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Abstract

In the past decades, engineers have started to realize the importance of the interaction
between vegetation, biota and water flow, in riverine and marine environments; a
discipline that has been named “Eco-Hydraulics”. Scientists have valued this coupled
phenomenon for much longer than their engineering colleagues. As early as 1970,
marine researchers presented the evidence that colonies of micro-organisms might alter
the stability of fine cohesive sediments (Neuman et al., 1970). However traditional
models of sediments transport (e.g. Shields, 1936) have been derived using abiotic
sediments and did not consider that most wet surfaces would soon be colonized by
micro-organisms and their extracellular polymeric substances (EPS), a combination
called “biofilm” (Lock, 1993). Scientists during the 1990s, after observing this
phenomenon in the field, coined the term “biostabilization”. During this period they
showed that colonies of cyanobacteria and diatoms coating fine sand or cohesive
sediments can increase their stability by up to 960% compared to abiotic sediments
(Grant and Gust, 1987; Dade et al, 1990; Paterson 1997). Only recently have engineers
started to take into consideration the effect of such increased cohesion and adhesion
due to biogenic forces within the sediment transport model (Righetti and Lucarelli,
2007); yet all of those studies have low applicability because they are linked to specific
environmental conditions. Moreover no data are available on the effect of biofilm on
larger sediments (e.g. coarse sand and gravel).

The present thesis provides experimental data carried out in a flume laboratory
pertaining to biostabilization of non-cohesive coarse sand and gravels at a scale
representation of a real river system (from 0.2m to 1m). Four sediment substratum
(glass spheres of Dsp = 1.09mm and 2.00mm; sand of D5, = 1.20mm and gravel of D5y =
2.20mm) were colonized under unidirectional flow by a cyanobacterium (Phormidium
sp.) for between 1 and 10 weeks. The increase in erosion threshold for biotic sediment
is then investigated using a series of different methods ranging from traditional
sediment transport techniques (e.g. Yalin, 1972), to image thresholding and particle
image velocimetry (PIV) assessments of flow modification due to biofilm presence.
Moreover, tensile strength analysis of ex-situ biofilm/substratum specimens will be
presented to understand better the mechanical property of this composite material.

Data indicates that: i) biostabilization of sediments in the range of coarse sand and
gravel occurs (9%-150% more shear stress required to induce entrainment compared to
abiotic sediments) but to a lower extent compared to critical entrainment thresholds
for fine sand and cohesive sediments (Paterson, 1997); ii) flume experimentation can be
employed to control specific variables affecting biostabilization and could help to
unfold the complicated interactions between environmental variables, and the affect of
flow on the growth and strength of biofilm colonization over sediments; iii) strong
biofilm growth generated a more uniform velocity field, with reduction in shear stress
(up to 82% compared with abiotic sediments) and decreases in roughness length of the
bed (up to 94% compared to abiotic sediments); iv) Composite biofilm/substratum
specimens presented a clear elastic behaviour when tensile tested; v) Conventional
models of sediment transport (e.g. Wiberg and Smith, 1987) do not consider the
presence of biofilm and will not work in the case of bio-mats smoothing the surface of
the bed; hence the need for new models which include the biofilm elasticity and the
bio-mat smoothing process. This thesis suggests two theoretical examples where the
biofilm action is considered at a grain to grain and bio-mat scale.

Keywords: Biostabilization, sediment transport, non-cohesive sediments, flume,
erosion, Eco-Hydraulics, PIV, tensile testing.



TABLE OF CONTENT

A B S T R A T et a e e I
LIST OF TABLES ... e e e e e e e e e eas VI
LIST OF FIGURES .....ouititiiiiiteieisisies ettt sseaee e Vil
ACKNOWLEDGMENT ..o ee e e e e e e e Xl
AUTHOR'S DECLARATION ...t et e e e e e e e e e e e e XV
] N N [ N 1 P XVI
ABBREVIATIONS ... e et e e e e e et e et e et e e e e e rneannas XVII
CHAPTER L o e e e e et s e e e e et e e eanaes 1
LN I 1 1 L O I 0 1
1.1 SEDIMENT TRANSPORT AND BIOLOGICAL INTERACTION FROM AN ANCIENT PAST TO PRESENT......1
1.2 RESEARCH AIMS......uuitttitittieieeete ettt e eeeeeeteeeeteeeaaeeeessaassaa s s annnsssnsesseessessenseeeeeeeeeaeaaaaeeaaeaeeneeanns 5
(O o N I 10
LITERATURE REVIEW ..t e e e 10
2.1 BACKGROUND.......utttttttteeeeeeeeeeeeeeeeeeeeeeeeaaeaaaaaaaasasasaaaaaaa s nsnnnessneeeeseseessbesseeeeeeeeaaeeaaaaaaeaeaeeens 10
2.2 PHYSICAL MODELLING OF SEDIMENT ENTRAINMENT ...ccvvttititirtiteereeeeaeaaeeeaaseaassessssaaaaaanennneennnnes 13
2.2.1 Forces involved in the incipient MOtioN ... 15
2.2.2  Sediment entraiNnmMeENt tNEOIY ...........uuiuiiieiiiiiiiiiiieiie e e e e e e e e e e e e ee e e eenes 16
2221 Traditional methods for investigating incipient moot of sediment (from cohesive to non-
cohesive) 17
2222 Incipient motion and turbulence: coherent StUGULE. ..........vvvviiviiiiiee e 22
2.2.2.3 THE ENQINEEIING CUIVES ......eviiiie e ieieee s mmmmee e e e e st e e e et eeeeaanteeeeeesssaneeeeasssseeeeaansaaeeeeaaseees 24
2224 Erosion formula for fine SEAIMENTS...........cceceeriiie e 31
2.3 THE EMERGENCE OF ECEHYDRAULICS AND ECO-GEOMORPHOLOGY......cuuurvurrrnrenreenneeeneeeerereeeeeeees 34
2.3.1  ECO-NYAIAUIICS ..evviiiiiiiiiiiiiie ettt e e e e e e e s st e e e s e nab bt e e e e e nnnnee s 35
2.3.2  Micro-organisms and flow iNtEraction ..........ccccovvuiiieieiiiiiiiiie e 36
ARG IRC TR =Toto lo] gl o Lo RXoT=To ] o Vo] 1 o] o] [ o |20 38
2.4 BIOSTABILIZATION OF SEDIMENTS. ..t ettieeiteeiteeeeeeeasae s e s sttt eeseeee e e eeeeeeeeeeaaaeaaaaaaaaaaaeeaaaeanaens 39
2.4.1 Micro-organisms and their CharaCteriStiCS .....cccoovvviiiiiiee e 39
2,42 BIOFIIM e e r e e e bbbt e e e e anrrreaaaen s
2.4.3 EPS and adhesive properties
2.4.4  Biofilm and bioStabiliZatioN .................uueeereeooie e e e e e e
2.5 DISCUSSION THE RESEARCH GAP FOR BIOTIC SEDIMENT TRANSPORT. .....cuuuuuterrreeeeeeeereeereeeeeeaeens 46
2.6 CHAPTER SUMMARY ... uttttitttittttettteetieeeeeeeeeeeeeeaeeaaaaasaaassaassaasaaaansnnnnsnssssssssssnsnssnenanneeeeeeeees 49
(O o N N PP 51
EXPERIMENTAL INSTRUMENTATION AND SET-UP .....cccocitt i, 51
3.1 INTRODUCTION ... tttttttttttetteeeeeeeeeeeeeeeeeeeaeeaeaaaeaassaasssaaasaaannnnsnsssnnnsssnsssssnsneeneneaeaaeaaaaaaeeeeeees
3.2 OVERVIEW OF EXPERIMENTAL STUDIES ... uuuuttuutttittiittitntiessreeereeeeeeeeesaesesaeesssessssssssssssnsssnnnsnnns
3.3 SEDIMENT DETAILS .. tttttttttttt ettt ettt te et ee e et e e e e e e e s e e et s s aa s s bbb be bbb e e et e s b e e e e e ettt e eeeeeeeeaeeaasasssaaaaananan
3.4 INTRODUCTION TO GROWTH SET UP...........
R = 7= Tox =1 10T g I [ = 1 U
3.4.2 Yalin flume description and OPEration ........ccccccooiiiiiiiiiiiiii e 58
3.4.3 Instrumentation on the Yalin flume ..........cccoiiiiiiiie i 59
3431 Lo a1 (=T o =T T = SRS 59
3.4.32 [T | | =T~ 0 o USSR 59
R | Vo Tox | = o) o R 61
3441 [0 PP 61
3.4.4.2 =T 00] 01T = L (L= PO SURPOUSPPPPPPPPPP 62
3.4.43 [N U 1T PRSP 63
3.44.4 Development of the growth SEL UP ...........i e cereieiiie e 63
3.4.45 Extraction of the boxes and cores for biolOgICEIFEIS ...........coveeeeeviiiiiieiiiiee e 65
3.5 INTRODUCTION TO FLUME PRELIMINARY EXPERIMENTY0.2M SCALE) ...ceeeeieeieeeeeeeeeeeeeeees 66
3.5.1 Shields flume description and OPEratioN ..... e ..eeeeeerrrierieeiieieieeeiererreeeeeeeaaeaeaaeeaaeaaaas 66
3.5.2 Instrumentation on the Shields flUME .........ccccoriiiiii i 68



3.6 INTRODUCTION TO FLUME SERIESL EXPERIMENTS(IM SCALE) ....vevevivesreietiieeetesseseessssessesens

3.6.1 Ervine flume description and Operation .........ccccoiuveieieiiiiiiiiiie e
3.6.2 Instrumentation on the Ervine flume .........ccooci i
3.6.2.1 Particle image velocimetry: theory, data collectoml processing
3.6.2.2 e AV VES) =T g = Vo lo] o 1= = U1 o ] o PP TRTRI
3.7 SUMMARY OF EXPERIMENTAL STUDIES. .....uvttteieiiiitieitieessiiirieeessseisiesessssnnseeeesssinnneeessssnnnnns
(O N I
PRELIMINARY EXPERIMENTS: LENGTH SCALE 0.2M......... i, 82
4.1 INTRODUCTION ... utttttttee ettt et e e e s ekttt e e s s e e e e e e st e e e s e bbb et e e e e e s sbbb bt e e e s s nne e ee e e s aannneeeees 82
4.2 HY P OTHESIS. ...ttt et e et e e s ekttt e e s et e et e e e e e s smna e e e e e e s s nbnnr e e e e e s aanne 83
4.3 IMEETHODOLOGY .....utieeiiee ettt ettt ettt e s s s e e e e s e bt e e e e e sk e et e e e s sne et e e e e s aanneeeeeas 84
e Tt R [0 4TI Y o SR 84
4.3.2 Yalin technique and abiotic threshold............ccciiiiiiiiii e 86
4.3.3 Image segmentation for quantifying biofilm arealex@age.............ccccoovviiiiiiiiiiiii e, 88
4.4 PRELIMINARY EXPERIMENTS RESULTS(5 WEEKS OF GROWTIl ..c..uivviiiiiireeiiee et 91
4.4.1 Representative growth assessment .. TR URUPPPPPOt 92
4.4.2 Length of growth colonization: 10 Weeks SGS ..................................................... 97
e S = o0 = 1SS PPUPPPUR 101
4.4.4  Biostabilization data: relationships between crtishear stress at entrainment and time of
OrOWLEN — SIMAII SCAIE (SS) ...vvvvuruerreeeeet ettt ettt e eeeeeeeeeeeeeeaaaaeaassaaasaaaaaaaaannnsnnsssnsnnnnes 102
4.4.5 Critical shear stress from Yalin and relationshiihmbiomass..............cccooiiiiiiiiiiiiiicaeens 105
4.4.6 Biostabilization data: relationships between criichear stress at entrainment and time of
OrOWEN — [arge SCAIE (LS) .oeiiiieiieeieee e e ee ettt e et e et e e et e e e eeeeaeeaeseaasea e e s nnnensnnnnnnes 107
4.5 CHAPTER SUMMARY ...ttt iiittiettie e s sttt e e e s sn et s e s aan st e s s e e s st bbbt et e e s s s et e e e e eairaeeeeeesnrnne s 115
L8 o N I S T 117
SERIES 1 EXPERIMENTS: LENGTH SCALE 1M ...ccoiiiiiiii e 117
5.1 INTRODUCTION ...ttt ettt ettt ekttt e e et e et e ekt e e eh et e s sttt e et e s sn e e aesbneeenereeeenans 117
5.2 HY P OTHESIS. ...ttt e ettt e et e e e e s bbbt e e e s e e bt et e e s s nr e e e e s s abneeeeeenannn 118
5.3 Y =3 1 o] 5T e 1€ ) 2SR 119
LR T o 11 0 1= 0= 1 o 120
5.3.2  PIV CaliDratioN .......eeiiiiiieeeeeeeeeeeeee e 121
5.3.3 Yalin technique and abiotic thresholding.......cccccociiiiiiiiii e 123
5.3.4 Image segmentation for quantifying biofilm arealemmge.............cccevvveeiiieiiiiiiiiiiiiice 126
B5.3.5  EPS GNAIYSIS ...ciiiiiiiiiiiiiiiiii ettt e e e e e e e e e e a e e nannne 126
5.4 SERIES1 EXPERIMENTS RESULTE4 WEEKS OF GROWTHL.c.uttieeiiiieeestieeeaaeeeeaseieeeesneeeaeaneeess 128
5.4.1 Representative growth assessment
5.4.2  BiOMASS ...oviiiiiiieiiiiiie st
S T 1 o PSRRI
5.4.4 Biostabilization data: relationships between crichear stress at entrainment and time of
OrOWLEN — SIMAII SCAIE (SS) ...vvvrureereieeeet ettt ee et eeeeeeeeeeeeeeeeaeaaeaaasaaasaaaaaaaaaannnnnnsnsnsnnnnes 136
5.4.5 Biostabilization data: relationships between critichear stress at entrainment and time of
OrOWEN — JArgE SCAIE (LS) .uviiiiiiiiiiiiiie s eeeeee ettt e et e s st e e e e s e e e e e e s tbbaeaeen s 137
5.4.6 Erosion at LS and relationship with biomass and ERS.............cccovcciiiiiiiiiiie e, 142
B.UAT  PIVIEESUILS ..ottt a e e e e e e e e e e e s 145
5471 Comparison of flow characteristics among strongestks of growth and abiotic sediments ....147
5.4.7.2 Roughness values obtained applying the Law of . W.............ccccccoiiiiiniiiiiii e, 161
5.4.7.3 Bed shear stress values obtained applying the fdlaedVall ...............coovvveeeiiiiiiie oo 163
55 CHAPTER SUMMARY .....ettttesautetaeateeeaasaeeaaansteaesaneeeaasteaeeasseeeaaneeeaaasteeaaanseaeanssseeaanseesanneeens 165
L8 o N I T 169
BIOFILM MECHANICAL PROPERTIES ... oot e 169
6.1 [NTRODUGCTION ...t tttteeeutteeeetteeeeetteeeaamteeaeameeeaaaaeeaeamsaeeeesseeeeanteeeeameseeeanneeesaneeeannsseaeannenaasnes 169
6.2 MECHANICAL AND ELASTIC PROPERTIES OF BIOFILMS....ceeuuttteeettiiaeaatieaesaeieeaaaeeassaneeaasseeeeann 171
6.3 METHODOLOGY (5N-100NTINIUS OLSENHIKS TENSILE TESTER....uvvveeeesiiiriieeeeeessiiireeeeessnnnnnns 174
6.3.1 Bacterium, inoculation, and colonization
6.3.2 Tensile testS .....coovvvviiiiiiiiiiie e
6.4 HY POTHESIS. .ttt ettt ettt ettt ettt e et e e 2ttt e e e ea e e e ekt e e e e amee e e e amteeeeanneaeenneeeessseeeeannneans
6.5 TENSILE TESTS RESULTS. ... ttttetuteeaaattetaaanteasasesaesauteeaaaseeesasseaeaneesaanseeaeansseeesnsseesanseeassses
6.6 ADHESION STRENGTH FOFGRAVELS: A PROOF OF CONCEPT.......uuteeautteteitteeessineeeaaeeeasaneeeaas 185



6.7 IS CUSSION. ..t eetttte ettt e e ettt e et et e e e et e e e s ea b e e e ee s s e s e st e e sesa e esatanessssansearsntasaesssnneeessrnnanes 188

6.8 CHAPTERSUMMARY ..ttiiiiiiiiittiettte e e sttt e et e s s e e e e ekttt e e s s s et e e e e asaraee e e e eannene s 189
CHAPTER 7 e e e e eaes 191
DISCUSSION. ..o ettt e et e et e et e e ra e e et eeen s 191

7.1 LAB-CULTURING AND ENVIRONMENTAL CONDITIONS......utvittieiiieiineieeessiinrreeeeesanirneesssasnnnnes 191

7.2 BIOSTABILIZATION POTENTIAL OVER NON-COHESIVE SEDIMENTS......cuvviieiiiiirieenieeeniineeeeessnninns 194

7.3 ECO-HYDRAULICS OF BIOTIC NON—COHESIVE BEDS USING THE NONNVASIVE PIV TECHNIQUE 196

7.4 A STANDARDIZED CRITERION OF MOTION FOR BIOTIC SEDIMET .....cceeiiiiirrrrieensinnnreeenesssenneenss a9

7.5 BIOFILM MECHANICAL PROPERTIES AND MATHEMATICAL MODELS FOR INCIPIENT MOTION........ 201

7.6 CONCLUSION ....ctttiiee ittt e e e sttt et e ettt e s s sttt e e e e s as et e e e s e e bbb et et e e s saebbe e e e e e saseneeneeeenaannns 202
CHAPTER 8 ..o e e e e eaes 204
CONCLUSIONS AND FUTURE RESEARCH RECOMMENDATIONS .... ........... 204

8.1 CONCLUSIONS ...ttt e e s ettt e e e ettt e e e e ettt e e e e e bbb et e e e e e et bbbt e e e e e e aabbbe e e e s eaanbeeeeeeeennnrneeas

8.2 FUTURE RESEARCH RECOMMENDATIONS.......uttiteiiiitrreiteeesairrneneeesssssreesessssesnneeeessssnnnneeeeesnns

8.2.1 Field-based biofilm (multi-species).........

8.2.11 River investigation for site selection

8.2.1.2 Experimental procedure.....................

8.2.1.3 RESUILS AN ISCUSSION ......oviiiiiiiiiiii ettt
8.2.2 Maodification of a traditional model for sedimenairsport including biofilm force.............. 211
8.2.3 Erosion model based on an elastic membrane co#iegediments...........cccceevvveeeeeee... 6.21

8.3 IDEAL COMBINED TENSILE TESTINGFLUME FACILITY

8.4 CLOSING STATEMENT ...eitttitteee ettt ee e s ettt et e e e et e et e e e s bee et e e e s s abb b be e e e e e ensbbneeeeeeeannneeeeens
REFERENCES ... ottt e et e e e e e e e e e e een s
APPENDICES. ... . ettt e

APPENDIX3.A: EXPERIMENTAL PROGRAM .....0utttiiiiitittiieessiattteeeeessaiirstesssssinanssees s ssnnreeesessssnnnneeeesaas

APPENDIX3.B: FULL STRENGTHBG-11(WITH NANO3) NUTRIENT MEDIUM ....ccvtieeiiiiiiieeeessniinneeeesssnnnnens 236

APPENDIX4.A: FLOW STEPS AND HYDRAULIC CHARACTERISTICS .....cuttiiiiiiriiieiiesssiieeeee e sinneees s 237

APPENDIX5.A: BIOFILM COVERAGELS: BEGINNING VSEND OF FLOW STEP.....cccetiiitiiiieeeaaniinneeeessaennees 239

APPENDIX5.B: EPS-CARBOHYDRATE QUANTIFICATION WITH PHENOL ASSAY....cciuuiiiiieeeaiiiieeeeeeeeneennees 239

APPENDIX5.C:BIOFILM COVERAGELS: BEGINNING VS END OF FLOW STER......cciiittritiieeenniinieeeeeeeniineeeass 242

APPENDIX5.E: AVERAGE PV DOUBLE AVERAGED STATISTICS COMPARISON........uvvtieiiiiirriiieeesininreeeenns 244

APPENDIX8.A: REAL RIVER BIOFILM: SITE SELECTION. ....uttttteeaiaittireeteeasstinteeeeessannseeessesnnseeeeeeesnnenneas 252

APPENDIX8.B: REAL RIVER BIOFILM: FLUME, GROWTH AND LIGHT SET UP.....eetiiiiiiiiieeieeeiiieeeee e e 258

APPENDIX8.C:REAL RIVER: RESULTS ....uttiiiiiiitiiittieee sttt eee e e eaiibteeeesaestbere e e e e s sasbneeeeeessannnnneeeeeaanes 261

APPENDIX8.D: WIBERG AND SMITH (1987)MODIFICATION INCLUDING THE FORCE INDUCED BY BIOFIIMS



List of Tables

TABLE 2. 1. TYPES OF MICRO-ORGANISMS AND THEIR SIZ=(MODIFIED AFTER NICKLINET
AL, 1999 e s e ere e e e 39

TABLE 2. 2. SELECTED MEASUREMENTS OF THE BIOGENIC TABILIZATION FROM
LITERATURE (MODIFIED AFTER PATERSON, 1997). ACCORNG TO THE TABLE THE
HIGHEST STABILITY FOR NON-COHESIVE SEDIMENT IS REAGED USING A MIX OF
DIATOMS AND CYANOBACTERIA. ..ot s 44

TABLE 3. 1 CHARACTERISTICS OF THE FOUR SEDIMENTS EMOYED IN THE EXPERIMENTS:
SIZE (Dso, MM); DENSITY (KG/M%; SHAPE (POWERS, 1953); SPHERICITY FOR BEADS,
INFORMATION GIVEN BY THE SUPPLIER; MATERIAL COMPOSIION AND SUPPLIER.....54

TABLE 3. 2. 2D TIME RESOLVED SPECIFICATIONS. IN PARCULAR DETAILS ARE GIVEN FOR
THE LASER, CAMERA, SOFTWARE AND SEEDING PARTICLES

TABLE 4. 1. SUMMARY OF THE VARIABLE USED IN THE YAUN CRITERION (1972)A (CM? IS
THE AREA ANALYZED, T (S) THE TIME,N THE NUMBER OF GRAINS AT THRESHOLD
ACCORDING TO THE YALIN CRITERION, ERROR IS THE MAXUM NUMBER OF
PARTICLE MISCOUNTED;N IS THE TOTAL NUMBER OF PARTICLE IN THE AREA, N/N
THE PORTION OF THE AREA WHICH DEFINES THE FLOW ATHRESHOLD, Uc* THE
CRITICAL SHEAR VELOCITY AND 7. THE CRITICAL SHEAR STRESS FOR EVERY
MATERIAL. ..o e 87

TABLE 4. 2. THE YALIN CRITICAL SHEAR STRESSI; FOR THE SS IS COMPARED TO THE
RELATIVE % AREA ERODED AT THE LS. MATURE BIOFILM F® SGS AND SAND
PRESENT AN EROSION AT THE THRESHOLD FOR THE YALINECHNIQUE THAT IS LESS
THAN HALF THE BOX COVERAGE, SIMILAR TREND CAN BE SEN FOR LGS AND HIGHER
VALUES OF EROSION ARE IDENTIFIED FOR GRAVELS, DUEGO THE ABSENCE OF A MAT
AND THE IMPOSSIBILITY AT THIS SCALE TO RESOLVE THESINGLE STREAMERS. ....... 112

TABLE 4. 3. LINEAR AND LOGARITHMIC REGRESSIONS ANIRELATIVE COEFFICIENTSA AND
B PRESENTED IN EQUATION 4.5 PLUS-VALUESAND R’. FROME THE TABLE IT IS
EVIDENT THAT IN TIME THE BEST REGRESSION IS THE LO&RITHMIC. HOWEVER IN
SOME CASES THE LOGARITHMIC REGRESSIOR? IS AS LOW ASR? = 0.01. IN RED ARE
HIGHLIGHTED THE P<=0.05. ....oiiiiiii e 114

TABLE 5. 1. PIV VARIABLES SET UPT IN BETWEEN PULSES IS THET IN EQUATION 3.2; HZ IS
THE HERTZ RATE, MATCHING THE TIME IN BETWEEN PULSES$MS); N VECTORS IS THE
TOTAL NUMBER OF VECTORS PER FLOW STEP; FOV ADJUSTED IS THE DIMENSION IN PIXELS OF THE
RESULTING FIELD OF VIEW TAKEN INTO CONSIDERATION. X IS TAKEN AS THE DOWNSTREAM
DIRECTION (LENGTH), YIS THE VERTICAL DIRECTION (FLOW DEPTH). ....coeiiiiiiiiiiiiiiciiin e 122

TABLE 5. 2. COMPARISON OF THE UF SET UP BED SHEARRESST (FLUME) VERSUS THE
VALUES FOR Tz OBTAINED USING THE LAW OF THE WALL ON THE DOUBLE
AVERAGED PROFILES OBTAINED WITH THE PIV. ... 123

TABLE 5. 3. SUMMARY OF THE VARIABLE USED IN THE YAIN CRITERION (1972) FOR BOX1.
A (CM? IS THE AREA ANALYZED, T (S) THE TIME, N THE NUMBER OF GRAINS AT
THRESHOLD ACCORDING TO THE YALIN CRITERION, ERRORSI THE MAXIMUM
NUMBER OF PARTICLE THAT CAN BE MISCOUNTED; N IS THETOTAL NUMBER OF
PARTICLE IN THE AREASA, N/N THE PORTION OF THE AREA WHICH DEFINES THE FLOW
AT THRESHOLD. ..ottt s bbb a s 124

TABLE 5. 4. BASED ON SOULSBY & WHITEHOUSE (1997) QZULATION THIS TABLE GIVES
THE DIMENSIONLESS GRAIN DIAMETERD:, KNOWING THAT SAND RANGES AMONG
1.2< D. <40 AND GRAVEL D.> 40; THE CRITICAL SHIELDS PARAMETERO AND BED
SHEAR STRESSTy AS CALCULATED FROM AN APPROXIMATION OF THE SHIELDS
CURVE BY SOULSBY AND WHITEHOUSE (1997) FOR SGS, SBNAND LGS AND GRAVEL.

TABLE 5. 5. COEFFICIENT FOR EVERY MATERIAL IN TIMEOF THE LOGARITHMIC EROSION
TREND, FOLLOWING THE EQUATION T5=ALN(%AREAgosio)+B, WHERE R IS THE
GOODNESS OF THE FIT, WHICH IS IN ALMOST EVERY CASHIGHER THAN 0.73, A PART
FROM WEEK 1 OF GROWTH FOR LGS (0.5MN.1S THE NUMBER OF OBSERVATIONSM IS
THE X COEFFICIENT IN THE LINEAR REGRESSION ANDNTERCEPTIS THE INTERCEPT
OF THE LINEAR REGRESSIONS AND P ARE RESPECTIVELY THE STANDARD ERROR
AND THE P-VALUE ON M AND INTERCEPT IN RED ARE HIGHLIGHTED THEP<=0.05.

Vi



NOTE THAT IN W3-W4 FOR SAND THE VALUE ORA IS VERY HIGH, DUE TO THE VERY
STEEP EROSION AND CURVE SEEN IN FIGURE 5.8. ..o, 140
TABLE 5. 6. PERCENTAGE EROSION OF LS AT THRESHOLIR SOULSBY AND WHITEHOUSE
(1997), USING EQUATION 5.3 AND THE COEFFICIENT VALEFOUND IN TABLE 55......... 141
TABLE 5. 7. CORRELATION VALUES AMONG ABSOLUTE EPSMG/ML), BIOMASS (MG),
GROWTH TIME, % BIOFILM COVERAGE AT THRESHOLD FOR BITIC SEDIMENTS.
VALUES CLOSE TO 1 CORRESPOND TO A GOOD CORRELATIONHEREAS 0 VALUE
INDICATES NO CORRELATION AND NEGATIVE VALUES INDICA'TE AN INVERSE
CORRELATION. IN BOLD THE MOST SIGNIFICANT VALUES OHHE ANALYSIS. ............ 144
TABLE 5. 8. HYDRAULIC ROUGHNESY, (MM) CALCULATED FROM THE LAW OF THE WALL
FOR DOUBLE AVERAGE FLOW INFORMATION AT EVERY FLOW BEP. SHADED CELLS
SHOW INCREASES IN ROUGHNESS VALUE; OBSERVATIONS N&T THAT THESE
OCCURRED WHERE THE PIV FOV WAS LOCALISED OVER AN UBTABLE SMALL AREA
OF SUBSTRATA WHERE ENTRAINMENT THRESHOLD HAD BEEN XCEEDED. IN RED,
THE STRONGEST BIOSTABILIZATION CONDITIONS. ......oociiiiiiiiiiiii e 162
TABLE 5. 9 BED SHEAR STRES$; VALUES (PA) CALCULATED FROM THE LAW OF THE WALL
FOR DOUBLE AVERAGE FLOW INFORMATION AT EVERY FLOW BEP. SHADED CELLS
SHOW INCREASEST VALUE; OBSERVATIONS NOTE THAT THESE OCCURRED WHERE
THE PIV FOV WAS LOCALISED OVER AN UNSTABLE SMALL AREA OF SUBSTRATA
WHERE ENTRAINMENT THRESHOLD HAD BEEN EXCEEDED. IN ED, THE STRONGEST
BIOSTABILIZATION CONDITIONS. .....coiiiiiiiiiiis i 164

TABLE 6. 1. TENSILE STRENGTH VALUES AVAILABLE IN THE LITERATURE AND RELATIVE
EXPERIMENTAL TECHNIQUES EMPLOYED AND SCALE (MN)......c.cooviviieiieieieieieieeeees 173

TABLE 6. 2. BIOFILM ONLY (BO) AND BIOFILM GROWN OVER A SUBSTRATUM (BEADS (BGB)
OR SAND (BGS)) SPECIMEN'S TYPE (BIOFILM ONLY/COMPQEE), DIMENSIONS,
GROWTH CONDITIONS AND LOAD CELLS USED FOR THE TENISE TESTS. .........cccvveeee. 175

TABLE 6. 3. COHESIVE STRENGTH RESULTS FOR BIOFILM NRY (BO) AND BIOFILM
CULTURED OVER A SUBSTRATUM (BEADS (BGB) OR SAND (BS) IN THE INITIAL

ELASTIC TREND BEFORE FAILURE OF THE SAMPLE. .......cccccooiiiiiiiiiis 182
TABLE 6. 4. POSSIBLE VALUES OF THE SHEAR STRESS MN&LE GLASS BEAD WOULD BE
SUBJECTED TO IF THE CAP HEIGHT (H) RANGED FROM 1REOH<1/4R........c.cccvvvnrinnnnn 187

TABLE 8. 1. WORKED EXAMPLE FOR THE MAGNITUDES OF VRIABLES IN EQUATION 8.1.
THE CALCULATIONS WERE COMPUTED FOR SGS AT FLOW 148 AND 5L/S (APPENDIX
5.A FOR FLOW CHARACTERISTICS). THE CALCULATIONS ARBRESENTED AS IH; WAS
THE CRITICAL VALUE AT THRESHOLD.........coiiitic e 215

VI



List of figures

FIGURE 2. 1. SEDIMENT TRANSPORT EFFECTS: A) INFRABUCTURE DAMAGE; B) BANK
EROSION AND C) DAM SILTING UP (AFTER HAYNES, 2011)......cccccoiiiiiiiice e 11
FIGURE 2. 2. FORCES ACTING ON A GRAINFp, DRAG FORCE;F., LIFTING FORCE; Fg,
RESISTANCE FORCEWs SUBMERGED WEIGHT. H IS THE FLOW DEPTH AND U IS THE
AVERAGE VELOCITY (MODIFIED AFTER YANG, 2003). ...cccoiiiiiiiieiiiee e 15
FIGURE 2. 3. ILLUSTRATION OF A PROBABILITY DISTRIBOION OF INSTANTANEOUS BED
SHEAR STRESSESIB) AND A PROBABILITY DISTRIBUTION OF THE SUSCEPTIBILTY OF
INDIVIDUAL GRAINS TO MOVEMENT DEPENDENT ON THE CRITCAL BED SHEAR
STRESS {C). THE THRESHOLD OF INITIAL MOTION IS ACHIEVED WHENTHE TWO
PROBABILITY DISTRIBUTIONS OVERLAP; THE DEGREE OF OMRLAP REPRESENTS THE
AMOUNT OF SEDIMENT MOVEMENT. MODIFIED AFTER KOMAR 1996). .......ccccoeiiiinnnnn 20
FIGURE 2. 4. FLUID BURSTING IN WALL-BOUNDED SHEAR I[FOW. A) DOWNSTREAM
ELEVATION; B) SIDE ELEVATION AND C) PLAN VIEW (MODIFIED AFTER WILLIAMS,

OUB). ..ot eeemeee ettt ettt 23
FIGURE 2. 5. HJULSTROM CURVE FOR EROSION AND DEPG@®N (1935). (AFTER GRABOSKI
ET AL, 20001 oo meeeme e 26

FIGURE 2. 6. SHIELD'S DIAGRAM FOR INCIPIENT MOTIONREDRAFTED FROM ROUSE (1939).
DATA LAYING BELOW THE CURVE ARE STABLE AND NOT SUBECTED TO
ENTRAINMENT; DATA ON THE CURVE ARE AT THRESHOLD ANDDATA ABOVE THE
CURVE ARE IN FULL TRANSPORT. NOTE THAT HIGHER SHEARTRESS IS NEEDED FOR
FINE COHESIVE SEDIMENT (LEFT OF THE CURVE) TO BE HIRAINED. .........ccccoiiiiiinen. 28

FIGURE 2. 7 MANZENRIEDER (1983) PRESENTED EVIDENCHEHAT BIOTIC SANDS (A PART
FROM AN OUTLIER IN THE BOTTOM LEFT CORNER) PRESENAIGHER STABILITY THAN
ABIOTIC SEDIMENTS OF THE SAME SIZE MEASURED BY SHIBS (1936). ........ccccevieinnne 31

FIGURE 3. 1. SEDIMENTS USED IN THE EXPERIMENTS. 8GS WITH R=1.09MM; B) NATURAL
SAND WITH Dsp=1.20MM; C) LGS WITH R=2.00MM AND D) NATURAL GRAVEL WITH
D50:2.20MM. ............................................................................................................................... 54

FIGURE 3. 2. GRAIN SHAPE CLASSIFICATION (AFTER POWRS, 1953).......ccuvviieeiiiiiiieeeniiiieeas 55

FIGURE 3. 3. ESEM IMAGES (SCALE 160M) OF PHORMIDIUM SPBIOFILM GROWN OVER A
SAND BED (Dsp = 0.3-0.5MM) FOR 5 WEEKS UNDER FLOWING WATER CONDIDNS. THE
FILAMENTOUS, FABRIC-LIKE STRUCTURE (A) ENTWINES PARICLES FROM THE BED
SURFACE INTO THE BIO-MAT (B) DURING GROWTH. ....cciiiiiiiiiiiee e 58

FIGURE 3. 4. A) CIRCULAR BIOFILM GROWTH DIRECTLY URERNEATH THE SPOT LIGHT
AFTER A WEEK OF GROWTH; B) OXYGEN BUBBLE TRAPPED BYHE BIOFILM. THESE
BUBBLES ARE EXPOSED TO THE FLOW AND REPRESENT A WENESS OF THE
BIOFILM, WHICH COULD BE EASILY ERODED. .......ctmmeeeieeiiiiiiieee e 60

FIGURE 3. 5. A) YALIN FLUME SET UP WITH THE 2 ROW®F 3 BOX0.2 (SEE NUMBERS FOR
LOCATION OF THE BOX) AND PLYWOOD COATED WITH GLUEDSGS; B) PARTICULAR
OF ONE OF THE ROW WITH THE SPOT LIGHTS ON TOP DURBNGROWTH. ......covvviiiieeeeeee. 63

FIGURE 3. 6. GROWTH CHARACTERISTICS OF THE CENTRAROX OF THE ROWS. AS IT IS
VISIBLE FROM THE IMAGE, DUE TO THE DIFFERENT FLOWARTTERNS IN THE CENTRE
OF THE BOX (SEE ARROW) NOT SUBJECTED TO WALL EFFESTTHE GROWTH WAS
DIFFERENT FROM THE OTHER BOXES. HENCE THE DECISIODF TESTING ONLY THE
BOXES DIRECTLY IN CONTACT WITH THE WALLS (E.G. BOXL AND BOX 3)....cccccovveinunnnen. 64

FIGURE 3. 7. A) GROWTH SET UP IN THE YALIN FLUME F® THE LAST SET OF EXPERIMENTS.
LED STRIP LIGHTS WERE PLACED DIRECTLY ABOVE THE CENRE OF THE 1M LONG
BOXES; B) FINAL YALIN ARRANGEMENT FOR GROWTH OF THELM LONG BOXES; THE
SPOT LIGHTS WERE USED TO GROW SAMPLE TO BE TENSITESTED. ........uvvviiiiieeieeeneeee. 65

FIGURE 3. 8. SHIELDS FLUME SET UP. THE TESTING ARHA& LOCATED 3.5M DOWNSTREAM
THE INLET. AN IMMOBILE GRAVEL BED (D=13-18MM) WAS PLACED AFTER THE INLET
UP TO THE STABLE BED FOR 2.5M. AFTER THAT A 1M STAHEE BED OBTAINED WITH A
PLYWOOD BOARD WHERE A SINGLE LAYER OF GLASS BEADSDg:=1.09MM) WERE
GLUED ON TOP. THE TEST SECTION WAS 0.2M IN LENGTHND IT WAS FOLLOWED BY
IMMOBILE GRAVELS UP TO THE OUTLET. ..ot 67

FIGURE 3. 9. SCHEMATIC DIAGRAM OF FLOW CONTROL DEVIES OF THE ERVINE FLUME...70

FIGURE 3. 10. ERVINE FLUME SET UP. THE TESTING ARES LOCATED 2M DOWNSTREAM
THE INLET. GRAVEL (D=20MM) WERE USED IN THE FIRST 0.3M TO INDUCE A
TURBULENT BOUNDARY LAYER; 1.7M OF GRAVEL D=4-6MM) FOLLOWED THIS
SECTION. THE 1M TESTING AREA WAS LOCATED IMMEDIATEY AFTER THAT.

