The relative density is the most ionpant property of cohesnlesssedimentgTerzaghi et al.

1996) The ASTM D4253 defines the relative densityfias he r at i o, expressed
the difference between the maximum index void ratio and any given void ratio ofsccdéss,
freedraining soil; to the difference between it
sand satural(field) void ratio canbe determiné directly using in-situ tests (3., sand cone
methodASTM D1559, or indirectly using correlationd.he maximum void ratio is the void ratio
associated with theninimumpossible dry unit weight of soil while the minimuraid ratio is the

void ratio associated with theaximumpossible dry unit weight of soilThe maximum and

minimum void ratiosare usudy determined in the laboratory following the ASTIM254 and
D4253procedures, respectively.

The friction angle of sand increases with the relative density increase. This is dueharthe in
the relatively easy movement for particles in loose packargus dense packirf@erzaghi et al.
1996) For the samesand the difference between the friction angledense statand loosestate
depends on the confining pressuféis difference is higherfor low confining pressuresand
decreasewith the increase of the confining pressuisdersen and Schjetne 2013; Duncan et al.
2014) At low confining pressres, the tendency of dilation is larger which resulta rielatively

larger freedom foa patticle to roll over the neighboring particles.

1.2.5.3 Effect ofgrain size andgjradation

If the sand is well graded, the small particles tend to fill the gaps ddrher IparticleThis result

in forming a denser pack compared to uniform sahath in turn results in higher shear strength
(Duncan et al. 2014)0n theother hand, it seems that there is no agreement on the effect of the
particle size on the friction angle valugchmertmann (197&uggested that the friction anglé
sandincreases with the grain sirereaseHowever,Andersen and Schjetne (20%8und that the
Norwegian Geotechnical Institutiatabase doewt supportthis suggestionActually, it has been
found that the sand penetration resistance decreases with the particle size (Sterfiset al.
2009, 2012a)lt should beemphasied here that these observations were found for clean sand (

no fines content) witha smallrange of particle siz@.e. uniform sand).
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1.2.5.4 Effect ofparticle shape

Cho et al. (2006pointed out that the particle stejs a significant soil index property that needs
to be appropriately characterizedpecially inclean sands and graveEhey defined three scales
for the particle shapgphericity, roundnessandroughnes®r surface textureds the roughness of
soil increases, the tendency to dilate increases especially for densely pankigGantamarina
and Cho 2004)As the particle surface becomes rougher, the pajpmtacle frictionis enhanced
whichincreaseshe shearing resistance of sawdth regard to theghericityand oundnessStark

et al. (2014ajound that flat, elliptic shapgghrticlesfrom AdvocateBeach exhibit a larger friction
angledue to particles rarrangement and alignmertowever, the research on the effect of particle
shape on the shear stgéh of sediments is stilimited probably because thearicle shape
characteristicaredifficult to measuréDas and Sobhan 2013; Zheng and Hryciw 2015)

1.3 Gaps in Knowledge

One of the early steps ainy site investigation is to determine the solil type (i.e. classify the
sediments). Although the currently available PFFPs do not carry a sampling unégd Isoil
classification schemes were suggested based on the PFFP measurements. ForSixdiraple,

Akal (1999) classified the sediments based on the maximum deceleration of the eXpendable
Bottom PenetrometeXBP) into three brad categories: granular, figgained, and intermediate
sedimentsMulukutla et al. (2011%uggested a more detailed classification scheme based en a so
called Firmness Factor that is a function led tmaximum deceleration, impact velocity and the
penetration timeMoreover, the deceleration records, and derived egtaic bearing capacities
(gsbc)were found to reflect different sediment properties including particle size, mineralogy, and
sand reldve density(Akal and Stoll 1995; Mulukutla et al. 2011; Stark et al. 2012a, 2012b)
However, the sediment response depeamd®only on the sedimepropertiesput also varies with

the variation of the probe geometry and penetration velocity. This makes it difficult to characterize
the sediments based on the measured deceleration or even dsheatbne. Another potential

issue is that the existing classification schemes were developed based on laboratory or field tests
in norrenergetic environment such environments, the effect of the wave impact resuéis in
additional variability in the strength which is not takemmtgount in these classification schemes.

Therefore using a classification scheme that was developed for a specific site or a certain
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penetrometer might not eansferabldéo other areas and/or other penetrometers. Thus, a strategy
to develop a local s@dent classification scheme for each investigated region and device would
represent a more transferable approach, ensuring the applicability of the classification scheme.

Such a strategy should include using more than only the measured deceleratiodexngiiges.

The pore water pressure (PWP) respatigeng the CPT penetration was found to complement

the cone ad sleeve friction measuremerasd to reveal additionaloil characteristics like soil
permeability and stress histag.g.,Robertson et al. 1992; BurnscaMayne 1998; Mayne 2001;
Sandven 2010)The PWP measurements in CPT tests have become an essential part of the tests
especially in offshore site investigation (e.g., Lunne 20H&wever, the studies on the pore
pressure behavior durirend after thdast penetration®y PFFPsarestill limited. For example,
Stegmann et al. (2006)oticed that ta PWP in clay increases during penetration but dissipates
shortly afterwards, and concluded that impact penetrometers are capable of detecting different pore
pressure responses including the PWP caused by deployment artefacts (i.e. water being pushed
awayfrom the probe affected by the rapid penetration) and due to the sediment natural properties.
Seifert et al(2008)found that the PWP during penetration and dissipation differ in different soil
types and highlighted the possibility of characterizing the sediments using PWP obtained from an
impact penetrometer. Following th&tark et al. (2015)nked the sedimentation history of clay

to the PWP behavior. These findings highlighted the possibility of utilizing the PWP
measurements during and after penetration to characterize the seabed sedimdgmbsentially
develop soil behavior charts similar to the commonly ugettsto classify thesediments based

on the CPT cone resistance and pore pressure measurements.

One of the preliminary site investigation tasks is to determine sediment dynamics and tbestudy
regionds mor ph.old)yDaasani 2005; S{ark et @lu20kH9ediment dynamics

result in variations in beach profile, and affect skeiment strength and scour processes, which

in turn influence the stability of any structure on the seabed. More specifically, the bar migration
represents the main component that controllers the beach profile variabilitinflaeticesthe

short and log-term beach stabilitgLippmann and Holman 1990; Plant et al. 1999%)is is mainly

due to the daily changes in magnitude and direction of waves and associated currents which results
in a complex and dynamic profile in the nearshore Zdobnson 1956; Lippmann and Holman

1990; Schwartz and Birkemeier 20040 generallong periods of low wave energy resultan

steep profile with discontinuous or no bars, while the slope becomes less steep and offshore bars
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become more noticeable during storfiapmann ad Holman 1990; Dean and Dalrymple 2004)
During low wave energy periods, the onshore sediment transport is caused-bgtt@arwave
orbital motions(FernandeaMora et al. 2015)The offshoredirected flow (undertow) becomes
strong during storms which results in a net offshore sediment trangpedn and Dalrymple
2004; DavidsorArnott 2013)

Generally, the effect of the remobilization and redeposition processes on the geotechnical
properties of thetopmost sediment layers has rarely been investigated. Such processes are
controlled by the hydrodynamics in addition to the different variables that affect the sediment
behavior and strength such as particle size, shape, gradation, fabric, density, positear(e.g.,

Dean and Dalrymple 2004; Davidsefwrnott 2013) Accordingly, a detailedsite-specific
characterization is required to map the areas of significant sediment remobilpratessesand

to quantify mobile sediment layers with a high resolu{Btark and Kopf 2011)Characteristics

of the mobile sediment layers can be investigated using different methoasulitkdoeamecho
sounders, acoustic Doppler profilers, bedload samplers, or portable free fall penetr{®Btatkrs

and Kopf 2011; Bilici and Stark 2017Most of the acoustic methods detect zones of sediment
erosion and deposition, and alldkae detecion of suspended sediments; however, they might fail

to distinguish between the loosely deposited top layers and underlying stable be(Slaykrand

Kopf 2011) Direct sampling from the bed is expensitige-consumingand the samplers tend to
disturb the sediments and flg@aeuman and Jacobsp@06) PFFPs have been used successfully

to map the areas of significant sediment transport, and to quantify the thickness of mobile sediment
|l ayers due to the | ay e gsbesleptt prafie(Starigand Kepgf 2081) s i g n a
However, similar to the direct sampling, a disadvantage of using PFFP is that discrete points are
obtained which needs an interpolation to obtain a complete map for the sedimentation processes.
Unlike the seabed samplers, Bucdisadvantage can be easily mitigated in the case of PFFPs by

using a small distance between the investigated points.

Due to the high sampling rate for thecro-electremechanical system{MEMS) accelerometers

(up to 2 kHz), PFFPs can detect thicknessé the active surface layers witbss than 1 cm
resolution.Stark and Kopf (2011)sed the PFFRimrod (sampling rate of 1 kHz) in a laboratory
wave channel and iifferent locations in the field, and found that PFFPs can be used to quantify
the mobile sediment layer, being represented by loose sediment top layers, with a resolution of

about 1 cm.Bilici and Stark (2017)eveloped a sampler adeh unit that can be used as a
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replacement fothe PFFPBlueDroptip in order to collect samples from the topmost sediment
layers including the mobile layers. However, the sampler is still under development and testing,
and has not been proven to work properly in energetic areas, yet. On the nthdinfied studies

are available that correlate the nearshore hydrodynamics and morphodynamics to the geotechnical
sediment properties, and more studies are still needed to link the different sediment remobilization
and redeposition processes to the gawieal characteristics of the seabed sediments.

PFFPs have mostly been deployed in clayey sediments. Different approaches were proposed to
estimate the undrained shear strength of clay based on controlled laboratde:ges&how and

Airey 2014) numerical modellinde.g, Aubeny and Shi 2006; Nazem et al. 201@ntrifuge
models(e.g., Morton eal. 2015; Chow et al. 201,79r field tests in comparison to other testing
method like CPT(e.g., Steiner et al. 2014Although sand represents the most predominant
surficial sediment type on the continental shelves and in nearshore(&fea® Protection Manual

1974; Richards et al. 1973he use of PFFP in sandy areas is still limited. This is due to limitations
like the snall penetration depth, artiat sand behaves mostly as an undrainecnmahfor the

case of large penetration velocity (> 2 m/s) which disagrees with the fact that sand behaves as a
drained material under conventional static loads. For these reasons, no method peasdosed,

and validated to estimate the sand shear gtinenr more specifically, #situ friction angles from
lightweight PFFP deceleration measurements. Currently, the analysis of deployments in sand are
usually concluded with determining the dynamic forces exerted by the sediments during
penetration, or aequivalent cone resistance for the deceleration measure(Adwatisand Stoll

1995; Stoll et al. 2007; Stark et al. 2009, 2012b, 2017, Stephan et al. 2011, 2015; Lueking e
2017) This results in the need for a method to estimate Hsdunfriction angle of sands from

PFFP measurements. Accordingly, this dissertation is mainly focused on advancing the use of

PFFPs in sandy sediments.
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1.4 Contributions

This research makehe following briefly summarized contributions:

1. A methodology to create a regional sediment classification schenevelop sediment
distributionmaps in areas of difficult access and logisiwes proposedr he classification
scheme was createxllizing the PFFP deceleration and pore pressure measureinmnts
149 deployments in Yakutat Bay, Alaskaaddition to the sedimemtaceson the probe

upon retrieval and previous literature.

2. The effect of thegeomorphodynami¢sand specifically, sandbar gnation, and depth of
closure on the sediment strengtias investigatedn energetic nearshore environments
using data sets frol@annon Beachyakutat AK and the United States Army Corps of
EngineeréFi el d Resear ¢ h Fa cThisindugdtise qlaetiication,of Du ¢ k ,
spatial and temporal changes in sediment strefgtd.deployments were conducted in
different wave climate from calm to stormy. A relationship was found between the
sediment strength and wawgenditions A coefficient of wave impct on the sediment

strength was then investigated.

3. A method of determining the friction angle of sand from PFFPs was proposed utiiping t
bearing capacity based methakatarecommonlyused to determine the friction angle for
sand fomCone Penetrain Tests Theresulting friction anglewerecomparedo estimates
of relative density supported byblaratory vacuum triaxidgests conducted at low confining
pressures that simulate the limited penetration depths achieved by Phd-Pelative
densitiesnvere estimatetbased on laboratory tests in which a PFFP was deployed to sand
samples prepared at different relative densifié® resulting irsitu friction angles agree
well with many previous studies to determine the sand friction angles @one

Peretration Tests
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1.5 Dissertation Structure and Content

The chapters of this dissertation consist of a series of paper manysehigtsare combinel to
make the contributions outlined in the previous secfithe dissertation contains an introductory
chapter five manuscript chapters, af@lr appendices.

Chapter 2is introducing a simple sediment classification scheme that was developed based on a)
available sediment classification schemes in the literature, b) limited existing sediment information
from literature, and c) PFFP deceleration and pore pressure measur€mneriisndred and forty

nine deploymentswere conductedin Yakutat Bay, Alaska that is characterized by spatial
variability in hydrodynamic conditions, geomorphology, sedimentation processgsediment

types were utilized to create the sediment classification scheme. The sediment classification
schemewas therusedto fill the gaps in existing sediment distributions maps. In this chapter, a
novel method to investigate fine sediment sedieu@n history using PFFP pore pressure

measurements was introduced.

Chapter 3s an early site assessment for the proposed WEC site near Cannon Beach, Yakutat,
Alaska using a PFFP. Here, 151 deployments were utilized to investigate the spatial variation
thesediment bearingapacity. This location was characterized by negligible varsiiosediment

particle size. It was found that deeper water depths were associated with (i) a decrease in the
penetration depth, an increase in feeliment bearinggpacity, and a decrease in the loose top

layer thickness.

Chapter 4urposes to estimate the sand friction angle from the PFFP deceleration measurements
in order to derive a relevant engineering design parameter from the PFFP measurements.
steps were followed to determine the sand friction arflep 1 estimate the field friction angle
utilizing the equivalent cone resistance, derived frahe deceleratiotime records,using
Durgunoglu and Mitchell (1973) and Meyerhof (1961) bearing capacity methods. Step 2
determine the sand friction angle in the leddory using vacuum triaxial test at low confining
pressuresStep 3 determine the field friction angldtilizing laboratory tesbf deploying a PFFP

into sand at different relative densiti@sassociation witibbuncan et al. (2014) sorrelationthat
estimats the friction angle based on the relative density, confining pressure and grain size
distribution. Step4: Compare the results of step 1 to the results of st@poBder to validate the
frictionangles estimated usim@gurgunoglu and Mitchell (1973ndMeyerhof (1961)
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Chapter fassesssthe effect of the geomorphodynamics, and specifically, sandbar migration, and
depth of closure on the sediment strength in energetic nearshore environments. Eighty
deployments in foucrossshoretransects were conduct@dthe energetic nearshore zone of the

U.S. Army Corps of Engineers Field Research Facility at Duck, NC. A strong relatiomasip

found between geotechnical characteristics and active morphodynamics of the nearshore seabed.
The depth of closure wadsoreflected in the PFFP results.

Chapter 6nvestigaesthespatial and shoitierm temporal nearshore sandy sediment characteristics

using a portable free fall penetrometé& PFFP wasleployed335 times over six nenonsecutive

days Field Resear ch Fac i suivayiggperiodstbeGignificahtwaveg pi e
heights varied between 6284 m.A relationship between the watieightsand sediment strength

was found which can be correlated to the sediment transport and bar migration diréctiois.
manuscript thecoefficient of wave impact on sediment surface strenQivg proposed b¥ilici

et al. (2018)to characterize the sediments in energetic nearshore areas considering both the
sediment geotechnical grerties measured by PFFP and the effect of the weassnvestigated.

The CWSwas found to reflect both the wave breaking and depth of closure.

Appendix Acontainsthe data repository informatioand link in addition to the readme file that

describes threpository files organization and contents.

Appendix Bcontainsa summary othe laboratory testsonducted or€annon Beachsand The

laboratory tests included sieve analysis, vacuum triaxial tests and direct shear tests.

AppendixC is a comparison beveenthe results of the PFFP deploymentsi@arshore zones of
Cannon Beach, AK and the USACE(@eChépiesBdndH.esear
The purpose here is to illustrate the effect of the variations in the particle size and waveiclimate

the PFFP measurements.

Appendix D is the abstract of a conference manuscript that is related to the resmdrthe

dissertation author is not the lead author of this manuscript. The manuscript iQitikakifying

the effect of wave action on seab surface sediment strength using a portable free fall
penetrometer . This manuscript i wave ringpdct an esexlimdnthsarface o e f f |
strength CWS.
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AppendixE is also an abstract ofraanuscriptthatis related to the research but thesdigation
author is not the lead author of this manuscrifite manuscript is titletFriction angles at sandy
beaches from remote imagéry Her e, a novel met hod to esti ma

using satellite and camerads I mages was intro

1.6 References

Ak al , T. , and Stoll, R. D. (1995) . AnAn expend
parameters. o QMO HIEBES ChallengeS . of Our Changing Global
Environment, IEEE, San Diego, CA, 1822826.

Andersen, K. H.,and Schjetrt¢,, (2013). #nADatabase of Friction
Characteristics oJourfalaohGeptectical and Geaemwronr@antaly . 0
Engineering ASCE, 139(7), 11401155.

Aubeny, C. P. ., and Shi, H. etfatto0 Meaguremeiits in Softr pr et
C | a yaurnal of Geotechnical and Geoenvironmental Engineeti3g(6), 770777.

Baecher, G. B., and Christian, J. T. (200&liability and Statistics in Geotechnical Engineering

Wiley.
Bilici, C., ardsigisandRrekiminariTestg o2Nohilé $eafloat Layer Sampler
Prototypes as an Addn Unit for Portable Fregé a | | PeneGeaotechmecaler s. 0

Frontiers 2017 Proceedings, ASCE79 388

Bilici, C., Stark, N., Albatal, A., Wadman, H., and McNinch, J. B ®28 ) . A Quanti fying
of wave action on the seabed surface sediment strength using a portable free fall

penetr odnelt et ndbernati onal Symposi um o,n Cone
ISSMGE, Delit, Netherlands.

Biscontin, G., and Pestana, J. MO(2 1) . Al nfluence of peripheral
of an ar tgedtachmicah TestimglJauyahDdIrM International, 24(4), 42329.

Brinch Hansen, J. (1961). A A Buleatire Noall, 1864,r mul a
Danish Geotehnical Institute 38 46.

Burns, S. E. , and Mayne, P. W. (1998). iPence
d et e cRepod No GTGEEGEQ98-1 prepared for NSF and ARGeorgia Institute of
Technology Atlanta, GA.

24



Casagrande, A.,and ShannonW. (1949). AStrengt h Toahsacioms | s un
of the American Society of Civil EngineefASCE, 114(1), 755/72.

U.S. Army Corps of Engineed974).Shore protection manuaCoastal Engineering Research
Center U.S. Army Coastal Enginering Research Center.

Char i, T. R. , Smit h, W. G. , and ChauFalhur i,
Penet r ONEANS 81IEBE, Boston, MA, 678582.