Vi



FOLLOWING THE TESTING AREA THERE WAS A SECTION FILED WITH SEDIMENTS 4-
6MM UP TO THE OUTLET. ..ottt 71
FIGURE 3. 11. PRINCIPLE OF PIV AND DIFFERENT PHASES) DATA COLLECTION; 2) DATA
PROCESSING; 3) DATA ANALYSIS. (MODIFIED AFTER NIELSANKER ANDERSEN,
DANTEC DYNAMICS, MAY 2007). .. .o 73
FIGURE 3. 12. ILLUSTRATION OF THE PROCESS LEADINGOTTHE SUPERIMPOSITION OF
CONSECUTIVE IMAGES TO FIND THE DISPLACEMENT FOR EVE SINGLE
INTERROGATION AREA (IA). THIS IS DONE BY APPLYING AMATHEMATICAL SPATIAL
CORRELATION. ONCE THE DISPLACEMENT IS KNOWN, THEN XELOCITY CAN BE PUT
IN THE PLACE OF THE IA. (MODIFIED AFTER NIELS ANKERANDERSEN, DANTEC
DYNAMICS, MAY 2007). ..eiiiiiiiiiiiiiiie it sttt s sa e b s ne s s e sne e 75
FIGURE 3. 13. ALIGNMENT DEVICE: A) PARTICULAR OF TH ALIGNMENT INSTRUMENT; B)
LASER, BOROSCOPE AND ALIGNMENT INSTRUMENT SET UP;)CBOROSCOPE AND
LASER ADJUSTMENT TO SHINE IN THE SLOT 1MM; D) CALIBATION PLATE PLACED IN
THE CENTRE OF THE FLUME AND PERPENDICULAR TO THE 8H SPEED CAMERA,; E)
HIGH SPEED CAMERA FOCUSSED DON THE CALIBRATION PLAT AND TILTED WITH
THE SAME SLOPE OF THE FLUME (1/200); F) MANFROTTORIPOD, WHERE THE CAMERA
WAS RESTED: THE FIGURES SHOWS THE FINE ADJUSTMENTNOHE TRIPOD WHICH
ALLOWED REFINING 3 DEGREES OF MOVEMENT OF THE CAMER ..........cccooiiiiiiniiiiins 79
FIGURE 3. 14. A) SEEDING CONCENTRATION AND IN YELL®W THE IA (64X64PIXELS). THE
WHITE AREAS ON TOP AND BOTTOM ARE THE RESULT OF THEASKING OF THE BED
AND OF THE FREE SURFACE WITHOUT WATER. B) RESULT OHHE CROSS
CORRELATION PROCESS ON THE IMAGE SEQUENCE PRESENTEDA. AS IT CAN BE
SEEN, THE NUMBER OF WILD VECTORS IS WELL BELOW THE&% ADVISED BY DANTEC.

FIGURE 4. 1. BRIGHTNESS INTENSITY ADJUSTMENT USINBJAGE J. A) ORIGINAL PICTURE
COLLECTED; B) RELATIVE HISTOGRAM OF THE PIXEL INTESITIES WHERE 0
REPRESENT A DARK ARE AND 255 A BRIGHTER ZONE; C) BRHTNESS CORRECTION
APPLIED AND D) RELATIVE SATURATION OF THE HISTOGRAMFOR WHICH THE RANGE
HAS BEEN SPREAD AND BETTER VISIBILITY WAS REACHEDFLOW FROM RIGHT TO

FIGURE 4. 2. A) THRESHOLD COLOUR PLUG IN WITH HUESATURATION AND BRIGTHNESS
MODIFICATION. THE HUE ALLOWS DIFFERENTIATING AMONGDIFFERENT COLOURS
(E.G. YELLOW/GREEN). IN PARTICULAR PICKS AMONG THETWO COLOURS WERE
IDENTIFIED AS GOOD SEGMENTATION. B) ORIGINAL IMAGEOF WEEK 3 SAND (1.98L/S);
C) AN EXAMPLE OF A SUCCESSFUL SEGMENTATION USING EHPICK IDENTIFIED IN A.
FLOW FROM RIGHT TO LEFT ...t eeeeseeeeeeeeeeeee e ee e ee e eeeees s 90

FIGURE 4. 3. BIOSTABILIZATION BY BENTHIC CYANOBACTRIA. A) THE GRAINS ARE
INTERWOVEN BY CYANOBACTERIAL FILAMENTS AND FIXED IN THEIR POSITION,
INCREASING THE RESISTANCE AND FLEXIBILITY OF THE OBANIC REACH SEDIMENT
(SCALE 5MM). B) THE MUCUS- REACH CYANOBACTERIAL CO¥R IS REDUCING THE
SURFACE ROUGHNESS OF THE SAND. HENCE THE FRICTIONAIORCES ARE REDUCED,
INCREASING THE STABILITY OF THE DEPOSIT (SCALE 5MM)C) SEDIMENT IS SEALED
BY THE DENSE MAT LAYER AT A LEVEL IN WHICH THE INTRA-SEDIMENTARY GASSES
BECOME ENTRAPPED. THE GAS PRESSURE MAY GENERATE HAW CAVITIES (SCALE
100MM) (AFTER NOFFKEET AL, 2001). c....eveooeoieeeeeeeeesees e eeeceemeeeeeseeeeeeeeee e enee 92

FIGURE 4. 4. FIXATION STAGE AFTER 1 WEEK OF BIOFILN\SROWTH EXPERIENCED AT THE
LS BY: A) SGS; B)SAND; C)LGS; D) GRAVEL. SCALE 0.28Y 0.2M. FLOW FROM RIGHT TO

FIGURE 4. 5. MATURE LABORATORY GROWTH STAGE (WEEK)4AT THE SS EXPERIENCED
BY: A) SGS; B) SAND; C) LGS AND D) GRAVEL. SCALE: 50MM BY ~30MM. SGS AND
SAND PRESENT A CLEAR SMOOTHING OF THE SURFACE, WITEBIRAINS BEING EMBED
INTO THE BIO-MAT AND ROUGHNESS OF THE BED BEING DHEREASED; LGS AND
GRAVEL SHOW A DIFFERENT TREND, WITH BIOFILM GROWINGHIOMOGENEOUSLY ON
THE SURFACE OF THE GRAIN BUT NO GENERATION A “CARPE; INSTEAD STREAMER
WERE SEEN GROWING ON TOP OF THE GRAIN: THIS WILL AECT THE FLOW
STRUCTURE AROUND THE TOP OF THE GRAIN DUE TO THE BCTUATION OF THE
STREAMERS. FLOW FROM RIGHT TO LEFT. ..ottt 94

FIGURE 4. 6. EXAMPLES OF THE SEALING STAGE DEFINEYENOFFKEET AL (2001): A) SGS AT
THE LS AFTER 3 WEEKS OF GROWTH: THE BUBBLE OF AIRRRPPED UNDERNEATH THE
BIOFILM IS OCCUPYING THE ENTIRE CENTRE OF THE SAMMELAND IT IS EXPOSED OUT
OF THE WATER SURFACE; B) SAND AT THE SS AFTER 2 WKE OF GROWTH IT IS
EVIDENT THAT MICRO BUBBLES (ABOUT THE SAME SIZES OFA SAND GRAIN) ARE

IX



EXPOSED TO THE FLOW AND REPRESENT A POSSIBLE WEAKSE OF THE BIO-MAT.
FLOW FROM RIGHT TO LEFT.....ooiiiiiiiiiiii i 95
FIGURE 4. 7. 10 WEEK OF GROWTH AT THE LS USED TO NB THE STRONGEST
BIOSTABILIZATION STAGE. 1°" IMAGE IS THE ORIGINAL COVERAGE FROM THE YALIN
FLUME; 2'° IMAGE IS THE EROSION AFTER THE FIRST FLOW APPLICA®N (0.52L/S); 3°
IMAGE IS THE REMAINING BIOFILM AFTER THE APPLICATION OF THE LAST FLOW STEP
(3.40L/S). FLOW FROM RIGHT TO LEFT. ...ei e 99
FIGURE 4. 8. CARPET LIKE EROSION EXPERIENCED FOR ¥k 7 OF GROWTH. THE BIO-MAT
STILL TRAPS SOME OF THE SEDIMENT AFTER BEING DISLGEED, PROVING THE
STRENGTH OF THE ADHESION AMONG BIOFILM AND SEDIMENS. FLOW FROM RIGHT
TO LEFT. (SCALE 90MM BY BOMM)......cciiiiiiiiiiimmm ittt s s 101
FIGURE 4. 9. WEEKLY RELATIVE BIOMASS (MG/G), WHICHS BIOMASS (MG) DIVIDED BY
THE DRY WEIGHT OF THE SAMPLE (G), OF BOX0.2 FOR SANAND GRAVEL SIZE
SEDIMENTS AS OBTAINED FROM LOI (HIMOM, 2005). .......ccocoiiiaiiiiiciiee e 101
FIGURE 4. 10. A) RESULTS FOR THE SS FOR % INCREASE 7c COMPARED TO ABIOTIC
SEDIMENTS: SGS EXPERIENCED THE LARGEST BIOSTABILIZAON FOR WEEK 4 OF
GROWTH WITH THRESHOLD REACHED AFTER 43% MOREB WAS APPLIED; SAND AND
GRAVELS HAD A BIOSTABILIZATION OF RESPECTIVELY 30%AND 35% MORE THAN
ABIOTIC SEDIMENTS FOR MATURE BIOFILMS AND LSG PRESYTED THE LOWEST
BIOSTABILITY UP TO 17%; B) RELATIVE BIOMASS (SEE BURE 4.9 FOR DETAILS)....... 103
FIGURE 4. 11. SAND EXPERIMENT AT THE LS AFTER THERPLICATION OF THE FIRST FLOW
STEP (1.31L/S): A) WEEK 2 OF GROWTH; B) WEEK 3 ORRGWTH. .......ooceiiiiiiiiiiieiccs 105
FIGURE 4. 12. RELATIVE BIOMASS (MG/G) IN TIME (INCEASE GROWTH TIME FROM LEFT TO
RIGHT) AGAINST CRITICAL SHEAR STRESS AS IT CAN BE SEEN FORM THE GRAPH NO
EVIDENT RELATIONSHIP EXISTS AMONG TIME OF GROWTH, BBMASS AND CRITICAL
ENTRAINMENT THRESHOLD. FOR TIME DIRECTION FOLLOW TH RELAVANT
COLOURED ARROW. ...t 106
FIGURE 4. 13. SIDE VIEW OF A TYPICAL EROSION EXPERENT OF BOXO0.2 (SGS), WITH FLOW
FROM LEFT TO RIGHT. THE DOWNSTREAM END OF BOX0.2 SWED A STRONG
BIOSTABILIZATION AND HENCE THIS PORTION OF THE BEDWAS NOT ERODED,;
UPSTREAM THE BIOFILM GROWTH WSA WEAKER AND, AFTER HE SURFACE LAYER
WAS ERODED, THE REST OF THE SEDIMENT LAYERS WERE AIHRESHOLD SO THAT
THE BED SURFACE WAS LOWER THAN THAT OF THE BIOSTABIZED REGION. (LENGTH
SCALE G0MM). ... 108
FIGURE 4. 14. AREA EROSION (%) OF THE LS AT THE ENDOF EACH FLOW STEPS VS THE
RELATIVE BED SHEAR STRESS FOR THE 4 MATERIALS IN WMIE. ERROR BARS ARE UP
TO 9% FOR GLASS MATERIAL AND 5% FOR NATURAL SEDIMERS. ........cccocciiiiiiiiiin, 109
FIGURE 4. 15. EXAMPLE OF LINEAR, POWER, LOGARITHMICAND EXPONENTIAL
REGRESSION FITS TO THE GRAVEL RESULTS FOR WEEK 4 GROWTH. SEE THAT THE
COEFFICIENTS MATCH THOSE IN TABLE 4.3. ...t 113

FIGURE 5. 1. BIOFILM GROWTH FOR BOX1 AT THE SS (SCE 52MM*29MM). A) SAND 1 WEEK
COLONIZATION; B) SGS 2 WEEKS CULTURE; C) LGS 3 WEEKXOF GROWTH AND D)
GRAVEL 4 WEEKS OLD BIOFILM, WHERE .1 IS IN DRY CONIOTIONS WHEREAS .2 IS WET.
FLOW FROM RIGHT TO LEFT AND WHITE STREAKS IN THE SBMERGED FLOW IMAGE
(.2) ARE LIGHT REFLECTIONS FROM PIV SEEDING MATERIA .........cooooiiiiiiiiiiie 129

FIGURE 5. 2. SAND SIZE SEDIMENTS GROWTH CHARACTERIES. A COMMON TREND
SHOWS THAT IN THE FIRST 2 WEEKS OF GROWTH AN HOMOGBUS GROWTH
PATTERN CAN BE SEEN IN THE YALIN FLUME (A, SGS 1WB, SAND 2W) WHEREAS FOR
MORE MATURE STAGES OF BIOFILM GROWTH THE COLONIZATON IS PATCHY AND
HENCE LESS STABLE (C, SAND 3W; D SAND 4W) (FLOW FRORIGHT TO LEFT). ........... 129

FIGURE 5. 3. GRAVEL SIZE SEDIMENTS GROWTH CHARACTERTICS. A COMMON TREND
SHOWS THAT IN THE FIRST WEEK (A) BOTH MATERIALS SH®@ UNIFORM
COLONIZATION. FROM 2 WEEKS OF GROWTH (B) THE GROWTRATTERN CHANGES
AMONG LGS AND GRAVEL: LGS PRESENT UNIFORM BIOFILM GVERAGE (B LGS)
WHEREAS GRAVEL HAVE BEEN ERODED DURING GROWTH CONDION AND APPEAR
PATCHY (B GRAVEL). WEEK 3 (C) AND WEEK 4 (D) PRESENHETEROGENEITY FOR
BOTH GRAVEL SIZE MATERIALS. (FLOW FROM RIGHT TO LEF). ....ccccovciiiiiiiiici 130

FIGURE 5. 4. WEEKLY RELATIVE BIOMASS (MG/G), WHICHS BIOMASS (MG) DIVIDED BY
THE DRY WEIGHT OF THE SAMPLE (G), OF BOX1 FOR SANBND GRAVEL SIZE
SEDIMENTS AS OBTAINED FROM LOI (HIMOM, 2005). ........cociiiiaiiiieiciiee e 131

FIGURE 5. 5. EPS OVER SAMPLE WEIGHMG/ML*MG) PER WEEK OF GROWTH OVER THE 4
DIFFERENT MATERIALS FOLLOWING THE METHODOLOGY PRES¥TED IN SECTION
ST 8 TP 133

X



FIGURE 5. 6. SGS EPS VISUAL ASSESSMENT: ON THE LEFE LIGHT IMAGE OF THE SAMPLE
AND ON THE RIGHT THE DAPI SEQUENCE; HERE, ANYTHINGIGHT BLUE REPRESENT
THE PRESENCE OF THE EPS. SCALE 1.24MM BY 0.93MM..ccc...iiiiiiiii i, 135

FIGURE 5. 7. YALIN RESULT OF BOX1 FOR THE FOUR MAHALS IN TIME. N.B. NO DATA
ARE AVAILABLE FOR WEEK 3 SGS DUE TO FAILURE OF THEMAGE CAPTURE
TECHNIQUE DURING THIS TRIAL. ..o 136

FIGURE 5. 8. PERCENTAGE EROSION OF THE LS AT THE ENDF EACH FLOW STEPS VS THE
RELATIVE BED SHEAR STRESS FOR THE 4 MATERIALS IN MIE. ERRORS ARE UP TO 9%
FOR GLASS MATERIAL AND 5% FOR NATURAL SEDIMENTS ANDHAVE NOT BEEN
ADDED TO THE GRAPH FOR CLARITY OF READING. THE TRHN OF EROSION THAT
TAKES PLACE FOR BOX1 IS VERY WELL APPROXIMATED BY A OGARITHMIC PROFILE.
THIS WAS HINTED BY THE RESULTS AT THE LS IN CHAPTER (SEE SECTION 4.4.6). THE
DIRECT RESULT IS THAT THE EROSION IS EXPONENTIALLYRELATED TO THE
INCREASE INTg WHICH IS A FINDING COMMON TO MANY OTHER COHESIVE ORBIOTIC
ENTRAINMENT THRESHOLDS (E.G. SANFORD AND MAA, 2001).........ccccvviiiiiiiininiiie e, 139

FIGURE 5. 9. ABIOTIC SGS: FOR 1.6L/S AND FOR 3.6L/8) THE BED IS IN THE FOV (UP TO
4MM) BUT EROSION IS TAKING PLACE; B) THE BED IS ERDED AND HENCE SOME
SEEDING PARTICLES ARE OUTSIDE THE FOV; THIS MAKESHE IDENTIFICATION OF
THE ZERO LEVEL OF THE VELOCITY PROFILE IMPOSSIBLEQ OBTAIN; C) EXAMPLE OF
BAD SEEDING STARTING FROM 7L/S FOR 3WEEKS OF GROWTHRAVEL. ..........ccceeeneee. 146

FIGURE 5. 10. SGS AT 1.6L/S: AY ABIOTIC SEDIMENTS; B)U 1 WEEK OF GROWTH; C)V
ABIOTIC SEDIMENTS; D) V 1 WEEK OF GROWTH; E)STANDARD DEVV ABIOTIC
SEDIMENT; F) STANDARD DEVV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GREY ZONES COINCIDE WH THE PRESENCE OF A
MASK TO REMOVE THE BED FROM THE IMAGE-PROCESSING RHEON. (FLOW FROM
LEFT TO RIGHT). oottt s s s 148

FIGURE 5. 11. SGS AT 3.6L/S: AY ABIOTIC SEDIMENTS; B)U 1 WEEK OF GROWTH; C)V
ABIOTIC SEDIMENTS; D) V 1 WEEK OF GROWTH; E)STANDARD DEVV ABIOTIC
SEDIMENT; F) STANDARD DEVV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GREY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTTO RIGHT). .........cccc...... 149

FIGURE 5. 12. SAND AT 1.6L/S: AY ABIOTIC SEDIMENTS; B)U 1 WEEK OF GROWTH; CV
ABIOTIC SEDIMENTS; D) V 1 WEEKS OF GROWTH; E) STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GREY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTTO RIGHT). .........cccco..... 151

FIGURE 5. 13. SAND AT 3.6L/S: AJ ABIOTIC SEDIMENTS; B)U 1 WEEK OF GROWTH; CV
ABIOTIC SEDIMENTS; D) V 1 WEEKS OF GROWTH; E) STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GREY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTTO RIGHT). .........cccc..... 152

FIGURE 5. 14. LGS AT 1.6L/S: AY ABIOTIC SEDIMENTS; B)U 1 WEEKS OF GROWTH; CyV
ABIOTIC SEDIMENTS; D) V 1 WEEKS OF GROWTH; E)STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVU 1 WEEK GROWTH; G)STANDARD DEVV ABIOTIC
SEDIMENT; H) STANDARD DEVYV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GRAY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTO RIGHT). ........cccveeeen. 154

FIGURE 5. 15. LGS AT 3.6L/S: AY ABIOTIC SEDIMENTS; B)U 1 WEEKS OF GROWTH; CyV
ABIOTIC SEDIMENTS; D) V 1 WEEKS OF GROWTH; E)STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVU 1 WEEK GROWTH; G)STANDARD DEVV ABIOTIC
SEDIMENT; H) STANDARD DEVV 1 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GRAY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTO RIGHT). .......ccccveeneen. 156

FIGURE 5. 16. GRAVEL AT 1.6L/S: AYJ ABIOTIC SEDIMENTS; B)U 4 WEEKS OF GROWTH; CY
ABIOTIC SEDIMENTS; D) V 4 WEEKS OF GROWTH; E)STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVU 4 WEEK GROWTH; G) STANDARD DEW ABIOTIC
SEDIMENT; H) STANDARD DEVV 4 WEEK GROWTH. (SCALE ON THE X DIRECTION
EQUAL TO 60MM). NOTE THAT THE GRAY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTTO RIGHT). .........ccco..... 157

FIGURE 5. 17. GRAVEL AT 5L/S: AJ ABIOTIC SEDIMENTS; B)U 4 WEEKS OF GROWTH; CY
ABIOTIC SEDIMENTS; D) V 4 WEEKS OF GROWTH; E) STANDARD DEW ABIOTIC
SEDIMENT; F) STANDARD DEVU 4 WEEK GROWTH; G) STANDARD DEW ABIOTIC
SEDIMENT; H) STANDARD DEVYV 4 WEEK GROWTH. (SCALE ON THE X DIRECTION

Xl



EQUAL TO 60MM). NOTE THAT THE GRAY ZONES COINCIDE WH THE PRESENCE OF A
MASK AND HENCE THE BED WAS VISIBLE. (FLOW FROM LEFTO RIGHT). .......cccveeneen. 159

FIGURE 6. 1. TENSILE TESTS FOR COMPOSITE BIOFILM/SR BGB3-C UNDER LOW APPLIED
FORCE (A) AND DURING FAILURE UNDER HIGHER FORCES JBTHIS SHOWS HIGH
ADHESION AS NO PARTICLES DETACHED FROM THE BIO-MATNDER TESTING. ........ 176

FIGURE 6. 2. FORCE (N)-ELONGATION (MM) GRAPHS FOR) BIOFILM ONLY SAMPLES (BO1-
4); B) BIOFILM GROWN OVER BEADS SAMPLES (BGB1-BGB6ND C) BIOFILM GROWN
OVER SAND SAMPLES (BGS1-BGS6). IN CASE OF THE USAGE THE 100N LOAD CELL
(SEE TABLE 6.2), ALTHOUGH THE DATA PRESENT LOWER ATQJRACY IN THE
RESOLUTION, A CLEAR INITIAL ELASTIC TREND IS VISIBLE. ........oveoeereeeeeeeeereeeeseeneenn. 180

FIGURE 6. 3. STRAIN E) PLOTTED AGAINST THE MAXIMUM COHESIVE STRENGTHEyax(PA)
FOR BIOFILM ONLY (BO, m), COMPOSITE BIOFILM AND BEADS (BGB-C,e), BIOFILM
GROWN OVER BEADS (BGB,o), COMPOSITE BIOFILM AND SAND (BGS-C, *) AND
BIOFILM GROWN OVER SAND (BGS4, X). ......veoeeemeeeeeeseeeseseeeseesseseeseeeseeesessessesse e 183

FIGURE 6. 4. MAXIMUM COHESIVE STRENGTHEyax (PA) AGAINST THE ELASTIC MODULUS
(E) (PA) FOR BIOFILM ONLY (BO,m), COMPOSITE BIOFILM AND BEADS (BGB-C,e),
BIOFILM GROWN OVER BEADS (BGB,o), COMPOSITE BIOFILM AND SAND (BGS-C, *)
AND BIOFILM GROWN OVER SAND (BGS4, X). THE PROPORGNALITY AMONG BO IS 7
TIMES HIGHER THAN BGS-C SAMPLES, 5 TIMES HIGHER THM BGB AND 3 TIMES
HIGHER THAN BGB-C.......oveoveeeeeeeeeeeeeeeee e 183

FIGURE 6. 5. A) GLASS BEAD:=2MM ATTACHED TO THE MICROSCOPE SLIDE AFTER
BEING REMOVED FROM THE 1 WEEK OLD COLONY; B) DIAGRM OF A SINGLE BEAD
EXPOSED TO THE WEIGHT FORCEW) AND RESISTING THROUGH THE ADHESION
FORCE GENERATED BY THE BIOFILMEA) .......ovoiveeeeeseeeeeeeeee e s 186

FIGURE 8. 1. FORCES BALANCE ON A PARTICLE AT THE RFACE OF A BED (AFTER WIBERG
AND SMITH, L987). ... e s e 213

FIGURE 8. 2. FORCE MOMENT BALANCE DIAGRAM FOR THENETRAINMENT OF A SINGLE-
SEDIMENT GRAIN INCLUDING THE ELASTIC FORCE DUE TO HE BIOFILM FE. FE
DIRECTION OF APPLICATION IS HIGHLIGHTED IN THE DIA®RAM BY THE RED ARROW

(MODIFIED AFTER BRIDGE AND BENNETT, 1992). ..o 213
FIGURE 8. 3. REPRESENTATION OF THE FLOW CONDITIONSI A FLUME CAUSING THE
COMPOSITE BIO-MAT AND SEDIMENT ON THE BED TO OSCIATE...........ccccceiiiiiiiiiiienn, 217

Xl



Acknowledgment

My first big thank you goes to my two supervisors, Heather and Bill: you have
been models to follow throughout the course of this journey; you really have
passed on to me your enthusiasm about research and the desire to achieve the
best science. It is only thanks to you that | have made it so far.

Stuart: without your fundamental help | would have not been able to finish this
thesis. Thank you for always being there.

Thank you to the two external examiners, Prof David Paterson and Prof Trevor
Hoey, for the precious help in improving the quality of my thesis.

Amanda, Barbara, Eileen, Alan, Bobby, lan, Robert, Tim, Kami: you have been
fundamental for me! Always there to help and with a bright smile in any
occasion.

Dr V.R. Phoenix, Dr T. Beattie, Dr A. Fernandes, Dr M. Jarvis, Dr G Collins, Sarah
Haigh, Dr J. Cooper: thanks for the technical input that all of you have given me
at different points during my PhD. It really meant a lot for this project.

Department of Civil Engineering, University of Glasgow (and in particular the
former Heads of the Department Alan, Simon and Chris): thanks you very much
for the support that you have given me during the past 4 years.

GU68: A special thank you to you for having believed in me and for the award |
received: with the help you given me, my data (especially in chapter 5) have
improved in quality substantially. Without you the science | have produced
would not have been at the right standard.

Alan Ervine: a big thank you to Alan, for having believed in me as a researcher.
You will always be a model for all of us.

For the old PhD folks Annie, Doug, Miguel, lain, Jen: | am glad we met and if it
wasn’t for this academic journey | would have never got to know you guys! You
have been all special for me and made the journey go smoother and faster.
Thanks for being there all the time. | won’t forget it.

For all the great friends | have met on the way thanks to this PhD: Marnie and
Jay, Melanie and Jake, Sarah and Martin, Ross and Jay, Graeme and Kirsten,
James, Doug and Hayley, Siding. You guys have been a huge help and a lot of
fun. I am lucky that we all met! Thanks for all the things we have done together
and for always being there.

Friends in UK: Silvia, Simona, Alessandro e le bambine, Filippo, Lotta, Giancarlo,
Alessia, Jesus, Moha, Marie, Megan, Daniele, you are my family here. Thanks for
being there always.

Italian friends: Sonia, Daniele, Marina, Paolo, Karen, Ilaria, Laura, Erica, Andrea,

Giacomo, Massimiliano, Luca, Monica, Giuseppe, Batta, Giada, Raffaele,
Stefano, Silvia, Manuel, Marzio, Mauro, Sara Busatto, Moreno, Laura, Valentina,

X1l



Irene, Alessandra thanks for making me feel your support, even from Italy! Even
if we are distant, every time we see each other, is like no time has passed and
you are always with me!

Manolo, Silvia, Estelle: you guys, even if we do not see each other very often, |
have always known you are there for me and this meant a lot! | will come and
visit you once | am done!

Finally, Seb: thank you for having been such a good support for me. For
everything | had to complain about, you have been there. | would never have
made it without you in my life and without your precious suggestions and advice.
Grazie amore mio.

Vale: my best friend, | don’t think | would have made it so far without you. You
have always been there in all the decisions: from leaving Italy to starting a PhD.
You have been indispensable for me: | have to really thank you for never leave
me alone.

My family: Mamma, Papa’, Antonio thanks just for being there in good and bad
moments and always believe in my crazy ideas. You have given me all | could
possibly want. Without your support and understanding | would have never gone
anywhere. Grazie davvero.

XV



Author’s declaration

| declare that no portion of the work in this thesis has been submitted in
support of any application for any other degree or qualification of this or any
other university or institute of learning. | also declare that the work
presented in this thesis is entirely my own contribution unless otherwise
stated.

Elisa Vignaga

XV



Definitions

a: small grain diameter;

A: the area;

Ay: the wet area;

b: intermediate grain diameter: this is the one measured with a sieve;
B: the width of the channel;

c: longest grain diameter;

Cp: drag coefficient;

cm: centimetres;

cm/s: centimetres per second, a measure of velocity;

d: displacement height in the “law of the wall”, where the velocity profiles goes
to zero;

D: grain diameter;

Dsp: sediment grain diameter for which 50% of the material is lower;
E: Young’s modulus of elasticity;

E,: the erosion rate;

F4: adhesive force;

Fp: drag force;

Fp: drag force;

F.: lifting force;

Fr: resistance force;

Fr: the Froude number:

fs: the sand fraction;

g: the gravity acceleration (9.81m/s?);

H: flow depth;

k: Von Karman constant (0.4);

ks: sediment roughness parameter;

L: length;

m: metre;

m/s: metre per seconds, a measure of velocity;

M: mass;

mm: millimetres;

M,: overturning moment due to Fp or Fy;

M;: resisting moment depending on Ws and Fg;

n: the critical number of grain moving according to the Yalin criterion;
Pa: Pascal, equal to kgm/s” and used to measure shear stress intensity;
Q: the flow;

Re: Reynolds number;

Rep: particle Reynolds number;

Rp: the hydraulic radius, defined as wet area (Ay) over wet perimeter (P);
s: seconds;

S: is the slope of the bed;

Sp: the slope of the bed:

Se: the slope of the energy;

Sp: the shape factor;

Sw: the slope of the water level;

t: the time of application of the Yalin criterion;

T: time;

u’: shear velocity;

u: instantaneous velocity in the downstream direction;
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U: the mean cross sectional velocity;

u’: deviation from the mean velocity U;

uc*: the critical friction velocity;

Uc: average critical velocity at incipient motion;

v: instantaneous velocity in the vertical direction (normal to the boundary);
v’: vertical velocity fluctuation;

w: instantaneous velocity in the lateral direction;

W: weight of a particle;

w’: lateral flow fluctuation;

W;: submerged weight;

x: longitudinal coordinate;

y: vertical coordinate;

Zp: hydraulic roughness;

Ys the specific weight of a grain;

O: boundary layer length;

&: eddie viscosity/Yalin criterion (1972), equal to 1*10°¢;

& the empirical floc erosion rate;

u: the molecular (or dynamic) viscosity;

um: micrometers;

v: the kinematic viscosity;

ps: the density of the material;

pw: the water density;

T: shearing force or shear rate, defined as the force applied on the area F/A;
Tp: the bed shear stress;

Tc: the critical bed shear stress for initiation of sediment motion;
@: Logarithmic scale for grain scale;

w: terminal fall velocity.

Abbreviations

BGB: biofilm grown over beads (SGS);

BGS: biofilm grown over sand;

BO: biofilm only specimens;

Boxi: boxes used in the preliminary experiment with length scale equal to 1m;

Boxg.2: boxes used in the preliminary experiment with length scale equal to
0.2m;

CSM: cohesive strength meter;

dH,0: distilled water;

DOM: dissolved organic matter;

EPS: extracellular polymeric substances;

LGS: large glass sphere (Dsp=2.00mm);

LS: large scale of observation for the image thresholding (0.2m by 0.2m in
chapter 4 and 0.5m by 0.3m in chapter 5);

PAR: photosynthetically active radiation;

PIV: particle image velocimetry;

SGS: small glass sphere (Dsp=1.09mm);

SS: small scale of observation for the video recordings (50mm by 30mm in
chapter 4 and in chapter 5).
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CHAPTER 1

Introduction

“One can learn much from a river.
From the river | have learned too: everything comes back”

H. Hesse, Siddharta

1.1 Sediment transport and biological interaction: from

an ancient past to present

The success and development of civilization has always been based on river
systems, with a tendency of both maximizing the benefits and limiting the
damages caused by rivers (Yang, 2003). The nature of lotic systems (streams and
rivers) is complex and dynamic: natural streams constantly reshape their course
through cycles of transport, scour and deposition of sediments. This combination
of processes goes under the name of “sediment transport”. In order to tackle
the complexity by which physical forces induce sediment motion, engineers have
for many years resolved to analyze simplified versions of the natural problem, by
implementing laboratory experiments in channels, known as flumes (the
manipulative experiment, Rice et al., 2010a). DuBuat carried out the first ever
recorded experiment as early as 1871 on the resistance of soil (from clay to “the
size of an egg”) under fluid velocities. Early experimental studies on sediment
incipient motion by Gilbert (1914), Kramer (1932), Casey (1935) were used by
Shields (1936) to draw the still most commonly used curve for predicting
sediment transport. Yet, in the past century many engineers and
geomorphologists (e.g. Mantz, 1977; Miller et al., 1977; Yalin and Karahan, 1979;
Buffington, 1999; Garcia, 2000) have attempted to improve the applicability of
Shields work, which fails in a number of cases. The lack of a complete

understanding of sediment transport is the reason why even in present times



engineering structures are badly affected by erosion, to the point of becoming

ineffective (e.g. silting up of dams, bridge pier scour, and river banks erosion).

It is not only engineers who are facing issues related to sediment transport; in
recent times environmental scientists have found themselves having to deal
more and more with problems of habitat preservation, enhancement and the
fate of pollutants and of pathogens (e.g. E. coli, Droppo et al., 2009) in river
systems. It is widely recognized that fine eroded sediments represent the best
carrier for pollutants together with the “sticky exopolysaccharide matrix”
(Salant, 2011), produced by micro-organisms naturally present in river systems.
Those micro-organisms, ranging from viruses to algae, live in colonies bound
together by extracellular polymers substances (EPS) and are known as “biofilms”
(Neu, 1994). Biofilms have been extensively studied by biologists and ecologists
in the past century, partly because they are part of the food web and
biogeochemical cycles and partly because they influence fluxes of nutrients,
energy and matter (Battin and Sengschmitt, 1999; Battin et al., 2003a). A well
known fact is that biofilm growth benefits from constant flow, hence micro-
organisms preferentially colonize submerged substrata such as sediments and
rocks, which provide an ideal location for anchoring and maximizing their
exposure to nutrients (Anderson-Glenna et al., 2008). The direct link among flow
and biofilm growth is the reason why micro colonies are present in both marine
and riverine environments. Despite the very many studies published on the
effect that flow have on the development of biofilms (a search in the database
Web of Knowledge for biofilm structure/flow provides 590 papers on the subject
on the 31/03/12), it is only recently that publications have started to show that
biofilms can also have an effect on flow and hydraulic variables. Some examples
are: (i) increase the frictional resistance of ships such that 18% more power is
required to match the speed of a non-biofouled ship (Schultz and Swain, 1999);
(ii) reduce the power output of Hydroelectric Power Stations by as much as 17%
and affect water distribution utilities (Andrewartha et al., 2010); (iii) change the
hydraulic roughness of rocks: Nikora et al. (1997, 1998) draw the conclusions
that biofilms increase bed roughness whereas Biggs and Hickey (1994) and Graba
et al. (2010) found that biofilms (micro colonies attached to rocks and bed

material) induce a decrease in hydraulic roughness of the sediment substratum.



The evidence that epilithic biofilms (biofilms growing on the surface of rocks)
affect flow and turbulence suggests that those might also produce physical
modification on the erosion processes of small size sediments. Examination of
the early seventies literature indicates that field samples, in the sizes of fine
sand sediments and smaller, colonized by mats of filamentous green algae
(cyanobacteria) were five time more resistant to erosion than bare zones of
sediment (Scoffin, 1970; Neumann et al., 1970). Since then, evidence that the
phenomenon is widespread has grown (Grant and Gust, 1987; Black et al., 2002;
Lelieveld et al., 2003). In particular in marine environments it appears that
sediment samples that comprise mineral grains and a microbial biofilm often
require shear stresses several orders of magnitude higher than those suggested
by the models (e.g. Shields, 1936) to be entrained (Paterson, 1997; Black et al.,
2002; Righetti and Lucarelli, 2007). As scientists have delved deeper into the
processes by which biofilms bind sediments, they have begun to recognize the
complexity of the biological - physical interactions, which has been named
“biostabilization” and defined as “a decrease in sediment erodibility caused
directly or indirectly by biological action” (Parerson and Daborn, 1991) or “the
process whereby microbial growth and production of extracellular polymeric
substances (EPS) in conjunction with sediment colonization by other organisms
such as fungi and algae result in the increased stabilization of bed sediment due
to the sticking together of individual particles and floc” (Droppo et al., 2001).
The definitions presented above revealed an unexplored process of sediment
erosion happening when the substratum is “carpeted” by bio-mats: those biotic
grains behave differently from single particles but more like a fabric; hence it is
not surprising that models of sediment transport based on equilibrium of forces

acting on single grains (White, 1940) fail when biofilms prevail.

The general trend emerging from the studies presented above is that
understanding and modelling sediment erosion can only be progressed once
biological and chemical interactions are taken into account (Rice et al., 2010a).
However, our knowledge of sediment transport has relied for many years on
models derived from experimentation on clean sediments. The need for gaining
a better knowledge of the subject has led researchers, mainly from geosciences
and engineering, to create networks unified by the name “Eco-hydraulics” (Rice

et al., 2010b), intended to embrace ecology and biology into hydraulics for a



better understanding of the science behind erosion. However, the scale at which
eco-hydraulics has been confidently applied is generally much larger than the
micro-organism level. The majority of experimental studies in eco-hydraulics are
focussed upon the effect that grasses, bushes and trees have on flow (a search in
the database Web of Knowledge for flow/vegetation/flume provides 224 papers
on the subject on the 31/03/12); very few quantitative data from flumes are
presented on the mutual effect of biofilms, flow and sediment stability (a search
for  flow/biofilm/flume  presents 23 available  publications  and
flow/biofilm/sediments/flume shows only 15 papers on the 31/03/12).
Furthermore amongst this literature there is very little written on the behaviour
of fine non-cohesive sediment when coated by biofilms, allowing them to behave
as cohesive sediments. | believe this is one of the most challenging and less
investigated areas of research at present, with the result that the only
theoretical physical models for non-cohesive sediments coated by biofilm is
presented for the first time in this thesis. Borsje et al. (2008) were first to
introduce the modification of commercially available software, such Delft3D,
accounting for the biological component in the erosion of cohesive sediments.
However, Borsje et al. (2008) inclusion of biological factor in a model remains an
empirical site specific study with very restricted applicability. Hence there is the
need for a mechanical model that could be universally applied. In order to
achieve this point there is still a long way to go since many are the discrepancy
among different methodologies to investigate sediment transport (benthic
flumes, CSM, visual techniques).The experimental project presented here
embarks upon answering some of the unresolved questions presented above. In
particular, it investigates the effect of biofilm colonization in time on the
entrainment of small non-cohesive sediments (gravels and sands). This has been
carried out by implementing a complete flume based approach, which spans
from growth to testing of the colonized samples. The intention was to create as
little as possible disruption in the samples we produced. However, as stated by
Rice et al. (2010a), the simplification of flume studies can be at the cost of
realism. In particular, flume studies tend to prioritize the requirement of
matching Froude scales between the model and prototype, paying less attention
to the modifications of the fluid characteristics (e.g. water temperature is often
controlled to minimize viscous effects and achieve sensible turbulent condition).