Cho,G:C., Dodds, J., and Santamarina, J. i¢g. (200
Stiffness, and Str engt h:Jourthah of uGeaechnicalnadd Cr u s
Geoenvironmental EngineeringSCE, 132(5), 591602.

Chow, S. H. , and A tFallewy RPeneDaometéhs: A L(@alotatbry Investigatiom e e
i n ClJloaryal obGetechnical & Geoenvironmental EngineerjrigtO(), 201 214.

Chow, S. H. , Od6Loughl i n, C. D., Whi t e, D. J.
interpretation of the freé a | | pi ez oc @GaoechhigussT(12),1M4.c |l ay . O

Cook, M., Barwise, A., @verly, W., Hobbs, R., Hodgson, T., James, L., Jenner, C., Morgan, N.,
Wood, A. M., Orren, R., Osborne, J., Rowland, R., and Wark, C. (2G14Jlance Notes
for the Planning and Execution of Geophysical and Geotechnical Ground Investigations for
Off shore Renewable Energy Developmenthe Society for Underwater Technology,
London, UK.

Danson, E. (2005)Geotechnical and geophysical investigations for offshore and nearshore
developments Technical Committee 1, International Society for Soil Mechanics and
Geotechnical Engineering ISSMGE.

Das, B. M., and Sobhan, K. (201®¥inciples of geotechnical engineeringengage Learning.

DavidsonrAr not t , R. G. D. ( Zr€atis8 pn. Gedindrphalogg\dademie Bar s
Press, San Diego, 18048.

Dayal, U.(1980) nAFree f al l penetr omeApplied:Ocean Researdho r ma n
2(1), 3943.

Dayal , u. , and All en, J. H. (197 3)Canadidarl nstr u

Geotechnical Journall0(3), 3974009.

Dayal, U., Allen, J. H.,and Jones,J M1 975) . fAUse of an | mpact Pene
oftheiInSi t u Strengt h oMarin&eotecheolo@KE2), r3Be nt s. o

Dean, R. G., and Dalrymple, R. A. (200Qoastal processes with engineering applications
Cambridge University Pres

25



Dorvinen, J. . (2016) . -SiKnComelidatioo Gtatd of Burfidiah t e r p |
Seabed Sediments using a Frea | | P e n evt.S: dhesisVigginia Bolytechnic
Institute and State UniversitBlacksburg, Virginia

Duncan, J. M., Wrigh S. G., and Brandon, T. L. (2014oil strength and slope stabilityohn
Wiley & Sons, Hoboken, NJ.

Durgunoglu, H. T., and Mitchell, J. K. (1973tatic penetration resistance of soiResearch
report number NASACR-133460, prepared for NASA Headqgteas, Washington, D.C.

Fabi an, M. , Kaul , N. , and Gmeinder, T. (2008)
meter t o asses Seabechaobdy 410103t abi | it y. o

FernandeMora, A., Calvete, D., Falqués, A., and de Swart, H. E. (R015 AiOnshor e sa
migration in the surf zone: New insights into the wawtuced sediment transport
me ¢ h a n Gepphgsicab Research Letted2(8), 28692877.

Gaeuman, D., and Jacobson, R. B. (2006j)ge AAcoOL
sand b edburnaliohGeaphysical Research: Earth Surfackl(F2), 114.

Gillon, R. (2008) . AThe ROV I n Near shor e :
<https://www.hydreinternational.com/content/article/tmev-in-nearshoresite-
investigaton>.

Hodgson, A. J. Adam, C. H. , and Sneddon, M.

execution of near fdvancesin Ste ihvestigationvpeastitid 2¢.at i on. 0
Hol man, R. (1995) .RevViewe d Geppghysic38S2p 1287¢2@d& ses . 0

Holubec, |. (2010).Geotechnical site investigation guidelines for building foundations in
permafrost Department of Public Works and Services, Government of the Northwest
Territories.

| SO. (2012) . i Ge ot e c h n-iFieldtestingnParels Electigcal tonecand a n d
piezocone pédS3Odrternatibnalon t est . 0

Jaksa, M. B. (2000) . AGeotechnical Ri sk and
Australian Geomechanic85(2), 3946.

Jeanjean, P., Spikula, D., andoX n g , A. (2012) . i T-&all Conec a | Vv
Penet r suikeQffghore Site Investigation and Geotechrii&s18.

Johnson, J. W (1956) . i Dy n a nNARGBuUletih, Ameriean s ho r e
Association of Petroleum Geologist€(9, 2211 2232.

26



Kirchner, J . W. , Dietrich, W. E. , | seya, F. ,
stress, friction angle, and grain protrusion in wates r k e d s eSddimartatogys . 0
Blackwell Publishing Ltd, 37(4), 64B72.

Kulhawy, FE H., and Mayne, P. W. (1990ylanual on estimating soil properties for foundation
design Electric Power Research Inst., Palo Alto, CA (USA); Cornell Univ., Ithaca, NY
(USA). Geotechnical Engineering Group.

Lee, K. L., and SeedengH.h Bc.h a(rlaSce 7@urnabdf Bodasi noef d
Mechanics and Foundations Divisio8M6, 117 141.

Li ppmann, T. c. ., and Hol man, R. a . (1990) . A
mo r p h o Joormalyof Geophysical Resear®b(C7), 11575.

Luck i ng, G. , Star k, N. , Li ppmann, T. , and Smyt
strength and pore pressure beGeaMarinetlLettassf t i da
37(5),441-456

Lunne, T. (2012). nAThe FoalPTimhoffshareseilsnvektigatiois t c h e |
a hi st or i cGegneahanipsacdiGeoergineerimgylor & Francis, 7(2), A3L01.

Lunne, T., Berre, T. , and Strandvi k, S. (199
I nvest i @ffashore Sitelsvestigation and Foundation BehaviolMew Frontiers:
Proceedings of an International Conference, Society of Underwater Technbtogjon,

UK, 199 220,

Lunne, T. , and Christoffersen, H. P. (1983).
Offshore & n d Gffshiore Technology Conferenddouston, TX, 1801188.

Lunne, T. , and Long, M. (2006) . AReview of | o
d e s i Manne Geology226(1), 145165.

Mayne, P. W. -sfrafrStrenthflow parSnietersfrora enhanced s i t U t est s .
International Conference on 48itu Measurement of Soil Properties & Case Histofias
Situ 200), Bali, Indonesia, 2i748.

Mc Ni nch, J. E. (2004) . A G e eobligug sandbarscandtshoreline i n t
erosonal hotspots, MidAt | ant i ¢ BlarigehGeglogy2BLA), 121141,

Meyer hof , G. G. (1961). AThe -sthlatpierda t feo umaar ii
Proceedings, 5th International Conference on Soil Mechanics and Foundation Engineering
ICSMFE Pais, 105 109.

27



Mitchel |, J. K., and Lunne, T. A. ( 1Iouiral) . ACo
of the Geotechnical Engineering DivisiatD4(7), 9951012.

Morton, J. P., O6Loughl i n, c. ., and Mihentede , D.
freefall sphere for measurement of undrained strength indimea i n e dCanadiain | s . 0
Geotechnical Journab3(6), 918 929.

Mul ukut !l a, G. K., Huf f, L. c. , Mel ton, J. S.,
identification using fre fall penetrometer accelerationi me h iMarin® Gebphysicab
Research32(3), 397411.

Nazem, M. Carter, J ., Airey, D. , and Chow,
penetrometerfreé al | i ng i nt Géotechniqfic62(10), 88BP0®.y . O
Peuchen, J. (2012) . ARSite characterizathi on i n

Geotechnical and geophysical site characterizatiGonference Porto de Galinhas,
PernambucpBrazil, 83 112.

Plant, N. G., Holman, R. A., Freilich, M.H.,é&an Bi r ke mei er , W. A. (1999)
i nterannual sJaunndl bf&Geophysical Reseamh: Ocgal34(C7), 15756
15776.

Ponce, V. M., and Bell , J. M. (1971) Jouriadbhear ¢
of Soil Mechards & Foundations DivisionSM4, 62%638.

Randol ph, M. , Cassidy, M. , Gourvenec, S. , an
geot echni c alProeeedmgsnot the 16th gntetnational Conference on Soil
Mechanics and Geotechnical EngineetiBglkema Publisherd23 176.

Randol ph, M. F. (2004) . ACharacterisation o]
Proceedings of the 2nd International Conference on Site Characteris&aoto, Portugal,
209 231.

Randolph, M. F., and Gourvenec, S. M)12).Offshore Geotechnical Engineerin§pon Press.

Richards, A. F., Pal mer , H. D., and Perl ow,
geotechni cs: Distribution of soil s, measur e
Marine Geotechnologylaylor & Francis, 1(1), 33%7.

Robertson, P. K., Sully, J. P., Woeller, D. J., Lunne, T., Powell, J. J. M., and Gillespie, D. G.
(1992). AEsti mating coefficient Canhdianconsol
Geotechnical Journal29(4), 539550.

28



Sandven R. (2010). Al nfluence of test equi pment
2nd International Symposium on Cone Penetration Tedtlogtington Beach, CA, 26.

Santamarina, J. C., and Cho, G. C.e.A@éntes). AS
in geotechnical engineering: The Skempton conferes@&617.

Schmertmann, J. H. (1978%uidelines for Cone Penetration Test: Performance and Design
Federal Highway Administration Report Number FHWA&-78-209, Washington, DC.

Schwartz, R.K, and Birkemeier, W A. (2004). fSedi m
i sland shoreface related to enbNlarine€cGealogyng c o n
211(3), 215255.

Scott, R. -pFl.a c(el 9s607i)l. niiel cnh aMarinegseotech@que?6l@r2Elme nt s . 0

Seed, H. B. , and Lundgren, R. (1954) . Al nves:
strength and defor mati on ASAM intarcatioeglASBM, i cs o f
1288 1306.

Seifert, A., Stegmann, S., Morz, T., Lang M. , Wever, T. , and -Kopf,

pressure evolution during dynamic CPT measurements in soft sediments of the western
Bal t i GeoBlarine. Letters28(4), 213227.

Stark, N. (2010). nGeot echni ongplocesseswsEng dynagiat i on
penet r oRh®1tDissedatiodlniversity of BremenBremen, Germany.

Stark, N. (2016). nGeotechnical Site Investig:
Chal | eAnsyradian Geéomechanics Journ&ll(4), 95107.

St ar k, N. , Coco, G. , Br y a%itu GeltechnRal Charactedzatigho p f ,
of Mixed-GrainSi ze Bedfor ms Usi ng AourDa of SedimentarPe net r
Research82(7), 540544.

Stark, N., Hanff, H., Svenson, C., ErnstsenB\,.Lefebvre, A., Winter, C., and Kopf, A. (2011).
ACoupled penetrometer, MBES and ADCP asse:
sedi ment | ayer characteristics alonGpo act i ve
Marine Letters 31(4), 249258.

Stark,N . Hay, A. E. , Cheel , R. , and Lake, C. B.
angle of internal friction and the implications for sediment dynamics at a steep, mixed sand
gr av el EdtleSudace Dynamic2(2), 469480.

28



Stark, N., Hay, AE. , and Tr o ws e-effedBve Gdotedhriicdl bnd Sedimé&htlegical
Early Site Assessment f tEEE COears20h4- Rtenewabh és,
Newfoundland, CanadH 8.

Stark, N., and Kopf, A. ( 20 im&nfremohili2atidnprocesses n a n c
using a dynamIiEEE/NTS Oaeans 20 Weéaikadoa, HIG 19.

St ar k, N. , Kopf, A. Hanf f, H. , St egmann, S. ,
of sandy seafl oor s udJHERMTSOceansa2009%iloxipMSnE t r o me t
10.

Stark, N., Quinn, B., Ziotopoulou, K., and Lali

Pressure Behavior of Muddy Seafloor Sedi me
ASME 2015 34th International Conferece on Ocean, Offshore and Arctic Engineering
(OMAE2015) ASME, Newfoundland, Canadai, 10.

Stark, N, RRdosavljevil, B., Quinn, B. M., and Lantu
fall penetrometer for the geotech@anadian i nve
Geotechnical Journab4(1), 3146.

Stark, N., Wilkens, R., Ernstsen, V.,B.ambersHuesmann, M., Stegmann, S., and Kopf, A.
(2012b) . nGeotechnical Properties of Sandy
Penetrometer Il nterpretations: GeQtachnical and Sa n d
Geological Engineering30(1), 1 14.

St egmann,, S., Villinger, H. , and Ko-afl ConeA. (20
Penet r GeaelTechnology?), 27 33.

Steiner, A., K o pS, KreitAr, S., $tegmanh, &.HHaiflidasery K., andMoerz, T.
( 2014) .dynanicrpiezmdomeypenetrometer tests in natural clayey saiteappraisal
ofstraintr at e ¢ o Canad@an Geotecknical Journad1(3), 272288.

St ephan, S. (2015) . AA rugged marine 1 mpact
DissertationUniversity of BremenBremen, Germany.

St ephan, S. , Kaul , N. , St ar k, N., Villinger,
rapid assessment of sea floor parameters. Bridging the gap betwefal fregruments and
frameb a s e d MT®IEEEOGC e a n,3\aikolba, HI, 110.

St ephan, S., Kaul , N., and Villinger, H. (201
penetration testing and shallow seismic data within the regional geology of the Southern
Nor t h GesMained etters 35(3), D3i 219.

3C



Stoll, R. D., andifodkialf,orT.r a(pli 99 A)s.s efsXsBre nt of
Sea Technology0(2), 4751.

Stol I, R. D. , Sun, Y. F.., and Bitte, . (2007
Journal of Oceani&ngineering 32(1), 5763.

Terzaghi, K. (1943). Theoretical soil mechanics. Wiley, New York.

Terzaghi, K., Peck, R. B., and Mesri, G. (1996pil mechanics in engineering practici®hn
Wiley & Sons.

Tr ue, D. G. (1976) . AUnad radc een betrttomadoiplesead
Department of Civil EngineerindgJniversity of CaliforniaBerkeley Berkeley, CA.

Young, A. G. , Bernar d, B. B. , Re mme s, B. D. , [
- An Innovative Method to ObtainET Dat a for | nt egr ®Offskote Geosc
Technology Conferencklouston, TX.

Yu, H. S., and Mitchell, J. K. (1998)YaunadgiAnal y:¢
of Geotechnical and Geoenvironmental Engineerii2j4(2), 140149,

Zheng, J. , and Hryciw, R. D. (2015) . ATraditi ol
roughness by ¢ o mpgédeahhiquech(d),494506.0 met r y. O

31



Chapter 2: Rapid sediment mapping and insitu geotechnical
characterization in challenging aquatic ar@as

The contributions of authors to the composition of this manuscript are delineated as follows:

Ali Albatal:

- Participated in one of the three field survefadust 201% conducted in Yakutat Bay.

- Initiated the ideaf developing a sediment classdtion scheme

- Reviewed the literature; performed all analyses; prepared figures desj vabote the draft
manuscript.

- Addresses the comments and suggestions of the coauthor in devetbpicigaft
manuscipt.

- Addressed t he r andprepeee thesfidal versiomof éhe masuscript

Nina Stark:

- Planned, superviseahd participated in the threeelfl surveys conducted in Yakutat Bay.
- Supervised the study

- Helped finalizing the idea.

- Reviewedand edited the draft manuscript.

- Reviewed and editetthe response to revieweibommentsand final version of the

manuscript

32



Rapid sediment mapping and insitu geotechnical characterization
in challenging aquatic areas

Ali Albatal and Nina Stark

Submitted to the Limnology and OceanographyMethods Journal 11/11/2016
Accepted for Publication 05/16/2017

Published online 06/07/2019

Used with permission fromJohn Wiley and Sons

Reference:

Al bat al , A. and St ar k, N . (2017) . ARapid
characterization inchaltegi ng aquatic areas. o0 Limnology
15(8), 690 705. DOI:10.1002/lom3.10192.

33



2.1 Abstract

Yakutat Bay, Southeast Alaska, is characterized by significant spatial variations in sediment type
and dynamics. The northwestern side is supplie@ddaiments from the nearby glaciers, and is
affected by longshore sediment transport processes, while the southeastern side has no direct
sediment input, and is affected by human activitiesitun seabed investigations can be difficult,

and expensive, wk to logistical challenges in such remote locations. A portable free fall
penetrometer (PFFP) was deployed 149 times along 16 transects in water deptBsnaf Phe
deceleration and pore pressure recomedusseddour i ng
characterize the surficial sediments. Equivalents of egtatic bearing capacity were determined

using the deceleratietiepth signatures, and yielded strong variabilities ranging frd@i/kPa at

sediment depths of 1648L.9 cm. Correlatinghe PFFP results to visual field observations and
literature, a regional classification scheme, and an updated sediment distribution map were
derived. The pore pressure response was correlated to the different sediment types, and was used
to assessthesade nt 6s consolidation state. At the nor
trend indicated underconsolidated cohesive sediments. At the southeastern side, clayey sediments
appeared to be more consolidated except of sediments of high organic ceatetfie populated

areas. The use of the pore pressure measurements represents a novel way for rapid sediment
characterization. The presented approach to create rapidly a regional sediment classification
scheme offers a timeand costeffective method to etive seabed sediment maps in areas of

difficult access and logistics.

2.2 Introduction

The sediment distribution in Yakutat Bay, Southeast Alaska, is affected by glacial, climatic, and
marine factors, forming a complex morphology and sediment distributioigift\1972). Yakutat

Bay was covered by Hubbard Glacier last around 600 years ago, and currently, no ice is formed in

the bay anymore (Carlson et al. 1978; Wright 1972). The historic glacial activity is expected to be
reflected in a high sediment bulk déggi.e. overconsolidated) due to sediment consolidation

under the expanding glaciers (Boulton and Dobbie 1993). However, the continuous deposition of
sedi ments after the glacierds retreat resul ts

likely in a state of underconsolidation. Underconsolidated sediments are commonly found where
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the sedimentation rate is more rapid than the consolidation rate, and where excess pore water
pressures have not dissipated yet (Dean 2010). High sediment depaséfhave been observed

in many embayments and fjords in the Gulf of Alaska (Sangrey et al. 1979). Within Yakutat Bay,
the sedimentation rates and sources differ from one location to another (Tarr and Butler 1909;
Molnia 1979; Cowan et al. 1996; Willeres al. 2011). With variations in sedimentation rate and
source, differences in the physical and geotechnical characteristics of the uppermost seabed
sediment layers are expected. However, seabed surveying can be restricted by logistical challenges
in remot locations such as Yakutat. This emphasizes the need for easy deployab@mdioeest

effective tools for the mapping and characterization of seabed sediments.

Portable free fall penetrometers (PFFPs) have emerged with regard testhe geotechnida
investigation of the uppermost seabed layers. Different soil classification schemes have been
proposed based on the PFFP decelerdtma signatures. Stoll and Akal (1999) classified the soil
based on the maximum deceleration of the expendable bottnetrpmeter XBP) into three
categories: granular, fingrained and intermediate sediments. Stark and Wever (2009) were able
to correlate sediment type, and embedded features, such as shells and plant fibers, directly to the
deceleration profiles of the sanpenetrometer. Mulukutla et al. (2011) introduced the Firmness
Factor (FF) which expresses the relationship between the maximum deceleration, the impact
velocity and the penetration time. Stark et al. (2012) suggested to derive an equivalent-of quasi
staic bearing capacity from the penetrometer records. These authors demonstrated that the
deceleratiorpenetration depth profiles can be utilized to derive information on sediment type,
overall geotechnical characteristics, and most recent sediment remaliligeocesses. Aubeny

and Shi (2006), Stegmann et al. (2006), Stoll et al. (2007), and Steiner et al. (2013) also estimated

undrained shear strength for cohesive sediments from PFFP measurements.

The pore water pressure (PWP) response to the insertjpenetrometers can reveal additional

soil characteristics, i.e., soil permeability, soil stress history (Robertson et al. 1992; Burns and
Mayne 1998; Mayne 2001; Sandven 2010). However, most studies investigated pushed Cone
Penetration Tests (CPT), beingacacterized by a constant penetration velocity of typically 2 cm/s,

and requiring heavier equipment and larger ship support than a PFFP. Stegmann et al. (2006)
presented PWP profiles of a frésdl CPT with velocities of up to 6 m/s, and demonstrated the
potential of these measurements, but also highlighted the deviations to measurements carried out

with a constant and slow penetration velocity. However, the number of available PWP data sets
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from PFFPs is still limited, and more research is required terstahd the behavior of pore
pressure during and after high velocity impacts (> 1 m/s; being more than 50 times faster than a
standard pushed CPT).

In this paper, the results of three field surveys carried out in May and July 2014, and August 2015,
usingthe PFFPBlueDropin Yakutat Bay, Alaska, are presented. Significant spatial and temporal
variations in sedimentation, and sediment transport processes were expected in the survey area.
Sediment maps were incomplete or challenged by local knowledge. @&hefgloe study is to test

the applicability of using PFFP deceleration and pore pressure measurements to characterize the
topmost sediment layers in logistically challenging aquatic environments in order to map the
different sediment types, and to deriadditional information about the geotechnical
characteristics. Measurements were carried out in short time periods, and from a local, small vessel
of opportunity. A regional soil classification scheme was developed based on tbpesiifec
maximum decelation of the penetrometer. Pore pressure measurements were related to the
different soil types, and pore pressure response to CPT from the literature. The following research
guestions were addressed with regard to the use of PFFPs foisthesadimentharacterization

in areas of active sediment transport processes and challenging logistics: (1) Can a regional soil
classification scheme be developed rapidly (possibly, even on site), and be used for creating a
sediment distribution map, based on thegbenmeter results? (2) Can pore pressures measured at
high velocity penetrations contribute to sediment classification and characterization? (3) What

information can be derived regarding the local sedimentation and sediment transport processes?

2.3 Regional ®ontext

Yakutat Bay is about 30 km widat the entrangeandis enclosed by the lowlands dakutat
Forelandin the Southeastthe St. Elias Mountainsn the North, and Malaspina Glacien the
Northwest (Figire 2.1). The local sedimentation processes ia bay vary significantly. The
forelandsat the northwestern side of Yakutat Bay are gtithgradingseawardvith a continuous
sedimentsupply by Malaspina Glacierwhile no significant changes in morpholodnave been
observedat the southeastern siq@arr andButler 1909). Within Yakutat Bay, Disenchantment
Bay is located in the Northeast, aedeivesediments from Turner, Haenke and Hubllatiers

(Figure 2.1) (Cowan et al. 1996)During the summerdischarging meltwate carries fine
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Figure 2.1. Googlée Earth (2016) images for Yaktat Bay showing the penetromet

deployment locations (mint dots), and the respective transect numbekstat City
coordinates ar89.5469° N, 139.7272° W

sediments, while the iceberg rafts bring coarse sedirhgtiterinto the bay duringvinter (Cowan

et al. 1997; Ullrich et al. 2009Y he sediment deposition radecreasefom 48to 14cm/yr over

a distance of approximatelyp km from Hubbard GlacidCowan et al. 1997)At thesoutheastern
side of Yakutat BayJordan(1962)reported an average changeniaterdepthof 10 mbetween

1892 and 194Jandof 5.9 m between 1941 and 19B8Monti Bay, affected by sedimerfumps

duringearthquake (Jordan 1962; Molnia 1979)

Wright (1972 founda large variety of sedimefactionsfrom gravel to clayn samples collected
from Yakutat Baywith mud represeting the mos common sedimentlass In general, there is a
decrease in the sediment grain size with the increase of the water atepitistance frornthe
shore(Armentrout 198Q)The collected samples by Wright (19,/&)dlater byArmentrout(1980)
showed that the mudas composed of differeriitactions of silt and clayl' he claycontent ranged

between 748 % with an average of 35 % in the séimpleswhile the silt content represent&4-
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44 % with an average of 34 % in the clsgmples(Wright 1972) Molnia and Hein (1982)
examined the mineralogy of marine clagsthe Northeastern Gulf of Alaska continental shelf
region,andfound thatthey mainly includeddifferent percentages of kaolinite, chlorite and illite.
Samples fronthe mouth ofyakutat Bay were composed of 55% kaolinite and chlorite, and 45%
illite.

Yakutat islocated ina seismically active zone, and earthquakes are causingedtat he ar ead s
shorelineg Twenhofel 1952; Bauer et al. 2014)he mostsevere earthquake knowndate was

in 1899 which caused an uplift of the shores at the head of Yakutat Bay of up to about 14 m while
other shores were submergdarrand Martin1912;Jordan 1962; Hayes et al. 1976)

Typical wave heightsary for the investigated location§he annualaverage significant wave
heightof the northwestern side of Yakutaayranged fronabout 15 m neathebay inlet to less
than 1.0 m at the mouth of Disenchantment Bay2008 Previsic andBedard 2009) The
investigated areastthe southeastern side of Yakutat Bay are less energetic vatimaabverage
significant wave heighof about 1.0m at the bay entrancandless than 0.5 m inside Monti Bay
(Previsic andBedard2009).The tidal current speed the Yakutat areaeachesabout 0.771.03
m/s with a mean tidal range of about 3.3Wright 1972)

2.4 Methods

2.4.1 Free Fall Penetrometer

The portable free fall penetromet®lueDrop (Figure 2.2; 7.7 kg using conical tip63.1 cmin

length) records continuously acceleration/deceleratiod pressure atsampling rate of 2 kHz.

It is equipped witHfive vertical accelerometers with capacities of ¢,2 18g, + 50g, £ 200g

and +250g (with g being the gravitational acceleration) in additioratduataxis accelerometer

with a capaciy of + 55 g to detettilt. The pressure transducer measures hydrostatic and pore
pressures up to 2 MPa. The pressure gauge was calibrated before the first survey in May 2014. In

order to saturate the porous filter, it was submerged in water overnight before every survey.
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Figure 22. Deployment othe BlueDropin Yakutat Bay, Alaska

2.4.2 Analysis of deceleration measurements

The penetrometer mpact s t he soil at an initial i mpact

terminal free fall velocity in watemal rope dragStark and Kopf 2011)Jpon im@ct and during
advancement through the soil, its deceleration is governed by the soil resistance against the probe.
When its kinetic energy is depleted, it comes to a halt. dereved deceleratiordepth profile
reflectsthe sediment type argtrength(Dayal and Allen 1973; Stoll and Akal 1999; Stark et al.
2011) Attempts have been made to relate the recorded decelstatgeotechnical soil properties

such asindrainedshear strength or bearing capaéiayal and Allen 1973; Aubeny and Shi 2006;

Stoll et al. 2007; Stark et al. 2012y this study, the approach Byark et al. (2011, 201®)as

used to estimate an equivalent of sjtetatic bearing capacity, andastlinedin thefollowing.

The forcedeceleratinghe probe during impact and penetration itite soil, Fq, can be derived
from the submerged penetrometer nrasandmeasuredieceleration during penetratidecusing

Newt onds second | aw:
Fqa=m dec (2.1)

Neglecting the inertial forcAubeny and Shi 2006; Stark et al. 201the measured resistance

force is balanced by the soil rasisce forceé=s and the soil buoyancy of the penetroméigr
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Fa= Fs+ Fp (2.2)

Buoyancy in sea water is considered for this calculation, while soil buoyancy was neglected due
to the limited penetration deptBtark et al. 2016)Side adhesion anddtion wereneglected hete

consideringhe short section ohaximum diameter dhe probe and the limited penetration depth.

The bearing load is the maximum load before solil failure, and the ultimate bearing capacity is this
load per unit areflrerzaghi 1943)Accordingly, the ultimate dynamic bearing capacjtycan be

estimatedusing
Qua= FJA (2.3)

whereA is the area subjected to lgaahd Fsis the maximum soil resistance force before failure
(i.e. limit equilibrium) or in other words, the maximum loadiforce before failure for every soil
layer over the penetrated sediment depah penetration depths smaller than the length of the
penetrometer tip, the loaded av®aepends on the penetration depth and penetrometer tip shape

(60° conicalin this study. For deeper penetrations remains constant.

Dayal and Allen (273) proposed to correct the dynamiedémentstrength(dynamicrefers to
changing penetration velocignd strain rateor the strain rate effect, leading to a gustsitic
strengthequivalent to measurements conducteal@iosen constant penetratiaiocity (industry
standard for Cone Penetration Testing: 2 cnkg strain rate factarthosen for this studys, is
based on an empirical relation between the dynamic penetrometer penetration velehith
was determinedrom the first integrationof the deceleratiotime profile, and a constant

penetration ratgrr (Dayal and Allen 1975)
fsr: 1+ K |Og(V/Vref) (24)

whereK is an empical constant that cameassumed to range from 1105 (Stoll et al. 2007; Stark
et al. 2012b; Stephan et a015). K= 1.25+0.25 was used in this study to account for the range of

suggested valueAn equivalent ofjuasistatic bearing capacitysbccan then be estimated using
qsbc= qua/ fsr (25)

In this study, the deceleration, and estimatstic was utilized to develop a regional soil
classification scheme, and to derive a sediment map. Furthersodreyeringwas derived from
the gsbepenetration depth profilggigure 2.3). The penetration depth here was determined from

the second integration tie deceleratiotime profile. The change in the slope of thsbcprofile
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Figure 23. An example of the measured deceleration (black solid line), the derived valu

the impact and penetration velocities (black dashed, bmg) the estimategisbcprofile (blue
line including uncertainty following fromhie choice of strain rate facjoimhegreenshaded
area highlights a soft sediment top layer. The profile was measured along transect

distance of 600 m from the shoreline

indicates a change in the soil behavior or a different soil ($pek et al. 2012)The results were
compared to existing sediment informati{eng.Wright 1972; Armentrout 1980No large volume
sediment samples were obtaindoljt sediment tracesvere found upon recovery of the

penetrometer after each drop were characteraetiserved as groundtruthing.
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2.4.3 Soil classification

Stoll and Akal (1999) and Stoll et al. (2007) classified sediments using expendable bottom
penetrometerBP) deceleration measurements. They found that the presence of-grmnesl
sediments led to deleeations of more than 66, while decelerations of less than g0vere
measured in areas gbft clay. Mulukutla et al. (2011) proposed the Firmness Fa€tey to
characterize sediments based on penetrometer deceleration records :

((Loge (2.6)

whereamaxiS maximum acceleration; is impact velocity, and is the total penetration time. The
minimum values oFF for fine sand and maximum for coarse silt ranged between 10.5 and 70 m

! for an impact velocity between86 and 9.16 m/s. In Yakutat Bay, 50 deployments featured an
impact velocity of 4.95.2 m/s, being within the range investigated by Mulukutla et al. (2011).
These two classification schemes, in addition to sediment traces noticed on the penetrometer after
each drop, and the available literature about the surficial sediments in Yakutat Bay were utilized
to generate a regional soil classification scheme for the sediments in Yakutat Bay based on the
surface sediment distribution map by Wright (1972). Arment(@880) extracted no samples in

the focus areas of this study. Therefore, only Wright (1972) was considered for the soill
classification system. However, the regions close to Disenchantment Bay were potentially affected
by the introduction of a large amauaf fine sediments during outburst floods in 1986 and 2002
following the failure of the ice and sediment dams at the entrance of Russel(¥gyd 1989;

Cowan et al. 1996)As the meaured sediment strength likely represented a mixture of the
sediments introduced by these events with the gravelly mixture documented by Wright (1972) for
these regions, these deployments were not considered for the development of the local soil

classificaion scheme.

2.4.4 Analysis of pore water pressure measurements

Most portable free fall penetrometers do not carry a pressure transducer, and there is still little
information and data otine porewaterpressurdPWP)response of high velocity (>m/s) impact

penetrometerdn this study, a attempt was made to utilize the measured PWP response during
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impact, and fothe periodwhen the penetrometerstedin the sedimenfon the order of seconds
to tens of secondsyor further interpretation of theoil mechaical properties of the tested
sedimentsFor this, only the deployments with a penetration depth of more than 15 cm were

considered to ensure full embedment for the pressure sensor in the sediments.

During the free fall of the probe through water, thespoee gauge read values less than the
hydrostatic pressure due to the Bernoulli effect. Accordingly, the water k@it determined as

following:
DL QED (2.5)

whereh; is the uncorrected water depth based on measured pressuvasahd impact velocity.

hwas compared to single beam echo sounder measurements. During penetration into the sediment
such a direct correctiois difficult, due to the different physical characteristics of the sediments,

and the generation of excess pore water pressure by the probe (see more detail in the Discussion

section).

2.4.5 Field surveys

TheBlueDropwas deployed 149 times in four days wfeeying in May and July 2014, and August
2015.0ne deployment took aboutZlminutes; survey times are mostly accounted to traisits.
deployments covered two focus areas in Yakutat Bay. These areas were identified as the most
interesting, based on ekigy sediment informatianAreasof known rock outcrops and water
depths in excess of 100 m were avoided. The latter deeper areas are known to be characterized by
soft and fine sediments, armare unlikely subjected to significant sediment remobilization
processes. The first focus area included 50 deployments distrialateginine transects starting

from near the bay entrance to the mouth of Disenchantment BayNotttevest of Yakutat Bay

(Figure 21). The transects are approximately perpendicular tehibiee with 47 deployments per
transect, except the last transect wHedtturedonly two deployments. One of the survey targets
here was to identify and map the transition from coarse sandy shoreline sediments to the finer
glacier material. The secondcigs area igocatedin Monti Bayatthe southeastern side of Yakutat

Bay, close to Yakutat City. Herehe probe was deployed at 99 locations along 7 transects

(transects 144.6) in addition to distributed deployments in different locations in Monti Bay(Ei
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2.1). The transects in this region differ in the number of deploymeritts transect 1{between
Khantaak Island and the mainlgruking the longest with 37 deploymen®surticularly, changes
of sediment type, characteristics and dynamics betweeshihrelines of the islands, and with

regard to the rather complex bathymetmsreof interestin this area

2.5 Results

Impact velocies (1) varieddepending on the water deth= 2-48 m) between 2.85.2 m/s. The
variation in the impact velocitwasrelatvely large at water depths <8, due tochanges in the
deployingheight above the water surfacehe recorded maximum velocity reached 6.2 m/s at a
water depth of about 5 m, approaching the theoretical terminal velocity of the probe in seawater.
With increasing watedepths, the rope drdgraided rope ~5 mm in thicknessjuse a reduction

of the impact velocity. The minimum impact velocity was 2.3 mésveater depth of 46 m.

A loose sedimenbplayer(LSTL) wasdefinedby small deceleration valuésl g), and confirmed

by small gsbcvalues € 1 kPa; see green shaded aredigure 2.3) over a layer of stronger
sedimentsSuch layering can reflect loose or soft sediments on top of denser sediments, or on top
of sediments of a stiffer type (e.g., mud sand).The detected thickness of this loose sediment
layervariedbetween 5.318.4 cm with an average valo&8.2 cm and standard deviation of 3.25
cm at thenorthwestern side of the balyigure2.4a). Thethickestloose top layer$>15 cm)were
found along transect 6 (purple stars Figure 2.4a) near the mouth of the Kame and Sudden
Streams discharging from Malaspina Glaciéig(re 2.1). Transects 1lto 5 showed @
approximatelyconstantop layerthicknesg~6.6 cnj, anda slight increase in top lay#nickness

at a distancegreater thari500 m from the shorelind-igure 2.4a). Transects -, locatedat the
western side of the entrance to Disenchantment\Base shortand avaryingtop layer thickness
was observedeaching over 10 crfFigure2.4a). At the southeastern side of the bay, the thickness
of thetop layerreached 3412.0cm with an average valug 7.1 cm and standard deviation of
1.51 cm Figure2.4b). The maximum values weraeasuredlongtransects 15 and 16 neidue
Yakutat shipyard. Varations alongtransects wre noticeableat this side of the bay, especially

alongtransects 10 and 12.
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The measured maximum deceleratimflected the locakediment type. In generallarger
deceleratioawere observed near the shoreldecreasing offsore. This isconsistent with sandy

to gravelly beach sediments in many areas, and the expectation of fine sediment deposition at
deeper water depths. Thenetrometer maximuwheceleration valuegachedetween 7.84.1g

at the northwestern side of thmy, and between 3-74.4 g at the southeastern side of the bay.

This led to estimates of the maximuysbcrangng between 9107 kPa and between® kPaat
penetration depths of 442 cm and 1€B9 cm) respectively. In accord with the measured maximum
deeleration values, the estimates of the maxingsbicwere also characterized by a decrease with
increasing distancieom the shoreand water deptfFigure2.5). Particularly, the northwestern side

of the bayfeaturedan overall decrease in sediment strengith increasing distance from the
shoreline. This trend was particularly strong at the entrance to Disenchantment Bay and decreased
noticeably with distancédrom Disenchantment Baglongshore(Figure 2.5a). A gradient was
determined for the change of thsbcwith the distance from shoreline. Thebcwas decreasing

in direction offshorewith -0.1 kPa/malongtransects 47, -0.25 kPa/malong transect 8andin
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excess of-1 kPaim alongtransect 9.The latter may be biased by a limited number of two

deploymats along transectE{gure2.5a)

The southeastern side of the bay was characterized by mostly soft sedosbnts 30 kPa for

86% of the deployments hgrexcept forthenearshore zone along transects 10, 11 anéig2re

2.5b). The sediment strengtledreased rapidiytaistances of 5200 m from the sholiee instead

of the gradual decrease observed at the northwestern side of the bay. It should be emphasized that
transect 10 is located between two land masses (Khantaak Islatiteandinland;Figure2.1),

and that the resultingsbcvalues for the deployment at a distance less than 200 m were neglected
due to the high valugs 300 kPa) and negligible penetration deptimch likely result fromthe

presence of coarse grawldcobbles.