When ecology is included into flume studies, the environmental conditions could



affect greatly the growth of any organisms; however it is easier to control single
variables and their effect on the organism under experiemtnal conditions, which
is impossible to obtain in the field. Biofilms are, for the most part, very fragile
and, although field samples have been used (Grant and Gust, 1987; Lelieveld et
al., 2003; Righetti and Lucarelli, 2007) in flume tests, it has been argued that
this technique might cause irremediable physically and biologically disruption
and consolidation of the samples (Tolhurst et al., 2000; Maa et al., 2007),
leading to overestimation of the erosion strength. To obviate this problem in-
situ instruments such as benthic flumes (Aberle et al., 2003; Aberle et al., 2004)
have been exploited. Their limitation is on the maximum sediment size
detectable; large aggregates and bedload cannot be measured by the turbidity
sensors used in this flume’s set-up, and the narrow nature of these flumes would
induce erosion unrepresentative of the real condition once larger sediments are
present. Furthermore, instruments such as the cohesive strength meter (CSM;
Paterson, 1989), an erosion device based on the effect of a water jet impacting
the sediment surface and recording a change in transmission, have limitations in
the dimension of the area analyzed (28mm in diameter) and of the maximum
sediment size that can be investigated (designed for mixed cohesive sediments
smaller than 1.5mm). Moreover, the CSM fires a vertical jet of water onto the
biotic sediments, which might induce earlier failure of the bed compared to the
typical horizontal shear in unidirectional flows. Similarly, when alternative
experiments have been conducted in the laboratory, they have often been
undertaken at small scales where the hydraulics are unrepresentative of real
river systems (Tolhurst et al., 2008). Therefore, in order for “biostabilization” to
be less of a qualitative and situation-bound effect, it is necessary to carry out
experimental investigations at a scale comparable to the one of real river

systems.

1.2 Research aims

This experimentally based project intends to measure specific variables
pertaining to biostabilization and non cohesive sediments (e.g. flow, time and

nutrients supply during biofilm growth period, sediments shape and size,



horizontal shear stress increase and bio-mats failure) and move towards a
generic mathematical description of the process of biotic erosion. We will
present and compare the results of flume experiments for which a single species
cyanobacterium (Phormidium sp.) was cultured in boxes of different sizes over
four different non-cohesive substratum (artificial and natural sediments, ranging

from coarse sand to fine gravels according to the Wentworth scale (1922)).

The specific aims of this project are to: (i) induce a single species biofilm,
common to marine and riverine environments, to colonize non-cohesive
sediments in a laboratory environment at different scales, comparable to river
ones; (ii) introduce a standardized criterion of motion for biotic sediment by
applying sediment transport methods and evaluate their applicability (e.g. Yalin
criterion € (1972)); (iii) investigate the mechanical properties of the material
biofilm only and the composite material biofilm/substratum, in order to account
for the force inducing failure on the bio-mat; (iv) assess the modifications
generated by different times of biofilm growth on the flow profile by using a non
invasive particle image velocimetry (PIV) technique; and, (v) define a
mathematical model which predicts biotic incipient motion by accounting for the
elastic properties of the biofilm and the modifications on the hydraulic variables

previously measured (e.g. hydraulic roughness and velocity field).

In detail:

» Chapter 2 will present: (i) a brief overview of the concept of sediment
transport and the new issues that need to be addressed related to the
increased stability of cohesive sediment due to biotic colonization
(section 2.1); (ii) the available literature and most up-to-date engineering
research in sediment transport, for cohesive and non-cohesive sediment
(section 2.2); (iii) the introduction to emerging cross-disciplinary called
“Eco-Hydraulics” and “Eco-Geomorphology”, which accounts for mutual
effects among flow and biota (section 2.3); (iv) the findings of
environmental scientists and biologists on the increased field stability of
sediment (biostabilization) due to the presence of micro-organisms such
as micro-algae, fungi, bacteria (section 2.4); (v) the evidence of research
gaps in sediment transport when colonies of micro-organisms are present

(section 2.5). As a conclusion (section 2.6), the evidence presented in this
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chapter will form a solid argument for conducing laboratory
experimentation on the stability of non-cohesive sediments coated by
filamentous bacteria at larger length scales comparable to hydraulic
structures and sediment patches found in real river systems (i.e. cm to m

scale).

Chapter 3 comprises the methodology chosen for the experimental studies
and will show: (i) the rationale for choosing the sediment sizes used in
this thesis (section 3.3); (ii) the set-up chosen for the flume used as
incubation chamber (Yalin flume) plus the explanation on the bacterium
selection (section 3.4) ; (iii) the set-up and instrumentation details of the
flume used to test the Preliminary Experiments at the cm scale (Shields
flume, section 3.5); (iv) the set-up and instrumentation of the fume used

to test Series 1 experiments at the m scale (Ervine flume, section 3.6).

Chapter 4 will present the first set of the flume experimental results:
Preliminary Experiments (length scale 0.2m). Here 4 different non-
cohesive sediments (glass spheres of Dsp = 1.09mm and 2.00mm; sand of
Dsp = 1.20mm and gravel of Dsp = 2.20mm) have been colonized up to 10
weeks in boxes 0.2m long by 0.2m wide by 20mm high and eroded under
quasi-uniform flow steps. This chapter presents the experimental
procedure followed (entrainment technique and image analysis, section
4.3) and erosion results (section 4.4). Incipient motion threshold for
abiotic sediments will be used as a benchmark, focusing on the effect of
sediments shape and size. For biotic sediments, results will articulate
upon variables such as: (i) time length of biofilm colonization under
unidirectional flow; (ii) sediment shape and size and their correlation to
bio-mats strength; (iii) biological analysis in terms of biomass; (iv) scale of
observation (small scale (SS, which is a 4% of the box area) versus large

scale (LS, which is the whole box area).

Chapter 5 includes the second set of flume experimental results: series 1
experiments (length scale 1m). Here the same 4 non-cohesive sediments
as used in chapter 4 have been colonized up to 4 weeks in boxes 1m long
by 0.3m wide by 20mm high and eroded under steady and uniform flow

steps. Selected experimental procedures are in line with chapter 4, with
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section 5.3 outlining additional methodologies introduced compared to
chapter 4 (particle image velocimetry (PIV) set up, to obtain non-invasive
measurements of the hydraulic flow field, and EPS analysis). The incipient
motion threshold for clean and biotic sediments will be investigated again
in terms of sediment shape, size and biomass with the addition of average
flow characteristics (flow field, shear velocity and hydraulic roughness,

sections 5.4).

Chapter 6 investigates experimentally the mechanical properties using a
Tinius Olsen H1KS tensile test machine of biofilm only or biofilm grown
under constant unidirectional flow over sandy substratum. First, an
overview on the elastic properties of biofilms at different scales will be
offered in section 6.2. Section 6.3 will present the details of the
instrumentation used, followed by the hypothesis (section 6.4) made on
the basis of the previous flume testing. Results (section 6.5) will be shown
for biofilm only samples and composite specimen biofilm/substratum,
together with Young’s modulus of elasticity (E). In the case of gravel size
sediments (section 6.6), tensile tests have not been possible to conduct
because bio-mats did not generate over those sizes. However an adhesive
experiment with physical proofs will be shown as a proof of concept,

showing biofilm “stickiness” also in gravel size sediments.

Chapter 7 will discuss the results in relation to the initial aims and
objectives presented herein; in particular attention will be given to the
variable selected such as: (i) flow at growth; (ii) size and shape of the
sediments; (iii) time of growth and biomass generated; (iv) change in
roughness assessed through the hydraulic investigation (PIV) and (v)

mechanical properties of the biofilm.

Chapter 8 will report the conclusions (section 8.1) and the future
refinements of the project presented (section 8.2). Evidence will be given
of the effect that biofilm colonized from real river water can have on the
stability of artificial non cohesive sediment (Dsp = 0.85mm). This was a
concluding, very simple experiment, carried out to show that laboratory
conditions are representative of a real phenomenon, which needs much

more investigation due to the many variables involved into the growth of
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biofilm (e.g. seasonality, nutrients, flow, and species). Among the future
recommendation we will present a theoretical mathematical model for
biotic incipient motion, based on a modification of the Wiberg and Smith
(1987) work and a new conceptual model based on the interaction of the
biological membrane with sediment and flow. Finally a brief discussion on
an ideal and hypothetical facility combining tensile testing in a flume will

be given in section 8.3.



CHAPTER 2

Literature review

“We cannot command nature except by obeying her”

Sir Francis Bacon

2.1 Background

Sediment transport is a central issue for the disciplines of engineering,
geoscience, chemistry and ecology. In engineering, it influences infrastructure
stability and operational efficiency in a plethora of ways; scour and erosion
undermines bridges, piers, embankments with implications for transportation,
shoreline dynamics and navigation safety, whilst siltation reduces reservoir
capacity, precludes hydroelectric operation, increases flood risk (see figure
2.1a, b, c). Similarly, in environmental science it controls the benthic
community composition (Hall, 1994), dispersal of pollutants and dredge soil,
harbour and beach maintenance, geochemical fluxes and animal-sediment
relations (McCave, 1976). Thus, man has held awareness of the physical
implications of this phenomenon and sought to cope with their impact for many
centuries (e.g. irrigation channel in China, waterways in Mesopotamia and
domestic water supply in the Roman Empire). Yet, Graf’s (1984) review of the
history of sediment transport clearly defines man’s approach towards the
discipline as an “art” until 200 years ago, when sediment transport became a
branch of fluid mechanics and was more robustly underpinned by mathematical

explanations and measurements.
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Figure 2. 1. Sediment transport effects: a) Infrast  ructure damage; b) Bank erosion and c)
Dam silting up (after Haynes, 2011).

A plethora of studies over the last Century have focussed on the fundamental
physical mechanics of sediment entrainment, transport and deposition (e.g.
Gilbert, 1914; Shields, 1936; Hjulstrom, 1935) to considerably improve sediment
transport model predictions. Whilst researcher knowledge and capabilities in
particle dynamics has become ever more advanced, in the last century engineers
have focussed their attention on the problems of applied mechanics, without
fully considering the associated environmental implications (chemistry, biology,
geomorphology). This trend has changed in the past decade, with engineers
investigating the interactions of flow and large vegetation in river channels (e.g.
Finnigan, 2000; Wilson et al., 2003; Nikora et al., 2008).

Only recently have more studies have been presented by engineers on the
processes that occur at the micro scale (e.g. nutrient exchange into the
sediment surface and increased sediment stability in natural sediments; Li et
al., 2012; Righett and Lucarelli, 2010). More research at this scale has been
carried out in the past decades by geoscientists and ecologists who have been
motivated by understanding the environmental pollutants fate (Macklin et al.,
1997; Owen, 2007; Luoma and Rainbow, 2008; Gerbersdorf et al., 2011). On
entering a river system, contaminants are gradually adsorbed or bound onto
sediments that are either suspended in the water column or on the bed (Droppo
et al., 2009); whilst these may be slowly assimilated by local biology, the
pollutant-bound sediment is transported through the aquatic environment by
cyclical erosion-deposition. The residence time and chemical nature of this
pollutant within the system can cause a severe impact on water quality and
habitat (Haag and Westrich, 2002). With the advent of nano-toxicology,
sediment-related pollutant transport remains as topical an issue today as it has

been over the last few decades of research into mine-waste, wastewater, and
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agricultural pollutant transport. Implicit within this issue is that fine and/or
cohesive sediments are generally the preferential carrier for pollutants (Owens,
2007); yet, the behaviour of cohesive sediments is still puzzling researchers as
Lick et al. (2004) state that “very little is known”.

The nature of cohesive sediments, with their large surface area to weight
relationship, surface charge and/or organic content (Parker, 1997) is ideal for
trapping pollutants. These characteristics in themselves change the entrainment
and transport mechanics of sediment particles; rather than discrete particle
entrainment they flocculate to stabilise as larger aggregates. Similarly, micro-
organisms colonize any wetted surface (Lock, 1993), inducing an additional
degree of cohesive strength. Yet, this modification of the sediment substratum
by microbes appears to be the least well researched of all environmental-
sediment interactions. In fact, Grabowski et al. (2011) suggests that at the
moment researchers are unable to define or quantify the “propensity to erosion”
of cohesive sediments due to the lack of appropriate instrumentation to
investigate this property. What can be measured is the rate of erosion or mass
eroded (E;) using benthic flumes for example (Tolhurst et al., 2000; Aberle et
al., 2003).

Moreover no mathematical modelling of this effect for non-cohesive sediments
(more common in river systems) exists and a reason for this is that the data
available are scarce, because expensive to collect (Borsje et al., 2008) and often
biased by the collection method (Tolhurst et al., 2000). Yet the possibility that
biology might affect the arrangement of sediment systems and mediate the
response of the bed to physical forcing has recently started to be taken into
account by scientists engaged in field work (Dade et al., 1990; Madsen et al.,
1993; Yallop et al., 1994). In particular, attention has focused on bacteria and
their binding effect in intertidal and marine environments, characterized by fine
cohesive sediments. Organisms inhabiting sediments may have three different
influences on sediment erodibility (Paterson, 1997): neutral (no effect), negative
(decreasing stability called bioturbation, expressed by reworking or packing of
the sediment by organisms) or positive (increasing stability). The positive effect
on sediment, due to the presence of micro-organisms, is known as biogenic
stabilization or biostabilization and it has been defined by Paterson and Daborn

(1991, pg. 111-119) as “a decrease in sediment erodibility caused directly or
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indirectly by biological action” (see section 2.4 for in detail information). A
large in situ dataset for the stability of cohesive sediments coated by micro-
organisms has been collected over the years and correction for biological
variables such as water content, chlorophyll a and bulk or dry density have been
also introduce into erosion equations for this cohesive size fraction (Amos et al.,
1998; Tolhurst et al., 1999). Even though it is well known by researchers that
biofilms can colonize rock surfaces and modify the flow around the substratum
(Nikora et al., 1998; Graba et al., 2010), practically no information are given on
the erosion properties of non-cohesive sediments in the size of sand and fine
gravel when coated by biofilm. Yet these sediment sizes are very common in
river systems and their transport is important for river management and

restoration.

This thesis will focus on trying to unfold, experimentally, the complex
relationship between biofilms, sediments and biostabilization. Before embarking
on this an in depth review of the processes inducing sediment transport and the
core physics behind it is presented in section 2.2. Section 2.3 introduces the
modern concept of eco-hydraulic and eco or bio-geomorphology. Section 2.4
presents evidence of the effect that the biota can have on sediment stability
and the need of a unified field of research that involves different disciplines to
generate the “best science” (Gerbersdorf et al., 2011). Finally, the limitations in

current knowledge that motivated this project are presented in section 2.5.

2.2 Physical modelling of sediment entrainment

In order to understand the relevance of biostabilization to sediment transport, it
is first necessary to explain the fundamental physics. Entrainment represents the
process by which a particle resting on a river bed is forced to move by the
flowing fluid. This occurs when the forces induced on the sediment by the fluid
overcome the frictional forces or the immersed weight of the grains; the
threshold shear stress for initial motion z. (Buffington and Montgomery, 1997) is
normally used as an index to the onset of entrainment. This might seem a very

simple concept but in reality the initiation of motion is driven by a series of inter
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correlated factors which are difficult to separate including inter alia: i)
sediment size, which is usually classified using the Wentworth scale (1922) and
uses sieve-based fractionation of a sediment sample; ii) shape, influencing the
structure and the arrangement of river beds, the surface area exposed to the
flow and the rollability (Powers, 1953) of a particle; iii) the flow characteristic
(laminar vs. turbulent), bearing in mind that turbulent flow is more common
within natural river flows, due to the relatively low fluid viscosity and high
inertia; laminar flow is broken down by fluctuations in the water column. This is
via flow structures of highly irregular shapes with a wide range of sizes, termed
eddies (Middleton and Southard, 1984). Even though many physical studies have
been carried out in order to determine the threshold of erosion (see for a review
Buffington & Montgomery, 1997) of sediment from cohesive to non cohesive,
uncertainties can still be found and these gets complicated even further once
the system considered is a natural one and hence includes more inter -related

variables.

Crucially to the present study is the distinction between cohesive and non-
cohesive abiotic sediment, which according to the Wentworth scale (1922) lies
at the silt-clay (0.062mm) transition. Particles smaller than this have cohesive
properties (i.e. surface charge) and therefore flocculate to form larger particles
of greater size and submerged weight (Parker, 1997); these characteristics serve
to stabilise the floc. Conversely, particles larger than this do not exhibit
cohesive effects and behave discretely. However, when micro-organisms coat
sediments, they induce cohesion due to the adhesive properties of the biofilm.
Hence, if fine non-cohesive particles are coated by biofilm, they might present a
certain degree of cohesiveness that has never been accounted before in models
of incipient motion based on the balance of force action on sediments (e.g.
Wiberg and Smith, 1987).

Hence in the following section of this thesis an overview of the forces
responsible for incipient motion of abiotic sediment will be presented (section
2.2.1) together with the most common and used techniques for the individuation
of the entrainment threshold (section 2.2.2) and in section 2.2.3 the
methodology used for defining cohesive sediments entrainment will be

illustrated.
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2.2.1 Forces involved in the incipient motion

Halow (1973) stated that the entrainment of sediment particles can occur in four
different ways: i) rolling, ii) sliding, iii) lifting and iv) bouncing. The most
important types of entrainment are generally considered rolling and lifting.
Following Yang’s (2003) theory, the external forces acting on a grain can be seen
in figure 2.2. The forces are: i) Fp, drag force; ii) F., lifting force; iii) Fg,

resistance force; iv) W; submerged weight.
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Figure 2. 2. Forces acting on a grain:  Fp, drag force; F, lifting force; Fg, resistance force; W;s
submerged weight. H is the flow depth and U is the average velocity (Modified after Yang,
2003).

For incipient motion, which is the state immediately prior to the onset of

motion, one of the following statements is satisfied:
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where, M, is the overturning moment due to Fp or F;, and Mg is the resisting
moment depending on Ws and Fr. Wu and Chou (2003) observed that the
threshold of entrainment occurs when the stability of a particle is disturbed, due
to the imbalance of the forces or force moments exerted on the particle in the
flow (Ling, 1995).

Whilst the physics of this is correct, complexities arise. For example: firstly, it is
difficult to simultaneously measure all these variables at a given instant due to
the complexity of 3D turbulence; in fact, as suggested by Reynolds (1895),
turbulence can be considered as random fluctuations around a time-average
velocity value. Hence descriptors based on more general characteristics of flow
velocity, grain properties and fluid properties would be preferable; secondly,
the instant at which the forces balance cannot be directly observed, as no actual
motion has taken place. Thus, researchers have developed a number of
methodologies and models for defining and determining incipient motion. Use of
one method over another remains controversial and up to the individual
researcher to defend, therefore section 2.2.2 gives an in depth analysis of

sediment entrainment approaches.

2.2.2 Sediment entrainment theory

In section 2.2.2.1 the four most common methodologies generally used to define
the threshold condition for sediments will be illustrated. Section 2.2.2.2 will
instead present the evidence that turbulent related structure can as well be
responsible for particles initiation of motion. Finally, section 2.2.2.3 will
illustrate the most common expressions used up to date to identify the
entrainment processes of cohesive sediments, differentiating among biotic and

abiotic.
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2.2.2.1 Traditional methods for investigating inci pient motion of

sediment (from cohesive to non-cohesive)

Four of the most common methods used by sediment researchers for defining

incipient motion and can be summarized as:

1. the visual observation (Gilbert, 1914; Kramer, 1935; Shields, 1936; Yalin
and Karahan, 1979), page 17;

2. the reference transport method, which is based on the extrapolation of
bedload transport rates to either a zero or a low reference value (Day,
1980; Parker and Klingeman, 1982), page 18;

3. the largest grain method, which depends on competence functions
(Andrews, 1983; Komar, 1987), page 19;

4. the probabilistic method (Grass, 1970; Komar, 1996), page 19.

The first three methods fall into the class of deterministic approaches, whereas
the last one is classified as stochastic. Each method will be presented in detail

below.

Visual Observation: Kramer in 1935, by observing experimentally the motion of

sediment, defined the threshold of motion as when:

“several of the smallest particles are in motion, in isolated spots and in

countable numbers”

Until the intensity of erosion reached a maximum and was classified by Kramer
as:
“grains up to and including the largest are in motion and movement is
occurring in all parts of the bed at all times. It is sufficiently vigorous to

change the bed configuration”.

Shields (1936), in order to derive the famous curve relating shear stress and

grains characteristics, adopted a similar method, defining the flow at threshold

17



to be when “small number of detachments” were experienced. However, both of
those methods are largely subjective and cannot be widely applied. It is only in
1972 that Yalin standardized the way of visually assessing sediment transport by
introducing an empirical relationship for the number of sediment grains that
need to move from a specific observed area in a selected amount of time for

sediment transport to be deemed to have occurred:

1

5
€= l[sz Equation 2. 2
At\ (o, -p)g

where a lower limit of ¢ was defined as 1.0 x 10, based on the number of
mobile grains (n) observed over a given area (4) over a specified time (t). The
recommendation in using this formula derives from the fact that in order to
resolve the entrainment threshold, considered as a spatially and temporally
random process due to turbulent fluctuations, it is required that the area of
observation, A, should be ‘large’ in comparison to the grain area and the time,
t, of the observation should be ‘large in comparison to the average time period
of turbulent fluctuations’ (Yalin, 1972). This method has been successfully
employed by many researchers (Paphitis and Collins, 2005; Haynes and Pender,
2007).

Before presenting the reminder of the methods, it is necessary to introduce the
concept of absolute and relative sediment size. Considering that gravel and sand
are both present in natural rivers, another way of looking at the bulk sediment
characteristics is to consider the relative grain size distribution, defined as
D/Dsp. Sediment transport is directly dependent on sediment sizes and it is
induced as a result of competition among absolute and relative grain size effects
(Wilcock and Kenworthy, 2002). The absolute size effect generates a decrease in
transport as the sediment size increases and finer sediments will be transported
much more easily than coarse one. When different grain sizes are present,
interaction between grains (for example in determining grain protrusion or
hiding, or in the development of a coarse surface layer) leads to relative size
effects tending to increase the transport rate of larger grains and to decrease

that of smaller grains; this phenomenon depends on the composition of the
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mixture, which can change during transport in response to variation in flow and
sediment supply (Wilcock and Kenworthy, 2002). More details on the transport

processes of sediment mixtures can be found below.

The reference transport method. This method is based on bedload, which is
classified as the transport of sediments that takes place as rolling, sliding and
sometimes jumping of sediments (Yang, 2003). Specifically, the reference
transport method allows one to obtain values of dimensional shear stress based
on a critical shear stress associated with either a zero or low reference bedload
transport rate. This rate is extrapolated from paired shear stress and bed load
transport measurements. Parker et al. (1982) used a reference transport
criterion to provide a deterministic description of the first sediment motion,
which is now widely used in most investigations of this type in both field and
laboratory studies (Wilcock, 1993; Wilcock et al., 1996; Shvidchenko et al.,
2001; Ockelford and Haynes, 2011). One of the limitations of using this
technique is that in condition of size selective entrainment a single reference
based transport rate cannot be found, as presented by Komar (1987). Thus, it is
clear that such an approach remains sensitive to the extrapolation technique
used (Paintal, 1971; Wilcock, 1988).

Largest Grain Method: The third deterministic method is not very commonly
used in present times. This method is based on the establishment of competence
based functions that relate shear stress to the largest mobile grain size, from
which the critical shear stress for a given size of interest can be determined
(Andrews, 1983). Predicting incipient motion in this way assumes that the largest
mobile grain size collected in a bed load trap is indicative of the initial motion
conditions. Competence functions are sensitive to the size and efficiency of
sediment trap, sample size, sampling strategy, and availability of coarse grain
sizes (Wathen et al., 1995). It is also inappropriate for sediment that exhibits
equal mobility, as the competence approach relies on selective transport
(Wilcock, 1988). Hence this method was not suitable to test uniform size

material as used in this thesis.

Probabilistic Method: The final method presented is the stochastic one: it is
classified as such because it examines the role of turbulence on the threshold of

initial motion. The approach is based on the concept that the bed shear stress
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(=) is an average estimation in time and it varies as a function of the turbulence
intensity. Moreover the motion of a particle on a gravel bed depends on a series
of factors: i) the location of a grain with respect to the particles of different
sizes or bedforms; ii) the instantaneous turbulence acting on the particle; iii) the
orientation of the grain. All of these conditions make the incipient motion
process probabilistic (Yang, 2003). A possible way to account for the
instantaneous nature of the shear stresses due to turbulent motion is using a
probabilistic approach (Grass, 1970; Paintal, 1971), for which the shear stress
can be defined as a random variable, characterized by a probability distribution;
another random variable can be the susceptibility of grains to movement, due to
size, protrusion, exposure, friction angle variability, imbrication (Komar, 1996;

see figure 2.3).

Tt.l | .-

Figure 2. 3. lllustration of a probability distribu tion of instantaneous bed shear stresses ( b)
and a probability distribution of the susceptibilit y of individual grains to movement
dependent on the critical bed shear stress ( zc). The threshold of initial motion is achieved
when the two probability distributions overlap; the degree of overlap represents the amount

of sediment movement. Modified after Komar (1996).
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When the flow velocity increases, the probability distribution of instantaneous
bed shear stress 7z, may overlap the susceptibility to grain motion 1. (Grass, 1970;
Komar, 1996). The threshold of motion for sediment particles is found when a
significant overlap between the distributions takes place; the larger the overlap
the more the quantity of sediment movement. No motion is observed where the
curves do not overlap. This method uses a force balance in order to predict
initial motion thresholds and is particularly sensitive to parameters such as
protrusion, packing, and friction angle, which are hard to collect in the case of
colonized sediments, where the thickness of the biofilm under water is not

easily identifiable. Hence it was not chosen in this thesis.

As stated by Buffington and Montgomery (1997), none of these four methods is
better than the other but some methods may be more appropriate for particular
applications (Carson and Griffiths, 1987). For example bed load transport
investigation is better assessed using the reference transport method because

this method accounts only for the bedload component when defined.

Crucial to this thesis is the fact that visually based methods are more
appropriate for conditions in which the spatial heterogeneity of the bed is
relevant. They record the local incipient motion and are best applied to
characterise the mobility of spatially distinct patches. Patchy biofilms often
occur as a result of heterogeneous environmental conditions and thus the visual

method proposed by Yalin (1972) was chosen as the preferred tool in this thesis.

In section 2.2.2.2 a brief overview of the effect that hydraulic roughness and
turbulent structures can have on the incipient motion of sediment will be
presented. This is a very recent field of study and it has seen its improvements
since the late 90s due to the implementation of novel flow visualization
techniques, such as particle image velocimentry (see chapter 3), which non
invasively have allowed researchers to obtain large scale temporal flow

information.
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2.2.2.2 Incipient motion and turbulence: coherent structures

As seen from section 2.2.2.1, the turbulence affects the entrainment of
sediment (see probability method above). Advances in laboratory techniques
(e.g. flow visualization and particle image velocimetry - PIV (see chapter 3)),
have allowed a greater understanding of turbulent flow and it has became
evident that turbulence in boundary shear flows (so common for rivers) is not as
random as it was once thought (Hardy et al., 2009). Instead, quasi-random
complex flow structure can now be decomposed into elementary organized

structures with spatial and temporal coherence (Adrian, 2007).

Gravel beds usually experience shallow flow conditions, with the ratio between
mean water depth and roughness height, called the relative roughness height,
during floods in the region of 10-20. These flow conditions have been shown to
influence significantly the generation, development and dissipation of coherent
flow structures (Hardy et al., 2009). Flow structures are considered by some
researchers to be directly related to sediment transport (Shvidchenko and
Pender, 2001; Hardy et al., 2009). Best (1993) indicated that sediment transport
happens in the turbulent boundary layer, and in particular is connected to the
structures, instantaneous Reynolds stresses and lift forces F, exerted in this

zone.

Grass (1970) observed that entrainment is associated to peak Reynolds stresses,
generated by a particular type of structure termed sweep. This can be defined
as an inrush of higher than average downstream velocity fluid. Many researchers
(e.g. Grass, 1971; Best 1992) have suggested that sweeps may contribute to a
large portion of the Reynolds stress and they are also associated with the
initiation of sediment motion. Conversely bursts are considered to be the
breakdown of near bed flow during violent events; as such bursting is though to
be one of the principal events associated to sediment transport (figure 2.4). In
later models (e.g. Lu and Smith, 1991) bursting is associated with lifting and
stretching of vortex loops form the surface, which are considered to be the

fundamental structures in well-bounded shear flows.
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Figure 2. 4. Fluid bursting in wall-bounded shear f  low. a) Downstream elevation; b) side
elevation and c) plan view (modified after Williams  , 1996).

However, even if the mechanics of those coherent structures is becoming better
understood, the effect that smoothing of a gravel bed (usually induced by an
increased amount of fine infiltration clogging the river bed pores) has on the
turbulent structure generation is still poorly understood. The smoothing of the
surface of the bed will: i) decrease the local grain friction; ii) reduce the loss of
fluid momentum from the wake of the particle; iii) reduce the bed permeability.
Furthermore, if a large grain is entrained in a smoothed bed then, it will move

faster, following a process called “gravel overpassing” (Carling, 1990).

Hardy et al. (2009) found that the effective roughness is fundamental for
coherent structures to generate. Their research showed that, if effective
roughness increases, then the coherent structures become more visible through
the water depth and tend to have an angle with the bed increasing from 45° to
60°. The direction given by this angle is considered to be the one in which
sediment transport occurs. Moreover if the effective roughness increases, a
reduction in stream wise flow velocity and turbulence, occurring in the upstream

side of the coherent structure, becomes more evident.

The study presented in the next chapters considers the smoothing of non

cohesive beds induced by the presence of biofilm. Even if turbulent studies have
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been conducted on the modification of the flow characteristics induced by
biofilm coating large rocks and some researcher found the smoothing to occur
due to biogenic colonization (Graba et al., 2010; see section 2.3.2), no study
related the entrainment properties of colonized non-cohesive sediments to the
hydraulic conditions (change in hydraulic roughness zp). To obviate this
limitation, in chapter 5 we will introduce a detailed investigation on the
modified sediment surface roughness due to the growth of biofilms in time using

PIV and the relative transport obtained.

The next section will present the famous curves used by engineers to estimate
the entrainment threshold based on two different approaches: 1) the bed shear

stress 7, (Shields, 1936); 2) average flow velocity U (Hjulstrom, 1935).

2.2.2.3 The engineering curves

A body of water flowing over a surface will exert a force on that surface. In
turbulent rivers this is called the bed shear stress (zp), which is dependent on
the velocity gradient and on flow structures of highly irregular shapes termed
eddies (Middleton and Southard, 1984). A very common way of defining the bed
shear stress in uniform flow (UF) conditions is using the so called “depth-slope
equation” (Yang 1973, equation 2.3), which is based on the geometry of the

channel:

r, = p,9R,S Equation 2.3

Where S is the bed slope and R}, is the hydraulic radius, p, the water density and
g is the gravity acceleration. Bed shear stress 7, is often converted to the shear

velocity (u*), given by:

ur=_[— Equation 2. 4
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u* can be derived using the “law of the wall” (Prandtl, 1925; von Karman, 1930;

Wilcock, 1996) from the vertical time-average velocity profile, as follows:

u* «

u_1 (z—dJ ,
n Equation 2. 5
Z0

Where « is the Von Karman constant (x=0.4), z is the position in the water
column; zp is the roughness length and d is the displacement height, which is
where the velocity profile apparently goes to zero. Typically the velocity profile
close to the bed is highly variable (Wilcock et al., 1996). Hence spatially
averaged velocity profiles (Smith and McLean, 1977) are often preferred because
they give a more representative and accurate estimation of the average local
bed shear stress and roughness length. The accuracy of the calculation of shear
velocity u* increases with the possibility of obtaining numerous velocity
measurements in the near bed region (e.g. the bottom 20%). However Lawless
and Robert (2001) stated that at greater distances above the bed surface
velocity profiles and corresponding velocity gradients still reflect the roughness
exerted by the bed, making a distance of 40% from the bed acceptable, as it has

been done in this thesis.

However, in real river system the measurement of the near bed velocities is not
always possible (Yang, 2003). Hence many researchers have found simpler to
relate the averaged velocity in the dominant direction of flow, (U) to the

entrainment of sediments.

The incipient motion is typically termed the “critical” or “threshold” of
entrainment, defined mathematically by the sub-script “c” i.e. u*. or z. and this
underpins incipient motion descriptions and comparisons. Whilst Buffington and
Montgomery (1997) provide a detailed review of entrainment studies, salient and
updated details of sediment entrainment theory are briefly considered in the
following sections, to further elucidate upon both velocity U and shear stress 1
approaches as relevant to the present thesis. Below the difference of the
approaches using the averaged velocity U (Hjulstrom, 1935; Yang 2003) and the
shear stress 7, (Shields, 1936) to define the commonly used curve for incipient

motion in engineering will be presented.
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* The velocity approach: the Hjulstrom curve and Yang’s approach

The easiest approach to determining when a particle will be entrained would be
a simple relationship between grain size and the mean velocity of the overlying
flow. An early study by Hjulstrom (1935), therefore, collected a detailed dataset
of the movement of uniform material related to the average cross section
velocity U in deep channels (>1m). His results are intuitive, with figure 2.5
indicating that for grain sizes greater than 0.1mm a positive linear relationship
occurs with increased size (i.e. submerged weight) and applied velocity (i.e.
shear force). For particles smaller than 0.1mm, as the particle size decreases,
the velocity required to entrain the particle increases. The dashed line in figure
2.5 presents the values for the settling velocity that is directly proportional to

the diameter of the sediments.
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Figure 2. 5. Hjulstrom curve for erosion and deposi  tion (1935). (After Graboski et al., 2011).

The importance of this curve is that it produces an initial and intuitive model to
follow for the entrainment threshold of sediments only by using a depth average

velocity U, which is more easily obtained than a near bed value. However this
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curve was generated using flow depth of 1m. In laboratory conditions this
equation is rarely used due to the low flow depth used. Moreover the curve was
specific to a dataset in which fixed sediment density and water temperature
were used, making it less applicable to the wider engineering issues. Also, as
stated by Grabowski et al. (2011), data for sediment with diameter lower than

0.1mm could not be collected in the field but instead from flume experiments.

To overcome the shortcomings of Hjulstrom’s research, a number of revisions
were made. Of these, possibly the most notable was that of Yang (1973), who
introduced a novel approach for the incipient motion of a spherical particle
based on a dimensionless critical velocity (U./w). Here, U, is the critical average
flow velocity and w is the terminal fall velocity for a certain grain size (D),
which is reached by a spherical particle when balance between drag force and
submerged weight of the particle is reached. Thus, if the fall velocity of the
particle in question is known, then Hjulstrom’s issues of fluid and sediment
density would be somewhat overcome. However, the whole theory is based on
the fact that the fall velocity w is known and reproducible for a specific
sediment; in case of discrete particles this may be the case (hence equivalent
methodology has been readily applied in entrain studies such as Wallbridge et
al., 1999), yet is less viable in situations where flocs develop of varying size and
shape. This deficiency appears critical therefore when sediment-biofilm flocs
vary considerably in dimension and weight due to interdependent variables such
as time, nutrient, flow at growth. Hence more investigations are needed on how
biofilms affect the settling velocity if equations such as Yang (1973) are to be
applied. Also the hydraulic flow structure at the interface among bed and
biofilm have indicated to be extremely important (Nikora et al., 2002; Graba et
al., 2010) in unfolding the turbulence structure generating due to biofilm
colonization; in section 2.2.2.2 it has been shown that this can be extremely

relevant for the entrainment of sediments.

Thus, for biotic systems it appears that velocity approaches based on average-
depth velocity or settling velocity are inappropriate and alternative approaches

should be considered. Below the shear stress 7, approach will be presented.
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* The shear stress approach and Shields curve

Shields (1936) believed that it is impossible to analytically define the
entrainment threshold of sediment particles; hence applying a non-dimensional
analysis to his laboratory experiments using abiotic sediments, he was able to
generate the well known diagram for incipient motion (see figure 2.6), which is

still readily employed by researchers and practicing engineers today.

Figure 2. 6. Shield’s diagram for incipient motion redrafted from Rouse (1939). Data laying
below the curve are stable and not subjected to ent rainment; data on the curve are at
threshold and data above the curve are in full tran  sport. Note that higher shear stress is
needed for fine cohesive sediment (left of the curv  €) to be entrained.

The experiments carried out by Shields consisted in the identification of
particles initial motion through visual observation of flume bed surface,
following the ‘weak-movement’ criteria proposed by Kramer (1935). Specifically
entrainment threshold was qualitative in that the definition applied was
“...several of the smallest particles are in motion, in isolated spots, and in
countable numbers”; yet quantitative in that a deterministic threshold was
produced by Shields based upon five measurable variables i.e. the critical shear
stress 7., the particle diameter D, the kinematic viscosity v, the gravitation
acceleration g and the difference in density between sediment and fluid (ps- pw)-

He defined the incipient grain motion using the dimensionless ratios:
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Equation 2. 6

Where 6 is the Shields’ parameter, z. is the critical bed shear stress for initiation
of sediment motion and u.* the relative shear velocity, g is the acceleration due
to gravity, D sediment grain size, corresponding to the median grain size of his
hydraulically unworked sediment mixture (D = Dsp). After obtaining equilibrium
conditions, which Shields does not specify, he measured flow depth, water
surface slope, bedload transport rate and bedform morphology (Buffington,
1999). He then used the depth-slope equation (section 2.2.2.3, equation 2.3) to
obtain the bed shear stress; the critical shear velocity was then calculated

keeping in mind the relationship for which:

I, = pwuff. Equation 2. 7

Shields demonstrated that the dimensionless critical shear stress of the median
size of unworked laboratory mixtures varies as a function of the critical particle
Reynolds number Rep, defined as u*.D/v. The particle Reynolds number expresses
the nature of the flow around rough elements, classifying the flow as
hydraulically rough or smooth. Hence this parameter expresses the inter-
relationships between hydraulics, boundary roughness and sediment size with
regard to particle entrainment. To summarise Fig. 2.6, if conditions lie above
the curve then the sediments are mobile, whilst conditions lying below the curve
would be stable, without sediment entrainment or transport. Whilst Shields
himself employed non-cohesive grain sizes ranging from 0.36mm to 3.44mm
(Shields, 1936) to indicate a positive relationship between particle size and the
shear stress required to entrain it, his data set was extended to finer grains
using supplementary data of Gilbert (1914), Kramer (1932), Casey (1935) and the
U.S. Waterways Experiment Station (1935). This agreed with Hjulstrom’s (1935)
findings that very fine material required higher shear stresses to entrain due to

cohesion and flocculation.