2.5.1 Soil classfication

The deceleration values were compared to the sediment type on the sediment distribution map
suggested by Wright (1972Figure 2.6). In the Northwest of the bay, three deployments were

located in a zone classified as clay. The maximum decelesatib thepenetrometer in these
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locationsranged between 934.9 g. At the southeastern side of Yakutat Bay, six deployments
were located in a zone classified as silt (Wright 1972). The measured deceleration values for these
deployments ranged betwe2s.551.9g. Accordingly, an arbitrary value of 2pwas considered

to differentiate between the clayey and silty sediments. The deployments along transect 8 and 9
(i.e. at Disenchantment Bay mouth) exhibited deceleration values betwa&g2but the mp
indicatesgravel in these locations. In this case, the comparison to Wright (1972) may not be
applicable anymore due to the effect of the outburst floods in 1986 and 2002. None of the
deployment locations fell into sand zones in the sediment distribuagn However, the sand was

clearly abundant in the Northwestern nearshore zone.

In Yakutat Bay, 50 deployments achieved an impact velocity within the range used by Mulukutla
et al. (2011) for classification usirF. For the deployments wiffF =10.570 m, the maximum
deceleration ranged between 31.5 and./ased on these values, the value suggested by Stoll et
al. (2007), the sediment map by Wright (1972), and field visual observations, a rang&0fj50

with an average arbitrary value of §svassuggested as a threshold deceleration value for sand in

the investigated region.

A regional soil classification model was developed from the above described considerations
(Figure2.7), and was used to complement the sediment map by Wright (1972) ébdieHgure
2.6), and to identify changes in surficial sediment distributions such as the more recent fine

sediment deposits at the entrance of Disenchantment Bay.
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Figure 27. Firmness factorgfterMulukutla et al. 2011) vgysbcin theproposed soil classificatic

scheme: clay (green), silt (red), sand (yellow)
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2.5.2 Pore water pressure (PWP) response

Fifty-nine percenbf the deploymentwa/ere rejectedrom PWP analysis due to either a damped or
delayed PWP response, likely being associated to a lack of filter ring saturation (27 %), or due to

insufficient penetration depth (<15 cm) (32 %).

Reduced Ro.) and elevatedRp+) PWP responses were measureddlation to the estimated
hydrostatic pressureP¢) during penetratior(Figure 2.8). Here Po refers to the pressure as
measured at the seabedter interface, plus the projected hydrostatic pressure increase with
regard to penetration depthigure2.8, dashedines). Therefore, it does not consider the Bernoulli
effect.Po. wasobservediirectly afterthe embedment of the pressure sensor intgdiiéor about

88 % of the deployments. Thigduction in thepressure was followed by an increase of pore
pressurewith continuing penetratiorota valuehigherthan theprojected referenceressurgPo+)
(Figure 2.89). Seventeen deploymentsl(26) were characterized @+ directly after impact
followed by a decrease #. (Figure2.8b). Two deployment$~1 %)in the southeasif Yakutat
Baywere characterized lponsistentlyPo+ during penetrationHigure2.8¢).

The excess PWP was calculated by subtracting the hydrostatic prd&gurerq the measured

PWP. The excess PWP was compared to the effective stresslering submerged unit weights

of 9.0 kN/n? for sand, 7.5 kN/ffor silt and 6 kN/m for clay. Three main response types were
observed: (1) The excess PWP was predominantly negative, suggesting sediment dilation, and less
than the effective stresBigure2.9a). This response type was mostly observed in sandy sediments.
(2) The excess PWP exceeded the effective stress before or at the maximum dynamic force (which
coincides with the maximupshbq (Figure2.9b). (3) The excess PWP exhibited a delayeckese

in excess PWP, i.e. the excess PWP exceeded the effective stress after the maximum dynamic
force Figure2.9c). The excess PWP at the maximum dynamic force seemed to correlate to the
maximum deceleration (or soil typelrigure 2.10a). Additionally, he difference between the
excess PWP and effective stress at the maximum dynamic force was plotted with regard to the soil
classification Figure 2.10b). For the deployment in clayey sediments, the excess PWP was
positive in 91 % of the deployments, indicg a contractive soil behavior during penetration, and
exceeded the effective stress in 71 % of the deployments. The excess PWP response in sand was
mostly negative (91 % of the deployment in sand) with only 3 deployments achieving positive

excess PWP (k kPa), reflecting overall a dilative soil behavior. Similarly, the excess PWP
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response was negative in most of the deployments in silt (69 % of the deployments in silt), and the
excess PWP was less than the effective stress in most of the deployménisf (8@ deployments

in silt).

No PWP dissipation measurements (as donstegmanret al. 2006 Seifertet al. 2008Kopf et
al. 2009; Chow et al. 2014; Stark et al. 2015) were intended during surveying to keep
measurements as tiredficient as possibléelhus, PWP recordings of the penetrometer at rest were
on the order of seconds. Neverthelessee mairbehaviorsvereobservedFigure2.11): The first
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typewas associated to sandy s@¢isgure2.11a) andwas characterized by a rapid increase in the
PWP until reaching a constant valu&his constant value was mostly within less than ~1 m
difference from the water depth as measured by the single beam echo sounder (94 % of the
deployments with available echo sounder data), and the measured seabedpsassre after

application of the Bernoulli correction (89 %)he secondPWPresponse typshoweda gradual
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increasan PWP (Figure2.11b). The PWP fortiis typereached values iexcess of the estimated
hydrostatic pressure for some of the deployménts% of the analyzed deployments), while in
other deployments the penetrometer was retrieved before reaching the hydrostatic value (~17 %).
If excess pore pressure values were measured, the penetrometer was retrieved before a dissipation
of the excess perpressure was observed (i.e., elevated pressures would diffuse to estimated
hydrogatic pressure). This resportype wasmostly correlated tsilt or clay in the northwestern

side of the bay in addition to locat®classified as clayey soils in the sbeastern side of the bay.

The third response typ€&igure2.11c) was distinguished ba peakof the PWP during penetration
followed by an approximately constargqualing or less than the estimatedrostatic PWP for

the penetrometer at rest. This typesvi@und for the silty and clayey soils in the southeastiele

of Yakutat Bay.
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and c) were found in both silty and clayey sediments.

2.6 Discussion

A regional sediment classification scheme was developed based on some penetrometer

deployments that overlapped with existing sediment type maps in additlmntraces noticed on
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the penetrometer after each drop and the existing classification schemes in literature. Using this
sediment classification scheme, some gaps of the existing sediment map were filled, and areas
impacted by specific large sediment depos events were identified (Rige 2.6). Although the

time difference between the sediment distribution map by Wright (1972) and the deployments used
to create the classification scheme was large (at least 42 years), different factors support the
propose development of the regional sediment classification scheme:

(i) Previous classification schemes (including the suggested threshold values for the relevant
impact velocities) from the literature were utilized as a guideline.

(i) Sediment traces on ti&ueDropserved a visual description of the sediment type.

(i) Ebb tidal currents directed towards the western shore prevent sediment deposition from ice
floats at the eastern side of Yakutat Bay (Tarr and Butler 1909).

(iv) Deployments in the areas largely affected byomaedimentation events, such as outburst
floods in 1986 and 2002, were not considered for the development of the classification
scheme.

(v) Deployments used to develop the classification scheme at the Northwester side were located
at a minimum distance of.8 km from regions of high sedimentation rates. An overall
agreement between Wright (1972) and Armentrout (1980) for the used deployments support
this. For the single deployment where Wright (1972) contradicts Armentrout (1980),
sediment traces showed clay

(vi) Only 9 deployments were used to create the classification scheme. This allowed using the
observed traces at other deployment locations to validate the classification scheme. The

results were generally consistent with retrieved sediment traces, ankiioeaédge.

The direct application of the derived soil classification scheme to other sites, or penetrometers
must be considered carefullyifferent factors affect the soil response to a penetrating Qlsjech

as the penetrometer mass, the tip shape size the penetratiorvelocity, and the dynamic soil
behavior including pore pressure response (Mulukutla et al. 2011; Stark et al. 2009)sdiiEle

of these issuewere addressed by estimatingbg the current approach still includes empirical
parameers that have been derived for certain soils and penetrometersirSihestudyall the
investigations werearried outusing the same penetrometeith the same conical tip, the effect

of the changen the penetrometer characteristics wasioved The average impact velocity was

4.4 m/s with a standard deviation of 0.9 m/s. This narrow range of the impact velociyl timeit
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effect of the impact velocity variation. These facts enced#ue useof theclassificationrscheme

by Stoll et al. (2007) anMMulukutla et al. (2011pas guidelines for the development of a regional
classificationrschemeWhile this specific classification schemmeynot be directly transferable to
other sites or devices, it demonstrated that such a model can be quickly devetbpledited
previous knowledgef the sediments

Crossshore transects suggested that more details can be derived than just a classification of the
main sediment types. Gradual changes in sediment strength with distance from the shore likely
expressed gradual mixing of sediments, in comparison to the observed more abrupt transitions
at the Southeastern side. Stark et al. (2016) documented that variations of sand content in muddy
samples, as well as of median grain size are reflected in the estimgsbke dthis suggested that

the gradual change mpsbcat the Northwestern side expressed a well gradually mixed transition
zone from sandy nearshore sedimefds averagel.5 km crosshore)to finer deep water
sediments, and that this transition zoneegin crossshore width depending on the seabed slope

and local hydrodynamic forcing. A direct correlation to median grain size or sand content could

not be established based on the existing data set.

The outflow area of the Kame and Sudden Streamst@ansect 6suggested thdeposition of

fine sediments from these streams (Tarr and Butler 1909). Particularly, thick loose sediment top
layers pointed at most recent and likely ongoing sediment depogiiagure 2.5) This was
supported by observations toirbid waterwith high concentrations of suspended sedinnetis

area, while the water was generally very clear in the other survey ated®e mouth of the
Disenchantment Bay, the gradual decrea$esediment strengthvas significantly stronger,
suggesting a much narrower sangsavelly nearshore zone. This observai®in disagreenent

with the sediment distribution map by Wright (1972), and can be explained with two large
sediment deposition events that occurred between the survey by Wright @iai2he here
presented study. Two large outburst flood events in 1986 and 2002 resulted in the deposition of
about 12 and 7 million cubic meter ofud and fine sand, respectively, and covered native
sediments with a blanket of fine soiSowan et al. 1996; Trabant et al. 2003; Willems et al. 2011)
This explaired the difference between the results of the two surveys, and seddgest those

introduced sediments ard at all- only slowly erodng.

The archipelago of islands at the southeastern side of the Yakutat Bay inlstafdauffer that
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protects Monti Bay from the Pacificds wave
shores (Tarr and Butler 1909). The sediments at this side dbthevere soft and mostly in the

clay range.Exceptiors were foundat the entrance of Monti Bay and near the shoreline along
transects 10 and 11. At the entrance of Monti Bay, the deceleration signajgestedhat the
sedimentsvere mostly siltwith a relatively high resistance against the penetrometer.agrses

with observations of coarse sandy to gravelly sediments at the shores. Jordan (1962) reported
slumps, recessions and uplifts at these locations caused by the earthquakes, potentiallyhgntroduci
coarser materialAccording to local residents, a recent earthquake caused slumps in the same
region The deployments in transects 15 and 16 (i.e. next to Yakutat Shipyard) showed
irregularities in the deceleration profile which might be duthéopresnceof organic probably

as a result of vegetation organicwaste materials.

Loose top sediment layers of varying thickness were observed in all of the investigated zones.
Such layers can result from the remobilization of the top sediment layer bgdypadmics,
existence of a recently deposited sediment layer, vertical layers of different sediment types, or
from the abundance of plants (Stark and Kopf 2011). Unfortunately, the penetrometer record alone
does not allow to determine the governing prodassthe local hydrodynamic conditions in some
spots, and known sediment deposition events in others suggest that the soft sediment top layers
can be associated to sediment remobilization and deposition processes. The irregularities observed
in the decelation profiles of the deployments in Monti Bay indicated the presence of vegetation,

based on comparison to findings by Stark and Wever (2009) and Stark et al. (2015).

The measured pressure before impact with correction for the Bernoulli effect waslapgind

the water depth at the deployment locations. The corrected Valwesse in good agreement with

the estimates from the echo soun@eithe range of uncertainty of the soundé) shallow water
depths(/ 12 m), the penetrometer seemed to underestimate the water &apttiven (2010)
discussed the issue of insufficient saturation of pore water pressure filters during Cone Penetration
Testing, and pointed out that this isseeurs mostlyn shallow watedepths (< 8 m) at which the
hydrostatic pressure is low. Duritige Yakutasurveys, the pore pressure filter ring was saturated

in water forapproximately 12 hours prior to the survey. To improve pore pressure measurements
in shallow water depths in thettire, mineral oimay represent a more reliatdaturation fluid
(Sandven 2010).

56

e



The PWP response for 98 % of téwalyzeddeploymentshowed a decrease in the PWP values
during the penetration followed by an increase inRWéP before or after the penetneter came

to ahalt (Figure 2.8a and 2.8b The dlative behavior of sojlthe displacement of soil and fluids
during the penetrometer impaand the change of the penetrated material density (i.e. water versus
soil) are possible explanations for thishavior(e.g. Stoll et al. 2007; Kopf et al. 2009; Mulukutla
et al. 2011) Seifert etal. (2008) found that thpresencef sand and siltauses decrease in the
PWPto subhydrostatic at sitehich were mostly dominated by fine sedimeatscordingly, the
abundance of silt is a possible explanation for this behg§wboight 1972; Carlson et al. 1977;
Armentrout 1980; Cowan et al. 1996%eifert et al. (2008also suggested the availability of
microbial gas anthe lack of saturation as possible explanations for reduction of the @&Bon

et al.(1980)mapped the gas charged sediments in the Eastern Gulf of Alaska, and iniiatted
Yakutat Bay sediments are gmse. A lack of saturation is unlikely heres the deplgments in
shallow water depthpointed more clearly at this issue, and were removed fr@manalysis

accordingly

The excess PWP response at the maximum dynamic force showed positive excess PWP in clay,
and negative excess PWP in sgRijure2.10). The lighest negative excess PWP was found for
deployments in silt which is similar to the findings by Mulukutla et al. (2011). This can be
explained by the dilative nature of some types of silt (Duncan et al. 2014). Furthermore, the
observed dilative behavion isand matched well the observations by Stoll et al. (2007) during

laboratory experiments of free fall penetrometers at similar speeds.

Three different types qiore pressure respomsseere observedfter the penetrometer cameao

halt (Figure 2.1). Thefirst PWP response type was the dominant type in the soils classified as
sand. In such soilsf high permeability, the PWP is expected to retuitkly to the hydrostatic

value after the penetrometer comeststop(Stoll et al. 2007)The PWP did indek equilibrate

quickly to a constant value. This value was in agreement with the single beam echo sounder
measurements plus embedment depth for the deployments where reliable sounder measurements
were available, but exceeded the estimated hydrostatic preBased on the pressure gauge
measurements at the point of impact and correction for the Bernoulli effect and embedment depth.
This issue was encountered at shallow water depths, and still, a lack of saturation of the filter ring

(gas bubbles in filter mg) is a likely explanation. A competing explanation would be an error in
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identification of the point of impact, but the sensitivity was tested, and let to negligible impacts

here.

The second and third resporgpes were found at locations which weressléied as silt or clay
based on the proposed classificaschemeThese soils were found mostly at water deptater

than 10 m. Accordinglya lack of saturation was not expectghndven 2010), being confirmed

by the good agreement between estimatater depth and the measurement of the echo sounder
(Figure 2.11)

The PWP type (b) showed an increase in the PWP after the penetrometer egmaé {&igure

2.11b). The increase continued until reaching a value higher than the calculated hydrostatic
pressure for the sufficiently long deployments. Different reasons can explain this behavior such as
dilative behavior of the overconsolidated sedimeamslpresence of high organic conte(8eifert

et al. 2008)Considering the e g i sedim&rdatiomatesthe penetration depth and the age of the
deposit in some locations with type (b) behavior (e.g. the recent deposits in Disenchantment Bay
after 1986 and 2002 outburst floods), sad is unlikely to be heavily overconsolidatéithe sois
organiccarbon ontent in Yakutat Bay is lowess than 0.8 %Armentrout 1980). Accordingly,

the organic content is also unlikely the main reason behind the observed delay in the PWP increase
after penetration. Anotherand the mosprobable explanation for this behawiois that the
sediments are lightly consolidated (Seifert et al. 2008) pFésencef this PWP response type in

the relatively high sedimentation rate regions (i.e. the northwestern side Yakutat Bay) supports
this assumptionThis agrees wittSangrey etal. (1979)who found that, for one sample, the
overconsolidated ratio of the sediments in Yakutat Bay is 0AB®ther explanation to the
observed PWResponse must be considered deployments near the populated areas in Monti
Bay. The disposal afrganc waste intahewater mighthaveled to an increasef the soil organic
content. The irregularities in the deceleration signasupportan increasing in the soil organic
content at these location (Stark et al. 2015), and specifisalbe the deploymes with this
behavior where found alorigansect 12vhichis near Yakutat Fisheries Doekd alongransects

15 and 16vhichare near the Yakutahipyard. The continuous movement of boatsalancause
disturbance and mixing of the top soil which can a&o cause a decrease of the degree of

consolidation for these sediments.

The PWPResponsegype (c) showed approximately constanthydrostatic pressunalues for the
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PWP after the penetrometer came to [Riljure 2.11) This response typ&as observedisilt

and clayat the southeastern side of Yakutat Bag. Monti Bay) Possible explanations here are
that the sediment is highly permeable, or stiff enough to allow the formation of a crater and/or
fissures during penetratiodordan (1962) noticed a@verage change of about 10 m for the depth

of Monti Bay between 1892 and 19¢iklding an average sedimentation rate of about 0.2 m/yr.
Figure 2.12 shows an example for the water depth measured in 1892, 1941 and 1958 by Jordan
(1962), along profile BB 6 hown in Figure 2.6, in addition to the water depth in 2005 extracted
from the bathymetry map yaldwellet al. (2011)Despite changes in resolution between the two
sourcest can be concluded that there is a continuous change in the water depth withtrend

of continuous filling or erosion but rather random variation. Specificaisthquakehave caused
slumps uplift and probably slope stability failures. This makes calculating the deposition rate
based ortheseprofiles not representativ€Jordan 1962; Mimia 1979) Given these factors and
considering thathe penetration depsltid not exceed 34 cm for the deplogmts with this PWP
response typethe soil islikely normally consolidated to lightly overconsoliddteithin the
penetratediepth. However, arse sediment deposits from slumps and earthquakes may increase

the permeability of sediments in this area.

Although the penetration rate in the case of the PFFP is more than 50 times the standard penetration
rate for the CPT test, the excess PWP at therman dynamic force agreed well with the expected

behavior during CPT penetratidie.g. Robertson and Campanella 1983; Lunne et al. 1997)
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Figure 212. The change of water depth along one of Jorda@2)Lprofiles which shown in Figu
(2.6) (B-B"). The figure shows also the water depth in 2005 extracted from the bathyme
after Caldwelket al.(2011).
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Attention must be drawn to the fact that thedsesponse to CPT is mainly drained while it was
found that the sediment response during PFFP penetration is mainly undrained, even in the sandy
sediments (Lucking et al. 2017). Nevertheless, the results suggested the possibility of using the
excess PWP &m PFFP for a quantitative sediment characterization, and may encourage the
development of a soil behavior chart as introduced by Robertson (1990) for CPT.

2.7 Conclusions

The use of free fall penetrometers provides an econaafe and rapidptionfor investigating

the surficial seabed layerns areas of difficult access and logistic restrictioAs regional
classificationschemebased on thenaximum deceleration of the probe during penetration, and
estimated quasstatic bearing capacity was derived whiam be used for future investigations in

the region or as a guideline for other arédse classificatioschemewasdevelopedising only

visual field observations,and the available literature from the region, in addition to the
penetrometer results. e ved t he assessment of the areads

sedimentation history

Few portable free fall penetrometers offer pore pressure measurements. The excess pore water
pressures during impact correlated to the sediment type. Positives gare water pressures were
observed for the deployments in clay, and negative excess pore water pressures were measured for
most of the deployments in silt and sand, reflecting a dilative behavior. The pore pressure response
at rest was evaluated withgear d t o t he sedi mentés state of
complementary insights into the-@itu sediment characteristics. The study represents a first
attempt to use the pore pressure response data of the penetrometer at rest over a pgrfed/of on
seconds to study the sediment behavior. This short measurement period leads to some uncertainty
as the pore pressure response may still change aft@s@conds of the penetrometer at rest (Chow

et al. 2014). A longer time of observation will bensaered for future investigations if the
environmental conditions allow. Controlled tests in a calibration chamber would provide insight
into the pore water pressure response during and after the free fall penetrometer penetration,
considering differentexdiment characteristics and consolidation states, and are planned for the near

future.
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Overall, the results allowed to map sediment types, and to get a rapid assessment of the sediment
strength and state of consolidation. Furthermore, areas impacted diyrewent sediment
deposition events related to the seismic or glacier activity of the region were clearly identified.
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3.1 Abstract

Wave energy converters (WECs) are promising techniques with regard to the production of
sustainable energy. Howevehet geotechnical and sedimentological site assessment, and the
resulting foundation or anchoring design, can still represent a major challenge due to the energetic
environmental conditions in the targeted areas. Most recently, portabialfreenetrometes

were suggested for the early site assessment of WEC projects as an innovateféecivst

method to investigate the uppermost layers of the seabed with regard to sediment strength and
possible sediment transport processes. In this study, earlyssiégssment was conducted at a
proposed WEC site near Cannon Beach, Yakutat, Alaska, using the free fall penetrometer
BlueDrop 151 deployments were performed in water depths4 & during three survey days

in May and July, 2014. The results suggestedwanage quasstatic bearing capacities of 125 *

18 kPa (normalized for a constant penetration velocity of 2 cm/s) at the uppermost seafloor surface,
generally increasing with distance to the shore and water depth. A loose top layer of reworked
sediments bup to 4 cm in thickness was detected, indicating moderate sediment remobilization
processes. Lower strength and abundance of loose sediment top layers were particularly observed

at water depths less than about 15 m.

3.2 Introduction

Ocean energy is one did¢ most promising sources for the harvesting of renewable energy. The
worl dés oceans offer a |l arge amount of energy
and Prelas 2011). This energy potentandthel y cov
interest of using it is continuously increasing (Pelc and Fujita 2002). Oceans around the world
produce up to 10 TW of wave energy (Muetze and Vining 2006). Depending on the wave height,

one wave can transmit more than 50 kW per meter length efdiie front (Muetze and Vining

2006; Cornett 2009; Letcher 2014). Considering this amount of energy, researchers and developers
are racing to produce the most efficient and reliable designs of wave energy converters (WECS).
Alaska is welknown for energét wave conditions. With a wave power density of about 1,570

TWh/ yr, Al askabds continent al shelf contains a
2011) . Motivated by this potenti al and the r e
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fossil fuels, Alaska became a target area for the harvesting of wave energy in the U.S. In this
framework, Yakutat, Alaska, was identified as an area of interest (EPRI 2009).

In order to secure an efficient wave energy production, it is essential to chooga@riape
location to deploy the WECs. The potential energy production, the environmental impact, and
particularly for bottormmounted WECS, the seabed stability and sediments dynamics should be
considered to determine the appropriate deployment locata@ng$ and Lavseth 1991; Cornett
2009; Stark et al. 2014). An energetic environment can jeopardize the stability of the foundation,
the mooring and the cable systems, increasing the need for a detailed site assessment (Muetze and
Vining 2006). However, theseabed investigation can represent a major challenge at sites
characterized by strong hydrodynamics, with regard to the field activities as well as to the
associated costs (Letcher 2014; Stark et al. 2014). In addition to the cost of equipment, labor, and
the data processing and interpretation, an equipped vessel for the purpose of offshore site
investigation can cost up to $500,000 per day even if only shallow water depths are targeted
(Randolph et al. 2005). Thus, budget restrictions, particularly at g€ades of such projects, can
prohibit the site assessment of the seabed with conventional strategies. This can lead to delays, or

even cancellations of projects.

Portable fee fall penetrometer®FFP) have been suggested as an economic and rapid artetho
investigate the seabedds upper most sedi ment
1999; Stark and Kopf 2011). The basic idea is to estimate the soil bearing resistance (or even shear
strength) by measuring the deceleration of a soibrtipg and penetrating probe based on semi
empirical equations and for different penetration depths reached (Dayal 1980; Aubeny and Shi
2006; Stark et al. 2012a).

This article is focusing on the-gitu geotechnical characterization of the seabed susiade¢he
sediment dynamics in the vicinity of a proposed deployment location of a bottom mounted WEC
near Cannon Beach in Yakutat, Alaska. Rid-P BlueDropwas suggested for the preliminary

site characterization of the uppermost seabed layers at thesthigeation and the surrounding

area (Stark et al. 2014). During two surveys in May and July 2014, a characterization of sediment
type, evaluation of surficial seabed strength and mapping of areas of potential sediment

remobilization was conducted. Sedirhdgnamics were the focus of the investigation, as they may

2 Modified from FFP in the original manuscript to be consistent with the other manuscript in this dissertation
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affect scour processes as well as the functionality of the proposed buttanted device. The
study also served as a demonstration of how portablddliggenetrometers can be applied in the
framework of early site assessment of WECs, and contributed to a larger geotechnical

characterization of the geologically complicated area (Stark et al. 2014).

3.3 Regional Context

Yakutat is enclosed by glaciers and mountains, and is disconnected from &eadiec grid. It

is located at the entrance of Yakutat Bay in the Gulf of Alaska, about 360 km northwest of Juneau
(Figure3.1). A WEC near Cannon Beach was suggested to reduce the dependency on diesel as a
source of energy. The new developments of bottmunted WECs is particularly encouraging

for sites such as Yakutat whideature challenges for surfapéercing devices such as the
abundance of driftwood and possibly ice.

The average measured significant wave height was abalg &h with an avage dominant
wave period of about 9.9 s in 2008, producing an average power density of about 22 kW/m at a
water depth of 13 m (EPRI 2009; NDBC 2015).

Ruby (1977) studied the variation of the sediment particle size along the beach face between
YakutatBay and Dry Bay which is 80 km southeast Cannon Beaighe3.1). The sediments at
Cannon Beach were identified as fine quartz sand and rock fragments with a mean particle size
ranging from 0.20.3 mm, and were classified as poorly graded fine sanddingao the Unified
Soil Classification System (USCS) (ASTM D2487). The finer fractions were found at the upper
beach face, while coarser particles were mostly abundant in the lower intertidal zone (Ruby 1977).
However, a full description of the region&dment processes is still lacking (EPRI 2009; Stark
et al. 2014).

3.4 Method

The portable fredall penetrometeBlueDrop(Figure 3.2) can be deployed in water depths of up
to 200 m (Stark et al. 2014). The device has an approximately streamlined shapes andass
of 7.71 kg. The total length of the device is 63.1 Egre 3.2. The main body and tail are made
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Figure. 3.1Location of Cannon Beach in Yakutat, AK. Yakutat City coordinates are 59.54

N, 139.7272° W. The black dots representpgeetrometer deployments locations.

of aluminum while the tip is made of steel. The body contains batteries, a pressure transducer

behind the tip (i.e. 1location) which measuregp to about 2 MPa with an accuracy of + 4.67x10

4 kPa, five vertical microelectromechanical systems (MEMS) accelerometers recording at 2 kHz,

with capacities ranging from + £250g (with g being the gravitational acceleration) and two 3

dimensional MEMSaccelerometers with capacities up to #gbFhe device records continuously

during free fall through the water column and during the soil penetration. The impact and

penetration velocity and penetration depth was derived from the first and secondioneaxjrite

deceleratiortime profile, respectively, during impact and penetration into the soil (Dayal and
Allen 1973, Stoll and Akal 1999; Stark and Wever 2009). The sediment resistance force was

calcul at ed

usi

ng

Newt on 0 s quasetatic bediring capacityske n d

an

(normalized for a constant penetration velocity of 2 cm/s) was estimated, based the approach

described by Stark et al. (2012a) and the strain rate correction suggested by Dayal and Allen

(1973). The water depth was esttethusing the measured hydrostatic pressure at impact, because

available bathymetric maps are of coarser resolution than the deployment grid.

The PFFP BlueDropwas deployed 151 times in a water depth ranging fret & during three

survey days in May anduly 2014. The deployment locations covered generously the proposed
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Figure. 3.2The FFPBlueDrop(from www.bluecdesigns.com).

WEC deployment area to enable an assessment of the general geotechnical and morphological

characteristics. They included five transects approximately perpendicular to the shore aed a sho
parallel transectHigure3.1). In addition to the penetrometer surveys, sediment grab sampling was

attempted using a small, haddployed Varveen grab sampler. Unfortunately, the recovered

volumes of sediment were insufficient for further analysisie€hrepresentative samples were

retrieved at Cannon Beach during low tide using a shovel. However, the here presented study was

focused on th&lueDropdeployments.

3.5 Results

The water depth based on tBrieDropresults ranged between 239.5 m, being iraccord with

expected water depths and the available soundings of a single beam echo deignoe8.8).

The resulting bathymetric contour map indicated shore parallel shoals crossing transects 2 and 3,

possibly representing submerged sand barsu(€g3).

The measured maximum decelerations ranged betwe# @& 1.56x105 g with an average of

about 46g. The resulting maximurgsbcr e ac hed i n

cm) 40215 + 532 kPa with an average of about 125 + 18 kPa. Deployment duplicates at

t he

penetrated

approximately the same location showed a good agreefignré3.4). The lowest values of the

gsbc(< 50 kPa) wermbserved at a distance of about @I m from the shoreline while the

highest values of thgsbc(> 200 kPa) were observed at distances of about 1.2 ari2Km

from the shoreline, respectively. Generally, a trend of increaghgwith increasing weer depth

and distance to the shoreline was observed, particularly up to a distance of 2000 m from the

shoreline Figure3.5).
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Figure. 3.3 Thebathymetry of the survey area based orBheDropdeployments (crosses).
The numbers 1 through 5 indicate the trahseimbers. The arrow indicates a possibly short

parallel bar between transects 2 and 3.

The impact velocity varied between 58 m/s with an average impact velocity of 4.4 m/s. The
penetration depth reachedween 411 cm with an average value of ~6 cm. A trend of decreasing
penetration depth with increasing distance from the shore, and water depth, was observed. This

trend seemed to be more pronounced at water depths less than about 15 m.

A loose sediment layer opposing a low resistance against the penetrometer was identified in
99% of the deployments (s&ggure 3.4 upper 1 cm), representing a thin layer of likely mobile
sediments. The maximum thickness of this layer was 4 cm, and was detected atitve ddche

shore parallel bar, indicating ongoing sediment remobilization processes here. As shgurein

3.6, which shows the variation of the loose sediment top layer thickness along transect 5, the

thickness of this layer decreases with distanomfthe shore.
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gsbcvalues at a sediment depth of < 0.6 cm were impacted by deviations following the cal

approach and were neglecteere

3.6 Discussion

The presented study aimed at a esff¢ctive geotechnical earbjite investigation of seabed
characteristics and sediment dynamics at a location of a proposed bottom mounted WEC, in order
to contribute to the choice of the stsuitable WEC deployment area. Using PRé&PBlueDrop

allowed an economical and rapid characterization of the seabed surface. Deployment duplicates at
approximately the same locations showed a high consist&igyré 3.4). The results indicated

the abmdance of a thin and loose sediment top layer likedgoaiated to wavdriven
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Figure. 3.6. The loossedment top layer thickness along transect 5 showing the decreas

thickness with the increase of the distance from the shoreline.

sediment remobilization processes (Stark and Kopf 2011). This layer reached a thickness of 4 cm
at the shore parallel bar, suggesting ongoing morphodynamics. The layer bessusignificant
with further distance from the shore and larger water depth as expected from sediment

remobilization due to wave action (Nichols 2009).

The resistance of the soil against impact and penetration of an object depends on the penetrometer
geomery, the impact velocity and the soil properties (Mulukutla et al. 2011, Stark et al. 2012b).
Although the small penetration depth is a disadvantage whenREiRs in sandy seabeds, it was
possible to derive a first estimate for the soil bearing capaaitlythe sediment stiffness at the
uppermost layers of the seabed surface (Stark et al 2012a). 92% of the impact velocity values

ranged between 3:55.4 m/s. This would allow to classify the soil based on the penetration depth
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(on average 6 cm) and maximuwleceleration (on average gf confirming a consistently sandy

seabed in the tested area based on approaches presented by Stoll and Akal (1999); Mulukutla et al.
(2011); Stark and Kopf (2011). However, the measured variations in deceleration valcegthdi

a variability in the density of the sandy soils from loose to dense sands (Akal and Stoll 1995). The
decrease of the penetration depth with the increase of the water depth was affected by the decrease
of the impact velocity due to the increase ofithyge drag force, and by the decrease of the loose
mobile layer thickness (Stark et al. 2014).

The estimatedjsbcsuggested an increasing density with distance from the shore until reaching
2000 m and with water depth of up to 15 lRig(ire 3.5). This maybe related to the decreasing
impact of waves on the seabed with the increase in the water depth. With leseelatade
sediment remobilization, the particles have a larger chance to settle and form denser layers (Stark
and Kopf 2011).

Uncertainties imsocfollowed the calculation procedure, and specifically the estimate of the strain

rate factor (Stark et al 2012a; Steiner et al. 2014). However, the observed scatteringsbtthe
values exceeded the uncertainty due to the strain rate factor rangeoA fi@ahat can be changes

of the seabed slope and swaihle morphological features. Compared to the horizontal surface, a
sloped surface causes a reduction in the bearing capacity (Castelli and Motta 2010). The distance
between the deployments is t@yde to detect small seabed bedforms, but it can be expected to
find waveinduced ripples in the shallow areas and even in the deeper parts of the tested area where
the ripples may have formed during large storm events in the past (Quick 1982; Mogdige et
1994). Such small seabed formations may have caused a variation in the seabed slope and strength
at the impact location (Stark et al. 2012b). This would have led to variation in the values of the
gsbceven for the same soil characteristics. In additiothe sloped surface, these formations are
usually associated with a sedimesatrting pattern of changes in sediment particle sizes between
the ripplesbé crests and the troughs (Foti and
can cause a chaagn thegsbcresults due to the change in the sediment characteristics (Mulukutla

et al. 2011, Stark et al. 2012b). However, the effect of the sorting might be small due to the small
range of the particle sizes. An evidence for that is the good agre&etevden most of the
duplicated deployment$-igure3.4). Other reasons that may explain the observed deviations are

longshore variations in hydrodynamics (e.g. occasional development of rip currents) and their
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impact on seabed mobilization, or the abunéawiclocalized gravel at some locations due to the
availability of rock fragments in the seabed as described by Ruby (1977).

The results showed high bearing capacity values for the seabed surface in comparison to Stark et
al. (2012a), for example, who tegtquartz sands in the same size range in the North Sea. This was

an encouraging finding for the possibility of deploying a WEC in this area. Although only the
uppermost seafloor layers were tested, the estimated values may serve as an indicatiorr for deepe
sediment depths. However, this is based on the assumption that the uppermost tens of meters of
the seabed are composed of the same material. This can be investigated using technologies such
as chirp sonar (LeBlanc et al. 1991). The results of this swraayhelp in choosing priority
locations, which would then be subject to a detailed site investigation, including more
comprehensive field tests such as, e.g., cone penetrometer testing (CPT), vane shear tests, and/or

acquisition of soil samples and cof&ark et al. 2014).

Scour around the foundation and high amounts of suspended sediments may represent concerns in
this case. Finding a shore parallel bar was an important evidence for sediment dynamics in the
area, particularly at shallower water deptHewever, the current results are not sufficient to get

a full picture of the sediment remobilization processes and more investigations are required to
assess possible risks associated to scour, as well as larger sediment relocation mechanisms. This
is beause (i) the bar was only identified crossing only two transects, raising a question about the
stability of this bar and if there is a continuous formation and migration of bars in the region. (ii)
The contour map included a significant amount of intetmiadue to the limited number of
transects. A hydrographic survey using e.g. a multi beam echo sounder would give significantly
more detail about the local morphology. (iii) The results of the deployments represented a snapshot
in time while continuous omitoring or periodic surveying is required to get a full picture of the
sediments dynamics (Stark and Kopf 2011). It should also be mentioned that both surveys were
conducted during calm to moderate wave conditions. Cannon Beach is classified as aalerosio
beach, and the sediment remobilization is expected to increase significantly under storm conditions
(Ruby 1977; Nichols 2009).
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3.7 Conclusions

The impact of the wave action on the proposed WEC area near Cannon Beach was evident. The
change oftheseebd 6 s geot echnical characteristics with
related to wave action. Deeper water depths were associated with (i) a decrease in the penetration
depth, (ii) an increase in thgsbg and (iii) a decrease in the loose molager thickness.
Nevertheless, significant scattering was also obvious ingtite versus water depth record.

Different explanations such as smsdlale morphological features, changes in seabed slope,
longshore differences in hydrodynamics, or local alaunce of gravel must be considered.

The results of th&lueDropdeployments showed that the seabed surface in the proposed WEC
location is characterized by high bearing capacities, being encouraging to move on to the detailed
site characterization. Amleer survey was conducted in August 2015 focusing on the collection of
sediment samples to verify the promising results via laboratory tests. The noticeable indications
for ongoing sediment transport processes emphasized the need to investigate tlseoigk arid

impacts through large amounts of suspended sediments.
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4.1 Abstract

The insitu relative density and friction angle of sand in the nearshore zone of Cannon Beach,
Yakutat, Alaska, were estimated from the deceleration measured by a portable free fall
penetroret er (PFFP) at 72 test |l ocations. A corre
maximum deceleration was developed from controlled PFFP deployments into a representative
sand of different relative densities. Two general approaches were testedvéotbe insitu

friction angles: (1) a correlation between relative density and friction angle, and (2) bearing
capacity theory. For the former, laboratory vacuum triaxial tests were performed to adjust an
existing correlation between relative density &iction angle for the tested nearshore sediments.
In-situ friction angles were then determined using this adjusted correlation, and the field relative
densities estimated from the initially developed correlation with the maximum deceleration of the
PFFP.Results showed that the-gitu relative density varies between-32% while the friction

angle varies between 4%7°. Two bearing capacity based methods suitable for shallow
penetrations were tested. For this approach, equivalents of static conecesigtee determined

from the measured decelerations considering the strain rate effect. A range of strain rate empirical
coefficientsKk=0.1-1.5 was tested and discusse Aalue between 0.2 and 0.4 yielded matching
results between the two approachessummary, the estimated-gitu friction angles agree well

with expectedvaluesand may be applied for problems of sediment transport or early site

assessment.