Whilst many limitations of the Shields curve have been discussed in well-cited

reviews (see Buffington and Mongomery, 1999; Yang, 2003), possibly the most
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relevant omissions pertinent to the present thesis include: drag force
dominance; definition of entrainment threshold; and, abiotic sediments. Firstly,
the lifting force F, was completely neglected (Yang, 2003), such that Shields’
assumption of only the drag force being responsible for erosion is quite limiting
in case of coarse sand and gravel sediments that experience large flow through
the bed. Secondly, Kramer’s definition of entrainment threshold is qualitative
and irreproducible. This has largely been overcome in more recent research by
using quantitative approaches such as particle visual counts over defined area-
time combinations (Yalin, 1972) or back-calculation from transported load data
(e.g. reference transport approach of Parker, 1982); Buffington and Montgomery
(1997) well illustrate the ongoing debate regarding quantitative descriptors and
chapter 3 considers this in more detail regarding justification of the
methodological approach taken in the present thesis. Thirdly, in the context of
the present thesis, the restriction of data to abiotic sediments appears to be a
deficiency of the “Shields diagram”, with recent studies indicating its limited
prediction precision when applied to field samples where biotic sediment is
present (Black et al., 2002; Lelieveld et al., 2003; Righetti and Lucarelli, 2007).
This therefore raises the question as to whether the Shields curve or indeed any
abiotic-derived entrainment threshold models can be “corrected” for use in
biotic situations affected by cohesion, adhesion and biological binding. The first
step in ascertaining this is to review alternative descriptors specific to the

effects of cohesion in abiotic sediments, i.e. clays.

As can be seen in figure 2.7, engineering curves have been also used by marine
scientists: for example Manzenrieder (1983) showed that almost all the biotic
fine sands colonized in the field and tested were entrained at values of the

critical Shield’s parameter 6 much higher than for abiotic sediments.
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Figure 2. 7 Manzenrieder (1983) presented evidence that biotic sands (a part from an outlier
in the bottom left corner) present higher stability than abiotic sediments of the same size
measured by Shields (1936).

However more common in marine studies is classifying sediment erosion using a
“reference transport approach”: this approach is preferred because of the
limitations in defining clear floc dimensions and density during tests and in
natural conditions. In the next section a brief overview will be presented of the
equations used to assess the entrainment of cohesive sediments in marine

environments for abiotic and biotic sediments.

2.2.2.4 Erosion formula for fine sediments

Even though this thesis does not purport to investigate the erosion of cohesive
sediments, colonized non-cohesive sediments could demonstrate some adhesive
or cohesive properties due to the biogenic component and thus there are
commonalities. The erodibility of cohesive sediments has been presented in the
literature as related to a threshold for erosion or as an erosion rate (Sanford,

2008); herein | will refer in particular to the latest, which is the mass of
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sediment eroded per unit time, occurring once the threshold is exceeded. For a
detailed review on the behaviour of cohesive sediments see Yallop et al. (1994),
Black et al. (2002), Tolhurst et al. (2009) and Grabowski et al. (2011).

Much of the biogeochemical cycling in rivers occurs in cohesive sediments
(Grabowski et al., 2011), which also harbour and transport pollutants (Droppo et
al., 2009). Hence it is important to be able to predict the transport of cohesive
sediments. Cohesive sediments are generally transported in suspension (rather

than the bedload mode of coarser sands and gravels of earlier section 2.2.2.1).

Field and laboratory investigations of cohesive beds have remained focused on
the bottom shear stress 7, as it is responsible for the initiation of motion.
Pathaniades (1962) in a laboratory study using a straight recirculating channel,
found that flow bottom shear stress 7, was related to the erosion rate (E,, in
kgms™). From there E, has been defined as constant in time or decreasing in
time according to the structure of the bed (Black et al., 2002). Moreover,
researchers indicate a degree of preference towards an erosion rate (E;) defined
as a function of scour depth (v); this yields a power law relationship between E,
and shear stress (Lick, 1982; Maa et al., 1998), such as:

Er =mz7, —7.(y)]" Equation 2.8

Where m and n are empirical constants; 7, the bed shear stress, z. is the critical
bed shear stress for initiation of sediment motion and y the depth of erosion.
Other researchers preferred an exponential form (Amos et al., 1992), expressed

as:

Er =&, exp@[r,~7.(y)]’) Equation 2.9

Where ¢;is the empirical floc erosion rate and a and § are empirical constants.
Equation 2.9 is used for defining Type | erosion, which is when z. increases with
depth into the bed and limits the extent of the erosion. Whereas equation 2.8 is
used to define the Type Il erosion, in which erosion takes place with a single and

constant value of 7. that does not change with the depth into the sediments.
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Sandford and Maa (2001) specify that the definition of z. used in the past
published works to compute equations 2.8-2.9 is not so obvious: many
researchers used the initiation of motion value (Young and Southard, 1978),
whereas others employed a value for which “significant” erosion occurred (e.g.
Maa et al., 1998). Moreover very many different techniques have been involved
to obtain datasets which makes it difficult to draw comparisons (Sandford and
Maa, 2001). This shows how complicated the field of cohesive sediment
transport is and how hard it is to define the “propensity to erosion“ of the bed
(Grabowski et al., 2011).

Even more complicated is the case in which sediments become coated by
biofilms (Paterson, 1997; Black et al., 2002). Bacteria adhesion is related to the
secretion of EPS (Allison, 2003), which sticks to grains changing their density and
clogging their pores. Dade et al. (1996) suggested that 60% more shear stress
was required to entrain microbially bound marine clays. Black et al. (2002) was
the first of many researchers (Lelaiveld et al., 2003; Righetti and Lucarelli,
2007; Righetti and Lucarelli, 2008) to state the limitations of the Shields’ curve
when applied to sediments from the field with sizes larger than 0.020mm.
However to date, even though a considerable number of studies have been
carried out on the increased stability due to microbial adhesion (see for more
details section 2.4), comparisons between the experimental results are often
very difficult to draw due to the difference in instrumentation used from the
field to the laboratory (Paterson, 1997; Tolhurst et al., 2000). The lack of a
unified assessment technique comes also from the poor understanding of the
variables influencing the transport of non-cohesive colonized sediments. Until
the mechanical properties governing biofilm adhesion and cohesion are better
understood, no modifications of existing mathematical models can be
undertaken to account also for the biology. In this thesis | will attempt to
improve this understanding: hence an in depth review of the mechanical
characteristics of biofilm strength is given in chapter 6, together with a new

approach to quantify for the increase adhesion that coated grains experience.

As seen above, engineers cannot separate their study from the presence of
biota. Section 2.3.1 will introduce the concept of “eco-hydraulics”, which has
seen many engineers to be involved in research pertaining large scale vegetation

and flow interaction. Section 2.3.2 will present the evidence that also smaller
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scale organisms have in the past interested engineering research: in particular
biofouling will be briefly presented. Finally, with the concept of eco or bio-
geomorphology it will become clear that processes taking place in sediments and

river cannot be separated from the biological life that herein takes place.

2.3 The emergence of eco-hydraulics and eco-

geomorphology

Environmental engineers dealing with river management have found that a well
designed project, based only on sediment transport equations, is no longer
sufficient; sustainability of the natural system has become an integral part of
good design. Thus many commentaries and review articles in journals interested
in sedimentology and lotic systems (streams and rivers) published in the past
decade have called for improved interdisciplinarity between fields such as
hydraulics, geomorphology, ecology, and biology (e.g. Le Hir et al., 2007; Rice
et al., 2010a; Rice et al., 2010b; Nikora, 2010; Gerbersdorf et al., 2011) to
facilitate significant gains in our understanding of environmental systems. Thus,
there is an emerging trend for traditional disciplines to add the prefix “eco-“ to
their denomination (e.g. eco-hydraulics, eco-geomorphology). A brief
description of the two disciplines will be presented below: eco-hydraulics in
section 2.3.1, which relates more to the interaction of flow and macro-scale
vegetation, and eco-geomorphology in section 2.3.3. As part of eco-hydraulics |
will introduce the effect of micro-organisms on surface/flow interaction, a
concept known by engineers as biofouling (section 2.3.2). This will lead into the
verification that micro-organisms can modify the hydraulic roughness of
sediments and hence the flow characteristics and turbulence, affecting then the

entrainment properties.
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2.3.1 Eco-hydraulics

Eco-hydraulics is a branch of hydraulics which has seen its birth in 1996 through
an IAHR forum, described as a “nascent field created by necessity” (Black et al.,
2002). The concept of Eco-hydraulics was born with the idea of generating a
subject that would take into consideration the flow and macro-scale vegetation
interaction (e.g. macrophytes and flow/sediment interaction in Kouwen and
Unny, 1973). It has then developed more into the analysis of large-scale effects

due to vegetation in the flow.

However, as will be crucially presented in this thesis, the concept of
biostabilization (see section 2.4.4) and the mutual effect among micro-organisms
and flow has a great importance for water related disciplines. For example,
Battin et al. (2003) studied for many years the effects of river flow on the
growth and establishment of microbial organisms such as bacteria, algae and
fungi, which represent the first colonizers of river systems and are fundamental
part of the nutrient web of those eco-systems. Many environmental scientists
have gone further and looked at the interactions among those micro-organisms
and fine sediments (Paterson, 1997; Droppo et al., 2001; Gerbersdorf et al.,
2011), basing their studies on evidence that they have gained from the field.
Yet, due to the journals targeted and nuance in language, none of those studies
appear in geoscientist or hydraulics led review articles such Rice et al (2010a,b);
this both underlines the separation among researchers in different disciplines
and demonstrates the resulting incomplete knowledge of even the finest
researchers working in complementary research (possibly with duplication of
effort).

Only a few engineers have related the core of hydraulics to the study of
sediment transport when other than physical forces are involved (e.g. Righetti
and Lucarelli, 2007). The split between the subjects is unfortunate when the
sharing of knowledge and expertise would be to mutual benefit of all. The
problem is partly related to scientific language barriers. However, Nikora (2010)
suggests that a common interest in the nomenclature does not solve the
problems of finding unified goals, methods and terminology among different

disciplines. A general agreement upon moving towards more synergistic research
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activities at the life-science, morphology and hydraulics interface in river
systems is being sought by geographers and engineers (e.g. Rice et al., 2010a),
but even to date, only 18 published papers citing eco-hydraulics have been
published by engineering departments (Rice et al., 2010b). It is significant that
in 2002 Black et al. stated that very few engineering books included reference to
biologic processes in sediment transport; yet 10 years later we are still facing

the same issue.

An area of eco-hydraulics that engineers have started to investigate more and
more in the past decade is related to the concept of biofouling of surfaces. Since
this subject will be crucial in this thesis, the next section will present some of
the results presented by researchers investigating the effect of micro-organisms

on flow after colonization of either smooth surfaces or artificial rocks.

2.3.2 Micro-organisms and flow interaction

Engineers have in the past century spent time assessing the effect of biofiouling
onto man made structures. For example colonies of micro-organisms are known
to increase the frictional resistance of ships such that 18% more power is
required to match the speed of a non-biofouled ship (Schultz and Swain, 1999).
Hence a lot of research for more than 50 years has been concentrated on
developing modern and efficient antifouling paints, in order to limit the
economical loss (e.g. Marine fouling and its prevention, 1952). In particular it
was found that a 68% increase in skin friction was generated with a slime biofilm
growing on ship’s hull, whereas 190% more skin friction was obtained in
correspondence to filamentous green algae. Moreover fresh water diatoms have
been considered as responsible for reducing the power output of hydroelectric
power stations by as much as 17%, with a direct impact on water distribution
utilities (Andrewartha et al., 2010). In particular this study presented a
gelatinous diatom generating a 50% increase in skin fiction and filamentous algae
inducing an increase of 310% of the same parameter. Hence these studies
present the evidence that biofilm growing on impermeable surface can cause a
severe modification of the hydraulic roughness and hence of the flow induced

around them.
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However, biofilms colonize any surface and hence will be seen also in rocks and
sediments in river systems. Not surprisingly engineers have identified this issue
and have often used the easiest laboratory approach to try to control some of
the variable affecting the biofilm growth, with the intent to study the
relationships among flow structure and turbulence due to the presence of micro-
organisms (Nikora et al., 2002; Labiod et al., 2007; Graba et al., 2010). Salant
(2011) presents a comprehensive review of the “handful of studies” carried out
on the hydraulic modifications induced by biofilm colonizing sediments. Nikora
et al. (2002), Labiod et al. (2007) and Salant (2011) found a general increase in
turbulence intensity and shear velocity and Dodds and Biggs (2002) experienced,
in general, velocity attenuations; these are all effects due to an increase in
hydraulic roughness (similar to the finding for filamentous biofilm of Schultz and
Swain (1999) and Andrewartha et al. (2010)), possibly due to the filamentous

nature of the biofilm affecting the flow structure.

However in case of bio-mats, then the roughness decreases together with the
turbulent flow shear (Godillot et al., 2001) and dampening of the turbulence
(Black et al., 2002) was experienced. Moreover other researchers found that
biofilm growth can decrease the roughness of the substratum (Biggs and Hickey,
1994) or even in case of filamentous streamers extending into the flow can
smooth the gravel bed and induce acceleration of the average flow, especially at
the interface with the biofilm (Graba et al., 2010). Crucially it is evident that
the subject is complicated and, as presented by Moulin et al. (2008), the
relative hydraulic roughness is related to the growth characteristics of the
biofilm (smooth mat or filamentous), which is proportional to the flow structure.
Hence there are many variables coming into play and more studies are needed in
order to integrate the few investigations published with variables related to the
growth characteristics of the biofilm, which affect the resulting flow structure,
as stated by Moulin et al. (2008).

From this section one concept comes across very clearly: this is that biofilm has
the ability to alter the roughness of any surface it colonizes, whether permeable
or impermeable, and hence to modify its structure and in case of sediments its
geomorphology. Salant (2011) published in a geomorphological journal the
evidence of the effect that micro-organisms can have on flow/bed interaction:

in particular it has been highlighted that biofilm can modify infiltration and
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deposition of sediment, by clogging pores and this can modify the entrainment
properties of sediments. This is a process that fall into the events investigated
by another new subject of study, called “eco or bio-geomorphology”, which will

be briefly presented below.

2.3.3 Eco or bio-geomorphology

Ecology and geomorphology interactions in research date back to the 1800s
(Wheaton et al., 2011). However the terms eco or bio-geomorphology (which
according to Hupp et al. (1995) are synonyms) were coined in the 1990s; they
differed because bio-geomorphology has paid more attention on to how chemical
and physical weathering are amplified and modulated with biological feedbacks;
eco-geomorphology is more related to the study of erosion and deposition
processes (Wheaton et al., 2011). The concept is based on the mutual

interaction of landscape and biota, which can be trees, animals or microbes.

Recently the study of the interaction between sediment and micro-organisms has
been classified as part of Bio-Geomorphology (Borsje et al., 2008). For biota it is
intended both micro and macro organisms (e.g. benthic organisms, modifying the
hydraulic and geomorphological characteristics of sediment beds; Borsje et al.,
2008). Research done by Noffke et al. (2001) presents the large effect that
micro-organisms colonization can have in the development of strong sedimentary
structures. Hence the research field is vibrant and has acquired much more
interest by researchers in earth science, whereas engineers seems to have only
grasped the tip of the iceberg so far (Righetti and Lucarelli, 2007; Moulin et al.,
2008).

Whilst the present thesis stems from an engineering focus, the research seeks
specifically to better integrate the ecological, geoscience and hydraulic
engineering knowledge. Thus, a detailed review of existing literature at this
interface is provided in the next few sections, which focussed on the small body
of evidence available specific to how biology affects both sediment and flow
dynamics pertaining to the sediment entrainment process. The following

sections provide an introduction to microbial ecology relevant to freshwater
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substratum (section 2.4.1); a definition of the concept of “biofilm” will be given
in section 2.4.2. Then reviews of the impact of EPS on and on the role in
increased adhesion will be presented in section 2.4.3 and finally the available
information on the biostabilization potential and its evidence will be given in

section 2.4.4.

2.4 Biostabilization of sediments

Before presenting the concept of biostabilization (section 2.4.4) it is important
to introduce what are the components that comprise a biofilm. Micro-organisms
characteristics will be firstly introduced, followed by a brief chronological
review of the concept of biofilms and its connection to the presence of EPS. This
will lead to the introduction of the core of this thesis, which is the increased

stability that sediments can show when coated by micro-organisms.

2.4.1 Micro-organisms and their characteristics

The word micro-organism is used to describe an organism not normally seen
without the use of a microscope (Nicklin et al., 1999). Viruses, bacteria, fungi,
protozoa and some algae belong to this category, ranging in dimension from

0.01pm to several metres (table 2.1).

Micro-organisms Approximate range of sizes
Viruses 0.01-0.25 pm

Bacteria 0.1-10 ym

Fungi 2 pm->1m

Protozoa 2-1000 pm

Algae 1 um -several meters

Table 2. 1. Types of micro-organisms and their size s (modified after Nicklin et al., 1999).

Freshwater environments include all these micro-organisms; the different
communities that develop in different environments depend, in a large part, on

the physical and chemical variations taking place. Thus, an array of appropriate
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terminology is employed by ecologists to describe the environment, organism
and community. It is evident that diatoms and cyanobacteria, which are common
in all aquatic systems (Callow, 1993), are the organisms that induced the most
biostabilization (Paterson, 1997; Neuman, 1970; Grant and Gust 1986, 1987).
Hence, the focus of the thesis will be on these organisms (chapter 3) and the

following apply:

Lotic: flowing freshwater environments such as rivers and canals (Sigee, 2005).

Prokaryotes: organisms that do not have a distinct nuclear membrane,
organelles associated with energy generation (e.g. mitochondria and
chloroplasts) or complex internal membranes. All bacteria and archaea are

prokaryotes, whilst all other microbial cells are eukaryotes (Nicklin et al., 1999).

Phototrophs: Microbes which derive their energy from sunlight are called
phototrophs. Alternative classifications include: chemotrophs (gain energy from
chemical reactions), autotrophs (synthesise their organic compounds) or
heterotrophs (depend on preformed organic compounds) (Ananthanarayan and

Jayaram Paniker, 1996).

Aerobic: Aerobic bacteria require oxygen for growing. Alternatives include
microaerophilic bacteria that grow better in the presence of a low oxygen

tension and anaerobic bacteria which grow in absence of oxygen

Bacterial growth may depend also on the temperature and the temperature at
which growth occurs best is known as “optimum temperature”. Bacteria which
grow best at temperature of 25-43 °C are called mesophilic (e.g. Pseudomonas
aeruginosa); Thermophiles are those bacteria that grow best at high

temperature of 55-80 °C (Ananthanarayan and Jayaram Paniker, 1996).

Bacteria tend to group into colonies, which are called “biofilm”; a brief

definition of the term is presented below in section 2.4.2.
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2.4.2 Biofilm

The first use of the term “biofilm” was found in proceedings of the Dhalem
Conference on microbial adhesion and aggregation in 1984 (Neu, 1994): “A
biofilm is a collection of micro-organisms and their extracellular products bound

to a solid (living or inanimate) surface (termed as substratum)” (Marshall, 1984).

The term biofilm was later extended and linked with the concept of adhesion,
directly related to the presence of extracellular polymeric substances (EPS)
(section 2.4.3): “A biofilm is a surface accumulation of micro-organisms,
frequently characterized by large amounts of organic polymers of microbial
origin that bind cells and other organic and inorganic materials together and to
the substratum” (Characklis and Wilderer, 1989).

Many researchers have found that the EPS are effectively what induces the

adhesion of biofilm.

2.4.3 EPS and adhesive properties

EPS is an abbreviation for extracellular polymeric substances. It is comprised
mainly by polysaccharides (95%) with the remaining balance made by lipo
(protein), which can vary depending on the type of EPS (Stal, 2003). EPS is a
flexible, viscoelastic material (when hydrated) and comprised by organic
aggregates. Looking to the individual cell, EPS can occur in two different forms:
capsular, in which the EPS are strictly associated to the single cell surface and
under a more loosely attached form. Biopolymers have been largely mentioned
in literature for being involved in grain to grain adhesion induced by microbial
exudates or mucus produced by macrofauna and meiofauna (Costerton et al.,
1978, 1987; Amos and Droppo, 1996). EPS also facilitates the spatial
arrangement of any consequent attachment of a different species within a
biofilm. Thus, essentially EPS can be considered to provide the ‘skeleton’ into

which bacteria and their products are inserted (Allison et al., 2003).
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Paracelsus (1493-1541) was the first who discovered and identified EPS as
connected to the stabilization of sediments. One of the most representative
descriptions of the activity of the EPS was given by Characklis and Wilderer
(1989) who stated that: “EPS - Organic polymers of microbial origin which in
biofilm systems are frequently responsible for binding cells and other particulate
materials (e.g. sand, pebble) together (cohesion) and to the substratum

(adhesion)”.

Numerous studies have shown the importance of EPS in modifying sediment
hydraulic properties; this is intuitive, as any visco-elastic membrane will adsorb
turbulent energy far more effectively than an inflexible surface such as sediment
substratum (Jenkinson et al., 1991). Dade et al. (1990) using a mix of
experimental and in situ analysis of different sediment plugs (40mm in diameter
and comprised of: a control sand; sand with added polymer from a bacteria and
sand with a bacteria grown in-situ) found that the stability potential of fine
quartz sand (ranging from 0.125 to 0.177mm) was increased due to the added
exopolymer alone or EPS generated during in situ growth of the bacterium
Alteromonas atlantica. In particular the latter allowed the highest stability
which required double the critical shear velocity u.* to entrain the sediments.
Tolhurst et al. (2001) obtained similar results employing isolated bacterial

polymer (xanthan gum) on sand and mud.

From what presented above it is not surprising that biostabilization, a concept
that was first introduced by Paterson and Daborn in 1991, is so strictly related to
the presence of EPS (Gerbersdorf et al., 2008, 2009). In detail definition of this

process will be given below.

2.4.4 Biofilm and biostabilization

Any wetted surface submerged in a river will be coated by micro-organisms over
relatively short timescales (Lock, 1993). As early as 1868, the development of
microbial coating of substratum was described in scientific papers by Huxley
(1868) as “all-pervasive slime or mucilage” observed on the ocean bed. Yet, it

took more than 100 years before terminology evolved specific to the content and
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nature of this “slime”, leading ultimately to use of two terms: “biofilm” (see
section 2.4.2) and “bio-mat”. With regard to the complementary term “bio-
mat” its origin appears slightly earlier, from a benchmark study by Scoffin
(1970) and Neumann et al. (1970) in the Bimini Lagoon, Bahamas. The term was
used for colonies of organisms that can physically smooth and embed sediments
in a “carpet” like form. They presented results for which subtidal environments
showed laterally extensive coatings of filamentous green algae overlaying
sediments; their similarity to green carpets or mats gave way to the “bio-mat”
terminology still used today. Interestingly some researchers believe that if the
biofilm is present as a complete sheet, it represents a protective barrier against
erosion due to its isolation of the sediment from the flow (Droppo et al., 2001).
However, after development of techniques such as laser scanning confocal
microscopy (CLSM; Lawrence et al., 1991), it was more evident that biofilms are
a complex structure, comprised by channels, which extended to the surface.
This further complicates the hydraulic pattern that could take place around

those assemblages.

Crucially, these early studies of bio-mats showed they were five times more
resistant to erosion than bare zones of sediment in the same sub-tidal
environment. In light of these preliminary observations, Paterson (1994) for the
first time defined the concept of “biostabilization” as the process for which
sediments increase their stability due to the fixation by micro-organisms such as
diatoms, cyanobacteria, fungi and others. Droppo et al. (2001) redefined this
only slightly as “the process whereby microbial growth and production of EPS, in
conjunction with sediment colonization by other organisms such as fungi and
algae, result in the increased stabilization of bed sediment due to the sticking
together of individual particles and floc”. This was augmented in terms of the
specific biotic influences on natural cohesive sediment being clarified and
explained further by Black et al. (2002), in that: (i) EPS secretion by bacteria
and microphytobenthos enhances cohesion, promotes flocculation and
deposition; (ii) network effects by filamentous biota (e.g. cyanobacteria) ramify
through the sediment matrix binding sediment particles together; (iii) sediment
armouring by the organism coating over the sediment surface protects it from
erosion; (iv) boundary layer effects smooth the sediment surface to reduces

interface stress by decreasing bed roughness and near bed turbulence of the
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fluid flow. This list of interactions clearly shows the need for well integrated
sediment-flow-ecology data if biostabilization effects in different environments
are to be quantified, contrasted and modelled; this therefore underpins the

present thesis (chapters 3-8).

As early as 1997, Paterson presented a review of existing results found by
different researchers on biostabilization of both cohesive and fine non-cohesive
sediments; this was fundamental to the research discipline, as it concluded that
there was a common trend of increased stability when biotic sediments are
compared to control samples and, armed with this knowledge, there appeared
grounds for working towards biotic corrections of traditional sediment models
that had existed for nearly a century. However a comparison of the results is
very difficult due to the difference in experimental and field methodology.
Hence his summary table refers to a % increase not referred to a hydraulic vale
(such as u*. or 1c) because all of these results are somehow site dependant but
instead to the increase over the control sediments. His summary table is
reproduced in table 2.2 and additional data have been inserted with the most

novel research in biostabilization.

Substratum Date | Biota Relative stabilization %
increase over control
NON-CHESIVE
Neumann et al. | 1970 | Algae/cyanobacteria 500
Manzenrieder | 1983 | Bacteria/Algae 300-700
Grant and Gust | 1987 | Purple sulphur bacteria | 390
Cyanobacteria 350
Dade at al. 1990 | Bacteria 200
Madsen et al. 1993 | Diatoms/bacteria 300
Yallop et al. 1994 | Diatoms/cyanobacteria | >960
Vos et al. 1988 | Microbial mat 100% (compared u*.)
Lelieveld et al. | 2003 | Bivalves 10-46% (compared u*;)
CHOESIVE
Rhoads et al. 1978 | Unidentified microbes 300
Parchure 1984 | Unidentified microbes 200
Black 1992 | Diatoms/bacteria 500
Yallop et al. 1994 | Diatoms/bacteria 300
Lelieveld et al. | 2003 | Bivalves 133-210% (compared u*.)
Righetti and 2007 | Benthic sediments and 52% (compared 1)
Lucarelli diatoms

Table 2. 2. Selected measurements of the biogenic s tabilization from literature (modified
after Paterson, 1997). According to the table the h  ighest stability for non-cohesive sediment
is reached using a mix of diatoms and cyanobacteria
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From the analysis of the table above some clear points can be highlighted. First
of all none of the studies to my knowledge seem to consider coarse sand or fine
gravel in the investigation of the biostabilization effect on sediments. Those
sizes are typical of river systems and hence subjected to micro-organisms
colonization and completely ignored by researcher. However, as it has been seen
in section 2.3.2 the effect that biofilm has onto sediments can modify the
hydraulic roughness and hence the propensity towards entrainment. Secondly
many researchers listed in table 2.2 used visual techniques to assess the
threshold of incipient motion in an objective manner; Grant and Gust (1987)
embraced the concept of “weak movement” (Kramer, 1935), whereas Lelieveld
et al. (2003) considered two stages of initial motion (Mantz, 1977), for which the
first u*. was defined as the initiation of grain rolling for stopping at a short
distance and the second u*. was recorded when at least 20 grains were moving
simultaneously. Both the methods led to differences in defining a commonly
accepted threshold of motion. The necessity to unify the methods of
entrainment identification in order to be able to objectively compare results for
biotic sediments is then evident. Thirdly it seems that many scientists preferred
the usage of the critical shear velocity as a comparisons for incipient motion
(Grant and Gust, 1987; Dade et al., 1990; Lelieveld et al., 2003), whereas
engineering studies such as Black et al. (2002) and Righetti and Lucarelli (2007)
seem to prefer the critical shear stress, due to the direct application to the
curves such as the Shields one. Again this evidence that there is still a different
approach being used among different research field: this might be the reason
why common research has not spread among the different disciplines (Black et
al., 2002).

In light of all of what presented above, section 2.5 presents some of the clear

research gaps that this thesis wants to partially fill.
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2.5 Discussion: the research gap for biotic sedimen t

transport

The complexity of biostabilization has led researchers to collect results from the
field, obtaining comparative indication of the biostabilizing effect but offering
very little hydraulic insight. Some of examples of this process are: i) in-situ core
collection and flume testing (Grant and Gust, 1987; Rigehtti and Lucarelli,
2008), with the complication of too many variables to control; ii) benthic flumes
(Black and Paterson, 1997; Tolhurst et al., 2000; Aberle et al., 2003), which
work well for fine sands and smaller fractions but cannot estimate the effect on
non-cohesive sediments); iii) The Cohesive Strength Meter (CSM) (Paterson,
1989).

Benthic flumes have been employed for testing real natural and complex
samples (e.g. Black and Paterson, 1997, Tolhurst et al. 2000, Aberle et al.,
2003). Those flumes are suitable to test cohesive sediments and very fine sand,
which by being transported in suspension can be detected by turbidity probes.
More issues arise when non cohesive sediments that get transported as bedload
are present. Another complication is that benthic flumes are usually very narrow
and this could influence the erosion process by inducing fast flows over the
samples, especially if the sediment size is larger than fine sand. Hence these
instruments would not be effective for testing biostabilization in riverine

environments.

An alternative was proposes by researchers such as Righetti and Lucarelli (2007),
who tested cores of cohesive sediments extracted from a lake in a flume. A
similar approach was taken by Grant and Gust (1987) and by Lelieveld et al
(2003). However, it cannot be forgotten that testing cores extracted from the
field add a series of variable due to the complexity of the sample that cannot be
controlled. Moreover many researchers have shown that sampling and laboratory
testing of cohesive sediments can lead to overestimations of their erosion
strength due to physically and biologically disruption and consolidation (Tolhurst
et al., 2000; Maa et al., 2007).
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Hence the Cohesive Strength Meter (CSM, Paterson, 1989; Tolhurst et al., 1999;
Vardy et al., 2007) has been extensively used in the past decade in order to
obviate to the problems presented above. This is a portable instrument which
blasts a jet of water vertically into sediments and measures the ensuing
turbidity. However the instrument starts to be limited as soon as the dimension
of the sediments increases and could induce an erosion pattern not comparable
to the one due to shear friction induced by unidirectional flow. As seen in
section 2.2.2.2, coherent structure happen at 45° to 60° degrees to the bed;
(Hardy et al., 2009); incipient motion is believed to be related to these
structures, which are longitudinal. The usage in the field of the CSM, which
generates vertical ejections, might induce unrealistic erosion patterns because
not directed as these turbulent structures. The results is that, even if the
instrument is extremely important as a comparative tool for testing bed
strength, it does not offer real hydraulic estimates of the shear stress at
entrainment. A major improvement in assessing biostabilization strength would
be to develop methodologies to test strength in the direction of predominant
shear; thus, for a river bio-mat this would mean applying shear in the
downstream direction over the surface of the mat and evaluate the strength of
the biofilm in this direction. To overcome this problem | have introduced the
usage of tensile testing (chapter 6) as the most appropriate method to
investigate the strength and failure mechanisms of bio-mats under shear flow.
My aim is to couple this finding with a calibration of the erosion threshold from
flume studies, in order to obtain a clear model of erosion based not only on
single particle pivoting, but also on the idea that particles can be fully coated

and carpeted by biofilms.

Another approach to improve the quality of the data acquired was introduced by
Dade et al. (1990) and Tolhurst (2008), who obviated the complexity of the in
situ testing and coring extraction by culturing their sample in the laboratories,
controlling the relevant environmental factors in order to avoid the
transportation issue. The limitation of their studies lies in the sample scale and
on the constrains generated by the edges of the containers (Petri dishes have
been used). Therefore, if flow was applied to the bed, the shear stress could
only be related to the surface of the sample, because no flow through the

sample could be achieved. | believe that their approach of culturing and
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controlling environmental conditions is the easiest to implement and the one
that would generate the largest number of answers to the many questions
available in the literature. This is why this thesis will focus on culturing biofilm
over sizes of sediments that have been neglected in the literature so far (large
non-cohesive sediments), controlling the environmental conditions during biofilm
growth. The objective is to define a unified threshold of motion criterion based
on visual assessment of the patchy nature of the substratum coated by biofilm.
This will be done in chapter 4 and chapter 5 using the Yalin criterion (1972) in a
subscale of the sample coupled with image analysis at the full scale of the
experiment. Moreover using the law of the wall and PIV analysis, | will be able to
increment the knowledge on the effect that biofilm has on the hydraulic
roughness z, at different flow conditions. This is the first attempt in literature to

achieve such a comprehensive dataset.

Finally biostabilization relationship with biological variables is fairly well
researched by scientists. Some of the most investigated variables are chlorophyll
a, EPS and biomass. Positive correlations have been demonstrated for biomass
and stability of very fine particles (Yallop et al., 2000; Righetti and Lucarelli,
2010). It is also evident that the adhesive properties of EPS in biofilms and their
environmental conditions during growth are particularly relevant to the final
biostabilization potential (De Brouwer et al., 2000; De Deckere et al., 2001).
Ideally researchers auspicated that biological factors such as biomass or EPS
could be used as proxy values to correct entrainment threshold models for biotic
interaction (Black et al., 2002); however more and more evidence have been
given that biomass development is affected by flow characteristics and will
mutually alter the flow structure of the overlying fluid in a two-way interaction
(Moulin et al, 2008). This clearly shows how complicated it is to generate a
model that accounts for all the variables that might influence the biofilm
growth. An attempt will be presented in chapter 8, where in the future
refinement of this project | included a modification of a traditional model of
sediment transport by adding in the equilibrium balance the force relative to the

biofilm presence.
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2.6 Chapter summary

In light of what presented above, the core theory of sediment transport (Shields,
1936; Hjulstrom, 1935), even if still widely used, presents large limitations in
particular when related to cohesive sediments. A challenge is to obtain valid
models predicting the entrainment of cohesive sediments (Grabowsky et al.,
2011) and almost no space in literature is given to the behaviour of non-cohesive
sediments that become cohesive due to the coating of micro-organisms.
However this chapter has presented the evidence that biofilm can modify

sediment behaviour by different means. Biostabilization acts:

i) embedding fine sediment (small sand and finer) into bio-mats (up to the
meter length), which has been seen to be eroded into a carpet like
fashion (Grant et al., 1986; Grant and Gust, 1987; Walker and Grant,
2009);

ii) increasing the mechanical strength of sediments due to the natural
elasticity of the EPS and bio-mats, with the result that mechanical
properties related to the elasticity of the material are needed in order to

model effectively this phenomenon (see chapter 6 for a review);

iii)  changing the hydraulic flow field over the sediments and creating a
difference in the turbulence processes taking place, hence on the erosion
processes (Nikora et al., 2002; Graba et al., 2010).

Various quantitative results and field experiments are available on the first
point for cohesive and fine non-cohesive sediments, even though there isn’t a
common approach used widely in the research community to investigate biotic
sediment entrainment. However no research up to date has been found on the
investigation of the relevance of biostabilization for larger sediment sizes

(coarse sand and fine gravels), which are most common in river systems.

Also very little in literature is available on the second two points presented.
The available data are usually difficult to interpret, because they are

dependent on too many different variables or situation bound.
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Finally only a hand full of models are available (Rigetti and Lucarelli, 2007;
Borsje et al., 2008) that account for the biotic component in sediment
transport; however these are difficult to apply widely to other environmental
conditions because site specific. Also, in case of bio-mats carpeting the bed, it
seems clear that traditional models of sediment transport (e.g. Wiberg and
Smith, 1987, based on single particle pivoting on each other) are redundant and
a new approach is largely needed, which account for the cohesion and adhesion

introduced by the biofilm.

All of the limitations presented above were the starting point of this project
which, by culturing in a laboratory biofilm at a scale comparable to that of real
river systems, wants to investigate the effect that biostabilization can have on
non-cohesive sediments. The methodology used for this thesis will be presented
in chapter 3. Chapter 4 and chapter 5 will illustrate the results of the
entrainment investigation at different scales (0.2m and 1m; chapter 4 and
chapter 5 respectively). Chapter 6 will deal with the mechanical properties of
biofilms and their elasticity by using tensile testing to obtain Young’s moduli of
elasticity (E) for different bio-mats. Finally chapter 7 and chapter 8 will present

the discussion and the conclusions and future recommendations.
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CHAPTER 3

Experimental instrumentation and set-up

“When you try to explain the behaviour of water, remember to demonstrate the

experiment first and the case next”

The great experimentalist, Leonardo Da Vinci (1452-1519)
3.1 Introduction

In this chapter the experimental program used for culturing and testing the
effect of micro-organisms colonization on non cohesive sediments will be
presented. To my knowledge the experiments carried out in the flumes of the
Civil Engineering Department of the University of Glasgow are novel, in that they
specifically investigate the effect of biostabilization on non-cohesive sediments

and have characteristic length scales representative to real river systems.

The experimental techniques herein underpin the quantitative results of
biostabilization presented later in chapter 4 and chapter 5. Implicit to this are
decisions regarding entrainment threshold definition, measurement accuracy and
the environmental conditions under which the biofilm were colonized (i.e.
sediment size, scale, flow at growth, nutrient supply). Section 3.2 will present
a brief overview of the experimental studies with relative numbers of
experiments carried out. Section 3.3 will introduce the choice of the material
used for the experiments followed by the growth set up adopted in the “Yalin”
flume (section 3.4): here a detailed rational for the selection of the bacterium
and the environmental conditions during growth will be given. Section 3.5 will
present the set up of the “Shields” flume, in which the preliminary experiment
testing the colonizing length scale of 0.20m took place. In section 3.6 the set up
for the core of the experimental study of this thesis can be found, carried out in

the “Ervine” flume testing the colonizing length scale of 1m. Here the usage of
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PIV will be introduced with a brief overview of the theory, data collection,

processing and specific set up for this study.