4.2 Introduction

The friction angle is an important parameter for the analysis of maayshoreand offshore

problems including: erosion andscour calculations, prediction of sediment transport and
estimating the seabed sedi ments6é bearing cap
nearshore sand, or the corresponding angle of repose (more ctynusechfor sediment transport
problems), is often assumed to range between330° or is estimated using empirical
relationships from controlled flume experiments (e.g., Bagnold 1973, Kirchner et al. 1990,
Buffington et al. 1992, Ghazavi et al. 2008,db<t al. 2012). Flume experiments often struggle

to re-establish fully irsitu soil conditions (e.g., sediment density and grain size distribution),

particularly if they feature dynamic sediment remobilization processes. Therefore, a method to
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estimate fiction angles irsitu would make an important contribution to applications related to
sediment transport and geotechnical site investigations, particularly in sandy nearshore zones.

Lightweight and portable free fall penetrometers (PFFPs) provide an re@omoethod to
characterize the surficial nearshore sediments (Stark 2016). Furthermore, PFFPs have proven to
be deployable in energetic nearshore conditions under which heavier equipment would represent
a risk to the instruments and surveyors. A numbeesdéarchers have investigated approaches to
determine the undrained shear strength of clayey sediments based -@mg®naal equations or
numerical modeling from PFFP deceleratiepth measurements (e.g., Aubeny and Shi 2006,
Abelev et al. 2009a, 2009Nazem et al. 2012, Steiner et al. 2014, Morton et al. 2015). However,
literature on the analysis of PFFP deployments in sandy sediments is still limited to determining
the dynamic cone resistance, or an equivalent cone resistance estimated from thatidacele
measurements (e.g., Akal and Stoll 1995, Stoll et al. 2007, Stark et al. 2009, 2012, Stephan et al.
2015, Lucking et al. 2017). The small number of PFFP studies in sandy environments results from
the limited penetration depthto sandy sediments ffen < 20 cm). Another issue is the typically
undrained behavior of sand during the fast penetration rate of the PFFS.4h&), making the
determination of the friction angle, a drained parameter, challenging and subject to uncertainties
(Seed and Lodgren 1954, Steiner et al. 2014, Lucking et al. 2017). Nevertheless, the interest in
surficial seabed data in sandy nearshore environments has increased with regard to (i) the
determination of more accurate input parameters for sediment transport aod erodels, as

well as to (ii) site reconnaissance and early site assessment for ocean renewable energy in remote
locations. With sandy soils being common on beaches and in energetic nearshore environments
(U.S. Army Shore Protection Manual 1974), bothhafse fields would benefit from estimates of
friction angles, and/or relative density. Conventional cone penetration testing and even sediment
coring, e.g.vibrocoring struggle to assist in these applications due to issues to resolve or preserve
the uppemost seabed surface conditions, and/or due to budget restrictions and associated
limitations in spatial resolution. Thus, estimating friction angles and relative density of sands from

PFFP could provide unique and affordable second order approximation.

The friction angle of sand can be determined using the relative density as an intermediate
parameter (Schmertmann 1975). Different correlations and charts are available in the literature to
estimate the friction angle directly from the relative densitynaombination with other known

parameters like the grain size and confining pressure (e.g., Meyerhof 1956, Schmertmann 1975,
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1978, Duncan et al. 2014). Therefore, attempts have been made to estimate relative density from
PFFP measurements. Akal and Stb895) deployed the eXpendable Bottom PenetromiiP)(

in a fine sand at different relativdensitesand found that the probeds
increased with the relative density. Orenberg et al. (1996) used sesginical correlation to

determne the field relative density of sand in different locations in the Gulf of Mexico, using the
eXpendable Doppler Penetromet¥DP). The results of their studies were in agreement with cone

penetration test (CPT) results.

The quality of the free fall petremeter data analysis method is commonly assessed by comparing
the calculated equivalent cone resistance with the cone resistance obtained from CPT tests (e.g.,
Bowman et al. 1995, Steiner et al. 2014, Stephan et al. 2015). Although this strategy lyavehard
directly applied as CPT data from surface sediments under energetic conditions are difficult to
obtain, and it is subjected to its own uncertainties, it might still be valid to use of methods
developed originally for CPT analysis to estimate the $actibn angle from PFFP results. The

first method used in this paper is the one developed by Durgunoglu and Mitchell (1973). This
method was proved to provide good results for both shallow and deep penetrations (e.g., Baldi et
al. 1982; Schmertmann 198Rpbertson and Campanella 1983; Yu 2013). The second method
used was developed by Meyerhof (1961). This method was used by Dayal (1980) to estimate the
bearing capacity for a free fall penetrometer measurement. Dayal (1980) found a good agreement

betweerthe estimated values and the achieved values in the laboratory.

In summary, the overarching research goal of this study is to test the following two methods to
estimate the hsitu friction angle of nearshore sand from PFFPs decelerti@nrecords: X)
Durgunoglu and Mitchell 6s and Meyer hofds met
estimates of relative density from the penetrometer deceleration records. This goal also required

to investigate the relationship between the relative densitymofssand the PFFP deceleration

records, as well as to discuss the need for strain rate corrections

4.3 Methods

4.3.1 Field Measurements and Data Analysis

Field datawascollected in May and July 2014, and in August 2015, in the nearshore zone off
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Camon Beach, Yaltat, Alaska (Figurd.1). Cannon Beach is an erosional sandy beach composed
of poorly graded sand with a mean particle size of002mm (Ruby 1977). The sand has a
uniform grain size with small variations across the shore. Deployments were carrigcboat a
hundred and fiftyone locations in water depths between 3 m and 40 m using theB&Prop
Furthermore, 57 sediment samples were collected from Cannon Beach. This penetrometer dataset
was initially presented by Albatal and Stark (2016) with theppse of measuring spatial
differences in surficial sediment strength associttedavedriven sediment transport processes.

The authors proposed that the observed spatial variations reflect differences in relative density
associatetb local erosion andediment redeposition, and potential bedform evolution, migration,

and destruction. The estimate of relative densities, and even moresio,fiiction angles, would

allow to investigatehis hypothesis further in the context of sediment transport Isiotlis also
motivated the use of this data set for this study, in addition to the fact that the site offers limited

impacts from sediment grain sizariations,or recent engineering activities.

-139°52' -139°50 -139°48' -139°46' -139°44'

39°31'

59°30

39°29'

59°28'

Figure 41. Googl€e Earth(2018)image shows theotation of Cannon BeacNakutat, AK.
The yellow dotsindicatethe PFFP deployment positions with -ITb representing the cros:
shore transect numbers frdkbatal and Stark (2016)
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4.3.1.1 PortableFree fall Penetrometer

The PFFPBlueDrop measure vertical accelerations/decelerations up to 1g@%@hereqg is the

gravitational acceleration) and pore pressures up to 2 MPa, at a sampling rate of 2 kHz. The device

is 63.1 cm in length, 8.75 in diameter, and weighs ~7.7 kg using the 60° conicaldip (§bark

et al. 2014). The penetration velocity and depth were determined by the first and second integration

of the deceleration, respectively. The procedure presented by Stark et al. (2011, 2012) was used to

calculate an@uivalent cone resistancgey:

Upon impact, the force resisting the penetrometer penetréjon(c an be esti mat ed

second law:

(L1=F(s (4.1)
wherem is the penetrometer mass,is the measuredacceleration decelerationn the cae of
sediments penetratiorandFy is thebuoyany force in salt waterStark et al. (2016) found that
neglecting the soil buoyance results in an error of aboutn¢oh e sedi menford s
penetration depths less than 20 cm. The achieved peoetd&pth for all deployments was less
than 20 cm so the soil buoyance was neglected for this papglimpact of drag force or skin
friction was also neglected, because ofgkeetrometdr shape which reduces the drag force in
addition to the limited peetration deptifAubeny and Shi 2006, Stark et al. 201preover, the
use of an unworn cone limits the skin frictieffect (DeJong et al. 2001fonsideringthose
assumptions and the coaeeaA, the dynamic bearing resistangecan be determined frothe

resistance forcé as follows:

M L ( # (4.2)
To account for strain rate effects, and thus, to determine an equivalent of static regisigace

strain rate correctigig.,;sneeds to be applie(Dayal and Allen 1973, Stark et al. 2011, 2012,
Steiner et al. 2014):

Mgsl M Ba (4.3)
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A commonly used strain rate factaoefficient for the case of sandy soil is expressed as a
logarithmic function(e.g., Stoll et al. 2007, Stark et al. 2009, 2@t2phan et al. 2015):

Bearad- SE- Z'%KkRis Rg0 (4.4)

where vgyn IS the dynamic penetration velocity which can be determined by integrating the
measured decelerationes is a chosen refenee penetration velocity)(02 m/sbeing thestandard
velocity for the conepenetration testaccording toASTM 5778),and K is a dimensionless
empiricalcoefficient The value oK is soil dependent (True 1976), and differ&ntalues have
been used in thliterature with values ranged between-0.D (Table4.1). However, the most
commonly used values range betweef.3 for similar PFFPs based on laboratory and field
experiments (Stoll et al. 2007; Stark et al. 2012, 2017; Stephan et al. 2015). Adgpm@ing
average initiaK value of 1.25 will initially beconsideredand discussed later on in the article (see

results and discussion).

Stephan (2016investigatedhe use othe inversehyperbolic sine strain rate correction equation
for sandy sediments. Randolph (2004) formulated this equation originally for clayepseilkan
compared thanversehyperbolic sine equation to the logarithmic eduatn sandysedimentsand
found that they get qualitatively similar results wiile equivalent cone resistance values obtained
using theinversehyperbolic sine equation being lower than those obtained using the logarithmic
eqguation by up to 20%r K=1.5. In accord with the formulations of the strain rate correction, this
differencedecreasd with a decreas#f K. An advantage dfhversehyperbolic sine equation the
behavior of the functiomor vayn< Vrer, for which the value ofisr converges towasi B.x1, while

the logarithmic equation results in a static resistance higher than the dynamic resiginee.

et al. (2014)also compared the inversgperbolic sine equation to thegarithmic equationn
clayey sedimentsand arguethat the inverse hyperbolic sine strain rate correction equation gives
more accurate resulth this study both expressions will be tested, and #pgplicability of the
inverse hyperbolic sine strairate equationto sandy soilswill be briefly discussed in the
framework of a general discussion of the strain rate correioa inverse hyperbolic sine strain

rate equation is formulated as follows:

Beaoeod SE— OB IS2p (45)

]|54, eyp N
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Table4.1. The strain ratempirical coefficienK values used in literature

Sand Mineralogy Max. Velocity (m/s) K Reference
0.8 0.0 DayalandAllen (1975)
5.0 0.81.5 Stol et al. (2007
Quartz sand 10.0 1.01.5 Starket al. (2009, 2012, 2017)
4.6 15 Stepharet al. (2015)
5.0 1.01.5 Luckinget al. (2017)
Carbonate sand 10.0 1.01.5 Starket al. (2012)

4.3.1.2 Sampling

Fifty-seven samples were collected along illerenormaltransects. The transect locations were
chosen to be as close as possible to the PFFP deployment locations shilbvatélyand Stark

(2016) The samples covered the area between the base of the berm to the lower intertidal zone
with 11 or 12 samples in each transect. A cubic box of known volume was used for sampling so
that the field total unitveight could be calculated. The 0.87°@ube has a side length of 0.95 cm

and an edge thickness of about 0.2 cm. The transparent cubic box was carefully pushed into the
sediments. The box and the collected sediment were retrieved with an underlying plabé

loss or disturbance dhe soil. The total unit weight of the samples ranged between 15.4%N/m
and 20.6 kN/mwith an average value of 18.1 kN¥while the average dry and saturated unit
weights calculated based on the retrieved samples watemtavere 16.2 kN/frand 20.1 kKN/my
respectivelySampling at the PFFP deployment locations was attempted as well, but-aizgenall

grab sampler did not allow to collect samples of sufficient volume due to the high wave action.
However, the little sedimmé collected allowed to confirm that the sediments were similar to the

ones sampled in the intertidal zone.
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4.3.2 Laboratory Tests

4.3.2.1 Grain Size Analysis

Grain sizes were determined following the procedures presem&T il D6913and the sediment
was classified according to the UnifiedilSClassification Systert(ASTM D2487).

4.3.2.2 Shear Strength Tests

To simulate the shallow penetration depths and variations of soil density, tests were cérried ou
under low confining pressures and at different relative densities. The samples were prepared using
the sandraining method. Sand was rained from a hopper with a perforated base through a
cylindrical pipe that contains a diffuser (two sieves separateddistances), and collected using

a split mold Figure4.2). Eid (1987)divided the parameters that affect the relative density and
uniformity of the sample into conditional and unconditional parameters. cbmelitional
parameters are the distance between the hopper and d{fR)isire space between the two sieves

of the diffuser(S), the length between the diffuser and the sanp)gigure4.2), and the particle

size. According to Eid (1987), the effect of the conditional parameters can be neglectdrl@hen
45cmSa& 10 cHw,50 @am Therefore, the conditional parameters were kept consfant at
=45 cm,S= 10 cm andH = 55 cm. By varying the unconditional parameters (the perforated base
opening size and the diffuser sieves opening size), the sarmesaoan then be prepared at
different relative densities. The perforatesbe opening sizaused were ranging betwe22 mm

and 11.3 mm(Figure 4.2c). This configuration allowed the preparation of samples ativela

densities of 0 %, 15 %, 40 % and 75%, and with a maximum standard deviation of 1.42%.

One objective of the presented study is to estimate the sand friction angle at low confining
pressureto simulate the small penetration depthenusingPFFPs. Theavailable conventional

triaxial testsdid not allowto test the sand undsuch lowconfining pressure(i.e. <10kPg. The
vacuum triaxial teshas been suggestedasuitablemethod for such cas€blelzer 1974; Deai

et al. 1992)The test specimen dimensions were 7.1 cm diameter and 15.2 cm in height. Three sets
of vacuum triaxial tests were performed under confining pressures cfRa78.45kPaand6.89

kPa A significant effect from the membrane was expeatden testing sand in triaxial devices

especially under such small confining pressiiResice and Bell 1971; Melzer 1974his effect
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was reduced by about 50% usmgpecial membrane with a thickness of 0.15 mm in comparison

to aconventionaimembrane (0.30 mm). The most significant membrane effect (20%) was found

at a low confining pressure of 1.72 kPa and 0% relative density. This vallesa#isan the values
reported byMelzer (1974) equaling 30% of the deviator stress at a confining pressure of 3.5 kPa.

At higher confining pressures and densities, the membrane effect was gesewallisr, and

reached a value as low as 0.9% of the deviator stress at a confining pressure of 6.89 kPa and a
relative density of 75%.

Since the vacuum triaxial tests were performed on dry samples, direct shear tests were performed
on saturated and dry samples in orleestimate the effect of the saturation on the friction angle
following the ASTM D3080procedure. To ensure full saturation, samples were soaked overnight
under the required normal stress before shearing.

Sand
Hopper
ey o°¢o:o°°°
R=450 perforated
Base
¥V |
Diffuser =100
L
76
H =500
Sample
Collector | |
(Split 122
Mold)
71 a

Figure4.2 a) and b)Sand raining system used to prepare samples at different relative de
(modified after Eid 1987)c) Perforatd bases used to change the soil density (numbers ¢

the opening diameter size). All dimensions are in mm.
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4.3.2.3 Relative Density from Portable Free Fall Peoeteter Deployments

In order to estimate the field relative density, the PBERDropwas deployed into saturated sand
prepared at different relative densities in the laboratory. The laboratory setup descBiexl in

and Stark (n.dyvas used for this purpose. The PFFP was dropped from a chosen height into a 40
cm height sand sample formedarsteel cylindrical barrel with a diameter&if cm The water

level inside thédarrelwas 40 cm above the sediment surface. The quantity of the sand collected at
Cannon Beach was not sufficient for this test configuration. Therefore, a local quartz sand with a
matching grain size distribution was ds&he sand was compacted manually in layers®t

with different compaction efforts to achieve the desired relative densities. Three relative densities
were achieved: loose, medium dense and dense with final relative densities of 2386079%,
regectively. Three tests were performed at each sample. Impact velocities similar to the field
values (average @f.7 m/s for the deployments used in this studgje targeted in order to avoid

bias from strain rate effects. The impact velocity for the depénts in the laboratory ranged
between 4.%5.0 m/s. Finally, a correlation betwedhe relative density of sand and the

penetrometer deceleration records for an impact velocity of about 5 m/s was derived.

4.3.3 Estimating the Friction Angle of Sand from Fieldleasurements

The in-situ friction angle was estimated fromehmaximum deceleration using thrd#ferent

approachegFigure4.3).
4.3.3.1Durgunoglu and Mitchell (1973heory,t Nis (* Nj-log@nd: Nis-asinh)

Durgunoglu and Mitchell(1973) developed dearing capacitytheory for the purpose of
characterizing the soil at shallow and deep penetration depths using the static cone penetration
tests.This method was originally develoghéo assess the characteristics of the topmost lunar soil
using ahand heldselfrecording penetrometer as a part of Apollo 15 and Apollo 16 missions.

The method distinguishes between a shallow and a deep penetration, and proved to provide good
resultsfor both shallow and deep penetratighktchell and Lunne 1978; Villet and Mitchell 1981;

Baldi et al. 1982; Schmertmann 1982; Bellotti et al. 1983; Lunne and Christoffersen 1983;
Robetson and Campanella 1983; Yu and Mitchell 1998; Yu 20TBg shallow penetrations
achieved by the PFFP in this study match the penetration depths for whidhrthenoglu and
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Figure4.3. Flowchart for the analysis process to determine the sand friction angle based
BlueDrop results The dashed line representavaakness point for the used approach (

discussion).