3.2 Overview of experimental studies

The experimental laboratory programme was conducted using flumes in the
School of Engineering, University of Glasgow, United Kingdom. Here a suite of
standard Armfield flume facilities were available for hydraulic research,
including the “Yalin” flume (0.6m wide x 5m long) and “Shields” flume (0.3m
wide x 15m long) Two sets of experiments were run between August 2008 and
March 2011; 5 months of this period (spring 2010) was spent constructing a
purposely built environmental flume christened the “Ervine” flume (see section
3.6). Moreover, a dedicated 4 month period was required (summer 2010) to

calibrate a bespoke PIV system (section 3.6.3.2).

The first set of experiments was designed to improve our limited understanding

of the biostabilization potential on non-cohesive sediments: here four different
non-cohesive sediments were cultured in boxes 0.20m by 0.20m by 20mm (which
from now on will be termed box0.2) for up to 5 weeks and tested every week for
erosion by applying steps of quasi-uniform flow. This colonization stage took
place in the “Yalin” flume (see section 3.4). Subsequently, testing took place in
the “Shields” flume (section 3.5), where a combination of visual assessment at
two different scales (Small scale (SS) ~50mm by ~30mm and Large Scale (LS)
0.20m by 0.20m) allowed a comprehensive analysis of the erosion process in
time. For the data yielded, the biofilm erosion results indicated sensitivity to
flow fluctuations implicit to the flow control system of a traditional “Shields”
flume set-up for low flows; thus leading to the bespoke construction of a new

flume for the subsequent data set. This second set of experiments was

performed in the new environmental flume, called the “Ervine” flume (section
3.6) and consisted of the main part of the project; this is because it was
conducted at a scale directly comparable to the one of a real river system (1m,
in box1). Moreover the growing and testing conditions were largely improved in

this set of experiments (see light supply in section 3.4.4.3; flume pump and

52



control in section 3.6.2 and PIV for flow measurement in section 3.6.3.2). A

detailed breakdown of all experiments undertaken is given in Appendix 3.A.

A total of 49 experiments were carried out; 29 preliminary experiments (section
3.5 and chapter 4) and 20 further runs undertaken in the second experimental
programme (section 3.6 and chapter 5). A total time of growth of 140 weeks was
undertaken (equivalent to 2 years and 7 months, considering a year comprised of
52.18 weeks and 4.3? weeks in a months), which for the majority of the
experiments took place simultaneously (the incubation flume could host 4 box1
and 6 box0.2 at the time); this ensured that the effective growth,
facility/instrumentation development and comprehensive data analysis could fit
into the 3.5 year timeframe of this PhD project. Following the prescribed growth
time, sample biostability was tested by incrementally increasing the flow in a
series of quasi-uniform steps of 5 to 10 minutes duration. The analysis of the
erosion and of biostabilization was carried out using still images at the large
scale (LS). Here a colour-based thresholding process (ImageJ, Abramoff et al.,
2004) was employed for ~700 images. In addition, video recordings were used
for the small scale (SS) to verify the effectiveness of the Yalin criterion (1972).
For every flow step 2 minutes (usually the 1% and the 5™ of every recording)
were analyzed and the number of grains moving was counted (flocs were visually
deconstructed to provide a discrete particle equivalent count as required by the

criterion). In total, 880 minutes (~15 hours) of recorded data was analysed.

Whilst the present chapter discusses the general instrumentation required for
each experiment, more detailed methodology is provided specific to the analysis

undertaken in chapters 4 and chapter 5.

3.3 Sediment details

Four different uniform substrata were tested: (i) small glass spheres, SGS, with
Ds5p=1.09mm; (ii) natural sand with Dsy=1.20mm; (iii) large glass spheres, LGS,

with Dsp=2.00mm; and, (iv) natural gravel with Dsp=2.20mm (see figure 3.1)
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Figure 3. 1. Sediments used in the experiments. A) SGS with D 5=1.09mm; B) natural sand
with D 50=1.20mm; C) LGS with D 5,=2.00mm and D) natural gravel with D 5,=2.20mm.

The characteristics of the sediments can be found in table 3.1. According to the
Wentworth classification (1922), SGS and sand can be classified as “very coarse
sand”, whereas LGS and gravel fall in the classification of “very fine pebbles”.
Important to note is that every material chosen was classified as non-cohesive:
this is the focal point of the project presented in this thesis. In fact to my
knowledge this work is the first in the literature to present experimental results

on the biostability of sediments in the range of such coarse particles.

Dso Density Shape Sphericity | Material Supplier
(mm) (kg/m”™) (Supplier)
SGS 1.09 2500 Spherical 92% SiO, Potters Europe
LGS 2.00 2500 Spherical 87% SiOo, Jablonex
Murchie sand (glacial
deposit, Isle of
Arran). Obtained from
Sub-angular/ uniform material in
Sand 1.20 2650 Angular il kx size 1.00-1.41mm
Murchie gravel
(glacial deposit, Isle
of Arran). Obtained
from uniform material
Sub-rounded/ in the range of 2.00-
Gravel 2.20 2650 Rounded ekkk Fkkk 2.38mm.

Table 3. 1 Characteristics of the four sediments em  ployed in the experiments: size ( Dso,
mm); density (kg/m 3); shape (Powers, 1953); Sphericity for beads, info  rmation given by the
supplier; Material composition and Supplier.

The substrata were deliberately selected to enable comparison of the effect of
both sand and gravel grain sizes on biostabilization potential. However, whilst
these natural material is representative of field sediments, it is commonplace in
hydraulic flume studies to undertake simplified experiments on spherical
particles (SGS and LGS) at the outset of a new disciplines of entrainment-based
research (e.g. Chepil, 1959; Cheng and Chiew, 1998; Wu and Chou, 2003). This is
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considered beneficial as it removes “shape” effects, thus providing to easily
calculate surface area and volume as appropriate for mathematical modelling
purposes. Also, by using glass spheres the material chemistry is unreactive and
uncontaminated, further simplifying complexities in the sediment environment.
Thus, both natural grains and glass spheres are compared and contrasted
throughout this thesis; results in chapter 4 defend the underpinning motivations

described here.

Looking at figure 3.1 it is evident that the natural sand employed in the
experiments could be classified as tending to sub-angular, whereas the natural
gravel tended to sub-rounded following the Powers (1953) shape classification
(figure 3.2). These shapes are common in river systems in the UK and, whilst the
distinction is reflective of the different quarried sources of the materials, the
shape classifications similar to each other (i.e. neighbours on Powers’
classification). The initial decision towards more angular sand was specific to
evaluating differences in growth compared to the spheres. As equally angular
gravel was difficult to source, the closest (i.e. sub-rounded) shape was elected;
when using natural materials this is a reasonable approach and wild deviation of
results would not be anticipated due to such small distinction in the shape
classifications of the sand and gravel. Yet, review after the first set of
experiments does indicate a possible shape effect on biostabilization (in that
glass spheres may biostabilize most; chapters 4 - 6); however this effect cannot
be specifically separated from material type (glass v. sediment). This is

elaborated upon in later discussion of the data.

w . OO S Ol Olo
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very angular  sub- sub- rounded well-
angular angular rounded rounded

Figure 3. 2. Grain shape classification (after Powe rs, 1953).

The sediments were then placed into Perspex boxes, such that they could be

transferred without disturbance between the colonisation Yalin flume to the
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testing flumes of Shields or Ervine. Each box comprised perforated walls (0.8mm
mesh size) to permit subsurface flow and nutrient exchange, as would naturally
occur in the field; this was considered essential as subsurface forces acting on a
surface-based biofilm may impact its growth and structure. Two different sets of
boxes were fabricated: the first set used in the preliminary experiment were
boxes with length scale equal to 0.2m (box0.2) in the x and y directions (i.e.
downstream and cross-stream); the depth of the box (z) was equal to 20mm so
10-20 layers of sediment comprised the bed; this latter scaling is considered
important in establishing realistic subsurface flow paths and permitting biofilm
penetration during growth. The second set of experiment upscaled the test
samples to approach length scales more comparable to those in a real river.
Boxes were extended to 1m long (box1) and 300mm wide. To reduce flexion
during box extraction from the flume, the box bases were strengthened and 2
bolts were screwed into the base of the box to allow temporary handles to be

connected (see section 3.4).

3.4 Introduction to growth set up

The following section highlights the stages that were undertaken to select and
culture the single specie bacterium as used to generate biostabilization of the
non cohesive sediments. Detail description of the rationale for the selection of
the bacterium, a description of the flume set-up for culturing the biofilms and
the development the growth set up for the different scales tested will be given

herein.

3.4.1 Bacterium detalls

A phototrophic cyanobacterium Phormidium sp (strain PP03) from the culture
collection of V. R. Phoenix (Phoenix and Holmes, 2008) was chosen as the single
species to colonize over the various substratums. Justification for using this
species of bacteria is that it is common to freshwater biofilm (Callow, 1993) and

cyanobacteria are known to stabilize sediments (in the range of cohesive and
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fine non cohesive sediments) up to values of 960%, when compared to abiotic
ones (Grant and Gust, 1987; Paterson, 1997; Yallop et al., 1994).

An initial investigation of the bacterium growth structure was carried out using
an Environmental Scanning Electron Microscope (ESEM, School of Geographical
and Earth Sciences, University of Glasgow). Figure 3.3 shows the Phormidium
biofilm grown over silica sand (D5p=0.3-0.5mm) for 5 weeks under agitated flow
conditions (i.e. a bidirectional flow created via a rocking machine); a continuous
light intensity generating a PAR (Photosintetic Active Radiation) values of 25
pmol m2s™ as generated by LED strip lights placed in the incubation chamber;
this was in agreement with the range of irradiance between 10-100 pmol m?2s™
found by Gerbersdorf et al. (2009) to allow diatom communities to grow and
develop in a natural riverine environment. It needs to be noted that the 24 hours
cycle was not ideal as it was not representative of natural conditions; this cycle
was selected to generate a fast biofilm growth so that tests could be carried out
in the ESEM. A more realistic approach is presented in Chapters 4 and 5, where a
cycle of 12:12 light darkness was employed. It is evident from the image that the
biofilm is filamentous, and its fabric like structure at maturity encompasses
sediment particles of the substratum; these characteristics are considered to
contribute to the mechanical strength of the biofilm as relevant to a study of
biostabilization. Additionally, Phormidium is well-known to produce large
amounts of Extracellular Polymeric Substances (EPS; Ramanan et al., 2010)
associated with enhanced biostabilization potential (De Brouwer et al., 2000; De
Deckere et al., 2001; Gerbersdorf et al., 2005; Gerbersdorf et al., 2008). Whilst
the ESEM images do not illustrate the EPS specifically, it would be logical to
assume that the filaments are embedded within an EPS matrix, providing
adhesion properties at the sediment surface. With both adhesive and mechanical

properties evident, this bacterium was appropriate to culture the sediments.
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Figure 3. 3. ESEM images (scale 100 pm) of Phormidium sp biofilm grown over a sand bed
(Dso = 0.3-0.5mm) for 5 weeks under flowing water condi  tions. The filamentous, fabric-like
structure (a) entwines particles from the bed surfa  ce into the bio-mat (b) during growth.

3.4.2 Yalin flume description and operation

The inoculation and growth was conducted in the “Yalin” flume, a fibreglass
recirculating flume (5m long by 0.6m wide and 0.40m deep). Whilst this style of
Armfield flume is developed for sediment scour observations (and hence includes
a deep step in the bed), it was reconfigured to a planar bed and manually tilted
to a physical slope of -1/200. The flume used a Calpeda® pump, which
generated flows up to 15l/s and controlled by a bespoke power inverter. This
recirculated flow from the outlet tank (capacity 400l) back to the upstream
header tank; it should be noted that sediment was not recirculated. The header
tank was filled with marbles (Dsp=16mm) resting onto a perforating plate; this
combination would allow smoothing the turbulence generated by the pump and
improves conditions of uniform flow over the test section. Flow depth and water
slope within the channel was controlled via the tail gate (windlass control), used

to regulate the quasi uniform flow conditions.

Importantly, flow was measured using an acoustic portable instrument,
temporarily installed onto the recirculating pipe (Portaflow SE). The instrument
is comprised by two sensors directly in contact to the outside of the return pipe:
a transmitter sends an acoustic pulse through the pipe and this is transported
through the water and recorded by a receiver. The time between the emission
and receiving phase allows measuring the speed of the flow. The flow
information is obtained after setting parameters relative to the specific set up

(such as the pipe material, thickness and lining). The velocity resolution
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obtained is in the region of + 0.1m/sec. Good signal strength and quality (i.e.
R?>75%) was obtained in all runs; this compared well to manufacturer
recommended minimum values of 40%. In order to achieve this accuracy, some
reconfiguration of the flume was required, in that the instrument placement
needed an offset distance 10 pipe diameters away from the pump with location
not on the suction side: this removed problems of air entrainment/bubbles on
sensor accuracy. Detailed information on flow values can be found in section
3.4.4.1.

3.4.3 Instrumentation on the Yalin flume

3.4.3.1 Pointer gauge

A Mitutoyo SD Series 572 pointer gauge measured the vertical distance of water
surface and bed surface, as taken relative to an arbitrary datum. Used to
establish water slope, bed slope and therefore uniform flow conditions, the
instrument records to an accuracy of £ 0.01mm and measurements were taken
at 0.3m intervals along the length of the flume. The uniform flow information
was collected prior to start the inoculation and assumed to remain
approximately valid during growth; this assumption is justifiable given that no
sediment was transported during the colonisation period, thus any changes are
reflective of biofilm development, which was designed to be the experimental

variable.

3.4.3.2 Light set up

The flume was equipped with a light system to allow the phototrophic bacterium
to grow. For the preliminary experiment the light set up was initially done with
two rows of three 12V hot wire spot lights, which would provide an average light
intensity or PAR (Photosintetically Active Radiation) of ~120 ymol m?s™ over an
area of 400cm?, measured with a Q203 Quantum Radiometer (Macam). A range

of irradiance between 10-100 pmol m? s has been shown to allow diatom
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communities to grow and develop in natural riverine environment (Gerbersdorf
et al., 2009), hence choosing a value at the upper end of this spectrum was
considered appropriate to encourage growth in laboratory conditions. The light
system was organized so that the spot lights would be centered on the boxes and

constant illumination (24/7) was provided.

Yet, issues regarding constant illumination, unequal areal diffusion of light and
generated heat led to regions of “extreme-growth” (see figure 3.4), which
generated biofilm trapped bubbles of oxygen. Those represented a clear
weakness in the biofilm and could induce erosion of the biofilm because exposed
to the flow, decreasing the biostabilization potential. The disadvantage of this
particular set up was the large heat generated under the bulb, which resulted in
an uneven growth (high PAR values in the centre of the sample170-230 pmol m

s and low PAR at the extremities 16-45 pmol m?s™).

~»\

Trapped oxvgen bubbles . - 4 ,
. 3 - )

Figure 3. 4. A) Circular biofilm growth directly un derneath the spot light after a week of
growth; B) Oxygen bubble trapped by the biofilm. Th ese bubbles are exposed to the flow
and represent a weakness of the biofilm, which coul d be easily eroded.

Thus, throughout the course of the thesis the lighting was incrementally refined

and improved towards:

» a light: dark cycle of 12:12 hours (this is used in all experiments except
for SGS box0.2, chapter 4);
« reduced PAR to 26 pmol m2s™ by use of LED (used in chapter 5);

* more evenly diffused lighting via LED strip systems (used in chapter 5).
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Each of these improvements led to more uniform growth across the sample area
and characteristics closer to those observed in the field as compared to Noffke
et al. (2001).

3.4.4 Inoculation

The aim of this project was to investigate in the available time the effects that
bacteria inoculation at the two different scales (0.2m and 1m) had on the
stability of the 4 different materials (SGS, sand, LGS and gravel). Therefore no
repetitions were carried out in this thesis due to time restrictions, prioritizing
instead the analysis of biostabilization on a variety of not previously tested
sediment substrata. Hence the analysis of the results in chapter 4 and chapter 5

needs to be interpreted in light of this experimental limitation.

3.4.4.1 Flow

In all experiments the flow at growth was kept constant and at sub-threshold
conditions (i.e. no motion of sediments). In the first set of experiments (chapter
4) flow in the Yalin flume was 0.88l/s (i.e. shear velocity u*=2.06cm/s,
1,=0.42Pa). Measurements indicated that this was 35-50% that of the abiotic
shear stress threshold for sand size sediment and 25-30% that of the abiotic
entrainment threshold for gravel sediments. Given that the flows are sub-
threshold, this slight difference in relative shear between materials would not
be expected to significantly alter either the bed or biofilm growth; this
assumption is further discussed in chapter 4. Thus, keeping the flow constant
over all sediments permitted simultaneous colonization of multiple boxes and
development of a much-needed comprehensive data set within the PhD

timeframe.

Considering the second set of experiments (box1, chapter 5), it was understood
from the growth characteristics of box0.2 that gravel sediment experienced an
excessive biofilm growth under the spot lights. This would induce the biofilm to
grow in a “spongy” manner, opposite to the bio-mat stage that has been shown

to be extremely important for sediment stability (Grant and Gust, 1987; Walker
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and Grant, 2009). Hence in chapter 5, in order to achieve the highest
biostabilization potential, the two variables that could affect the growth (light
(see section 3.4.3.2) and flow) were modified to improve the strength of the
biofilm culture generated. Because of this, for box1 higher flow at growth was
implemented for gravel size sediments (LGS and gravel), so that the shear stress
7 during growth would match that of sand size sediments (35-50% of the critical
(zc)). This was achieved using a flow equal to 2.22l/s which generated a shear

velocity u*=2.53cm/s and 7,=0.64Pa.

3.4.4.2 Temperature

In order to culture bacteria into the flume, the header tank was equipped with a
3KW Resistance (controlled by a thermostat with a solid state relay for safety
reasons on the header tank), which provided a water temperature of 28 + 0.5 °C
throughout the experiments. This temperature was chosen to maximise biofilm
growth rate (after personal communication with Dr Phoenix, who collected and
cultured the bacterium and found this condition to be the one generating the
fastest biofilm growth). Using this temperature reduces the realism of the
project since natural rivers in Scotland experience an average temperature of
about ~10°C over the calendar year (Natural Heritage Trends of Scotland, 2006);
however this choice was made so that more tests could be analyzed on samples
presenting similar growth structure to that of biofilm in the field. Important to
note is that water temperature used to test the entrainment conditions was of
about 22.5 °C and a discussion on temperature variations and its effect on
transport can be found in section 3.5.To compensate for the evaporation taking
place, a ball cock valve was installed into the header tank and set at the
working water level of the flume during growth. Once this level decreased, the
valve would allow flow from the main water supply to refill the tank via a trickle
of water. This gentle intake of water allowed stability of the water temperature

which varied of no more than +/-1 °C during the course of any experiment.
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3.4.4.3 Nutrients

Full strength BG11 (with NaNOs) nutrient (Ripkka et al., 1979; See Appendix 3.B
for details) was added to the outer tank, where they were dissolved and
circulated through the system overnight. 200ml of this bacteria and nutrient
solution (absorbance of 0.375 at a wave length of 720pm) was then added into
the flume end tank and left to recirculate again overnight. The boxes were then
inserted and the experiment commenced. The pH and the dissolved oxygen (DO)
were measured 10 days after inoculation; values obtained were pH=8.07 and the
DO=8.06 and are comparable to river systems (South Yakima Conservation
District, 2008). The inoculation was carried out only once at the start of the

experiment, and no subsequent top-up of nutrients or bacteria was employed.

3.4.4.4 Development of the growth set up

For the preliminary experiments a grid of box0.2 were arranged into 2 rows of 3
boxes (See figure 3.5). Upstream and downstream of the boxes the bed was
“fixed” by gluing a layer of SGS onto marine plywood; this was essential for two
reasons: (i) to permit unhindered and equivalent turbulent structures along the
length of the flume by way of “uniform” hydraulic roughness along the length of

the test bed; (ii) ensuring that boxes could be extracted easily from the flume.

fixed bed

s

Figure 3. 5. A) Yalin flume set up with the 2 rows  of 3 box0.2 (see numbers for location of
the box) and plywood coated with glued SGS; B) part icular of one of the row with the spot
lights on top during growth.
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After carefully investigating the growth pattern for SGS, it was noted that the
centre box had growth stages different from the boxes attached to the walls
(see figure 3.6). Specifically, the centre box was subjected to higher flow
velocities (and therefore shear) as no wall-induced resistance had to be
overcome in this locality; this meant that growth was far faster and subject to
greater shear and failure during colonization. Hence for the remainder of the
experiments (i.e. with the exception of SGS, chapter 4), only the boxes exhibit
similar growth patterns near the walls were tested for entrainment threshold.
The central boxes were used instead to collect samples for biomass analysis and
tensile testing (See chapter 4, chapter 5 and chapter 6). Whilst this set-up was
employed for box0.2 runs (chapter 4), it was refined in the second set of
experiments (chapter 5) using box1; here only two rows of boxes (both subject
to equivalent wall-effects) were used in the Yalin flume (figure 3.7). This was

considered appropriate to best practice within the time constraints of the study.

Figure 3. 6. Growth characteristics of the central box of the rows. As it is visible from the
image, due to the different flow patterns in the ce  ntre of the box (see arrow) not subjected to
wall effects, the growth was different from the oth er boxes. Hence the decision of testing
only the boxes directly in contact with the walls ( e.g. box 1 and box 3).
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Figure 3. 7. A) Growth set up in the Yalin flume fo r the last set of experiments. LED strip
lights were placed directly above the centre of the 1m long boxes; B) Final Yalin
arrangement for growth of the 1m long boxes; the sp ot lights were used to grow sample to
be tensile tested.

3.4.4.5 Extraction of the boxes and cores for biol  ogical analysis

Once the selected growth stage was reached, boxes were carefully extracted
from the Yalin flume and moved across to either the “Shields” flume (see
section 3.5) or to the “Ervine” flume (see section 3.6) for individual testing of
entrainment threshold using tightly-controlled hydraulic conditions. The
extraction was not very trivial in case of box0.2. The flume was stopped for a
short amount of time so that the extraction could take place with still water;
the tailgate was then lowered down to allow some of the overhead to be
displaced into the outlet tank. At this point the box could carefully be extracted
from the flume by holding the outer edges comprised by the 0.8mm mesh. After,
the box was promptly placed into the Shields flume, where a gap in the bed

material was created before starting the experiment.

In case of the box1 the extraction was more complex. The boxes were made of a
very stiff material which would ensure that the bottom of the box would not
bend under the weight of the wet sediments. In order to extract a box from the
Yalin flume, a set of removable handles (metal plates) could be hooked to the
extreme ends of each box, where 2 screws were inserted in each side during the
design. Lifting the box was performed by two people, after the flume was
stopped and drained as described for box0.2. Once the extraction was achieved
the box was placed towards the end of the Ervine flume, 1.5m from the outlet.
Here, after the box was carefully inserted, the remainder of the bed was
inserted around the box. In all the cases no evident movement of the

sediments/biofilm composite could be seen.

Biomass quantification using the loss on ignition technique (HIMOM, 2005) was
carried out for both box0.2 and box1 experiments. In chapter 5 EPS assessment
was also performed (for details of the technique, see section 5.3.5). Both
samples for biomass and EPS analysis were collected before the beginning of

every experiment by extracting at the end of each week of growth two sediment
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cores of the entire depth of the bed (diameter 26mm) for every material. Only
two cores per sample were collected, in order to limit the disruption to the
remaining substrata. The whole process from the extraction to the starting of
the erosion test did not take longer than 30 minutes. The location of the cores
was firstly chosen as the downstream end of both box0.2 and box1, replacing the
missing material with coarse gravel (D=4-6mm). In case of box1 the samples
were taken from a region outside the testing area and hence this process did not
affect the final result; however, after coring the downstream end of box0.2 for
SGS, a disruption (~10%) of the testing sample was evident, affecting the quality
of the results. Hence, since as seen in section3.4.4.4 the central box0.2 in the
Yalin flume were not used, samples were collected from a region of these
central boxes that had a visually similar coverage compared to the test boxes.
This process is not ideal and in future experiments more cores should be
collected from the tested sample, in order also to investigate the patchiness of

the biofilm growth.

In the next two sections more in depth description of the flume used for testing
the boxes will be given. In particular section 3.5 will illustrate the
characteristics of the “Shields” flume used for the length scale of 0.20m
whereas section 3.6 would present the “Ervine” flume used for testing the 1m

long boxes.

3.5 Introduction to flume preliminary experiments ( 0.2m

scale)

3.5.1 Shields flume description and operation

The preliminary set of experiments was conducted in the “Shields” flume, an
Armfield recirculating and tilting channel (15m long by 0.3m wide by 0.45m
deep). The flume was equipped with glass side-walls, a smooth steel floor and
had a rectangular cross section. The slope was adjusted using a flying wheel at
the upstream end, which by pivoting on a point in the centre of the channel

length, allowed to obtain slopes ranging from 0.005 to 0.035.
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The flume allowed recirculation via a Calpeda pump, which permitted flows up
to 30l/s to be obtained from reservoirs tanks containing ~2000 litres of water at
an average temperature of 22.5°C. This temperature is induced by the
overheating of the pump and it is much higher than the average in natural river
systems (see Section 3.4.4.2); the consequence is that for small values of Rep,
(Rep<5) an increase in temperature corresponds to an increase in sediment
transport, whereas for intermediate values of Re, (5< Rep < 50) an increase in
temperature decreases the transport (Taylor and Vanoni, 1971). The effect of
temperature is not surprising since the kiematic viscosity v varies from 1.52*10°
m?/s at 5°C to 0.95*10° m?/s at 22.5°C, which is -40% difference when
compared to natural conditions. Recirculation, flow control and measurement,
header tank configuration and tail gate operation was identical to that already
outlined in section 3.4 for the Yalin flume. The specific set up of the sediment
arrangement is presented in figure 3.8. The pre-colonized testing box (box0.2)
was placed 3.5m downstream the inlet; with a turbulent boundary layer
inducement length of 2.13m (Monin and Yaglom, 1971) this set up is justifiable.
Upstream of this location was a 1m fixed bed of plywood board with SGS glued
on it (see Sec. 3.4.4.4 for full justification); as this fixed bed section ensured
that no “foreign” sediment entered the test section, other reaches of the flume
comprised coarse immobile sediment (D=13-18mm) to maintain roughness and
turbulence structure (this was both, simpler to execute than a stable bed over
the full flume length and, better accommodated slight dimensional differences
in the tested boxes). Both the fixed and coarser surrounding gravels (immobile)
were set with their surfaces parallel to the bed slope and 40mm above the flume
bed.

2.50m 1m 0.20m m

- outlet

O

Inlet

13-18mm Immobile Stable bed Testing

gravel 13-18mm Immobile

glass beads  4¢5 gravel

Figure 3. 8. Shields flume set up. The testing area is located 3.5m down  stream the inlet. An
immobile gravel bed ( D=13-18mm) was placed after the inlet up to the stab le bed for 2.5m.
After that a 1m stable bed obtained with a plywood board where a single layer of glass
beads (Ds=1.09mm) were glued on top. The test section was 0. 2m in length and it was
followed by immobile gravels up to the outlet.
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3.5.2 Instrumentation on the Shields flume

Whilst information regarding the pointer gauge can be found in 3.4.3.1, the
Shields flume was also equipped with visualization (imaging) capabilities. A Sony
HDR-SR5E 4 Mega pixel camera was used to investigate the erosion rate during
the experimental testing with all images taken in planform (i.e. a bird’s eye
view of the bed surface). Two different scales were analyzed: large scale (LS;
0.20mx 0.20m) and a small scale (SS; ~ 50 x 30mm). The former was dedicated
to taking still images at the beginning and at the end of every flow step (a part
from SGS in chapter 4, where images were taken only at the end of every flow
step) specific to assessing changes in the areal coverage of biofilm (green pixel
thresholding (see chapter 4 for more details). The latter employed a macro
function to zoom sufficiently close to the bed such as to resolve and easily
identify individual grains; this was essential to count the number of grains

moving as required by the Yalin criterion (1972) definition of entrainment.

With reference to Yalin, his definition notes that the area analyzed should be
“large” in comparison with the grain diameter and that the length of the time of
observation should be ‘large’ in comparisons with the average period of
turbulent fluctuations (Yalin, 1972). Taking each of Yalin’s requirements in turn:
Firstly, with regard to area (A), the main criteria for camera set-up was dictated
by the need to resolve the full-box field-of-view and limitations on macro
capabilities from this prescribed elevation. In spite of this the area observed in
the macro setting is compliant with Yalin’s criterion in that 300-1200 particles
are present in all images (intuitively more 1mm beads than 2mm gravels
particles comprise an equivalent area). In each of these images of the LS, the
resolution that was achieved with the camera was of ~6pixels/mm: this allowed
comfortably resolving the smallest particles (SGS) and the coverage that would
interest them (this is significantly better than standard accepted
photogrammetry (see Butler et al., 1998) where resolution is rarely better than
1mm). Secondly, with regard to time (t), video recordings for the entire duration
of the flow step were applied (10 minutes for the preliminary SGS experiment

and 5 minutes for every other experiment) after for every flow step the flow had
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stabilized (3 minutes from the increase in flow through the power inverter). Of
this, 2 minutes of footage (the 1°* and the 5™ minute) were used to calculate the
number of grains that moved from the small area. These times were selected
because: i) in the 1°* minute was likely that the most movement would occur as
a consequence of the application of the new shear stress, hence the largest
tendency to movement was expected; ii) the 5™ minute was used because, if
after the longest water-working period still the critical number of sediment were
entrained, then a flow could be comfortably defined at threshold. In order to
improve image quality, a glass plate was lowered onto the water surface so as to
remove the distortion due to the ripples present on the water surface (this is a
well-used method in flume based research and the small adjustments to the
water surface are not thought to propagate to the bed in a manner influential on

entrainment threshold data (Haynes and Pender, 2007; Cooper and Tait, 2008)).

3.6 Introduction to flume series 1 experiments (1m scale)

3.6.1 Ervine flume description and operation

The erosion tests for box1, representing the main experimental program, were
conducted in the “Ervine” flume. This was a purposely built flume, specific to
testing biostabilization with increased hydraulic precision at this scale. The basic
configuration was an Armfield recirculating and tilting channel (5m long by 0.3m
wide by 0.45m deep), equipped with glass side-wall rectangular cross section
with an average water temperature of 22.5 °C. The slope was adjusted using a
fly- wheel at the downstream end, which was set to the same 1/200 slope as the
colonisation (Yalin) flume. Specific upgrades on this facility included: (i) a
smaller Calpeda ® pump of 15l/s as required to improve control at the low flows
specific to biofilm testing i.e. to remove undesirable flow pulsations; (ii) fitting
a more advanced power inverter of Jaguar VXR, 1.5kWto provide finer control
(+/-1% accuracy) of the pump at low flows, by way of a closed loop function, as

described below.
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Figure 3. 9. Schematic diagram of flow control devi  ces of the Ervine flume.

A Proportional integrative derivative (P.1.D) function, inbuilt in the Jaguar VXR
was used to increase the accuracy of the flow by calculating the ‘error’ in the
system recorded as the difference between a measured process variable (U) and
a desired set point, the programmed flow velocity. The power of the P.I.D
function stands on the possibility of generating a closed loop feedback (See
figure 3.9). The loop works as follow: the speed from the pump and the flow
velocity is recorded by the Portaflow; this recorded flow velocity is then fed into
the P.1.D. function until the desired and achieved flow velocities are the same.

The desired flow can be achieved to a 1% accuracy of that required.

The set up for the sediment arrangement is presented in figure 3.10 with the
testing box1 placed 2m downstream the inlet and a section of 4-6mm gravels;
with a turbulent boundary layer inducement length of 1.84m (Monin and Yaglom,
1971) this set up is justifiable. Justification for this set-up is as previously

highlighted in section 3.5.1 and section 3.5.2.
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2m Box 1m 15m
U | Outlet

Gravel 4-6mm Testing area Gravel 4-6mm

Inlet

Figure 3. 10. Ervine Flume set up. The testing area  is located 2m downstream the inlet.
Gravel (D=20mm) were used in the first 0.3m to induce a turb  ulent boundary layer; 1.7m of
gravel (D=4-6mm) followed this section. The 1m testing area was located immediately after
that. Following the testing area there was a sectio  n filled with sediments 4-6mm up to the
outlet.

3.6.2 Instrumentation on the Ervine flume

Whilst pointer gauge and visualization techniques are identical to those
described in section 3.5, hydraulic data was additionally collected in the Ervine
flume by means of a PIV system. As this considerably benefits entrainment
threshold determination and shear stress evaluation at threshold, in depth

description of PIV set-up, data acquisition and analysis is presented below.

3.6.2.1Particle image velocimetry: theory, data co llection and

processing.

Particle image velocimetry (PIV) was installed to the Ervine flume in the summer
2010. From June to September 2010, the set up and calibration of the
instrument was performed. Below the theory of the technique, the data
collection and processing will be presented. The last section will illustrate the

specific set up carried out in the Ervine flume.

Theory. Particle image velocimetry (PIV) is a velocity measuring technique that
measures the motion of regions of a fluid by observing the locations of markers
in images at two or more consequent times (Adrian, 1991). PIV is part of the
optical methods family, which are extremely used in fluid dynamics because
they do not necessitate of a submerged probe and hence generate less

disturbance of the flow. Moreover optical methods have the advantage of: i)
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collecting larger data sets because usually focused into larger portion of the flow

and ii) offering more accurate data reading than a submerged probe.

The strength of the PIV technique depends on the fact that it is “indirect”; it
measures the velocity of seeding particles added to the flow and neutrally
buoyant, which follow the flow because their gravity and inertia are minimized.

PIV is based on the fundamental definition of velocity:

U(xt) = % Equation 3. 1

Where Ax is the displacement of the tracer particle, located at x in time t after
an interval of At between two different images. PIV relies on the illumination of
the seeding particles by an external source (a laser), which allows them to shine
and reflect clearly the light. In this way a camera focussed on the plane of the
laser can record, even at very short At, the displacement of the seeding

particles.

The PIV system is comprised by what can be seen in figure 3.11: a high speed
camera; a synchronizer; a laser; a computer and analyzing software. The camera
needs to be good enough to resolve very small At; some of the most up to date
types of camera are high speed, which means that they can work up to 1000Hz.
Lasers have been usually designed to be pulsed and can vary in power: the
higher the power of the laser, the smaller the seeding particle can be with less
effect on the flow and better buoyancy. However in recent years continuous
laser have been employed together with high speed cameras, offering a safer
system that can resolve very small time distances among video frames (time
resolved PIV); this particular set up was preferred for this thesis due to: 1) its
safer nature due to the lower power compared to any of the double frame
systems; 2) its ability to resolve turbulence at a very high hertz rate (up to
1000), hence capturing very fine turbulent development. The synchronizer has
the fundamental role to tune the laser pulses to the camera recording: without a
synchronizer the time of image sequence collection would not match, inducing
errors in the translation to flow velocity. Finally the software allows storing the
sets of images recorded by the camera and performing visual enhancement and

cross correlations sequences, in order to generate velocity from particle
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displacements. Of great importance is the memory stored on the computer: the
data collection of PIV systems is memory intense (e.g. the raw data in chapter 5
on a specific week of growth would occupy about 24Gb of space, without any

processing done).

The principle of PIV can be subdivided into three different phases: 1) Data

collection; 2) Data processing; 3) Data Analysis.

Phase 1: Data collection Phase 2: Data processing Phase 3: Analysis

» > ¢ > )
T Image frame Data Dak‘i .
arget from pulse 1 analysis
v Measurgmen aren
volume — ;
X Imaging
_ | optics
Double- z Light o { Image frame 2
pulsed  at Sheer L Sk cco
laser - I>0a |(
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seeding particles

Figure 3. 11. Principle of PIV and different phases : 1) Data collection; 2) Data processing; 3)
Data analysis. (Modified after  Niels Anker Andersen, Dantec Dynamics, May 2007).

Data collection. A laser source is fired into the flow and seeding particles are
added to the water. The laser is the most important light source in a PIV system
and can be of two different types: pulsed or continuous. Usually pulsed laser are
very powerful and use Q-switching to provide short and bright light; these lasers
are easy to synchronize because they do not require a shutter for the camera.
The final wavelength is in the green spectrum (532nm). Due to their high power,
the pulsed lasers are extensively used in air. The continuous laser have lower
power than the pulsed one and are very important in time resolved PIV, where a
high speed camera can record very fast time sequences (up to 1000Hz), so that
detailed turbulent measurements can be achieved. Moreover, as said before,
these lasers provide a safer version than the pulsed laser system for any

operator.

The seeding particles are another fundamental part of the system. The light
scattered by the particles depends on: (i) ratio of the refractive index of the
particles to that of the surrounding medium; (ii) particle size; (iii) particle

shape; (iv) particle orientation (Raffel et al., 2007). Size, material and
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concentration of the seeing particles are important variables that can affect the
final result of the PIV. The size usually depends on the power of the laser: the
more powerful the laser the lesser the size of the particle needed (that can go
from 1 up to 200pm). The material usually depends on the type of flow analyzed
(e.g. air or water): for air flow it is common to use oil atomized (smoke, 1-2um),
whereas in water is much easier to find neutrally buoyant material (e.g.
polychristalline material, 30um). Another important variable related to the
seeding particles is their optical properties. By definition in PIV, the seeding
particle has to produce light scattering that will be collected and acquired by a
camera, set perpendicular to the laser sheet as shown in Phase 1 of figure 3.11.
To maximize the light scattering in water, silver coated particle are used; this
needs to be carefully considered because their weight is larger than any other

particle, resulting in unwanted errors due to the sinking of the particles.