Mitchell bearing capacity theory was developEdr cohesionlessoils the @ne resistance can be

represented by:
ML (30 42, (4.6)

w h e s ie theosubmerged unit weight of sddl,is the penetrometer diametét, 4s the bearing
capacity factor which includes bdftfiction and surchargtactors ., Ng) ,  ads abhape factor.
The walues ofN, [depends on the effectifdction anglet ', coneroughnessi Y/, the penetration
depthnormalized to the penetrometer diamé&B, and the penetrometer tip angleThe friction
angle was determined iteratively from the equivalent cone resistpegesing the procedure

described in detail blpurgunoglu and Mitchell1973) which can be summarized as follows:

1. Assumec= Qeeq.
2. DetermineN, @ from the known valuegceq 3sandB using Equatior.6.

3. Estimateareasonable valulr L',
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4. Using Figure4.4a (or the set of equations given in Durgunoglu and Mitchell (1973)
for different D/B), determineN, qfor the estimated '. This figure is applicable for a
cone tip angle of 60°the same tip angle used for tBédueDrop and for a cone

roughness of 0.5

(Durgunoglu and Mitchell 1975a; Mitchell and Lunne 1978; Schmertmann 1982).

whi c

h d between steel eones and doil e

5. Determine the shape factay Jor the estimated' using the following equation:

sav

& LrxE

6. Repeat Stepéthru5 for other values of' (e.g.,incrementof 1°).

7. Plot the assumed valuestdiversus the correspondiiN, @ {Figure4.4b, solid line)

SEsav:rxEP=D1"

4.7)

8. Determine the actual fromthe known value o, @ {Figure4.4b, dashed line).

1,000 ///’/:::::
: v
| yd 7
P /,/;?///
o
104! ’////,/’//
Lo

20 25 30 35 40 45 50
¢ ()

Figure 4.4. a) Bearing capacity factor for 8Qtip cone, G ~0.5 and differentrelative

penetration depths (Durgunoglu and Mitchell 19T3)An example for determining the frictio

angle using the iterative procedure.
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4.3.3.2Meyerhof(1961) bearing capacity methodyj (- Niv-log @and: Njr-asinn)

Meyerhof (1961) developed a bearing capacity method to estithat bearing capacity of

conical tip piles. This method was used by many researchers to estimate the friction angle of sand
from CPT test measurements (e.g., Mitchell and Lunne 1978, Lunne and Christoffersen 1983).
Dayal (1980) compared the bearing@api t y esti mated using Meyer ho
capacity calculated based on free fall penetrometer measurements and found a good agreement
between the results. For cohesionless soil, the bearing capacity equation can be written as:

S .
ML L0ssEL 09 (4.8)

wherepo is the horizontal pressurép,=Kn2 D, whereKy, is an earth pressure factor and equals to
0.5 for sand), antlly andN, arebearing capacity factothat carbe detemined from Figure4.5

for shallow depths. Meyerhof distinguished between a perfectly smooth cone versus a fully rough
cone.Meyerhof (1961yuggested using a linear interpolation for all cone roughnesses in between,
which is considered as a shortcomingto$ method Durgunoglu and Mitchell 1973).0 follow
Meyerhof (1961) here, the average valudNgfand N, beweenperfectly smooth and perfectly
rough base was used (EBig4.5). To determine the friction angle frogeq the bearing capacity

was plotted versus the bearing capacity factsdgsandN, for a tipangleU= 6 Q he friction

angle was thenadermined by trial and error using Equati8.

4.3.3.3Density Method Np

The field friction angles of sand were determined using estimates of the relative density and
considering the confining pressure represented by the penetration depth. The fielddetetites

were estimated based on a decelerat@ative density correlation derived from the laboratory
tests results (see the results section). The estimates of the relative density weraleiszchioe

the friction angle using the method presente®brgcan et al. (2014). These researchers proposed

a correlation to estimate the friction angle of sand based on the relative density, confining pressure

andgradation

6f L #UE $U:&:; F W E &% &::722 %Y 2; (4.9)
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Figure 4.5. Shallow penetration daring capacity factsrby Meyerhof (1961)for perfectly

smooth cones (solid lines) and perfectly rough conesgddines).

where é(’;‘ is thenormal stressandPa is the atmospheric pressuFar poorly graded san®uncan

et al. (2014)found thatthe constant@\’, B, C and D" were to be equal to 34, 10, 3 and 2,
respectively. These values were modified for @@non Beach (offshore) sands based on the
vacuum triaxial tests performed (see the results section). Considering the penetration depth and
estimated relative density, Equatid® was used to determine the expected friction angle based

on relative dendits derived from the deceleration measurements.

4.4 Results
4.4.1 Grain Size Analysis

Cannon Beachos sand was classified as poor |

classification systerfASTM D2487 with generallysmall variations in the particle size between
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the samplesKigure 4.6). Themedian grain siz®so for the shown sanies ranged between 0-31
0.39 mm, whileh e coef f é&ci €aatn do fc ocafuhieaniiyErnearied between
0.921.19 and 1.6€2.04, respectively. Aelatively smaller particle size waseasuredor the
samples at the base of the bdtransition from intertidal to subaerial zonghicharethe least
affected by the water procEs Overall, the sediment grain size is in agreement with those
reported byRuby (1977)

4.4.2 Soil behaviorduring the PFFP penetration

For all thel51deployments, the impact velocity of the penetrometer ranged beBr@dr m/s
with an average of 4.4 m/s and standard deviation of 0.6 m/s. These velocities were used to assess

s Sand
Loo _Cravel Eogfe | Medium | ine. "I Fine-grained soils
1 | | TR FLoR 0100 200 300 m |
: ! i -\\ . QCollecled%am les
h | I \ p Deployments §
80 T [
1 | |
8
[P]
i 60 ! I I
5 | il '
g 40: 3l 3J
o 11— 4 = dK —
h {—— 5] ——— 5K —-—
20 | — 6 ——— 8J ——
]l — 7 ——— 7 -
| = Lab.
0 -+ - T ' . | —
10 1 0.1 0.01

Particle size (mm)
Figure4.6. The grain size distribution for thast three samples closest to the low water line
each transect collected from the lower intertidal zGmansects were labeled S3 thru S7 in 1
area of this study. Along each transectmpgke locations were denoted ad Awith A starting
at the berm and L or K being the closest to the water. The figure also shows the gre
distribution for the sand used in the laboratory to correlate the relative density to the ma

decelerationlfold black line).
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whetherthesol r esponse i s undrained, prondmersbrialy dr ai

dynamic velocity V, suggested bRandolph (2004andRandolph and Hopg004) and used by
Steiner et al. (204) for a free fall penetrometer:

R( ia $
> (4.10

‘e

8L

whereB is the penetrometer diameter, ands the coefficient of consolidation. The sediment
response is fully undrainedf>3 0, par t i al Vxy0.3dandfillyndeashedi¥iO ®0 3O
(Steiner et al. 2014 Considering the expectex for fine sand reported byuncan et al. (2014)
ranging fom1.075x 10*to 1.075x 102 m?/s, the minimum penetration velocity at which the sand
response is fully undrained ranges between-8.@9 m/s for the used penetrometer diameter of
8.75 cm (Figire 4.7a). A consolidatiotiestwas conducted on a sand sdenfrom Cannon Beach
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Figure 4.7. a) The penetration velocity ranges at which the sand behavior is fully undrain
partially drained and fully drained for fine sand. Thierange is for fine sandccording to
Duncan et al(2014) and the hatched area indicates the range ad determined for Canno
Beachodés sand. b) Ale with phe fully undrdireeg dnad pantiedlyndraine
zones being indicated by the hatched areas. The horizontal centerline marks the d

maximumdc,eq
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andresulted inc, ranging between.3x10° m?/s and 4.640° n?/s. Accordingly, the sediment
response is fully undrained if the penetration velocity is larger than 1sl@mad/ fully drained if
the penetration velocity less tharDD.m/s (hatched area in kig 4.7a). A typical deployment
profile is shown in Figre4.8b. It shows that the sand response is mastfrainedand that the
response at penetration depths between the seabed surface and the depth of the ggaxtaum

be consideredully undrained.

4.4.3 Shear Strength

Although it was found that theoil responseéuring the PFFP penetration is mostly fully undrained,

it is common to determine the drained strength parameters from undrained tests asrall as
transientoading in which thesamples subjectedo a rapid loadingeg.,Seed and Lundgren 1954;

Seed and Lee 1967; Yamamuro and Lade L99@mples collected from the lower intertidal zone

were selected for the vacuum triaxial testing to ensure that variations in particle size had no
influence on the results. Some fluctuations in the vacuum pressure were observed during the tests.
A maximum variation of about + 0.03 kPa was allowed. Tests with higher variations were

discarded. As expected, the secant friction angles for the sand increased with increasing the relative

60
>
=50 1 | R
L
E, ? O
<
540 & O 0
g & |
& E O o'~1.72kPa
5307 A o=345kPa
, 5 O ¢'=6.89kPa
G 20 LN A N N L B B I B I B L A B B
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Figure4.8. Example results for the secant friction angl€afnon Beackandtestedat
different confining pressureis vacuum triaxial testat initial relative density of 40%deft
panel) Resultsfrom vacuum triaxial testat different relative densities and confining

pressurs (right panel)
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densityand decreased with increasing the confining pressureir@=§8). The highest secant
friction angle (51.6)was found at a confining pressure of 1.72 kPa and 75% relative density. The
lowest secant friction angle (32)vasfound at a relative density of 0% and confining pressure
of 6.89 kPa.

Based on the vacuum triaxk tests results, the constas B*, C" andD" in Equation4.9 were
obtained to represent the Cannon Beach samplgeodagreement between the measure secant
friction angle and the calculated from Equati@ was obtained usingalues ofA'=34, B'=10,
C'=2, andD"=5 (Figure4.9).

The friction angles of the sand were also obtained using direct sheaFigsite4.10). Controlled

by the capability of the available devicése normal pressures used for theedt shear test were

24.8, 48.8, and 72.8 kPa. Considering the secant friction angle for each normal stress, the saturated
friction angles were between0.4B°. 12U smal |l er t han t heCouwomyg sampl
failure criterion, the friction anglof the saturated samples (32.Was smaller than the obtained

from dry samples (33°% by 0.9 (Figure4.10).
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4.4.4 Estimating friction angles from the Free Fall Penetrometer measurements

Friction angles were estimated for 72 deployments, using the #meroaches described in the
methods section. In order to minimize the effect of the strain rate variation (see the discussion
section), deployments with little variation in impact velocity (8.4 m/s with an average of 4.7

m/s and a standard deviatiaf 0.35 m/s) were chosen for analyses. Moreover, the selected

deployments represented the full range of the achieved deceleratierd R the field

4.4.4.1 Durgunoglu and Mitchell (1973)Nja (* Njt-iog and* Njs-asinh)

A strain rate equation coefficiektof 1.25, which represents the average value of the commonly
used strain rate coefficient range in the literataresimilar deviceswas used to determiriee ir

situ friction angles. Fothe whole range of the achieved decelerations in the (@3er2 g),
affected by the variation in the relative density along the profile, the calculated using the DM
method ranged betweerNjiog = 38.3-51.5° using the logarithmic strain rate equati@nd
between Njs-asinhn= 37.5-51.0° using theinverse hyperbolic singtrain rate equation. The friction
angles calculated using tHegarithmic equatiorwere on average 0.63° greater than those

calculated using the inverse hyperbolic sine, witttaandad deviation of 0.05°Using the whole
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range of the commonly usédvalues in the literature (i.& = 1-1.5) contributed to uncertainties
in the estimated friction angles betweegh8and+1.4° with an average af1.0° for both strain
rate correction mébds.

4.4.4.2 Meyerhof (1961) methodMj

For all the considered deployments, the fricti
betweert Nj.og = 40.7-52.9 using the logarithmic strain rate equatiand betweemn Mjr-asinh =

40.7°-52.C using theinverse hyperbolic sinstrainrate equation. Usinfle y er ho f otlee met ho
friction angles derived from the logarithmic equation were on average by 0.67° larger than the ones
calculated using the inverse hyperbolic sine, wistteendarddeviation of 0.14°.

4.4.4.3 Density Method Np

Based orthe laboratory tests,gak decelerations @0-21 g, 3233 g, and 4651 g werefound to
correspond taelative densities of 6, 45% and 70%, respectively (Figure 4.11¥ onsidering
these results, a correlation was developed between the measured maxieleraten §) and

sand the relative densiti)():
& L sV XHsI’'=" Et&x=Ftwhy (4.11)

Equation 4.11 was then used to estimate the field relative density from the measured deceleration
values. The field relative densities estimated using Equation 4.11, rangeeeb&@90%.

Applying theresultingrelative densityalues and knowing the achieved penetration depth, the in

situ friction angles were estimated using the density method ¢ueatién 4.9)yielding friction

angles of Np = 44°-57°.

4.4.4.4 Comparing the dierent methods

Thefriction angles obtained using the density methdd, were overall greater than the friction
angles calculatedfrom the two bearing capacity approachesj andt Nj. Usinga strain rate

coefficientK of 1.25 for the bearing capagimethods! Np was on averagé.8° greater than Nju

10¢



100

~ 1 Dr=14.66x10° a>+ 2.66a- 25.17
S 80 R*=0.99
z Jern
§ 60 -

] Juuf
g 40
3 20 - et

0 |
0 10 20 30 40 50 60

Deceleration (g)
Figure4.11 Therelative density versus maximum deceleration for the tests performed |
laboratory.

using the logarithmistrain rateequation and5.5° greater tham Njs usingthe inverse hyperbolic
sinestrain rate equation (Figures 4.12a and 4.12b). Relatively smaller deviations were found using
Meyer hof 6s nipivas oncaverad@@°rgreater tham Njr using the logarithmistrain

rate equation and 5.0° greater than Njv using the inverse hyperbolic singtrain rateequation
(Figures 4.12c and 4.12d).

Two adjustments were tested to intigate potential impacts on the results, and causes for
deviationsFirst, since the vacuum triaxial testghich were used to calibrate the density method,
were conducted odry sample, and it was found that the dry sand friction angle is on average ~1°
more than the saturated samples, the expected friction angle using the density rngtiad
reduced by 1°. Second, the used strain rate factor coefficient was the averagef\leie
commonly used valwgdn theliterature(i.e., K=1.25).Accordingly, the lower bound value for the

strain rate factor coefficiett value of 1.0 was testeithstead of 1.25, in the analyséslditionally,

since the logarithmic strain rate equation gave better results than the inverse hyperbolic sine strain
rate equation, compared to the density methodufEid.12), the logarithmic equation was chosen

for further analyses. With these considerations, the resultingfibise showed that Np was on

average 2.9° greater thaljs, and 2.1° greater tharij.

Significantly lower than 1.& values have been proposed in the literature for sands (Table 4.1).

Accordingly, a strain rate factor coefficier{ values 0f 0.1-1.0 were tested for thegarithmic
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expressionn order to find the strain rate coefficietvalue that gives matching results between
the two approache3he best fit was found usingkavalue of 0.2 for DM method and 0.4 for
Meyer hof 6s 1iNgwabh ancvenade equaiddjs and: Njv (Figure4.12).
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Figure4.12 The relationship between the friction argytalculatedisingDM and MY method
andthe calculatedriction angles using the density methodsing the logarithmic equation (lefi

and inverse hyperbolic sine (right).
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The calculated #situ friction angles were found correlated to the Firmness Fdeirproposed
by Mulukutla et al. (2011yvhich is formulated as:

a0e

CR R, (4.12

(L

whereamax is the maximum acceleration (deceleration during the sediment penetrgtisrihe
total penetration time anglis the impact velocity. Heré Njs was calculated using the logarithmic
strainrate equation. The be#t line for the correlation between the friction angle and the firmness

factor is a power functiofFigure4.14) that can be formulateas follows:
6% prad- Ut ((*° (4.13)

6" arad- UVl ((*2° (4.14)

Such correlation can be useful to get a quick first estimate for the friction angle value due to its

simplicity.
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4.5 Discussion

The curvatureof the failure envelope of sand represeatsimportantfactor at low confining
pressuregor small penetration depthdue to the dilative behavior of sand at these presfiuees

and Seed 1967)This curvaturecan be represented practicallging secant friction angles
(Terzaghi et al. 1996; Duncan et al. 20I)esecanfriction angle isdefined ashe angldbetween

the abscissa and the line tangen t o Mo hr 6 s ¢hrougbtheeorigam fordeachtess s e s
separatelyUsing this method, the downward curvature is represented by a decrease in secant
friction angle withthe increase of the confining pressuk@(re4.8). The obtained secant frictio

angles from the vacuum triaxial tests for Cannon Beach sands had deviations between 0.3° to 4.9°,
with an average of 2.1°, when compared to the friction angle estimated using Duncan et al. (2014)
formula and constants for the confining pressures antveldensities from the vacuum triaxial

tests (Figire 4.15). Although the formula by Duncan et al. (2014) was developed based on the
laboratory tests reported bjarachi et al. (1969ndBecker et al. (1972which were pedrmed

under a minimum confining pressure of about 70 kPa in addititimetdifferent sand origjrthe

scatter of the secant friction angles obtained from the vacuum triaxial tests is within the scatter of
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Duncandos et al . 4.152Thisstpports tbesapplicabslity ¢f Buncpoiat a. (2014)
to Cannon Beach sands.

The first estimates of friction anglefjs and: My usingK~1.25 were in general smaller thalp.
However,many previous studies for estimating the friction angle of sand ftandard cone
penetration testing showed t hveyerroBsyl9@lbearog | u an
capacity methods tend to underestimate the friction angle compared to the laboratowildsts.

and Mitchell (1981 ¥ound that Durgunoglu and Mitchell (1973) provide good lower bound values

for the friction angles compared to triaxial test results. Other investigators reported that
Durgunogl u athedry thhds to bnedrelstinate the friction angle of sand due to
neglecting the sand compressibilaldi et al. 1981; Eid 1987)Robertson and Campanella
(1983)reported that Durgunogluand dith e | | 6 s ( 1 9 &@matedthe &icionyangle byd e r
~2°.Baldi et al. (1986also reached a similinding,and r eported that Durgun
(1973) method resulted in sand friction angles26¢ less than triaxial tests, for relative densities
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betweed5-95%, considering the curvature in the failure enveldpchell and Lunne (1978)

and Lunne and Christoffersen (1983)ocumented thatMeyerhof (1961) method tends to
underestimate the friction angle compared to the triaxial test. However, the diffstewein

this study (Figire4.12) was higher than reported in the literature. Thightribe due to two factors:

First, the sand was tested dry, which resulted in higher friction angles compared to the saturated
samples (Figre4.11). However, this effect is expected to be small given that the direct shear tests
on dry and saturated sampiE®wed that the friction angles determined using dry samples were
only 0.4321.12° higher than those determined using saturated sarSplasnd, the initially used

strain ratecoefficient(K~1.25)was obtained for different soils and penetrometers anttmiog

be the best fit for Cannon Beach sand and/oBtheDrop

Sand exhibis ahigher resistance, compared to static loading, due to the increase in shear strength
and the development of negative pore water pressures caused by the dilative behsauol of
(Seed and Lundgren 19543uch negative pore pressures under initial shearing were indeed
observed forBlueDrop impacts into sandLucking et al. 2017; Albatal and Stark 201Fpr
uniform sand, this dilation can occur even if the sand is in a loose(€eserHansen and
Gislason 2007)Different strain ratecoefficientshave been used in the literature for sandy
sediments wh values ranigg from 1 K coefficientof zero, for penetration velocity up to 0.8 m/s)
(Dayal et al. 1975)0 valuesof 3-5 (K coefficientof 0.8-1.5, at impact velocities > 3 m/EStoll

et al. 2007; Stark et al. 2012; Stephan et al. 20Q8)the other hand, laboratadyainedtriaxial

tests using doadthat strikes at 3 m/s velocity on saturatbghsesands samples kyeed and
Lundgren (1954showedan increase 040% in the shear strength increase compared to the static
tests (corresponding tvalue of about 0.2 usg a reference velocity of 0.02 m/¥amamuro et

al. (2011)alsofound similarresultswith anincrease of 30% in thgrincipal stress ratio at a strain
rate of 1750% /s (3.1 m/s velocity). Moreover, even for the same soil, the strain rate effekct varie
with the variation in the relative density where desemadis more susceptible to the change in the
strain rate thaloose san@Seed and Lundgren 1954ccordingly, the lowered values of thgain
ratecoefficient(i.e. K= 0.2 for the DM method, and &#=0.4 for the MY)seem resonablg(i.e.,

a better agreement with the triaxial test requif$is encourages more research in this direction,
anda review of the application of strain rate factors when testing in sandy environhiewever,

it should be noted here that the straate is soil dependent rather tham analysis method

dependent. Accordingly, an average valu&a0.3 can beconsideredor bothmethos. Using
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K=0.3 the deviationsn thefriction anglefrom the values calculatagsingK= 0.2 were between
+0.6> and +09° with an average value of +0.7or the DM method Using MY method, the
deviationsfrom the values determined usikg 0.4 were betweerD.7° and-1.3° with an average
of -1.C°.

Overall, all of the proposed and tested methods yielded promissudts,and suggested that
estimating friction angles from PFFP is feasible. An advantage of the use of the methods yielding
L Njs» andt Ny is their applicability regardless of the variation in the relative density and particle
size. The same applies to the use of the Firmness Factor. Accordingly, the proposed correlations
between the friction angle and firmness factor may bdicaiyle at other sites. This hypothesis

will be tested in the near future on deployments from other locations.

Initial data are presented relating relative density to PFFP deceleration measurements directly. In
a controlled environment, three tests forethrdifferent relative densities were carried out,
respectively, in a sand of similar mineralogy and grain size distribution as the Cannon Beach sand.
The results stood out regarditigg repeatabilityof the results, and an excellent correlation between
relative density and maximum deceleration, vités 0.99, was obtained. While the tests here were
only performed for one specific sedimegpe, and served the purpose to use the method by
Duncan et al. (2014) to derive-gitu friction angles, the results eaencouraging regarding

estimates of relative density.

Allowing the applicability of the DM and MY methods to determine the sand friction angles, may
enable to us®uncan et al. (2014kquation4.9 as a second method to determine the relative
density based on the friction angle and penetration depths. As showrie &£ILp, the relative

density washackcalculded from gcequtilizing the estimated friction angles using DM and MY

met hods and using Duncan 649). HoRevel, figld datajinclading o n (|
relative density, or calibration chamber tests, are required to validate the results-ekgerical

correlation was used b@renberg et al. (1996p estimate the relative density of sand from the
eXpendable Doppler PenetrometeXDP). However, our attempts to access background

information for this method were unsuccessful.
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Figure4.16 The relationship between thelative density estimataging Akal and Stoll (1995

findingsversughe calculated relative density back calculdteth gc,equsingDM method (left)
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4.6 Conclusions

Friction angles of nearshore sands were estimated using three approaches: bearing capacity theory
by (1) Durgunoglu and Mitchell (1973, 1975a&nd by (2) Meyerhof (1961) using the penetrometer
deceleration records, and (3) from estimates of relative density from the penetrometer deceleration
records using Duram et al. (2014) equation. The coefficients used in the correlation by Duncan et

al. (2014) were slightly modified based on vacuum triaxial tests ofkpgéeific sediments at
different confining pressures and relative densities. The logarithmic andanwgosrbolic sine

strain rate equations were used to calculate an equivalent cone resistance from the deceleration
time measurements, and a ramjehe strain rate empiricadoefficientK between 0.141.5 was

tested. Because the vacuum triaxial tests yweréormed for dry samples, direct shear tests were
conducted to test the effect of saturation on the friction angles. The following conclusions can be

drawn:

1- Using a strain rateoefficient of K = 1, the friction angles obtained using the density

method- 4p were by 2.9° greater than the friction angles using Durgunoglu and Mitchell
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(1973) method; .4m, and by 2.1° using Meyerhof (1961) methodiy, which agrees with
previous findings in the literature.

2- The friction angles calculated usibgirgunoglu and Mitchell (1973, 1975and Meyerhof
(1961) (i.e.t 4m and* Arv) represented a good lower boundcomparison tdhe values
estimated usindp u n ¢ anetldod based on the laboratory experiment supported density
method using a strain rateefficientK=1.25.

3- The logarithmic equation and a strain rateefficent K = 0.2 using Durgunoglu and
Mitchell (1973) method, and = 0.4 using Meyerhof (1961) method yielded the best strain
rate correction to match the density method.

4- The logarithmic strain rate equation yielded better results than the inverse hypsrmlic
strain rate equations compared to the density method.

5- The direct shear tests showed that sediment saturation led to a decrease in friction angle of
~1° compared to dry samples.

6- In-situ relative density across the nearshore (water deg2bsnd was etimated to range
between 380%, resulting in friction angles ranging from 44° to 57°.

7- The friction angles were found to correlate wilthe firmness factor. Correlations

between the friction angle and firmness fastereproposed based on the results.

The results were in line with many publications that usedimgyunoglu and Mitchell (1973,

1975a)and Meyerhof (1961) methods to estimate the friction angle of sands using the static cone
resistance (e.g., Villet and Mitchell 1981, Baldi et al. 1986, Lunne and Christoffersen 1983). The
results are proreing, and more testing in other areas is planned in the near future. The estimated
in-situ friction angles suggest potentially significantly higher and more variafdeuirriction

angles than most generally applied values for sediment transport, grséarlassessment
applications (e.g., Bagnold 1973, Kirchner et al. 1990, Buffington et al. 1992). This highlights the
potential relevance for the here presented method. The results of this study can be used to get a
second order approximation forthe sarel f i el d strength paramet er s

recommended using sigpecific tests.
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5.1 Abstract

Sediment dynamics cause continuous changes in nearshore morphology and play a major role in
coastline evolution as well dsr engineering activities in the coastal zoAeportable, freefall
penetrometer was used to investigate tlegegdhnicatharactestics ofsurficial seabed sediment

in the energetic nearshore zone of the U.S. Army Corps of Engineers Field Research Facility at
Duck, NC.Penetrometedeploymentsvere carried out alonfpur crossshore transects in water
depthsof 0.8-14.3 m.Duplicate deploymentslemonstratethe rgroducibility of the resultsThe
derivedmaximum quasstatic bearing capaciti#anged fron8.7-251 kPa, with alecreasén the
gsbcand in the scatter in theeawardlirection. $gnificant differences in sediment strehgtere
observed in the vicinity dheactively mgrating,shore paralletandbarThe studyshowsa strong
relationship between geotechnical characteristicsamtive morphodynamicef the nearshore
seabedThe depth of closure was reflected in the pemeéter results.

5.2 Introduction

The stability of nearshore structgrdepends on the e d i magaditydte accommodate the
syst embds | oad s itssusdegtilmlityto scdualUindernstanding ahae effect of sediment
dynamicson the foundations is key factor when designing a nearshore structure (Brown and
Rashid 1974). However, the morphologic features and hydrodynamic conditions in the nearshore
zoneare complex andlynamic(e.g., Lippmann and Holman 1990; Schwartz and Birkemeier
2004).In particdar, bar migration isa maincomponenof beach profilevariability, and affects

short and longerm beach stability (Lippmann and Holman 1990; Holman and Sallenger 1993
Plant et al1999. While offshoresand bamigration during storms is well understhmnshore
migrationis still a controversial topic (Elgar et al. 2G)Masselink et al200§ FernandeaVora

et al. 2015).

The interactios between sediment remobilization and deposition processes, and geotechnical
characteristics of the seabewlrface, are still not fully understood.Due to the energetic
hydrodynamics and the limited navigable depth of the nearshore regiomgntional and offshore

site investigatioiools can at best only be deployed in this region during calm conditions, limiting
ther applicability (Danson 2005)Portable ffee fall penetromete(®FFPs)rovide an opportunity

to investigate the seab@dopmost layesin suchenergeticoastal environment{Stoll et al., 2007
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Stark and Kopf 20L1Stark et al. 2014 For exampleStak and Kopf (2011) deployetthe portable
free fall penetrometeédimrodover anactive sandbar near Whaingaroa Harbor, New Zea&nt
documentedtrong variations in sediment strength and uppermost seafloor laysetimigegard to

the local morphodynamics

A commonsediment typet U.S. beaches is sand of a mean grain size in the rangeCOirbsi2

mm (Birkemeier et al. 1981; Dean and Dalrymple 200%r sandy soils, the shear strengihd

thus the bearing capacitye affected by the sediment denssiye,shapegradation, composition,

and sedimentdepth or confining pressure (Duncan et al. 201Ejee fall penetrometer
measurements reflecariatiors of most of these characteristics for the uppermost sediment layer
including particle size (Mulukutlaet al. 2011; Stark et al. 2012a), density (Akal and Stoll 1995)
and composition (Stark et al. 2012b). Howewetthout corresponding sediment samples from
which to calibrate the penetrometer measurements, it is difficult to isolate these sediment

characeristics in the penetrometer recards

This preliminary study is investigating the effect of nearshore morphodynamiosn the
geotechnical behavior of seabed surface sedsnéfrtte U.S. Army Corps of Engineérs
Engineering and Research Development Centerastal and Hydraulics Laborator¥ield
Research FacilitfJSACE-FRF)at Duck, NC represents an ideal test locatére to its energetic
wave forcing and active sandb@Birkemeier et al. 1981)Furthermore, the region has been
intensively studied by theoastal sciences and engineering community @irxemeier 198;
Howd and Birkemeiefl987 Lippmann and Holmai990; Larson and Kraus 199fhorntonet

al. 1996;Gallagheret al. 1998; Plant et al999 McNinch 2004; Gallagheret al. 2016).The
portablefree fall penetrometeBlueDropwas deployedilong four crosshore transectsm May
2015 in order to answer the followimgsearchquestions: (i) What is the effect of the nearshore
sediment processes on the geotechnical sediment characteAsiat$®), how do beach profile
characteristics such adope, presenceof bedforms and depth of closure affect the sediment

response to thede fallpenetrometer?

5.3 Regional Context

The USACEFRF is located in Duck, North Carolinat 36°10'54.6" N and 75°45'5.%/, on the

northern edge of the barrier island complex known as the Outer Banks, and bounded on the east
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by the Atlantic Ocearand the west bZurrituck SoundFigure5.1). The beach and nearshore
sedimers at the FRFare composed mainly of quatand(Howd and Birkemeier 1987with up

to 20% ofcarbonate shell debris (Birkemeier et al. 1;38@wd and Birkemeier 1987A persistent

lag of wellsorted, very coarse sediment has regularly been observed within the swash zone (e.g.
Gallagher et al. 2016), ande remainder of the beach and nearshore ragioharacterized by a

mean particle size afp toabout 1 mnon the foreshoredecreasing offshore to a mean particle

size of about 0.1 mm (Howd and Birkemeier 19BippmannandHolman1990. However, the
near-surface grain size along a typical crs$®re profile in this region has been shown to be
incredibly dynamic (e.g. McNinch, 2004; Gallagher et al., 2016).

The bathymetrys overall characterized shoreparallel contours witla mild slope except forin
the direct vicinity of the FRF pigiLeffler et al. 1993). Tha@earshoreprofile in the crossshore
direction varies with hydrodynamic forcing from almost no baripde barred, with a single bar
and double bars being the most common (Howd and Birlezri®87; Leffler et al1993) The

bar migrates seaward during storms and landward during fair weather (Elgar et al. 2001a).

The monthly mean significant wave height ranged betw@&6-1.97 m hindcastecat a water

depthof 25 m) with a mean peak spedtveave period of 6.212.0s, in 19802012 (WIS 2016).

The wave forcing changes seasonalll vy, with the
energetic (Larson and Krad994). Tides are semiliurnal with an average tidal range of about 1

m (Birkemeker et al. 198)L Wave forcing was calm during tiueDropsurvey with a significant

wave height between 0.8573 m(measured aawaterdepth of 17.4 m; NDBC 2016)

5.4 Method

The portable free fall penetrometBlueDropwas deployed 80 times alongufr shae-normal

transects in May 2019-{gure5.1). The transects were located at a distance of more than 400 m
from the FRF pier in or dpereftf@® cdwo iodh tthte weldlr o
related sediment processes immediately adjacent tpie¢hde.g.Miller et al. 1983; Elgar et al.,

2001b). Duplicate deployments were carried out at each location to increase the reliability of the
results. The distance between the duplicated deployments depends on the movemeighiéthe

Amphibious Resuply Cargo(LARC), expectedo be less than 5 m.
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TheBlueDroppenetrometer measures accelerations/deceleratiamstot 2509 (whereg is the
gravitational accelerationduring the free fallthrough the water columnthe impact and
penetration into theediment, with a sampling rate afkHz, and an accuracy of + 7.39x1@.
BlueDropis also equipped with pressure transducerth a capacity o2 MPaand resolution of

+ 4.67x10* kPa located behind the top of the protEhe first and secondntegraton of the
deceleration over the penetration tiare used to determine the penetratieeiocity and depth,
respectively(Dayal and Allen 1978 The impact velocity for th&lueDropis sensitive to the
change in the dropping height (i.e. the distance betweewater surface and the penetrometer tip
when deploying the device) at shallow water depths3n® when terminal velocity has not been
reached yet, and at large water depths due to the ropeSiealy &nd Kopf 2011

Hampton

’N;orf_olk Virginia Beach

@

250 500 750 m

Figure 5.1 Go o g | e Hite hageseshowing the location of Duck, NC (36°10'32" N and
75°45'20" W). The blue dots represent the penetrometer deployment locations along trahsects 1
Theright-handside image shows the bathymetry near FRF from the digital elevation model (DEM)

survey on April 29" obtained from http://www.frf.usace.army.mil.
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ASSEMBLED LENGTH 0.631 m

Figure5.2. The FFPBlueDrop(modified from www.bluecdesigns.com).

Usi ng Newt on06 sc osnesciodnedr ilnagw t he penetrometerds b
the soil dynamic bearing capacity is determined from the deceleration values (Stark 2al. 201

Dayal and Allen(1973 suggested the use of a strain rate fact@otovert the dynamic sediment

strength (high and changing penetration velocities and strain tates)juasstatic value as

obtained from a Cone Penetration Testoatstantate. This is important for free fall penetrometers

because soil exhibits higher resistance at higher penetration velocity (i.e. higher strain rate), and
becausehe penetration velocity changes with the advancement of the penetrometer. A reference
penetration ra of 2 cm/s (standard penetration rate for @me Penetration Testand the

approach by Stark et al. (20)2bvere used here to estimate an equivalentefduasstatic

bearing capacitygsbqg.

5.5 Results

The impact velocityas measured at the FRfried between 2.65.57 m/s Impact velocities
increasedrom awater depth 00.7 m to a maximum at a water deptfabbut 5m, and decreasd

in deeper water depthin accordance with the influences of terminal velocity and rope dirasy.
maximum deceleratio of a single deploymemntaried betweery.3-88.1 g, and was primarily
affected by the impact velocity and changes in sediment resistEmealerived maximumysbc

of the single deployments ranged from-8%1.4 kPa, with an average of 101.7 kPa. Significan
scatter regarding thgsbcwas observed at water depths of less than ~6.5 m. This scatter becomes

less significant seaward, and is insignificant (i.e. less than the uncertainty due to the strain rate
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Figure5.3 The maximungsbcof each deployment along transects T4 with the distance
from the base line that is part of the FRF coordinate system. The base line is correspoil
an averge distance of 114 m from the mean sea level shoreline (Thornton et al. 199¢
solid black line shows the average mean graindigawhile the shaded area shows stand
deviation G based on Stauble (1992).

factor) for most of the deployments at a wateptts of 8.0 mand greaterRigure5.3). Duplicate
deployments showed also less agreement at shallow water depths. Examples of these differences
with respect to water depth for Transect 2 are provideBignre 53. An exception are the
deployments near the giedine (~2025 m from shoreline) and water depths of less than 1.0 m (i.e.

in the inner trough) that had the smallegbc values measured (Figurg.5). For these
deployments, thgsbcvalues were generally small, ranging betweenr@® kPa. Conversely, ¢h
largestgsbc value was found near the inner bar crest, with high scatter imgbefor the
deployments on the bars side slogeéshould benotedthat thebathymetricprofile surveydata

were collected oMay 19", while theBlueDropdeploymentsverecollected orMay 28".

Overall, penetration depthwere small andanged between 3.82.1 cm with an average of 7.2

cm. An exception was noted in the inner trough, and that deployment had a penetration depth of
29.6 cm As expected, the penetration deptfodow the trend of sediment strength, being
expressed througisbchere A loose sediment top layer (LSTL) was detected ranging in thickness
from approximately 4 cm with only one deployment with thickness of 6.8(Eigure 5.6).This

layer was charaetized by a very low deceleration and snggbcvalue (shaded area Figure

5.4), and indicates ongoing sediment remobilization processes.
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Figure 5.4. The gsbedepth profiles for four duplicated deployments {Black lines; D2blue

lines) at differentwater depthd along transect 2. The error bars show the uncertainty due to the

strain rate factor (1.5). The shaded areas show the loose top layer thickness at the different

locations. The values at penetration depth of < 0.5 cm were impacted byatesvfatiowing the

calculation approach and were neglected here.
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Figure 5.5. The gsbcvariation along the survey line showing the bar location. The red ellipse

indicates the deployments in the inner trough. The average foreshore slope is about\1)3:1 (H:

while the average slope further offshore is about 160:1. The crosses show the estimated seabed

elevation based on the pressure measurements at the deployment locations. The solid line shows

the profile obtained from http://www.frf.usace.army.mil.
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Figure5.6. Crossshore variation of the loose sediment top layer LSTL thickness. The
represent the trend of the LSTL thickness for the regions where the scatter beslativedyr

small.

5.6 Discussion

Results showed that sediment strength, as reflattedqsbcdata of the surficial sediment layers

varied based on the location along the cisissre profile(Figure5.5). It should be noted that ~8

days elapsed between the morphology survelythe subsequent geotechnical testing. However,

the period between the two surveys was characterizedliyywaveconditions. Specifically, the
largest wave event in the intervening period was a short (~1 day) period of waves characterized by
a significant wave height (SWH) of up to 1.87 mé¢asure@t water depth of 17.4;MDBC 2016)
(Figure5.7). The migration of the bar can occur in less than one day during large stmahihie
prediction of the bar migration in such moderate conditions is diffitidtto the complex behavior

which includes two and three dimensional morphologies (Lippmann and Holman Us@t)

Larson and Krau®(1992) migration direction criteriny barmigration during this mildstorm

would beexpected to be onshor€ollowing hese criteria, any bar migration during the following

five days of calm conditions would be expected to be onsaeneell(Lippmann and Holman

1990; Larson and Kraus 1992; Thornton et al. 1996; Gallagher et al. 1998; Hoefel and Elgar 2003).
The potentiamigration direction matched the observed variationgsinc The area of expected
erosion, the bar crest, exhibited the largpstcvalues, with high variatiom the sediment strength

for similar crossshore locationsThis can be explained with the rewal of the looser top surface
sediments when sediment freshly erodes, leaving behind an exposed denser and harder substratum.
The areas where sediment deposition was expected, such as the troughs, shasbdvalves.

Specifically, he lowestqgsbcvalueswere observed ithe inner trough (marked deployments in
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