Data processing. The displacement in PIV is obtained by superimposing couples
of consecutive frames of an image sequences collected by the camera. The idea
is to shift frames with respect to one another, until the best fit is reached: the
displacement of the images represent the average particle displacement. In
more detail, the field of view (FoV) is subdivided in smaller areas (called
Interrogation area, IA), which can vary in size (e.g. 16 by 16 pixels; 32 by 32
pixels; 64 by 64 pixels), and the analysis is done for the movement of minimum
of 6 particles per IA (Dantec, 2001). The displacement of this group of particle is
evaluated by the PIV software (Dynamic Studio), which uses a process called
cross-correlation. This is the application of the Fast Fourier Transformation (FFT)
to obtain a correlation function and individuate a peak of correlation for the
best matching of the displacement (Raffel et al., 2007). After a calibration
process has been performed, which takes into account the dimension of the FoV
and the time displacement At, then the image displacement is converted into

velocity (see figure 3.12).
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Spatial correlation: R(5) = J'WI(E)I1 ()W, (X +5)1,(X +5)dx

Figure 3. 12. lllustration of the process leading t 0 the superimposition of consecutive

images to find the displacement for every single In  terrogation Area (IA). This is done by
applying a mathematical spatial correlation. Once t  he displacement is known, then a
velocity can be put in the place of the IA. (Modifi ed after Niels Anker Andersen, Dantec
Dynamics, May 2007).

Data analysis. This involves the verification that the cross correlation process
generated the correct flow pattern. It is done by individuating the “wild”
vectors, which are these that do not follow the neighboring vectors trend. In
order to correct for these vectors (which might be generated by a non
homogeneous seeding concentration in a certain IA or by a dark region near the
bed), validation methods such as the moving average validation or the adaptive
correlation (Dantec, 2010) are adopted. For this thesis, the first method was
preferred because it works better in situations with less particle density and
allows increasing the signal to noise ratio, which generates a clearer peak for
the cross correlation. Moreover processes such as the masking of the bed could

be implemented to get rid of unwanted regions of the bed.

In the following section, specific information will be given of the PIV system
used in the experiments, followed by a detailed clarification of the set up on the

Ervine flume.

3.6.2.2 PIV system and operation

The system acquired by the University of Glasgow was a 2D Time Resolved PIV

(Dantec). Set-up details are presented in table 3.2:
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Component | Name/Constructor | Specifications

Continuous green laser; wavelength 532nm; 2W
Laser Raypower 2000 power

High speed camera; 60mm lenses; FoV
1280x1024; 1000Hz, 4Gb ram which could store
up to 3300 images; CMOS instead of CCD allows

Camera iNanoSense 3E higher frame rate and lower laser power
Used in Single Frame Mode, IA=64x64pixels,
Dynamic studio Calibration FoV=77.6mm*62.1mm (scale factor:
Software 3.14 5.051); Overlap 50%, Displacement (y) 6 pixels
Seeding
particle Talisman 30 ~100-150um polyolefin powder

Table 3. 2. 2D Time Resolved Specifications. In par ticular details are given for the Laser,
Camera, Software and Seeding particles.

A continuous laser Raypower 2000 was mounted on to a carriage and connected
to a boroscope via a set of mirrors. Placed perpendicular to the bed, the
submerged head of the borescope (~20mm in height and ~10mm in thickness)
fired a vertical laser sheet along the length of the flume. The head was placed
1m downstream the area of interest, termed the “interrogation area”, in order
to minimize its effect on local fluid turbulence structure (see figure 3.13a).
Whilst a submerged continuous laser has lower power than alternative pulsed
versions, this set-up is not constrained by pulse frequency limitations (usually
~50Hz); thus, the high speed camera employed in the present study was able to
capture time sequences (up to 1000Hz), appropriate to more detailed turbulent
measurements. Moreover, continuous lasers provide a safer version than the
pulsed laser system for any operator; thus, the flume did not need to be
“enclosed” and all processes pertaining to biofilm failure at entrainment
threshold could be visualized simultaneously using a range of measurement
techniques such as videography etc. (sec. 3.5.1-3.5.2) - this was essential to this

thesis.

The alighment is a fundamental phase of the setting up of a PIV system: if the
particles are not in the plane of the laser sheet, many wild vectors will be
generated and hence the displacement of a set of particles would become
almost impossible to asses. To do this, a purposely built instrument called the
alignment device (see figure 3.13b) was designed and used in the Ervine flume.
The alignment device consists of a crossed shape metallic frame, with two long
arms placed right in the centre of the flume in the longitudinal direction. The

device could be adjusted to the exact slope of the flume, thanks to four screws
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and a slot to sit a digital inclinometer. At the edge of the long arms there were 2
metal bars perpendicular to the bed. The one closer to the laser was
characterized by a 1mm slot (roughly the thickness of the laser) (see figure
3.13c): this would allow the laser to shine through and reflect on the back metal
strip. In this way the direction of the laser sheet and its perpendicularity to the

bed could be verified accurately.

Once the perpendicularity was verified, a metal plate with a ruler bolted into it
was placed in the centre line of the flume, in such a way to be exactly into the
laser sheet (see figure 3.13d, c). Tape colored with pink highlighter was placed
on the plate: once illuminated by the green laser this color fluoresces and allows
double-checking the position of the calibration ruler, even wearing the safety

goggles, compulsory when the laser is switched on.

The camera was then focussed on the calibration plate under flowing water
conditions: this ensured a correct calibration for the experiments, which were
conducted under flowing water. The position of the camera was chosen so that
the highest of the flow depth could be imaged (see figure 3.13e). It was levelled
using the bubbles and fine adjustment controls on the tripod (Manfrotto; see
figure 3.13f). The camera was tilted slightly so that it would be parallel to the
slope of the flume (1/200). This was done by aligning FoV to the box wall. The
camera position and it perpendicularity to the laser bin was crucial for the PIV
technique to be successful. The FoV of the camera was kept at is maximum
(minus the circularity of the intensifier) which was of 1000pixels, corresponding
to about 70mm in the long direction and the depth was adjusted according to
the flow height.

Moreover this system allowed avoiding the usage of a plate to still the surface of
the water, which would have affected the flow conditions, especially for low
flow conditions. Instead, the boroscope was positioned in the centre of the
flume and aligned carefully to generate a laser sheet (1-2mm in thickness),

perfectly perpendicular to the bed.

Seeding particles (see table 3.2 for characteristics) were fed into the system by
a water tank, suspended 1m upstream the area of interest, recorded by the

speed camera. The particles were mixed with water and stirred before adding to

77



the flow. The feed was delivered via a trickle of water right in the centre of the
flume, where the laser was placed. This ensured in the large part of the
experiments a good density of seeding material and a good quality of the

analysis.

A total of 240 image sequences (2000 images) were collected for the whole set
of experiments conduced in the Ervine flume. Those were subdivided into: 4
materials x 5growth times (from 0 to 4 weeks) x 6 flow steps x 2 sets of 2000
images per flow step. The analysis was conducted only on the first recorded set
at every flow step (for a total of 120 image sequence), after verifying that the
time analyzed was sufficient to resolve single turbulent structures and due to
the long time processing that required almost 3h for every image sequence (e.g.
45 full days of processing) of constant presence at the computer. The software
in fact requires the operator to input geometries for the masking process and to
manually perform specific operations; only a minor averaging part can be
automated. As will be seen in chapter 5, of the 120 image sequences, only 70
offered results with the desired resolution: in all cases, at higer flow rate the
seeding concentration resulted to high, so that the particles reflection become
less efficient, reducing the ability of the software to individuate the right

displacement.
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Figure 3. 13. Alignment device: A) particular of the alignment in strument; B) Laser,
Boroscope and alignment instrument set up; C) Boros cope and laser adjustment to shine in
the slot 1mm; D) Calibration plate placed in the ce  ntre of the flume and perpendicular to the
high speed camera; E) high speed camera focussed do  n the calibration plate and tilted with
the same slope of the flume (1/200); F) Manfrotto t  ripod, where the camera was rested: the
figures shows the fine adjustment on the tripod whi ch allowed refining 3 degrees of
movement of the camera.
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Concerning the data collection, as seen before in figure 3.13 the laser was
mounted on a carriage running on the Ervine’s flume rails and parallel to the
flume bed. The laser was fired via a submerged boroscope (Olympus; See next
section). The borescope was placed 1m downstream the tested area, in order to
generate as low as possible disturbance on the flow (see figure 3.13). The
resulting seeding of the flow for IA equal to 64x64pixels and after masking of the
bed can be seen in figure 3.14a. Moreover an example of the cross correlation

results (with very low concentration of wild vectors, always lower than 5%, as

suggested by Dantec) can be seen in figure 3.14b.

Irnage size: 1000=624 (120,0), 8-bits Yector map: Vector Masking#1, 30x18 vectors (540], 36 disabled
Index: 1; Acglndex: 1; Time stamp: 0.000 5 Index: 1; Acglndex: 1; Time stamp: 0000 s

Figure 3. 14. A) Seeding concentration and in yello  w the IA (64x64pixels). The white areas
on top and bottom are the result of the masking of the bed and of the free surface without
water. B) Result of the cross correlation process o n the image sequence presented in A. As
it can be seen, the number of wild vectors is well below the 5% advised by Dantec.

Once a seeing concentration as the one seen in figure 3.14 was achieved,
reliable data could be collected. More information on the resulting settings

applied during the experiments in the Ervine flume will be given in chapter 5.

3.7 Summary of Experimental Studies
This chapter has presented the overview of the experimental set up used to test

the biofilm effect on the stability of non-cohesive sediments (see chapter 4 and

chapter 5). Three different flumes have been employed for this purpose:
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The Yalin flume (section 3.4): this was the incubation flume, in witch box0.2 and
box1 have been cultured for up to 10 weeks. Light, flow, nutrients and
temperature of the water have been controlled to obtain the best and strongest

biofilm colonization.

The Shields flume (section 3.5): this is the flume where box0.2 and the
preliminary set of experiment have been conducted. Visual analysis at two
different scales (SS and LS) offered a first comprehensive data set of the effect
of biofilm on sediment typical in river system. The results for this set of

experiments will be provided in chapter4.

The Ervine flume (section 3.6): here the last and main experimental program has
been carried out using box1. The usage of PIV will allow obtaining not only the
trend of erosion at SS and LS but also to infer the modification of the
longitudinal velocity trend and the hydraulic roughness (zp) induced by the

biofilm colonizing the sediments.

Hence, in the next two chapters a sediment transport method (the Yalin
criterion, 1972), commonly used in engineering, will be evaluated in terms of its
applicability to biotic sediment. Secondly the usage of different visual
techniques, which have the advantage of being non invasive, will be assessed in
their effectiveness; thirdly a series of improved methodologies to measure
hydraulic variables will be undertaken in chapter 5. Here, instead of using the
depth- slope equation (see chapter 2, section 2.2.4.3), based on flow and
geometry of the channel cross sections for the bed shear stress 1, calculation, |
implemented the Particle Image Velocimetry (PIV) coupled with the Law of the
Wall equations (see chapter 2, section 2.2.2.3): this allowed obtaining
parameterizations of the bed roughness length z, in case of biotic sediments, as
largely advocated by Black et al. (2002), and defining the variations of the
longitudinal velocity over a colonized bed.
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CHAPTER 4

Preliminary experiments: length scale 0.2m

“A theory is something nobody believes, except the person who made it. An

experiment is something everybody believes, except the person who made it.”

Albert Einstein

4.1 Introduction

Chapter 2 has provided clear evidence that biofilms can bind sediments by a
complex biological - physical interaction (Paterson, 1997; Droppo et al., 2001),
i.e. “biostabilization”. The strongest biostabilization potential appears to be
associated with cyanobacteria and diatoms, linked to secretion of the EPS,
fundamental for the adhesion of bacteria to surfaces. With increases in
entrainment threshold up to 960% higher than those found in equivalent
sediment (Yallop et al., 1994), there is emerging consensus that these microbial
interactions may (partly) account for well-known uncertainty in traditional

sediment transport models when applied in the field.

Given the complexity of inter-related environmental variables (e.g. flow, light
and temperature) in natural aquatic systems, this thesis was borne out of the
need to isolate and analyse independent variables via the exact experimental
flume systems, which originally bore the abiotic empirical entrainment
equations (in agreement with Rice et al., 2010a). However, chapter 2 has
determined biostabilization knowledge gaps for a number of variables; (i) grain
size - specific to coarse, non-cohesive sediments; (ii) time of growth; (ii)
biomass; (iv) EPS; (v) spatial scale of analysis; (vi) direct measure of
mechanical/adhesive strength in the direction of applied fluid shear. Whilst all
these will be considered in detail in the following chapters, chapter 4

specifically relates traditional quantitative visual sediment entrainment
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thresholds (i.e. Yalin criterion, 1972) to the time of growth of a cyanobacterial

biofilm.

Following this approach, this chapter will illustrate the results of preliminary
flume experiments conducted in the Shields flume over 0.2m boxes; details of
substratum, species and environmental set-up can be found in chapter 3,
sections 3.3, 3.5. Results of the present chapter are sub-dived into two parts:
section 4.3 focuses on the methodology used for the entrainment threshold
analysis at the small scale (Yalin) and at the LS (image segmentation). Section
4.4 will present the results starting from the assessment of the growth
characteristics compared to the field one, presented by Noffke et al. (2001)
characterisation; moreover the rational for the maximum length of colonization
used will be introduced together with the biomass analysis for every experiment.
Finally the result of the entrainment threshold identification will be given for SS
and LS. The conclusions in section 4.5 will discuss the key finding of this chapter

and the limitations that will be resolved in chapter 5.

4.2 Hypothesis

From chapter 2 the hypotheses anticipated were:

1. Biofilm colonization of all substratum will be described by Noffke et al. ’s

(2001) three stages of “fixation”, “smoothing” and “sealing”;

2. Mature biofilm will be characterized by a spatially-homogenous bio-mat

enclosing all grains, independent of substratum grain size;

3. The longer the growth time, the higher the biomass, as seen in previous
studies (Yallop et al., 2000; Righetti and Lucarelli, 2010);

4. The longer the growth time, the greater the relative difference between

abiotic and biotic entrainment threshold (i.e. increased biostabilization);
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5. Smaller sand-size grain sizes will exhibit greater biostabilization than
coarser gravel-size sediment; however clumps of non-cohesive sediments

glued together by the biofilm are not expected to be seen.

4.3 Methodology

This section presents the set up for the quasi-uniform flow conditions adopted in
the Shields flume (see chapter 3, section 3.5) and the relative bed shear stresses
7 generated (section 4.3.1). In section 4.3.2 the Yalin criterion £ (1972) will be
illustrated to explain the engineering technique used to define the erosion at the
SS; in section 4.3.3 instead there will be the explanation of the segmentation

(image thresholding) method, which allowed addressing the erosion at the LS.

4.3.1 Flume set up

The overall programme is provided in chapter 3 with full instrumentation and
methodological details. Provided here is the information specific to chapter 4
data collection. At the end of each week, a box0.2 was removed from the Yalin
flume, placed into the Shields flume and tested for entrainment under
incremental steps of quasi-uniform flow. In order to define the shear stress 1, at
every flow step, we employed the depth slope equation (see chapter 2, section
2.2.2.3, defined as:

I, = ,OWgRﬁS Equation 4. 1

Where 7, is the bed shear stress, p, is the water density at 22.5 °C (997.74

kg/m?), g is the gravity acceleration 9.81m/s?, Ry, is the hydraulic radius and S is
the slope of the bed. Moreover an equation for the correction of the wall effect

(Einstein, 1942) was employed, defined as:
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To _ ys
PIHS =1- OOOl?@ Equation 4. 2

Where 1, is the bed shear stress corrected for the wall effect, U is the mean
cross sectional velocity, H is the mean water depth and b is the width of the
channel. As with all entrainment threshold studies it is important to consider
uncertainty in the experimental set-up; in the present data set this primarily
relates to pump control at the lowest discharges of the stability test.
Experiments employed between 9-19 flow steps, ranging from 0.52l/s to 10l/s.
All flow steps of discharges >= 4l/s provided excellent flow control (Q=+/-2%),
resulting in a stable water surface hence no variation were recorded compared
to the uniform flow set up. However, the lowest flow steps applied were
affected by pulsations in the flow caused by slow motion of the impeller system;
flows of 0.52 and 0.94 /s experienced ~25% and 12% fluctuations, whereas the
flows up to 4l/s experienced up to +/-3% variation. Assessment of the variation
of the flow was difficult because the pump fluctuation was fast, resulting in the
impossibility to obtain reliable measurements using a pointer gauge. This
problem was resolved in chapter 5, thanks to the usage of the Jaguar XC power
inverter and the P.I.D. function (see chapter 3, section 3.6.1), which was
retrofitted to in order to improve the flow control. For this set of experiments it
is important to state that, since the conditions are the same in every test, the
comparison among abiotic and biotic sediments threshold is scientifically

meaningful even though perfect control could not be achieved.

For all these reasons, in this set of experiments the Meyer-Peter and Muller
(1948) equation (equation 4.3) at the reach scale (Robert, 1997) was preferred
to identify the hydraulic conditions experienced. It is standard practice to use
this equation when the energy slope diverge/converge from the water level

slope, which is presented below:

r =gp.R,Se

Se= Sw- Fr Z(SW— S@ Equation 4. 3
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Where S, is the slope of the energy, S, is the slope of the water level, S, is the

slope of the bed, and Fr is the Froude Number, defined as Fr :%/g_H’ Uis

defined as U=Q/A,,, where A, is the wet area and Q is the flow. For the hydraulic
calculations relative to the different flow steps and experiment see Appendix
4.A. Equations 4.1 to 4.3 were applied for the case of SGS: the depth-slope
equation produced the highest value for bed shear stress (zp); the Einstein
formula (1942) for side wall correction yielded a value between the Depth-Slope
equation and the Meyer-Peter and Miller equation (see Appendix 4.A for SGS),
which produced the lowest value. Fluctuations in flow through the pump at low
flow combined with the long nature of the flume prevented a uniform flow
profile from developing in some experiments (in the worst case, the percentage
difference between S, and S, was up to 25%). In order to not overestimate the
value for the shear stress and due to the quasi-uniform nature of our study, the
Meyer-Peter and Miller method was preferred and adopted in the rest of the
calculations. The bed shear stress 7, was considered to be constant across the
width of the channel and hence over the width of the box: this is a
simplification, as it is well known that 7, is larger in the centre of the flume and
lower in the vicinity of the walls, which induce a certain degree of friction. The
flow steps were applied for 10 minutes in the case of SGS; however, as will be
presented in the result section 4.4.1, after the testing of SGS for up to 10 weeks
of growth, it became clear that the variable to investigate in particular detail
was the increase in magnitude of the shear stress more than the time of flow
application. Hence a larger number of flow steps were introduced to the
remainder of the materials and 5 minutes were preferred as the length of flow
application. The steps of uniform flow were investigated prior to any of the

experimental testing and assumed constant during the testing.

4.3.2 Yalin technique and abiotic threshold

As seen in chapter 3, section 3.5.2, videos were used to analyze the entrainment
of single particles according to the Yalin criterion € (1972) at the SS; this method
empirically based allows relating the number of grain detachments from an area

to the time of analysis and hence classify the flow step at threshold of motion if
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the calculated amount of grains moving match the measured. The equation is

presented below:

E:ﬁ(pWDS

12
Equation 4. 4
Vs

where, ¢ is equal to 1 x 10 and it is the empirical constant obtained by Yalin in
1972, N is the critical number of grains moving in an area A (cm?) for a time, t
(s), pw is the density of the water (g/cm3), D is the diameter of the grain (cm)
equal to the D5y and y;s is the specific weight of a grain in the fluid as obtained

from ys=(ps- pw)g Where psis the density of the material in g/cm?.

The Yalin criterion (1972) was applied to clean sediments before the start of the
erosion experiments. The threshold was met when at least 8 particles were
entrained in both the 1st and the 5th minute of the flow step for SGS and sand
substrata; for LGS and gravel substrata, threshold was defined when detachment

counts were at least 3 and 2, as can be seen from table 4.1.

Error
A(cm*cm) | T(s) | N | (particle) | Totaln | N/n | u.*(cm/s) | z.(Pa)
SGS 4.2*%3.2 60 8 1 1167 1% 2.95 0.87
Sand 5.0*3.2 60 8 1 1111 1% 3.51 1.23
LGS 5.9*3.3 60 3 0 487 1% 3.66 1.34
Gravel 5.1*2.9 60 2 0 306 1% 4.08 1.66
Table 4. 1. Summary of the variable used in the Yal in criterion (1972). A (sz) is the area
analyzed, t (s) the time, N the number of grains at threshold according to the Yalin criterion,
error is the maximum number of particle miscounted; n is the total number of particle in the

are A, N/n the portion of the area which defines the flow at threshold, u.* the critical shear
velocity and 7. the critical shear stress for every material.

The critical shear stresses in table 4.1 were used as benchmark data to calculate
the percentage difference in critical shear stress in the case of biostabilized
sediments, in a manner similar to the biostabilization stats provided by Paterson
(1997).
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4.3.3 Image segmentation for quantifying biofiim ar  eal coverage

Image analysis was conducted for the still images at the LS. By definition, image
analysis is the operation necessary to obtain quantified information from images
(Francus, 1998). In sediment research, many are the automated procedures for
identifying the ‘best’ threshold (or segmentation) based on the investigation of
the distribution of the pixel intensity (see review by Shaoo et al., 1988); often
these techniques are based on the localization in the histogram of the pixel
intensity for gravel beds of a clear peak (Graham et al., 2005). However it is
well known that automated methods often poorly perform on the segmentation
of sediments images; hence a manual segmentation backed up visually has been
largely preferred by researchers, even though time consuming (Butler et al.,
1998). This was the preferred approach taken through this thesis, since finding a
common threshold value to apply for every experiment was impossible due to
factors such as: i) variation in the colour and transparency of the materials used
as the substratum; ii) temporal development of the intensity of the ‘green’
colouration of the biofilm with either maturity of growth or erosion; iii)

distortions of the water surface causing different amount of light scattering.

Therefore, as suggested by Francus (1998), an image technique was carefully
chosen herein and evaluated for every specific case analyzed. In order to do this
objectively, the image software ImageJ (Abramanof et al., 2004) and the
Threshold Colour Plugin, by G. Landini were employed to insure consistency in
the assessment of the erosion. The plugin of ImageJ allows to threshold coloured
images based on a variety of image spaces (for a detailed review of the different
colour spaces Ford and Robert, 1998), such as HSB (Hue, Saturation and
Brightness). Hue is a linear transformation of the most common RGB colour
space; its advantage lies of the fact that its application is extremely intuitive for
human vision (Ford and Robert, 1998). Hue can be referred as the spectrum of
colours; the versatility of the HSB space is that it allows choosing among
different colours and isolating a particular colour band. In our experiments the
biofilm had a very distinctive green colour that could be easily distinguished
from the sediments. Slightly more complicated was the individuation of the
areas not covered by biofilm in the case of SGS or LGS; due to their transparency

a clear differentiation between biofilm was not easy, as seen below.
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The thresholding was carried out by:

1) Adjust the brightness of the collected images, by using the “auto” function;
this will automatically optimize the brightness based on the histogram of the
pixel values (figure 4.1b). The optimization is done by allowing some of the tail
values of the histogram to be displaced as black or white, hence a small
percentage of the pixels in the image becomes saturated an appears darker (-0

in figure 4.1b,c) or brighter or (~255 in figure 4.1b,c).

255

255
Figure 4. 1. Brightness intensity adjustment using Image J. A) Original picture collected; B)
relative histogram of the pixel intensities where 0 represent a dark are and 255 a brighter

zone; C) Brightness correction applied and D) relat  ive saturation of the histogram, for which
the range has been spread and better visibility was reached. Flow from right to left.

2) Use the Threshold Colour plugin, which permitted to use the HSB method (see
figure 4.2).
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Figure 4. 2. A) Threshold colour plug in with Hue, Saturation and Brigthness modification.
The Hue allows differentiating among different colo urs (e.g. yellow/green). In particular
picks among the two colours were identified as good segmentation. B) Original Image of
week 3 sand (1.98l/s); C) An example of a successfu | segmentation using the pick identified
in A. Flow from right to left.

This technique was based on the identification of the peak between the yellow
and green band. Once this was found, the effectiveness of the threshold was
verified using the function of the plugin allowing switching from thresholded to
original image. This process was relatively easy for natural sediments because
more clear division among spectrum of the colour could be seen, resulting in a
thresholding error of not more than 3-5% of the total area. The error was
identified looking at consequent flow steps and observing fluctuation of the
biofilm area equal to the error value. Instead for the SGS and LGS the process
was much more complicated, due to the difficulty in distinguishing among
partially covered particles by biofilm. This resulted in a thresholding error 7-9%
of the total area. Hence the results presented in section 4.4.4 will be enclosed

in these bands.

At different flow steps, biofilm covered pixels were assumed to contain

chlorophyll a and hence appear green, therefore proving that biostabilization
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was taking place. The resolution (-6 pixels/mm) here is higher than the
photogrammetry technique used by Butler et al. (1998), where the highest

resolution achieved was about 1mm.

In the following sections the erosion of the biotic sediments will be investigated
at two different scales: during this work (especially considering the small scale
(SS)) strong biofilm colonization has been observed to clump together 2-3 sand
grains. However, clumps were never seen to occur for gravel size sediments.
Once strong biostabilization was achieved, a biofilm “carpet” was visible over
the sediments: this was a composite material (biofilm/substratum) that | will
define from now on as “bio-mat”. Strong bio-mats would erode under the flow
by folding themselves up as a “carpet”; after large areas of bio-mat were
eroded, the bed underneath was completely exposed to the flow and eroded.
The sediment layer below the bio-mat did not present high cohesion. More
details of this process will be found in the following sections introducing the

results of the preliminary set of experiments.

4.4 Preliminary experiments results (5 weeks of gro  wth)

The growth methodology and Shields flume description can be found in chapter 3
(section 3.5). The sections below investigate the obtained results, spanning from
an assessment of the growth characteristics to the erosion results. In detail,
section 4.4.1 will investigate the similarity with the growth characteristics
obtained in the Yalin flume and the structure of biofilm growth in the field
(Noffke et al., 2001); section 4.4.2 will present the reasoning for choosing 5
weeks as longest time of growth for the preliminary experiment: this time frame
was chosen after considering the growth characteristics of SGS up to 10 weeks,
for finding the strongest biostabilization. Section 4.4.3 presents the results of
the biomass analysis; section 4.4.4-4.4.6 will present the results of the erosion
experiments at the SS and LS. The findings will be discussed in great detail in

every section.
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4.4.1 Representative growth assessment

Reassuringly, the stages of biofilm development observed in the Yalin flume
after careful selection of the growth methodology (presented in chapter 3,
section 3.4.4) resembled those seen in field studies over cohesive sediments
(Noffke et al., 2001; see figure 4.3).

microbial mat
/£

; a;dorne e
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~~]-subrecent mat layer
“}-sandy layer

Figure 4. 3. Biostabilization by benthic cyanobacte ria. A) The grains are interwoven by
cyanobacterial filaments and fixed in their positio n, increasing the resistance and flexibility
of the organic reach sediment (scale 5mm). B) The m  ucus- reach cyanobacterial cover is
reducing the surface roughness of the sand. Hence t  he frictional forces are reduced,
increasing the stability of the deposit (scale 5mm) . C) Sediment is sealed by the dense mat
layer at a level in which the intra-sedimentary gas  ses become entrapped. The gas pressure
may generate hollow cavities (scale 100mm) (After N  offke et al., 2001).

The growth stages equivalent to Noffke’s scale are identified visually in the

present experimental programme using the following criteria:

(i) Fixation stage; this was defined when the ‘majority’ of the field of view
had been colonized by a thin coating of cyanobacteria. ldentification was
qualitative, based on visual assessment in which clear was the fact that
biofilm was starting to coat the single grain, but just partially, so the surface
of each individual grain could still be resolved (see figure 4.4). Importantly,
all experiments showed a degree of fixation within 1 week of growth, yet 1-2

weeks was required for pronounced spatial coverage to develop.
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Figure 4. 4. Fixation stage after 1 week of biofilm growth experienced at the LS by: A) SGS;
B)Sand; C)LGS; D) Gravel. Scale 0.2m by 0.2m. Flow from right to left.

(ii) Bio-mat stage: this was defined as a spatially-extensive homogeneous
coverage of the field of view by a biofilm of length scale equivalent (or
greater) to the roughness elements. Given that bio-mat thickness could not
be measured directly, visual analysis was employed whereby sand and gravel
beds required different characterisations. Firstly, this second stage of growth
showed a complete smoothing of the bed surface so as to enclose discrete
particles of the sand size sediment (see figure 4.5 A and B). Secondly, for
gravel beds, this stage was defined when filaments were easily visible (~2mm
length) in protruding from the forelocks of discrete particles. This stage

occurred between 3-5 weeks of growth.
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Figure 4. 5. Mature laboratory growth stage (Week 4 ) at the SS experienced by: A) SGS; B)
sand; C) LGS and D) Gravel. Scale: ~50mm by ~30mm. SGS and sand present a clear
smoothing of the surface, with grains being embed i nto the bio-mat and roughness of the
bed being decreased; LGS and Gravel show a differen t trend, with biofilm growing
homogeneously on the surface of the grain but no ge neration a “carpet”; instead streamer
were seen growing on top of the grain: this will af fect the flow structure around the top of
the grain due to the fluctuation of the streamers. Flow from right to left.

(iii) Sealing stage: this was defined when air bubbles were first
observed to be under the biofilm. This stage was observed from after as early
as 2 weeks of growth and took place intermittently (examples are provided in
figure 4.6 for SGS at the LS and Sand at the SS). The process was that the
biofilm would grow to a stage in which either the mat was exposed outside
the water level during growth (SGS) or small bubbles of air were trapped
under the mat (sand). Hence, the mat was more likely to be eroded during
growth conditions (e.g. week 3 of growth for SGS). Once eroded, the
colonization that took place resulted stronger and smoother (e.g. week 4 of
growth SGS): this process was cyclic and repeated itself in time intervals of
about 3 weeks. However, this type of process did not take place for gravel
size sediment: here a bio-mat was never generated and hence no trapping of

air bubbles were experienced.
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Figure 4. 6. Examples of the sealing stage define by Noffke et al. (2001): a) SGS at the LS
after 3 weeks of growth: the bubble of air trapped underneath the biofilm is occupying the
entire centre of the sample and it is exposed out o  f the water surface; b) Sand at the SS
after 2 weeks of growth it is evident that micro bu bbles (about the same sizes of a sand
grain) are exposed to the flow and represent a poss  ible weakness of the bio-mat. Flow from
right to left.

The distinction of growth-time relationships over different substrata is the main
finding of this data set. Given that only a 0.9mm difference in grain size is found
between the sand-size and gravel-size fractions tested, such a pronounced
distinction in biofilm form at the sand-gravel transition is surprising and
therefore requires rationalization. As the reciprocal eco-hydraulic
interactions/feedbacks are discussed in chapter 7, the focus of this discussion is
specific to the form of cyanobacteria growth and a range of scientific arguments
are proposed: Firstly, great importance seems to be related to the light
intensity used (see chapter 3, section 3.4.4.4). In my experiment biofilm growth
was visually very affected by the light source: this represent an important
recommendation for further experimental growth (see chapter 5): critical to the
present study is that this effect may have been exacerbated by the spot-light
system employed in the preliminary runs; hence use of a more diffuse lighting
system was sought for chapter 5. Secondly, the size of the sediment dictates bed
porosity and surface-subsurface flow interaction at the bed surface, where
colonization occurs. Simply, the larger the size of a grain, the greater the pore
size and porosity (assuming a uniform grain size distribution). Thus, a gravel bed
will permit greater vertical exchange of flow at the boundary and increase
interstitial subsurface flow in terms of both volume (larger pores = greater
conveyance) and velocity (larger pores = relative reduction in side-wall energy
losses). This is well-known to increase local downwelling and upwelling above
the pore, such that high vertical shear stresses are found here, which may

preclude biofilm growth across the pore space (Battin, pers. comm.) and leaving
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a biofilm fabric pierced with holes. Importantly, these flow structures would
self-perpetuate filamentous growth in that the vertical orientation of shear
forces will dictate growth orientation and the boundary for continued nutrient
exchange. In a cycle of positive feedback the extension of the filament structure
into the fluid flow enhances the vertical orientation of the flow routing into the
porous boundary. Thirdly the initial colonisation location may underpin
subsequent growth dynamics in a manner related to the relative length scales of
the grain (D) to the turbulent flow field (lw) responsible for “seeding” the
substratum. To elucidate, if (., > D then multiple grains will be simultaneously
colonized and subsequently affected by locally-homogeneous distribution of
nutrients etc. from the fluid flow; this would encourage uniform growth over the
locale. Conversely, if D > lip then only a specific location on a single grain
would be seeded from an individual turbulent structure, possibly inducing spatio-
temporal heterogeneity across the substrata. Further, the impact of D to (i
relationships would affect growth, in that rough beds are more likely to have a
more regular spatial flow structure defined by bed roughness; this is likely to
perpetuate sub-grain scale growth. Where the substratum is finer the bed
roughness lengths are less, hence flow structures may have more freedom in
spatial location leading to time-averaged homogeneity across the patch; this in

turn would lead to more uniform growth.

Finally, the use of constant discharge means that the applied shear velocity was
slightly lower for the gravel (25-30% that of the abiotic entrainment threshold)
than for the sand (35-50% of the abiotic threshold): flow depth was about 6-7
times more than the D5y of gravel size sediments and appeared low for the
gravel size sediment; this was confirmed by the vertical orientation of streamers
growth, which were not bent by the shear force. One consequence of this might
have been that the biofilm streamers could reach vertically towards the nutrient
source (light) without being affected or bent by the flow and that, as the
relative submergence is inversely related to light intensity within the water
column, then growth may be higher in ‘shallower’ locations; this was possible
due to the reduction in turbulence correlated to the larger grain size. Hence in
coincidence of the top of a gravel grain, the biofilm growth would take place in
the form of spongy streamers, grown in slower flow condition and hence less

subjected to sloughing and erosion during growth. Therefore the structure of the
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biofilm growing on top of the gravel sediments looked not as strong as the one
for sand size sediment: in order to obviate to this issue, in chapter 5 a better
light system, which did not induce the biofilm to overgrow, and faster flow at

growth was applied for gravels, resulting in much stronger biostabilization.

Whilst this data set concludes that laboratory-based experiments can
successfully colonize and growth biofilms representative of the field (Noffke et
al., 2001), it is concluded that there is clear relationship with growth duration
and grain size. Resolving the latter in terms of the four possible explanations
posed above into account, the influence of upwelling/downwelling appears most
supported by the literature in terms of explaining differential biofilm growth
form over different substrata. Thus, chapter 5 will explore the use of detailed
flow field data to further the reciprocal Eco-Hydraulic interactions of

colonization and growth.

In section 4.4.2 a rational for the length of growth colonization will be offered
after growing SGS for up to 10 weeks. The strongest week of colonization was
defined as that with the lowest percentage area eroded as will be presented in

detail in the next section.

4.4.2 Length of growth colonization: 10 weeks SGS

The first set of experiments was performed using SGS. In order to measure the
strongest increase in stability due to the growth of biofilm over sediments, the
SGS were colonized for 10 weeks and tested every week in order to find the
strongest growth stage. Figure 4.7 present the 10 week of growth and shows the
erosion process taking place. In particular the first image represents the initial
coverage when extracted from the Yalin flume; the second image is the area
coverage after the first flow was applied and the third picture shows the erosion

at the end of the last flow (see Appendix 4.A).
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Week 7

Week 8

Week 9

Week 10

st

Figure 4. 7. 10 week of growth at the LS used to fi  nd the strongest biostabilization stage. 1
image is the original coverage from the Yalin flume ;2 image is the erosion after the first
flow application (0.52I/s); 3 rd image is the remaining biofilm after the applicati on of the last
flow step (3.401/s). Flow from right to left.

As can be seen from figure 4.7, the strongest biostabilization experienced was
found in week 4 and week 5. After that a recolonization process took place and
led to another strong week after 9 weeks of growth. Hence, in order to limit the
time for the experimental set-up, all the remainder of the experiments for
box0.2 were grown up to week 5 and tested weekly. Interesting to note is that in
some cases the bio-mat was covering the whole area at the beginning of the
experiment (e.g. week 2 and week 10 of growth) got completely eroded after
the first low flow application: this implies the sealing stage of growth (see
section 4.4.1) and indicates that in coincidence with these weeks of growth the

mat was not anchored to the bed and was prone to be eroded in single sheet.
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Another interesting finding was that during the testing of SGS it was seen that
the initial assumption, which considered the biofilm as not strong enough to
clump non cohesive sediment, was not verified. In cases of strong bio-mat, when
the biofilm eroded, clumps comprised by more grains were seen rolling across
the box. Even more interesting was that in case of more mature biofilm, hence
when the smoothing stage was achieved (Noffke et al., 2001), the way in which
the biofilm eroded was similar to a “carpet”, as can be seen from figure 4.8
relative to week 7 of growth. The bio-mat was so strong that even when
dislodged from the bed was still able to hold and trap sediment. This opened a
series of new possible ways in which the erosion of biotic non cohesive sediment
can take place. It is well known in face that this phenomenon happens in case of
intertidal mats smoothing fine cohesive sediments (Grant et al., 1986; Grant and
Gust, 1987). However none before presented the evidence that biofilm could
also embed larger sediments. This undoubtedly represent a crucial finding
because means that also larger sediments, more typical of river system, could be
affected by the biostabilization potential, as will be seen in the result section
below. Moreover the highlighted process start to cast doubts on the
effectiveness of single particle entrainment models (e.g. Wiberg and Smith,
1987) when biotic sediments are present: these neither account for the clumping

of grains, neither for their carpeting by the bio-mat.
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Figure 4. 8. Carpet like erosion experienced for we ek 7 of growth. The bio-mat still traps
some of the sediment after being dislodged, proving the strength of the adhesion among
biofilm and sediments. Flow from right to left. (Sc ale 90mm by 60mm).

4.4.3 Biomass

Figure 4.9 presents the weekly relative biomass results (the biomass divided by
the dry sample weight) collected over the four different substrata after applying
the loss of ignition technique (HIMOM, 2005). A detailed analysis is presented

below for different variables:
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Figure 4. 9. Weekly relative biomass (mg/g), which is biomass (mg) divided by the dry
weight of the sample (g), of box0.2 for sand and gr  avel size sediments as obtained from LOI
(HIMOM, 2005).

Absolute data: the maximum biomass varies in absolute weight over an order of
magnitude (10-100mg). The relative biomass in figure 4.9 shows an almost
constant growth trend for SGS and a sensible increase in biomass for LGS in week
4. Sand and gravel samples present the same range of magnitude, fluctuating

around a constant value.

General trend: figure 4.9 presents of a positive relationship between biomass
and time of growth. Specifically the increase in biomass with time ranges from
+14% for gravel (between week1 and week4) and 92% for LGS (between week1
and week4). This is in accordance with the growth model presented by Noffke et

al. (2001) for which the growth is incrementing, stepping through the 3 stages
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presented in section 4.4.1 (going from 5mm to 100mm length scale). The only
exception to this is week 3 of growth for gravel substrata; here the biofilm was
entrained over a local area ~cm?, yet rapidly recolonized over the following

week; the reason for premature failure at this location was not obvious.

Growth time: Importantly figure 4.9 shows significant growth over timeframes <
1 week. Three of the substrata (SGS, sand and gravel) clearly show that 53-84%
of the overall maximum biomass recorded was already present after 1 week of
growth. This trend is most apparent in the natural sediments (76% and 84% of the
total grow in week 1 respectively). The exception (LGS) shows only 12% of
maximum recorded biomass, indicating that growth is more rapid 2-4 weeks

after colonization.

Material size: Coarser gravels indicate slightly higher biomass than finer
substrata. Taking the average concentration of the relative biomass in time, it is
clear that gravels have ~1.3 times more biomass than sand and LGS have 8 times
more than SGS. As seen in section 4.4.1, this might be due to the lower H/D
ratio, that allowed more light to reach the biofilm, hence more growth to be
allowed. Also, the resulting flow over sand was faster than that over gravels due
to the lower roughness, hence permitting the biofilm streamers to reach further

into the flow and increase nutrient and light uptake.

Material type is clearly related to biomass, with natural gravel sediments
showing approx twice as much average relative biomass (comparing equivalent
diameters to each other) than LGS and sand sediments showing almost 10 times
more relative biomass than SGS. This might be because the natural sediments
have a specific charge and they are comprised by metal particle, which can be

used as nutrient by the biofilm (Battin, personal communication).

4.4.4 Biostabilization data: relationships between critical shear
stress at entrainment and time of growth — small sc ale (SS)

Results for the Yalin analysis for the four different materials are presented in
figure 4.10, where the percentage increase of the bed shear stress 7, compared

to the abiotic threshold is plotted in time.
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Figure 4. 10. A) Results for the SS for % increase  in 7. compared to abiotic sediments: SGS
experienced the largest biostabilization for week 4 of growth with threshold reached after

43% more tb was applied; sand and gravels had a biostabilizat  ion of respectively 30% and
35% more than abiotic sediments for mature biofilms and LSG presented the lowest
biostability up to 17%; B) Relative biomass (see fi  gure 4.9 for details).

As highlighted in section 4.3.1, fluctuations in the flow generate uncertainty in
the bed shear stress 7, but this cannot be quantified, hence no errors bar can be
found in figure 4.10. However, details of the flow variations can be found in
section 4.3.1.

Absolute data: The maximum increase in bed shear stress 7, the maximum value
of biostabilization achieved for SGS was equal to 43% and 30% for sand. Gravel
presents as well increase stability up to 35%, whereas the lowest value is
experienced by LSG equal to 17%.

General trend: A clear finding is evident from figure 4.10: the majority of stages
of biofilm growth generate an increase in stability for all the non cohesive
sediments; hence biostabilization of non cohesive sediments (even in the range
of fine gravel) in a condition of a mature biofilm is significant factor that needs
to be taken into account in models of sediment erosion. However the values that
have been experienced are an order of magnitude lower than the increase in
stability presented in the literature for smaller cohesive or fine sand sediments
(Patterson, 1997).

Growth time: biostabilization maxima occur following 4 weeks of growth, an in

general larger stability was achieved after a period of growth of 3 weeks. This
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coincides with the time necessary to generate the smoothing phase described by
Noffke et al. (2001; see section 4.4.1). From figure 4.10, the fixation stage
(week1) induces a significant effect only in the sand size sediments, whereas
gravel size sediments see their stability increased after a mature biofilm is

generated.

Material size: SGS was the substratum more responsive to biostabilization,
presenting the highest value of biostabilization; this was somehow expected
knowing from the literature that biostabilization occurs for fine sands (Paterson,
1997); hence some degree of stability for a sediment size up form the data
published in the literature was expected to be seen. The natural sediments
present the highest biostabilization potential: this could be due to the fact that
the different surface charge of the grains and the metal content might have
influenced the biofilm to grow in larger amount (see section 4.4.3) and with a

structure different from the SGS due to their irregular shape.

Material type: no specific relation can be extrapolated looking at the material
type, since both SGS and natural sediments presented the highest degree of

biostabilization.

An interesting finding from figure 4.10 is that in case of sand, for week 2 and
week 3 of growth, the Yalin criterion suggested that the area analyzed was at
threshold before the critical entrainment for abiotic sediment was reached. This
can be explained looking at the LS immediately after the application of the first
flow (1.31 l/s) for week 2 and week 3 (see figure 4.11). In chapter 3 it was
stated that the SS videos were taken in the centre of the cultured box; week 2
of growth presented a bio-mat colonizing the sample at the beginning of the
experiment, which was swept away as soon as the first flow was applied. This
generated a general perturbation of the surface sediments, leaving some of
them loose and prone to be entrained. This suggests a phenomenon of “bio-
destabilization”. In case of week 3 of growth the situation is quite different.
Figure 4.11B shows that the centre of the box is not the representative area of
investigation for the erosion pattern. This is one of the limiting factors arising
from the application of the Yalin criterion: although it allows to clearly
defining a critical entrainment threshold value, it doesn’t account for the

variability and patchiness that can take place spatially during the erosion of
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biotic sediment. In week 3 the video focussed on an area that became scoured,
so that faster velocities could take place, inducing sediment erosion to occur
even at lower threshold conditions compared to clean sediment. Therefore, in
order to compensate for the estimation of the threshold relative just to a
portion of the area, the LS was analyzed, to quantify the remaining area covered
by biofilm after the application of different flow steps. As seen figure 4.11B,
large part of the LS was still biostabilized but this did not come across from the
application of the Yalin criterion. The need for a comprehensive analysis of the
total area erosion led to the generation of the LS results presented in section
4.4.6.

Figure 4. 11. Sand experiment at the LS after the a  pplication of the first flow step (1.31l/s): A)
week 2 of growth; B) week 3 of growth.

Next section will indicate that no clear relationship can be found among time of

growth, biomass and critical shear stress for the different material analyzed.

4.4.5 Critical shear stress from Yalin and relation ship with

biomass

When time of growth, relative biomass (section 4.4.3) and Yalin critical shear
stress 7. (section 4.4.4) are plotted against each other (figure 4.12) it can be
seen that no real trend is evident among the variables. This contradicts some of
the findings presented in the literature, for which positive correlations have
been demonstrated for biomass and stability of very fine particles (Yallop et al.,
2000; Rigehtti and Lucarelli, 2010). Hence we suggest that extra caution needs
to be taken in using any biological variable (EPS, biomass, chlorophyll a) as a

proxy for stability and parameterize these into engineering equations for
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sediment transport, as advocated some researcher have already attempted (see

Black et al, 2002 for a review).
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Figure 4. 12. Relative biomass (mg/g) in time (incr  ease growth time from left to right) against
critical shear stress 7. As it can be seen form the graph no evident relatio  nship exists
among time of growth, biomass and critical entrainm ent threshold. For time direction follow
the relavant coloured arrow.

Correlations have been calculated for each of the materials between relative
biomass and critical shear stress at threshold z.; the results show negative
correlation (~-0.40) for natural sediments (sand and gravel), whereas the
correlation is positive for artificial sediments (0.11 for SGS and 0.67 for LGS).
Apart from LGS, the values are too low for confidently establishing a relationship

among entrainment threshold and relative biomass.

Section 4.4.6 will present the erosion results at the large scale (LS), in order to
be able to obtain a better evaluation of the spatial processes taking place in the

heterogeneous surface of biofilm and sediments.
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4.4.6 Biostabilization data: relationships between critical shear
stress at entrainment and time of growth — large sc  ale (LS)

Section 4.4.4 has shown that the Yalin criterion is efficient in finding a specific
and objective threshold of motion for biotic sediments. This is a major
improvement compared to the visual assessment used by researchers to quantify
the erosion threshold (Grant and Gust, 1987; Leliveld et al., 2003). However,
testing week 2 and week 3 of growth for sand (section 4.4.4) it was evident that
the Yalin criterion (1972) might not get the full trend of the stability/erosion
because only applied to a ~4% of the total area. In order to obviate to this
partial evaluation of the erosion picture, a LS image analysis was carried out on
the still images at the beginning and at the end of every flow step, in order to

account for the percentage erosion of box0.2 at different flow stages.

Before presenting the results of the LS analysis, an interesting observation was
made after carrying out the experiment presented in section 4.4.2. The SGS
testing was the first time in which | could assess how biofilm growth affects the
stability of the sediment surface, without having any information on the depth
of the biofilm colonization. However it was clear to me observing the erosion
patterns in the Shields flume that only the top layer of the sediments (~2D)
looked biostabilized. Once this cohesive layer (where biofim was embedding
sediments) was removed, sediments below were clearly at threshold. The
behaviour of the non-cohesive sediments used in my experiments is significantly
different from the erosion of cohesive sediments; Type | erosion (Sanford and
Maa, 2001), for which z. increases going further into the bed, was completely
absent from my observations. In natural environments, sediment deposits are
the result of erosion and deposition cycles, where colonized sediments can be
found deeper into the bed compared to my system; this ensures higher
biostabilization. Type Il erosion (Sanford and Maa, 2003), where z. is constant
and does not change with the depth of the sample was initially considered as a
possible scenario: however, it was very evident to me that as soon as the bio-
mat was removed (which is this composite layer of biofilm/sediments present in
case of strong biostabilization), the sediments behaved as non-cohesive and lost
all the biotic strength. The bed shear 7, was seen to exceed the critical z. for

abiotic sediments until a failure of the bio-mat occurred; this was followed by a
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very fast erosion of the sediments layers below the surface, which did not
present any biostabilization potential. The result was a mix of areas that had
been completely eroded (hence with lower elevation compared to the original

sample) and areas where the biofilm was so strong that no erosion was evident,

as can be seen in figure 4.13.

Biostabilizaed area
(higher level)

Eroded area-
(lower level) of
abiotic SGS

Figure 4. 13. Side view of a typical erosion experi  ment of box0.2 (SGS), with flow from left to
right. The downstream end of box0.2 showed a strong biostabilization and hence this
portion of the bed was not eroded; upstream the bio film growth wsa weaker and, after the
surface layer was eroded, the rest of the sediment layers were at threshold so that the bed
surface was lower than that of the biostabilized re  gion. (Length Scale 90mm).

Erosion took place differently depending on the areal distribution of strong
biostabilization. In order to better understand this concept image analysis at the
LS was carried out and the results for the percentage area eroded versus the bed

shear stress 7, for the four different materials are presented below.
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Figure 4. 14. Area erosion (%) of the LS at the end
shear stress for the 4 materials in time. Error bar
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of each flow steps vs the relative bed
s are up to 9% for glass material and 5% for
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The results on figure 4.14 allow identification of key findings of the areal erosion

due to increase in bed shear stress :

Absolute data: once the first flow steps are applied, a percentage of the area is
eroded (going from a minimum of ~ 10% for mature biofilm to a maximum of 60%
for early fixation stages), yet leaving a significant portion of the box still
covered by biofilm and hence biostabilized. This highlights the importance of
assessing the erosion at the full scale, especially due to the heterogeneity of the
biofilm and the possible patchy erosion of it. Hence the SS an LS should always

be coupled in order to understand the full erosion process.

General trend: the initial erosion remains very stable (almost generating a
vertical line) when low flow steps are applied; only once the flow steps reach
the middle of the range significant erosion (higher than 10-15%) is identified.
This is not valid for the case of early biofilm colonization (e.g. gravel in week 1,
where no biofilm was found so that the colour of the natural grain prevailed in
the segmentation process). If we consider high flow applied to stable bio-mat
(e.g. week4 for SGS), the percentage coverage is still high at the end of the
experiment (-35%); this suggests that the remaining conditions will be very
different in terms of roughness and generated flow structure. This condition can

be classified as “patchy erosion”.

Growth time: The relationship that is visible from the graph shows that the

longer the growth period, the lower the erosion occurring.

Material size: Interesting to notice is that using the Yalin criterion (section
4.4.4) induced us to think that LSG had a lower value of stability compared to
the other material. Figure 4.14 shows a different trend at the LS. LGS is in every
experiment the material that presents the highest percentage of green pixels

throughout the experiments, hence the one having a high degree of biostability.

Material type: no clear trend can be seen according to the different material

used.

In terms of the time of application of the flow steps and the assessment of the

erosion that these induced, analysis of the images at the beginning and at the
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end of the flow steps show that very few differences would take place in the
histogram of pixel intensity after the 10 minutes SGS and the 5 minutes for the
rest of the experiments. Only in case of the last high flows, a significant degree
of erosion between beginning and end of the flow step could be detected. This
seems to suggest that the erosion is more related to an increase in 1, instead of
to the time of application of it. However, the author reserves the possibility that
the duration of flow application was not long enough to see the time effect
taking place. The scope of this project was to primarily identify a threshold of
motion that could be easily defined with a hydraulic variable, such as flow or
bed shear stress more than time. More research is needed in order to confidently
state that time duration of the flow step has a lower effect than an increase in
shear stress on the bio-mat. Some progress in this sense can be found in chapter

5, where flow steps were applied for 15 minutes.

In order to compare the results obtained in section 4.4.4 at the SS, in table 4.2
it is possible to find the critical shear stress 7. according to Yalin and the
correspondent area erosion (%) obtained from the segmentation of the LS. In
almost all the cases the threshold of entrainment at the SS corresponded to a
partial area erosion of the box0.2; in particular for LGS every Yalin threshold
corresponded with less then half of the biofilm eroded from the box.
Interestingly, for gravel experiments, the percentage of green pixels is lower at
the Yalin threshold and goes from 45% to 4%: this could be due to the fact that
single streamers attached to the top of the grains could not be resolved at this
scale of investigation; instead the segmentation identified solely the sediment
colours. However, from the Yalin criterion (section 4.4.4), it was seen that the
bed resulted biostabilized, and this could be due to the effect of the spongy
biofilm with its streamers on the applied flow field. This is not a new
phenomenon: researchers found that biofilm streamers could change the flow
characteristics around colonized sediments (Nikora et al., 1998) and either
increase or decrease the hydraulic roughness of the bed (Salant, 2011 for a
review). This again stresses the importance of the coupling of SS and LS analysis:

if used separately a full trend could not be resolved.
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SGS Yalin 7z, (Pa) % Area eroded
wl 1.05 62
w2 1.05 81
w3 0.96 70
w4 1.24 31
w5 1.05 44
sand

wl 1.60 76
w2 1.15 el
w3 1.00 73
w4 1.60 58
w5 1.33 41
LGS

wl 1.39 46
w2 1.34 42
w3 1.34 17
w4 1.56 19
w5 1.56 18
gravel

wl 1.77 96
w2 1.79 66
w3 2.24 92
w4 2.24 94
w5 2.24 75

Table 4. 2. The Yalin critical shear stress 7. for the SS is compared to the relative % area
eroded at the LS. Mature biofilm for SGS and sand p  resent an erosion at the threshold for
the Yalin technique that is less than half the box coverage, similar trend can be seen for
LGS and higher values of erosion are identified for gravels, due to the absence of a mat and
the impossibility at this scale to resolve the sing le streamers.

In order to obtain a trend out of the graphs presented in figure 4.14, different
fits were applied to the graphs to identify the best mathematical equation
relating the % erosion to the shear stress. The regressions used are: i) linear; ii)
power law; iii) logarithmic and iv) exponential; the relative expressions of the

equations can be found in equation 4.5.

Linear: 7, = a(Area., .., +b;
Power: I, = a(AreQErosion)b;
Logarithmic: 7, =aln(Area,q,,) +;  Fauaton4.5

Exponentif: 7, = ag**%esen

An example of testing the goodness-of-fit of the different forms of regression

equations presented in equation 4.5, an example is shown below in figure 4.15
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for gravel in week 4. Here it is evident that linear and logarithmic fits generated
the highest value of R?. Therefore these two fits were chosen as the most
applicable and more statistical information on their fit are presented below in
table 4.3.

w4
2.50
2.30 + y =1.90Ln(x) - 6.43
R?2=0.96
2.10 +
g-_s? 1.90
= y =0.03x - 0.30
@ 1.70 | _
g R?=0.95 y = 0.01x125
® 1.50 - R2=0.93
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2 1.30 1
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T 110 -
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A Grawel 2.20mm ——Linear (Gravel 2.20mm)
Log. (Gravel 2.20mm) Power (Gravel 2.20mm)
——Expon. (Gravel 2.20mm)

Figure 4. 15. Example of linear, power, logarithmic and exponential regression fits to the
gravel results for week 4 of growth. See that the ¢ oefficients match those in table 4.3.

Table 4.3 presents the coefficients a and b found in equation 4.5 for linear and

logarithmic regressions, together with the associated p-values and R°.
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Linear Logarithmic

wl a p b p R2 |N Ja p B P R2 [N
SGS 0.02| 0.03]|0.02|097]050]| 9 1.05| 003 -335| 0.09|050]| 9
LGS 0.03| 0.01 046|041 |055]11 195| 001 -6.34| 0.02]0.56 |11
Sand 0.03| 0.00|0.96 | 0.00 | 0.92 | 10 219 | 0.00| -7.87 | 0.00|0.90] 10
Gravel -0.05| 0.66|6.31]|0.56|0.01]17 -482 | 0.66|2355| 0.64|0.01 |17
w2

SGS 0.03| 0.01|1.66|0.05|0.67| 9 269 | 0.01]10.79| 0.01]067] 9
LGS 0.04| 0.00]0.16|0.42|0.87 |11 136| 0.00| -3.60| 0.00]0.81 11
Sand *k*k *kk *kk *kk *kk 1 *k*k *k%k *kk *kk *k*k 1
Gravel 0.02| 0.00|0.06|0.71|0.83 |19 1.65| 0.00| -5.15| 0.00 | 0.87 | 19
w3

SGS 0.01]| 0.00]021]021]081] 9 065| 0.00| -1.73| 0.02]077] 9
LGS 0.07]| 0.32]0.02]0.99]0.11 |11 119| 036 -2.17| 056 ]0.09 |11
Sand 0.01| 0.00|0.34]0.01]0.92]10 0.96| 0.00| -2.76 | 0.00]|0.92 | 10
Gravel 0.04| 0.00|1.17]0.00|0.94]19 277 0.00]10.21| 0.00]|0.95]19
w4

SGS 0.02| 0.02|0.59|0.01]|0.49]10 060| 0.02| -085| 0.25]|0.49] 10
LGS 0.04| 0.00]0.48|0.01]|0.82]11 096 | 0.00| -146| 0.00]0.87 |11
Sand 0.01| 0.00|0.81|0.00]|0.82] 10 061 | 0.00| -0.88| 0.01)0.89] 10
Gravel 0.03| 0.00]0.11]0.01]0.95]19 190| 0.00| -6.43| 0.00|0.96 |19
w5

SGS 0.02| 0.03]0.02]097]052] 9 091 | 0.03| -2.38| 0.09]|053] 9
LGS 0.01| 0.68|1.06|0.10 | 0.02 | 11 0.26 | 0.68| 054 | 0.77]0.02] 11
Sand 0.01| 0.00|0.75|0.00|0.81] 10 064 | 0.00]| -1.19| 0.01]0.84] 10
Gravel 0.02 | 0.00]0.53]0.00|0.92] 18 1.05| 0.00| -2.37| 0.00|0.96 | 18

Table 4. 3. Linear and logarithmic regressions and

relative coefficients

equation 4.5 plus p-values and R®. Frome the table it is evident that in time the bze
R” is as

regression is the logarithmic. However in some case

s the logarithmic regression

a and b presented in

st

low as R?=0.01. In red are highlighted the p<=0.05.

Looking at table 4.3 the best fits can be identified in the logarithmic regression,
which has the highest R? and lowest p-values when compared to the other
methods. However the method doesn’t work properly in all the situations (e.g.
week 1 for gravel has R?=0.01 and week 3 for LSG has R? =0.09). This might
reflect the fact that once a catastrophic failure of the membrane occurs or for a
very initial stage of colonization, the trend of erosion is different from what
seen in the majority of the other cases, resulting in the vertical lines that can be
seen in figure 4.14 in correspondence of week 1 and week3 for respectively

gravel and LGS.
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4.5 Chapter summary

The conclusions from this chapter are:

* According to the Yalin technique, the threshold of entrainment for non
cohesive biotic sediments was reached after 43% to 30% more , was
applied for sand size sediments and from 35% to 17% for gravel size

sediment compared to abiotic sediments;

* Entrainment of sand size sediment when a mature biofilm is present
cannot be considered as a single grain pivoting, such as the conventional
models of sediment transport assume (Wiberg and Smith, 1987); instead

clumps and bio-mats can be seen and need to be better addressed;

* Longer culture ensure generally larger stabilization; in particular week 4

of growth has been considered as the strongest colonization period;

» SGS present the highest biostabilization potential at the SS using the Yalin
criterion; however Yalin cannot be used alone for biotic sediment but a
combination of scales needs to be used if full assessment of the erosion
properties is desired. In many case in fact, even if at threshold according
to the Yalin criterion, the LS presented almost 50% of the biofilm
coverage still intact. Hence this finding relates the erosion process
directly to space and location of the area of erosion. This is something
that has not been investigated previously. Researchers instead correlate
mass of erosion to bed shear stress, without locating the stability in a
bed.

Moreover this chapter has presented the evidence that the Yalin technique at
the SS and the segmentation at the LS need to be coupled for the best result to
be obtained. From the LS in fact it is possible to obtain new level of information
in terms of scale, something that was missing from the Yalin criterion. However,
in case of streamer and fixation stage of growth, it is difficult to resolve their
presence on natural sediment at the resolution used in the LS (6 pixels/mm) of

the biofilm in natural sediment. Hence the coupling of the Yalin at the SS and of
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the LS allows a thorough investigation to be carried out and therefore this

combined analysis will be pursued also in chapter 5.
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CHAPTER 5

Series 1 experiments: length scale 1m

“To study the laws of Nature does satisfy the mind, but it also does serve an

utilitarian purpose: ...The theory must be applied to the practice...”

duBuat, “Principes d’Hydraulique”, 1786

5.1 Introduction

This chapter will present the erosion threshold results over 1m length test beds
(box1) after up to 4 weeks of biofilm colonization for the four materials: SGS,
sand, LGS and gravel. Based on preliminary data (chapter 4), 4 weeks have been
considered sufficient to generate effectively the strongest biostabilization and
decision to truncate the data set at this timeframe therefore aligns with the

overall objective of this thesis.

Based on the findings and critical evaluation of the results obtained in chapter 4
for box0.2, it was obvious that the following points needed to be addressed in
the experimental design of chapter 5 for achieving a more scientifically robust
dataset: i) environmental conditions at growth, to ensure the highest
biostabilization potential for all the materials; ii) box length scale, to be more
representative  of  real river scale and to include @ spatial
homogeneity/heterogeneity of biofilm growth; iii) flow control during testing, to
ensure that low flows applied could be hydraulically controlled within low error
bounds. Each associated methodological improvement is detailed and defended

in section 5.3.

In addition, resolution of the underpinning process controls of biostabilization in

chapter 4 was determined to require additional data collection in this chapter:
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1) modification of the flow conditions due to the presence of the biofilm on the
sediments: this will be assessed using PIV and will permit evaluating the
hydraulic roughness changes at the different stages of growth and the relative
average flow condition (see section 5.5.7); 2) possible relationship between
spatial erosion and bed shear stress: chapter 4 has suggested that a logarithmic
trend between these variables may best fit the data however only by increasing
the area of observation (from box0.2 to box1) can these spatial trends be
robustly resolved; 3) biological variables relationship to investigate the increase
in biostabilization with time: this is an extremely important concept based on
the idea that biological information could be used as a proxy for stability in
sediment transport equations and has been auspicated by many researchers
focussing on field studies (Black et al., 2002). Hence in this chapter both
biomass and EPS content (considered fundamental for biofilm adhesive property
hence for the increased stability of sediments (e.g. Gerbersdorf et al., 2011))

will be investigated.

The following sections include: the hypotheses (section 5.2). Methodology
(section 5.3), subdivided into flume set up for obtaining controlled steps of
uniform flow; the identification of the threshold of motion at the SS (Yalin,
1972) and at the LS (image segmentation); protocol followed to investigate the
EPS. Section 5.4 will present the results subdivided into: representative growth
assessment; biomass and EPS; biostabilization at the SS and LS and PIV

investigation of the flow field modification.

5.2 Hypothesis

The hypotheses presented in this chapter follow from careful consideration of
the preliminary results (see chapter 4). In particular the assumptions made are

listed below:

1. Colonization: biofilms would grow in a more natural form reducing the
presence of trapped bubble of oxygen (Noffke et al., 2001), identified in

chapter 4 as a weakness of the bio-mat;
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. Biostabilization potential: it would be higher for every material than in

chapter 4, due to the improved growth conditions;

. Time of growth and stability: As seen in our previous dataset and as
presented in the literature by many researchers (Yallop et al., 2000), it

was expected that the longer the growth time, the more the stability;

. Scale of growth: the scale of growth would have a large effect on

biostability and bio-mat development;

. Biological factors: Biomass was not expected to vary in trend from the
preliminary experiments, a part from LGS and gravel, which herein were
exposed to higher flow at growth hence the growth conditions could have
changed. EPS were also measured and more EPS were expected to be

found for higher biostabilization;

. Erosion process: due to improved growth conditions bio-mat and hence

the carpet like erosion would be seen also for larger sediments;

. Material: SGS would present the highest stability for shape, size and

material reasons.

5.3 Methodology

This section presents the uniform flow set up in the Ervine flume (see chapter 3,

section 3.6) and the relative bed shear stresses 7z, generated (section 5.3.1).

Section 5.3.2 shows the calibration of the PIV data, proving that the PIV could

resolve within a 10% error the bed shear stresses calculated in section 5.3.1. In

section 5.3.3 the information relative to the Yalin criterion € (1972) will be

illustrated (for the equation see chapter 4, section 4.3.2) at the SS; in section

5.3.4 information of the segmentation area and technique at the LS will be

given; the technique used is the same as presented in chapter 4, section 4.3.3.

Finally in section 5.3.5 the methodology to obtain the EPS results will be shown.
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5.3.1 Flume set up

The overall programme is provided in chapter 3 with full instrumentation and
methodological details. Specifically, Ervine flume modifications for the present
data set intended to reduce uncertainty in the testing of biostabilization
compared to the Shields flume data collected in chapter 4. Improvements were:
1) lower pump range (0-151/s) and Jaguar XJ controller with P.I.D. system (see
chapter 3, section 3.6) to minimize flow variations to +1% for every uniform flow
step; 2) use of a PIV system for flow field characterization and objective
assessment of the temporal development of eco-hydraulic variables during

biofilm growth.

Seven flow steps were applied ranging from 1.6l/s to 11l/s; these were designed
to assess the full erosion of box1, hence larger shear stress increments (from
0.17Pa to 0.33Pa) were applied compared to those of chapter 4. The steps of
uniform flow were investigated prior to any of the experimental testing and
assumed constant during the testing and they were applied for a 15 minute
period. This timeframe is justified as it permitted enough time to: i) collect 3
series of 2000 PIV images and download them; ii) record 5 minutes video at the
small scale for Yalin criterion assessment of entrainment threshold. The UF set
up was established filling the 1m testing section with gravel in the range of 4-
6mm (see chapter 3, section 3.6.1). The hydraulic variables calculated using the
geometry of the bed for the UF set up can be found in Appendix 5.A. The
equations used for calculating the bed shear stresses 1, are the same as equation
4.1 and 4.2 in chapter 4. Improvement to the low flow control also provided
better approximation of the bed and water level slope to 1/200; these errors
were <+6% for low flow steps (1.6l/s to 5l/s) and between +9-13% for higher
discharges. Based on this accuracy and temporal variability of data, a 1/200
slope has been assumed in all calculations and the Einstein (1942) equation
correcting for the wall effect was preferred to the Meyer-Peter and Muller
equation used in chapter 4. Further evidence to support this methodological
approach is provided in the following section, in terms of good approximation of

calculated bed shear stresses compared with measured PIV data.
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5.3.2 PIV calibration

To verify that the set up of the PIV was reading the same flow values as the
Portaflow SE, the system was calibrated for the UF set up presented in section
5.3.1 The camera was mounted to a capture angle matching the 1/200 gradient
of the flume and positioned at a distance from the flume’s glass side wall which
permitted the maximum flow depth to be observed (max FoV of x = 77.6mm vy =
62.1mm). Once this was done, a metallic ruler was placed in the centre of the
flume perpendicular to the camera and the flow was started and the laser was
activated, making sure that the ruler was exactly in the same plane of the beam
(see chapter 3, section 3.6.2.3 for pictures of the process and information on
the set up); the camera was then focussed on it and a still image of the ruler
was captured, which will be used as the calibration file. All experiments
employed identical set-up and camera focus, in order to keep the same

comparable set up for every experiment.

The resolution of the calibration image was calculated as 16.50pixels/mm.
Fundamental for the data collection was the setting up of the “time in between
pulses (us)” (At in chapter 3, section 3.6.2.2, set to be equal to the Hertz rate
(HZ) in single frame mode), which would dictate the time between consecutive
images; physically this is identified by the closing of the camera shutter. In order
to find the correct value of At for every flow step used in the experiment (see
Appendix 5.A), equation 3.2 was applied; this is considered appropriate, since
flow and FoV were known. In particular it is good practice to set At so that
seeding particles would move only of % of the entire length of an Interrogation
Area, IA (personal communication with Dr J. Cooper). Pilot data showed that this
condition was best obtained for an IA equal to 64*64 pixels (see chapter 3,

section 3.6.2.2). Hence the following variables were calculated:
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n vectors
Recorded | (nx*ny) FoV FoV
Q U N T between HZ time for IA=64, adjusted adjusted
(1/s) | (m/s) | images | pulses (Us) (sec) 50% overlap (pixels) (mm)
1.6 0.30 2000 3264 306 6.5 270 (30*9) 1000*344 60.61*%20.85
2.6 0.35 2000 2777 360 5.6 360 (30*12) 1000*424 60.61*%25.70
3.6 0.41 2000 2343 427 4.7 420 (30*14) 1000*512 | 60.61*31.03
0.45 2000 2141 467 4.3 540 (30*18) 1000*624 60.61*%37.82
0.53 2000 1836 545 3.7 660 (30*22) 1000*776 | 60.61*47.03
0.57 2000 1697 589 3.4 780 (30*26) 1000*888 | 60.61*53.82
11 0.62 2000 1569 638 3.1 870 (30%*29) 1000*984 60.61*%59.64

Table 5. 1. PIV variables set up: T in between pulses is the At in equation 3.2; HZ is the Hertz
rate, matching the Time in between pulses  (Ms); n vectors is the total number of vectors per
flow step; FoV adjusted is the dimension in pixels of the resulting field of view taken into
consideration. X is taken as the downstream direction (length), y is the vertical direction (flow
depth).

Considering the FoV, it is important to note that of the original 1280 longitudinal
pixels only a central portion of 1000 pixels was selected in the final analyzed
FoV; this was done to avoid the physical appearance in the images recorded of
the “intensifier” (in the shape of a black circle at the edges of each image). The
vertical dimension was regulated for every flow step to be only sufficient to
resolve each individual flow depth; unwanted areas of the image were masked
using the processing software (DynamicStudio), in order to avoid the generation
of unwanted vectors and reduce processing time (adjusted FoV is given in table
5.1). The above set up allowed resolving 60mm in the longitudinal direction and
20.6-59.04mm in the vertical.

In table 5.2 the results for the calibrated bed shear stress 1, over a bed
comprised by gravels 4-6mm can be found. Double averaged technique
introduced by Nikora et al. (2001) was used, which couples space and time
average to obtain a single velocity profile. At this point the Law of the Wall
(chapter 2, section 2.2.2.3) was applied to the bottom 20-40% of each double
averaged profile in order to obtain the roughness z, value and the bed shear
stress 1, Table 5.2 shows that the results from the PIV are in good agreement
with those found using the geometry of the flume (always lower than +10%).
Moreover the correlation among shear stresses calculated with the depth-slope

equation and those obtained using the PIV is high and equal to 0.98.
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Flow Flume U Flume 7y PIV 7,
(I/s) (m/s) (Pa) (Pa) Z, (mm) | % Error (-) |% Error (+)
1.6 0.30 0.84 0.96 2.06 -7% 7%
2.6 0.35 1.14 1.07 2.86 3% -3%
3.6 0.41 131 1.32 2.77 0% 0%
5 0.45 1.64 1.77 2.81 -4% 1%
7 0.53 191 2.04 3.82 -3% 3%
9 0.57 2.23 2.68 2.53 -9% 9%
11 0.62 2.48 2.65 2.58 -3% 3%

Table 5. 2. Comparison of the UF set up bed shear s tress =, (flume) versus the values for 7z,
obtained using the Law of the Wall on the double av  eraged profiles obtained with the PIV.

What is presented above provided confidence that the measured flow
characteristics in the Ervine flume could be used for undertaking good scientific
experiments. In section 5.3.3 the set up for the application of the Yalin

technique will be presented.

5.3.3 Yalin technique and abiotic thresholding

As seen in chapter 4, the Yalin technique resulted to be a good and objective
method to assess locally if biostabilization is taking place, hence it was used for
the definition of the entrainment threshold at the small scale (SS) in this
chapter. This data was also compared to the large scale (LS) areal thresholding
(see section 5.3.3) for a comprehensive analysis of the erosion process. The
theory of the technique can be found in chapter 4, section 4.3.2. According to
the Yalin technique, in this set of experiments the numbers of particles that
need to move from the selected area A to define the flow at threshold of motion

are presented in the table below:
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Error

A (cm*cm) t(s) N | (particle) | Totaln | N/n
SGS 5.2*¥2.9 60 9 3 1269 1%
Sand 5.2*%2.9 60 7 2 1047 1%
LGS 5.2*2.9 60 2 0 377 1%
Gravel 5.2*¥2.9 60 2 0 312 1%
Table 5. 3. Summary of the variable used in the Yal in criterion (1972) for box1. A (cm 2) is the
area analyzed, t (s) the time, N the number of grains at threshold according to the Yalin
criterion, error is the maximum number of particle that can be miscounted; n is the total

number of particle in the areas A, N/n the portion of the area which defines the flow at
threshold.

The zero error for gravel size sediments is due to the smaller number of grains in
the field of view of the camera, which was not modified from sand to gravel
sediments. The camera was left in the same position as for sand size sediments
to allow the macro function to work: this function allows zooming in to a smaller
area (~4% LS) and it works when the camera is at least 1m distant from the
sample; higher positions would have compromised the resolution of the LS and
hence were avoided. After the application of the Yalin technique for the four
abiotic sediments it was evident that SGS, Sand and LGS were already at
threshold for the first flow step applied (see Appendix 5.A). However, choosing
lower flow steps was not possible due to the poor control in the flow variability
that would have been generated. Hence a value for abiotic sediments read on
the Shields curve (see chapter 2, section 2.2.2.3) was used to obtain the clean
reference movement for every abiotic material used (SGS, sand, LGS and
gravel). To do this, the fitted line to the Shields curve proposed by Soulsby and
Whitehouse (1997) was used for the identification of the threshold of motion;
this is justified because the curve is a good fit of the Shields curve for
intermediate grain sizes (sand and gravel) such as the one used herein (it
performs poorly for very fine grains for which D-<1, however this is outwith the
size fraction range used in this thesis). The expression of the Soulsby and

Whitehouse (1997) curve is presented below:

03

T, = 17120, +0.0591-exp(-002D.)]  Equation5. 1

Where D-is the dimensionless particle size diameter, defined as:
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2

D :{g(s-l)
) v

1/3
} D Equation 5. 2

In which s is defined as p,/ p and v is the kinematic viscosity of water.

D. Soulsby and e Shields 7. (Pa) Soulsby and

Whitehouse (1997) parameter (1997) Whitehouse (1997)
Abiotic SGS 28 0.032 0.52
Abiotic Sand 32 0.034 0.65
Abiotic LGS 51 0.040 1.18
Abiotic Gravel 58 0.042 1.50

Table 5. 4. Based on Soulsby & Whitehouse (1997) ca Iculation this table gives the
dimensionless grain diameter  D. knowing that sand ranges among 1.2<  D. <40 and gravel
D.> 40; the critical Shields parameter e and bed shear stress 1r, as calculated from an
approximation of the Shields curve by Soulsby and W hitehouse (1997) for SGS, Sand and
LGS and Gravel.

One important remark about the usage of the Yalin technique is that, without
the usage of the glass plate on top of the water surface, the identification of the
moving particles was much more complicated than in chapter 4, leading to
larger errors in the identification of the movement (see table 5.3). However, it
was believed that the elimination of the plate would have allowed better and
more realistic hydraulic conditions to be achieved in an experimental set-up
with such low flow depths (where use of a glass plate can artificially accelerate
flows in a manner similar to an orifice plate). Moreover the Yalin technique
validity will always be coupled in this thesis to the LS analysis, in order to back

up any finding (see section 5.3.4).

The section below presents the set up used to investigate the erosion of the LS

using the same image technique as seen in chapter 4, section 4.3.3.
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5.3.4 Image segmentation for quantifying biofiim ar  eal coverage

The erosion at the LS was investigated using image segmentation as presented in
chapter 4 (see section 4.3.3 for theory of the technique). The area analyzed
with the Sony high speed camera (see chapter 3, section 3.5.2) for box1 was
located in the centre of the box and was of a size equal to 500mm by 280mm
(resolution ~ 4pixels/mm). The still images were collected at the beginning and
at the end of every flow step (15 minutes); however, since it was outwith the
scope of this thesis to assess the effect of shear stress duration on erosion but
more relevant was the increase in 7, only still pictures at the end of every flow
step will be analyzed. All image set-up, analysis and uncertainty are identical to

that outlined and discussed in section 4.3.3.

The section below will introduce the methodology used to assess the

quantification of the EPS for the analyzed samples.

5.3.5 EPS analysis

EPS are known to increase the strength of attachment to sediments that biofilm
have (Dade et al., 1990); many researchers relate the stability of sediments to
the relative content of EPS (e.g. Gerbersdorf et al., 2008; Gerbersdorf et al.,
2011). In this thesis it was then necessary to assess the quantity of EPS and try
to relate it to the stability of the sediments at different growth stages. In order
to evaluate the concentration of EPS in the cultured box1, two different methods
were used: i) a quantitative method, based on the equivalent glucose
concentration of the EPS (ug/ml) and ii) a visual technique, using microscopy

staining.

An important consideration is that the EPS values that will be presented in this
thesis might differ sensibly from those obtained in the field; this is because
researchers have experienced that bound EPS decreases when temperature
increases (e.g. Gil et al., 2010). In all the experiments presented herein and as

seen in chapter 3, section 3.4.4.2, the culturing temperature (28°C) was much
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higher than the average of a real river system. Caution needs then to be used in

comparing the data in this thesis with results from field studies.

The former method was based on the concept of measuring EPS in terms of
equivalent glucose concentration (Daniels et al., 2007); wusing a
spectrophotometer the reading of the EPS were then calibrated against a curve
previously obtained using standards. Details of the methodology used, the
protocol and standard calibration can be found in Appendix 5.B. Results for this
technique can be found in section 5.4.3. This method was used because it is a
direct quantification of the amount of EPS present in a sample; the second
method shown below, was instead used to verify visually the spatial distribution

of the EPS and to back up the results of the quantitative method.

The second methodology used a fluorescent microscope technique, which
involves EPS staining as described by de Beer et al. (1996). Calcofluor
(Fluorescent Brightener 28) was used as the staining chemical, for individuating
polysaccharides (de Beer et al., 1996). The fixation of the calcolfuor took place
by adding to 200mg of sample, a solution of 20 ml PBS with 30 g/l
paraformaldehyde. After three washes in PBS, the samples were stained for 4 h
in 20 ml PBS with 300 mg/l calcofluor. At this point single grains were glued to a
microscope slide and observed under an inverted florescent microscope (with

the DAPI function enabled), so that any stained EPS would appear bright blue.

Section 5.4 will introduce to the results of this chapter: section 5.4.1 will
present the results of the improved growth set up for box1; section 5.4.2 will
describe to the biomass results, whereas in section 5.4.3 the EPS results can be
found, both quantitative and visual. section 5.4.4 will show the results related
to the application of the Yalin technique at the SS and 5.4.5 to the LS; section
5.4.6 will correlate biomass, EPS and the biostabilization results at the LS to find
any possible relation; Finally section 5.4.7 will present the PIV results, for flow
statistics for every flow step, change in hydraulic roughness z; and bed shear

stress 1, will be shown.
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5.4 Series 1 experiments results (4 weeks of growth )

5.4.1 Representative growth assessment

As discussed in chapter 3 and chapter 4 (section 4.3), the growth methodology
was improved in box1 set of experiments, in order to obtain the strongest
biostability for both sand and gravel size sediments (for more information on the
setup see chapter 3.4.4.4). Critically, biofilm growth in this set of experiments
took place predominantly in a “mat like” structure independent of grain size;
this is distinct from the results obtained in chapter 4 where gravel size sediment
indicated filamentous growth. This is visible in figure 5.1 below at the SS and
could be due to: i) improved light source conditions, which by being uniform
induced a more even growth to take place and no competition among bacteria
for light; ii) a higher flow at growth, which insured more firmly attached

condition and eliminated the unsecured biofilm at the top of the grains.
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Figure 5. 1. Biofilm growth for boxl at the SS (Sca le 52mm*29mm). A) Sand 1 week
colonization; B) SGS 2 weeks culture; ¢) LGS 3 week s of growth and d) Gravel 4 weeks old
biofilm, where .1 is in dry conditions whereas .2 i s wet. Flow from right to left and white
streaks in the submerged flow image (.2) are light reflections from PIV seeding material.

Secondly, figures 5.2 and 5.3 show that the fixation stage for all sediment
substrata occurs within 1 week of inoculation (according to Noffke et al., 2001).
For sand size sediments, figure 5.2(a, b) shows that in the first 2 weeks of
colonization the growth took place in a very uniform form, allowing a smooth
mat to generate. Any further week of growth presented a very patchy and loose
bio-mat structure for both the materials (see figure 5.2c, d). This seems to
suggest that, once the sealing process took place leading to the erosion of the
bio-mat, this occurred in a very heterogeneous manner, leaving patches of areas

still coated by biofilm.

Figure 5. 2. Sand size sediments growth characteris  tics. A common trend shows that in the

first 2 weeks of growth an homogenous growth patter n can be seen in the Yalin flume (A,
SGS 1w; B, Sand 2w) whereas for more mature stages  of biofilm growth the colonization is

patchy and hence less stable (C, Sand 3w; D Sand 4w ) (Flow from right to left).

Fore gravel size sediment, figure 5.3,gs and 5.3gravet Shows that after 1 week of
colonization the growth over both the gravel size material looked similar to the
fixation stage by Noffke et al. (2001). In week 2 of growth for LGS the
colonization still appears homogeneous, whereas 2 weeks of growth for gravel
sample suggested that biofilm erosion takes place at growth conditions, possibly

after bubbles exposed the bio-mat to erosion by the flow, and hence left a
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patchy growth to take place (figure 5.3 bgravel); any other stage of growth (figure
5.3 ¢, d) present patchy biofilm for both the materials.

A Gravel

Figure 5. 3. Gravel size sediments growth character istics. A common trend shows that in
the first week (A) both materials show uniform colo nization. From 2 weeks of growth (B) the
growth pattern changes among LGS and gravel: LGS pr  esent uniform biofilm coverage (B
LGS) whereas gravel have been eroded during growth condition and appear patchy (B
Gravel). Week 3 (C) and Week 4 (D) present heteroge neity for both gravel size materials.
(Flow from right to left).

Section 5.4.2 will present the result of the biomass analysis carried out weekly

on the samples whereas section 5.4.3 will present the results for EPS.
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5.4.2 Biomass

This section, like section 4.4.3 for box0.2, presents the weekly relative biomass
results (which is the the biomass value divided by the dry sample weight)
collected over the four different substrata, after applying the loss of ignition
technique (HIMOM, 2005). Results are presented in figure 5.4 and discussed in

detail below.
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Figure 5. 4. Weekly relative biomass (mg/g), which is biomass (mg) divided by the dry
weight of the sample (g), of box1 for sand and grav el size sediments as obtained from LOI
(HIMOM, 2005).

Absolute data: for box1 the maximum biomass varies in absolute value over
almost an order of magnitude (1-80mg); this range is similar to that measured in
chapter 4 despite no filamentous growth being observed in the present data set.
However, more detailed comparison of the absolute biomass data clearly shows
that typically biomass was lower in the present data set than chapter 4 data; for
example, maximum biomass values from figure. 5.4 are -47-93% of those
recorded in the equivalent graph of figure. 4.9, apart from SGS for which the
maximum value for box1 was 11% lower than that of box0.2. The general trend
seems to suggest that biofilm did not overgrow in this set of experiments, as
happened in chapter 4, possibly due to the improved light system. This is

unsurprising given that the lighting was redesigned in the present data set to
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preclude the local regions of excessive growth symptomatic of chapter 4 and

suggests that the experimental set up of chapter 5 was more realistic.

General trend: figure 5.4 shows a positive trend between biomass and time of
growth, as seen in chapter 4. Specifically this ranges from +12% for gravel
(between week2 and week4) and 94% for LGS (between week1 and week3). The
only exception is week 4 of growth for sand and LGS substrata; here the biofilm
growth seems to decrease in the mature stage, probably due to a stage of
mature sealing and hence erosion taking place during colonization. The results
presented here are similar in trend to those presented in chapter 4, clearly

indicating temporal development of biofilm growth.

Growth time: Again figure 5.4 shows significant growth over timeframes < 1
week. Sand and gravel clearly show that 69% and 99% of the overall maximum
biomass recorded was already present after 1 week of growth; only 8% of the
maximum was recorded for artificial sediments. Hence, the “first kiss” of biofilm
over the substratum seems to be extremely important in developing biomass on
natural sediments: this might be related to the fact that biofilm acquire
nutrients directly from the surface of the grains or also due to the charge on the

minerals comprising the particles.

Material size: Gravel has average relative biomass 2.1 times greater than sand.
This might be due to the fact that biofilm, spreading from the top of the grains
down, finds larger pores to fill in case of gravel sediments and can develop due

to the low velocity at growth. SGS and LGS have instead very similar biomass.

Material type is clearly affecting the biomass, with natural sediments showing
average relative biomass 4 times greater for sand than for glass beads and 12.4
more for gravel compared to LGS. This might be again because biofilm feeds
from the nutrients and metal available on the sediment surface (Battin, personal

communication).

In the next section the trend of the measured EPS for the different materials in

time will be presented.
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5.4.3 EPS

This section shows the weekly relative EPS value, which is the absolute EPS
divided by the weight of the sample (200mg), collected over the four different

substrata using the two procedures presented in section 5.3.5.
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Figure 5. 5. EPS over sample weight (  pg/ml*mg) per week of growth over the 4 different
materials following the methodology presented in se ction 5.3.5.

A detailed analysis of the EPS trend is presented below for the different

variables:

Absolute data: the maximum EPS relative value varies in absolute concentration
of almost an order of magnitude (from 0.03pg/mlmg in week 4 for LGS to
0.44pg/mlmg in week 2 for gravel). Fixation/colonization (after 1 week) results
in EPS ranging from 0.04- 0.25pg/mlmg (depending on the substratum), whilst

mature bio-mats indicate values between 0.03 - 0.44ug/mlmg.

General trend: Overall trends are temporally complex. There appears an inverse
relationship between EPS and time of growth, in that EPS is higher for immature
biofilm (week 1-2) than mature biofilm (week 4); this is with the exception of

SGS substrata and it is questioned whether this outlier is a robust datum point.
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Growth time: figure 5.5 shows a positive correlation of the EPS concentration
with time in the first 2 weeks of growth for all substrata, with the exception of
sand in week 2. This would be expected during bio-mat development to ensure
fixation across the substratum strong enough to resist entrainment and permit
development of bio-mat thickness. However, subsequently there is decrease of
EPS for all materials in week 3; this then recovers by a moderate increase in EPS
between week 3 and 4 (excepting SGS). The difference between maximum and
minimum value of EPS goes from 73% in sand up to 90% in LGS and such cyclicity
(week 3 to 4) appears related the patchiest condition for every substrata hence

the EPS reflects this unstable condition in its low concentration.

Material size: in the majority of the cases gravel material has more EPS than
sand size sediment. Gravel experience relative EPS value ~1.5 more than sand in
the last 2 weeks of growth and up to ~3 times more relative EPS for week 2 but
shows less relative EPS than sand in week 1 of growth; LGS exhibit more than 2
times more relative EPS than SGS in the first 2 weeks, for then showing lower
value than SGS for the last 2 weeks of growth. In general then EPS seem to be

related to surface area, with more EPS generated on larger sediments.

Material type: natural sediments produce 1.1-1.5 times more average relative
EPS than artificial sediments. This might be related to: i) material properties of
the glass spheres and their inert nature compared to natural sediments; ii) the
higher light uptake that glass materials allow, inducing different biofilm and EPS
growth when compared to opaque surfaces; iii) the roughness of the natural
sediment compared to the very smooth surface of the beads, which to induce a
strong adhesion to the sediment need to be filled in and might also generate
greater shear stress so that more EPS will be produce to insure attachment to

the surface.

To ensure that the quantitative method of EPS analysis was robustly executed,
the staining methodology was also tested; the intention was not to provide
detailed comparison of technique, but solely to provide confidence in the
quantitative method use. Thus, in figure 5.6 it is possible to see visually the
presence of the EPS on SGS after staining with calcofluor was carried out (See
section 5.3.5 for information on the technique). Even though the technique was

applied to every material, opaque natural sediments did not allow very good
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imaging using an inverted microscope (the light was blocked), whereas LGS could
be resolved at the desire resolution only in thin circles and no area information
could then be obtained. Hence only results for SGS are shown herein because
these sediments induced the best visualization and image quality compared to

the other substrata, due to the transparency and size of the beads.

Figure 5. 6. SGS EPS visual assessment: on the left  the light image of the sample and on the
right the DAPI sequence; here, anything light blue represent the presence of the EPS. Scale
1.24mm by 0.93mm.

From figure 5.6 it is highlighted that even after 3 washes of the stained sample
(see section 5.3.5) significant concentrations of bacteria and EPS remain
attached to the beads. This shows the strength of adhesion that the EPS allows
between bacteria and sediment surface. In particular, according to the results
presented in figure 5.6, week 2 and week 4 of growth show the most abundant
amount of EPS; this provides confidence in the qualitative method data provided

in figure 5.5. Also interesting is that comparison of the the light microscope
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image versus the fluorescent (dapi) one, it is possible to notice that EPS is

present around the bacteria, acting as a contact point of adhesion.

Section 5.4.4 will introduce to the results of the Yalin technique, as presented in

chapter 4, section 4.4.4 and following the set up presented in section 5.3.3.

5.4.4 Biostabilization data: relationships between critical shear

stress at entrainment and time of growth — small sc ale (SS)

Results for the Yalin technique for the four different materials at the SS are
presented in figure 5.7, where the percentage increase of the critical bed shear

stress 1. compared to the abiotic threshold is plotted in time.
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Figure 5. 7. Yalin result of box1 for the four mate  rials in time. N.B. No data are available for
week 3 SGS due to failure of the image capture tech  nique during this trial.

Figure 5.7 clearly shows that the first two weeks for SGS are very strongly
biostabilized and the threshold of motion occurs after applying a flow ~150%
higher than the abiotic threshold; considered in terms of the increment of 1,
this threshold translates as between 120-150%. However, the majority of data

for other materials and durations of growth is more aligned with the lower
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bound of chapter 4 data; specifically, figure 5.7 shows up to 11% biostabilization
in LGS (week 1) and 9% in gravel (week 4). A reason why the value is towards the
lower one presented in chapter 4 is because of the Yalin method and its
application for box1 to a larger area: in this case and due to the patchy
colonization and erosion, more grains are likely to have been eroded upstream
of the interrogation area A and hence would have entered into the field of view,
increasing the count of moving grains. Sand experiments result always at
threshold for the first applied flow. Notably, gravel reached incipient motion
before the threshold value obtained with the Soulsby and Whitehouse (1997)
equation in the first 3 weeks of growth. This latter point is interesting, and may
be a function of the large scatter of experimental values available in the
literature for the critical Shield’s parameter (Buffington and Montgomery, 1997);
for example similar size sediment comparable to the gravel size presented in
this thesis showed in the literature Shield’s parameter values among 6=0.020 to
e=0.071 (Buffington and Montgomery, 1997).

A clear conclusion from this set of experiments is connected to the limitation of
the Yalin method when applied to patchy growth conditions. Hence, it is
surmised that Yalin is a good method to identify the incipient motion of strong
bio-mats or small colonized areas (e.g. sediment cores) but doesn’t account for
the spatial heterogeneity and, cannot be used accurately to assess the
biostabilization potential in case of a non homogeneous biofilm growth. Hence in
the next section the erosion taking place at the LS will be presented, in order to
stress even further that this process is related to scale and biofilm growth

pattern.

5.4.5 Biostabilization data: relationships between critical shear

stress at entrainment and time of growth — large sc  ale (LS)

Section 5.4.4 has shown that the Yalin criterion works well for box1 in finding a
specific and objective threshold of motion for biotic sediments only in the case
of a strong biostabilization; this is because, if any region upstream the Yalin

tested area A shows patchy biofilm and hence no stability, then the particles in
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this area will eventually enter the FoV recorded by the camera. Hence in
chapter 4 the Yalin technique has been compared and contrasted with an areal
erosion assessment at the LS, done through image thresholding of still pictures
collected at the end of every flow step. The same process has been carried out
in this chapter, with figure 5.8 presenting the results for the percentage area
eroded versus the bed shear stress t, for the four different materials. It was
outwith the scope of this thesis to identify the effect of flow step duration on
erosion; instead the importance was given to the resulting erosion induced by
the increase in 1, due to the different flow steps. Appendix 5.C provides a full
raw data set of the extent of the erosion taking place at the beginning and at

the end of every flow step versus the flow applied.
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Figure 5. 8. Percentage erosion of the LS at the en d of each flow steps vs the relative bed
shear stress for the 4 materials in time. Errors ar e up to 9% for glass material and 5% for
natural sediments and have not been added to the gr  aph for clarity of reading. The trend of
erosion that takes place for box1 is very well appr  oximated by a logarithmic profile. This
was hinted by the results at the LS in chapter 4 (s ee section 4.4.6). The direct result is that
the erosion is exponentially related to the increas e in 7, which is a finding common to many
other cohesive or biotic entrainment thresholds (e. g. Sanford and Maa, 2001).

Figure 5.8 shows that for SGS and LGS the first failure is lower (~-10%) in
correspondence of the first 2 weeks of growth, ~15-25% for gravel and 50-70% for
sand. In case of mature mats for SGS this value increases to ~55% for SGS and
~30% for LGS for mature bio-mat. In case of mature mats over natural sediments,
the initial failure has an extent ranging from ~40% for gravels and more than 90%
for sand. This shows that longer colonization in case of natural sediments

corresponds to lower stability, which is possibly due to the high level of
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nutrients available and hence resulting in higher biomass generated, which is

more likely to get eroded by the flow.

Table 5.5 shows the coefficients of the linear regression for which 7, was
considered as the independent variable and had the form: z,=aln(%Areaerosion)+b
(chapter 4, equation 4, section 4.4.6), which can be fitted to the data presented
in figure 5.8. The relative R? are always higher than 0.73 and in average equal to
0.86, a part for LGS (0.57). This confidently suggests that the areal erosion
process is effectively logarithmic and erosion depends on the scale considered
(in this case 500-1000 x Dsg) and on the growth characteristics. P-values show
that only in the cases of week 1 LGS, and weeks 3 and 4 for sand should the

regression be rejected.

Logarithmic Trend

wi a B R? N | m Se p Intercept | S, p
SGS 0.94 -1.76 | 0.88| 8| 1.06| 0.16 | 0.00 187 | 0.26 | 0.00
LGS 0.82 -046 | 057| 8| 122 | 043 0.03 056 | 0.70| 0.45
Sand 151 -5.29| 096 | 5| 0.66| 0.08| 0.00 3.50| 0.09 | 0.00
Gravel 1.08 -270| 084 8| 093] 0.16| 0.00 250 | 0.27 | 0.00
w2

SGS 0.67 -097| 085| 8| 150| 0.26 | 0.00 145| 042 | 0.01
LGS 1.24 -2.73| 092| 8| 0.81]| 0.10| 0.00 221 | 0.16 | 0.00
Sand 1.76 -6.33| 089| 6| 057| 0.10| 0.00 3.60| 0.13 ] 0.00
Gravel 1.45 -419| 094| 8| 0.69| 0.07| 0.00 2.89 | 0.12 ] 0.00
w3

SGS 0.97 -3.04| 095| 5| 1.03| 0.13| 0.00 3.13| 0.15] 0.00
LGS 1.12 -3.15| 091| 6| 0.90]| 0.14| 0.00 2.82| 0.18 ] 0.00
Sand 19.10 -86.55| 0.77] 3] 0.05| 0.03]| 0.32 453 | 0.02] 0.00
Gravel 241 -847| 073 7| 041]| 0.11| 0.01 3.51| 0.17 ] 0.00
w4

SGS 1.09 -347| 095| 5| 0.92]| 0.12| 0.00 3.19| 0.13] 0.00
LGS 1.39 -429| 084 6| 072| 0.16| 0.01 3.09| 0.21] 0.00
Sand 15.54 -70.03| 085| 4| 0.06| 0.02| 0.08 451 | 0.02] 0.00
Gravel 1.98 -6.29 | 092 8| 050| 0.06 | 0.00 3.17| 0.10] 0.00

Table 5. 5. Coefficient for every material in time  of the logarithmic erosion trend, following
the equation zy=aln(%Area grosion )+b, Where R? is the goodness of the fit, which is in almost
every case higher than 0.73, a part from week 1 of  growth for LGS (0.57). N is the number of
observations, m is the x coefficient in the linear regression and intercept is the intercept of
the linear regression; S and p are respectively the standard error and the p-valu e on m and
intercept . In red are highlighted the p<=0.05. Note that in w3-w4 for sand the value of ais
very high, due to the very steep erosion and curve seen in figure 5.8.

If the strongest weeks of colonization are considered, which from figure 5.8 are
week1 for SGS, sand and LGS and week 4 for gravels, the following values of a
and b were found for the different materials: (i) SGS: a=0.94; b=-1.76; (ii) sand:
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a=1.51, b=-5.29; (iii) LGS: a=0.82, b=-0.46 and (iv) gravel: a=1.98, b=-6.29.
Interesting to notice is that from the coefficients presented above, the erosion
over natural sediments takes place with a higher a (ranging from 1.51-1.98),
meaning that small increments of shear stress 7, will induce larger erosion,
whereas the area eroded in case of the artificial material is very low in the first
3-4 flow steps (see figure 5.8) for then increasing with a more gentile trend then
the natural sediment (a=0.82-0.94).

The logarithmic trend can be rearranged to give the percentage erosion of LS

depending on the bed shear stress 1, as presented below:

Tb_b
a

% Area . on = e( Equation 5. 3

If equation 5.3 is applied to the critical shear stresses at entrainment obtained
using the equation of Soulsby and Whitehouse (1997) (see table 5.4) together
with the coefficients presented in table 5.5, then the percentage erosion at
threshold of motion for abiotic sediment can be obtained as presented below in
table 5.6.

% Erosion at Threshold for
Soulsby and Whitehouse
(1997)
SGS 1w 11.3
2w 9.3
3w 38.9
4w 39.0
Sand 1w 51.1
2w 53.2
3w 96.1
4w 94.4
LGS 1w 7.4
2w 23.5
3w 48.0
4w 51.3
Gravel |1w 48.6
2w 51.0
3w 62.6
4w 50.7

Table 5. 6. Percentage erosion of LS at threshold f  or Soulsby and Whitehouse (1997), using
equation 5.3 and the coefficient vales found intab  le 5.5.
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From table 5.6 almost in every case the biofilm coverage at threshold for abiotic
sediments according to Soulsby and Whitehouse (1997) is about 90% for SGS and
LGS in the strongest week and about 50% in the case of natural sediments and
hence biostabilized. Only for sand (week 3 and week 4) and gravel (week 3) the
erosion took place for almost the whole area: this was related to the very patchy

growth coverage in this colonizing stage.

This section has clearly showed that biostabilization takes place for non-cohesive
sediments and that image analysis can be an alternative to the Sanford and Maa
(2001) approach, which relates mass of eroded material and bed shear stress.
Ideally, if equation 5.3 was appropriately calibrated in natural environments, it
could represent a valuable substitute to invasive assessment of the erosion
characteristic of colonized sediment with benthic flumes or CSM; additionally
here we used open source software (ImageJ) for the image analysis which would
keep the analysis cost effective. However the image segmentation technique
presented herein is useful to assess the portion of the bed that is biostabilized
after a shear stress larger than the threshold for abiotic sediments has been
applied, not for quantifying the mass of material eroded. When the “bio-mat”
was eroded in fact the sediment was entrained immediately and no
biostabilization was experienced for deeper sediment layers. To conclude, this
technique is thought to be particularly successful in the case of biostabilization
of non cohesive sediments, which might be affected by biofilm colonization only

in the first layers at the surface.

Section 5.4.6 correlates the results presented at the LS to the biological analysis
that has been conducted and is intended to verify if any direct relationship

exists.

5.4.6 Erosion at LS and relationship with biomassa  nd EPS

Whilst outwith the original objectives of this engineering-based thesis, it was
considered important to attempt cross-correlation of physical and biological
processes for a more detailed interpretation of the underpinning processes for

the biostabilization of sediment substrata. Thus, table 5.7 correlates some of
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the variables that have been presented so far, which are: i) absolute value of

EPS concentration (not divided by the sample weight); ii) absolute biomass; iii)

time of growth and iv) Biofilm percentage coverage at threshold according to the

Soulsby and Whitehouse (1997), which was for the strongest colonizing weeks -~
90% for SGS and LGS and ~ 50% for natural sediments. Only for week 3 and week

4 sand and for week 3 gravel the biofilm percentage coverage was lower than

these figures. In bold are those values that are considered significant (<-0.8 and

>0.8, that we are going to consider representative of the condition of no

correlation or positive correlation).

EPS Biomass | Growth % Biofilm coverage at
(pg/ml) (mg) Time threshold for abiotic
SGS sediment
EPS (pg/ml) 1.00
Biomass (mg) 0.55 1.00
Growth Time 0.74 097 | 1.00
% Biofilm coverage at
threshold for abiotic
sediment -0.31 -0.96 -0.86 1.00
EPS Biomass | Growth % Biofilm coverage at
(pg/ml) (mg) Time threshold for abiotic
Sand sediment
Biomass (mg) -0.34 1.00
Growth Time -0.91 002 | 1.00
% Biofilm coverage at
threshold for abiotic
sediment 0.90 -0.39 -0.90 1.00
EPS Biomass | Growth % Biofilm coverage at
(pg/ml) (mg) Time threshold for abiotic
LGS sediment
Biomass (mg) -0.68 1.00
Growth Time -0.45 083 | 1.00
% Biofilm coverage at
threshold for abiotic
sediment 0.47 -0.92 -0.97 1.00
EPS Biomass | Growth % Biofilm coverage at
(pg/ml) (mg) Time threshold for abiotic
Gravel sediment
Biomass (mg) 031 1.00
Growth Time -0.29 059 | 1.00
% Biofilm coverage at
threshold for abiotic
sediment 0.36 0.47 -0.35 1.00
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Table 5. 7. Correlation values among absolute EPS (  pg/ml), biomass (mg), growth time, %

biofilm coverage at threshold for biotic sediments. Values close to 1 correspond to a good
correlation whereas 0 value indicates no correlatio n and negative values indicate an inverse
correlation. In bold the most significant values of the analysis.

General trend: for every material, a part from gravel, there is a strong
relationship among the percentage coverage and one of the variables analyzed
(EPS, Biomass or Time of Growth). For SGS, sand and LGS the biofilm coverage is
inversely correlated to the time of growth: this stresses again the concept that
for longer culture time the biofilm grows in a patchier structure (see section
5.4.5).

Percentage coverage and EPS: biofilm coverage is positively correlated to EPS
only for the case of sand sediments; however for sand in the last 2 weeks of
growth, the coverage is low and so is the concentration of EPS. In all the rest of
the cases the value is too low to state any relationship; hence in this study I
don’t find a direct link among biostabilization and EPS presence, although from
looking at the microscope images, it can be stated that EPS represent the key

parameter which allows bacteria to attach to surfaces.

Percentage coverage and Biomass: In all cases apart from gravel, the percentage
coverage is inversely related to the biomass concentration; in the case of
artificial sediment this relationship is very strong (>-0.9). Hence, in a perfect
condition as the incubation flume with unlimited nutrient supply, the case of
early stage biofilm allowed generating a very strong biostabilization potential.
Instead, for more mature bio-mats, hence with more biomass, the
biostabilization strength decreased, possibly because the large biofilm
accumulation resulted less compact and more prone to erosion even during

growth.

Thus, whilst this thesis provides a brief foray into the biological processes
thought (from the literature) to be responsible for biostabilization, the outcome
of this analysis is that there is no consistent or clear relationship among
biological variables, time of growth or biostabilization potential. This clearly
shows that is very difficult to relate erosion characteristics to biological
variables without a more detailed approach into microscopic processes of biofilm

structure, abundance etc.
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To stress even more the fact that biostabilization was reached for non-cohesive
sediments, section 5.4.7 will present the result on the modification of the flow

field after colonization using particle imaging velocimetry (PIV).

5.4.7 PIV results

According to the set up conditions presented in chapter 3, section 3.6.2.2 and
following the methodology presented in section 5.3.2 a series of 2000 images
were collected for every flow step and they underwent post processing using the
software Dynamic studio. It should be highlighted that PIV analysis was not
intended as the focus of this thesis, rather to provide better understanding of
the processes underpinning biostabilization; hence, full analysis of all possible
turbulence statistics was considered extraneous to the thesis and this chapter
focuses specifically on only three variables; (i) flow velocity in the downstream
(U) and vertical components in the centre of the flume (V); (ii) roughness length
(zo) of the bed to infer smoothing/roughening due to biofilm growth, as obtained
from the Law of the Wall (see chapter 2, section 2.2.2.3); (iii) bed shear stress
(zp) as derived from velocity profiles. This produced a large data set that was
scrutinized for data quality and relevance to entrainment threshold data
provided earlier in this thesis. Specifically two truncations of the data set were

applied:

1. For sand size sediments the first flow step employed (1.6l/s) was already
at threshold of motion for abiotic sediments, thus degradation of the bed
during the experiment resulted in it progressively exiting the FoV by the
third flow step employed (3.6l/s); this can be seen in figure 5.9 (A for
flow 1.6l/s and B from 3.6l/s). As a zero bed level is critical to velocity
profile examination, then only the first 3 flow steps (1.6l/s, 2.6l/s and

3.6l/s) will be analyzed in this chapter.

2. For gravel size sediments the results are presented for the first four flow
steps (1.6l/s, 2.6l/s, 3.6l/s and 5l/s). Subsequent to this the quality of
the images collected became poor due to increasing turbidity and

excessive scatter of the laser by: (i) the addition of seeding material and
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wash-off from the side-walls; (ii) entrainment/suspension of biofilm into
the flow. For flows higher than 5l/s 5-60% of flow vectors were classified
as “wild” and could not be considered representative of the hydraulic
conditions taking place. An example of the bad seeding can be seen in
figure 5.9C.

Sediment Bed

Image size: L000%344 (120,8), B-bits
Index: 1; Acglndex: 1; Tire starmp: 0.000 5

TR T LTy LLy LT T L LET L L L L LT CLTE L Lt ReLEs L L L L TIELtt L LI LI TEI
2 18 20 24 28 32 3% 40 44 48 5 56 6D mm 6

Irmage size: 1000x512 (120,0), &-bits
Index 1; Acgindex: 1, Time stamp. 0.000 s
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Figure 5. 9. Abiotic SGS: For 1.6l/s and for 3.6l/s . A) the bed is in the FoV (up to 4mm) but
erosion is taking place; B) the bed is eroded and h ~ ence some seeding particles are outside
the FoV; this makes the identification of the zero level of the velocity profile impossible to

obtain; C) Example of bad seeding starting from 71/ s for 3weeks of growth gravel.
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PIV analysis will offer high resolution, directly-measured data local to the FoV as
appropriate to robust analysis of the hydraulic variables. Thus, it is considered
more appropriate to employ the PIV-based analysis of bed shear stress in the
present chapter, rather than the reach-average estimates employed in the UF-

based methodology used in previous sections of this thesis.

In the next section the results obtained from the data processing undertaken
according to chapter 3, section 3.6.2.2 will be presented. In particular section
5.4.7.1 will introduce the results for the strongest colonization weeks for every
material compared to the abiotic condition. Section 5.4.7.2 will introduce the
analysis of the roughness modifications and section 5.4.7.3 will present the bed

shear stress 1, variations induced by the biofilm presence.

5.4.7.1Comparison of flow characteristics among st rongest

weeks of growth and abiotic sediments

After seeing the LS results (section 5.4.6), it was evident that stronger
biostabilization took place for the fixation stage and lower stability compared to
the fixation stage was achieved for the more mature biofilm growth stage. In
particular the largest biostabilization potential was experienced for: i) SGS:
week 1; ii) sand: week 1; iii) LGS: week 1 and iv) gravel: week 4. In this section,
the time average results obtained by post processing the PIV data will be
presented and they include: mean longitudinal velocity U, mean vertical velocity
V, standard deviation of U or standard deviation of V. Moreover, a spatial
average of the data obtained across the FoV is provided for abiotic and biotic
substrata, with all raw data of flow statistics for each flow step found in
Appendix 5.E. When reviewing the flow field data in this section the cautionary
note is reiterated (and later discussed) in that abiotic sands and LGS were
already at threshold in the lowest flow step employed, whereas gravels were

immobile.

For SGS figure 5.10 and figure. 5.11 show the flow field for abiotic and biotic (1

week) sediments for 1.6l/s and at the higher flow rate (3.6l/s); this latter flow
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rate applied a bed shear stress ~150% that of the critical value for abiotic

entrainment.

EIDET" 0.052 0077 0101 0126 0151 0176 0201 0225 0250 0275 0300 0.324 0348 0.374

: Stdev V

Figure 5. 10. SGS at 1.6l/s: A) U abiotic sediments; B) U 1 week of growth; C) V abiotic
sediments; D) V 1 week of growth; E)Standard Dev  V abiotic sediment; F) Standard Dev V1
week growth. (Scale on the x direction equal to 60m  m). Note that the grey zones coincide
with the presence of a mask to remove the bed from the image-processing region. (Flow

from left to right).
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Figure 5. 11. SGS at 3.6l/s: A) U abiotic sediments; B) U 1 week of growth; C) V abiotic
sediments; D) V 1 week of growth; E)Standard Dev V abiotic sediment; F) Standard Dev V1
week growth. (Scale on the x direction equal to 60m  m). Note that the grey zones coincide
with the presence of a mask and hence the bed was v isible. (Flow from left to right).

SGS data in figure 5.10, at low flow, very little difference is observed in the
velocity components U and V, except that the U component shows more depth-
variability in the near boundary region of the abiotic bed; likely a facet of higher
boundary roughness. However, the standard deviation of V does provide insight
into biotic “clogging” of the pores. Specifically, over the abiotic bed seven

highly local regions of high standard deviation are observed ~4mm above the
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masked region of the bed which would suggest upwelling/downwelling into local
clean pore spaces. Such variability does not occur following biotic growth;
instead the standard deviation exhibits lower values more uniformly across the
boundary and lower 20% of the depth. In figure 5.11 (and Appendix 5.E), it is
clearly visible that the downstream velocity U is faster over biotic substrata than
for abiotic sediments. Specifically, in case of 3.6l/s flow rate data show that
space and time averaged U increases from 0.34m/s to 0.41m/s (+22%) after 1
week of growth (figure 5.11). It is logical that this is related to reduced
roughness of the bed during bio-mat growth; i.e. clogging of pores and coating of
grains. The smoothing reduces the energy losses by overcoming resistance and
allows both a faster flow and a decrease of boundary layer turbulence. This is
visible from the vertical velocity V data (figure 5.11 D-F): firstly, abiotic
sediments show well-defined ejections and inrushes of fluid flow (figure 5.11C)
in the outer region with velocities +0.04m/s; the range of velocity reduces in
case of the biotic sediments (from -0.026 to 0.010), which corresponds to a
decrease in maximum V of about ~72% and an increase in minimum of 42%(figure
5.11D), equal to a 56% decrease in range of V values compared to abiotic
sediments; secondly, the range of the standard deviation of the vertical velocity
component V significantly reduces (32%) from abiotic to biotic sediments,
showing that in the outer layer the variation of V was almost uniform. Three
explanations are viable here: firstly it is a by-product of bed smoothing and
accelerating downstream flow (reducing vertical exchange); secondly, pore-
clogging of the bed by the biofilm reduces upwelling/downwelling at the
boundary; thirdly, observations note that the biofilm vibrates/flutters under the
applied fluid forces acting at the boundary perpendicular to the surface of

attachment to, possibly, extract energy and damping the vertical flow field.

In case of sand, results are shown in figure 5.12 for week1 (strongest colonizing
week) at threshold of motion for abiotic sediments (1.6l/s) and in figure 5.13 for
a higher flow step (3.6l/s), which was ~100% more bed shear stress 1, than the

clean sediment entrainment threshold.
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Figure 5. 12, Sand at 1.6l/s: A) U abiotic sediments; B) U 1 week of growth; C) V abiotic
sediments; D) V 1 weeks of growth; E) Standard Dev V abiotic sediment; F) Standard Dev V
1 week growth. (Scale on the x direction equal to 6 0mm). Note that the grey zones coincide
with the presence of a mask and hence the bed was v isible. (Flow from left to right).
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Figure 5. 13. Sand at 3.6l/s: A) U abiotic sediments; B) U 1 week of growth; C) V abiotic
sediments; D) V 1 weeks of growth; E) Standard Dev V abiotic sediment; F) Standard Dev =V
1 week growth. (Scale on the x direction equal to 6  0mm). Note that the grey zones coincide
with the presence of a mask and hence the bed was v isible. (Flow from left to right).

Sand data show for both 1.6l/s and 3.6l/s slower average values of U
(respectively a decrease of 8% and 22%) and the outer layer becomes more
homogeneous in case of the biotic sediments (figure 5.13B), with the bands of
similar velocity getting wider compared to abiotic sediments. These data are
interesting, as they are counter to those found in the SGS data; thus, the higher

biomass of biofilm grown over sands may be increasing hydraulic roughness due
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to different “bioform” (i.e. the macro-scale architecture of the biofilm). Based
on the biomass information, it may also be that thickness of the mat may
therefore be greater over sand so as to enhance fluttering and energy extraction
from the flow; however, intuitively less variability in U would also reflect (to

some degree) reductions in the fluctuation of V (figures 5.12D and 5.13D).

The most interesting finding is again the homogeneity of V, with a decrease in
range values of V of 92% for 1.6l/s and 65% from 3.6l/s. These values are higher
than the 56% reduction in range of V found for SGS, showing that the key effect
over natural sediment is the homogenization of the vertical velocity V. This
could be possibly due to the extraction of turbulence induced by the vibrating
membrane on the boundary layer or by the extraction of energy due to the
contact with the biofilm growing on top of the sediments and vibrating in the
flow. Both the cases presented seem to suggest that for sand size sediment the
presence of a strong biostabilization potential homogenize the vertical velocity,

which suggests that less turbulence is generated.

The same type of analysis was then carried out for coarser substrata.
Specifically, LGS for 1 weeks of growth is discussed below, which provided the
maximum biostabilization. Figure 5.14 presents the flow field at 1.6l/s, which
was already at threshold for abiotic sediments, whereas figure 5.15 presents the
subsequent results at a higher flow rate (3.6l/s), which was equal to ~10% more

Tp.
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E: St dev U F: Stdev U

Figure 5. 14. LGS at 1.6l/s: A) U abiotic sediments; B) U 1 weeks of growth; C) V abiotic
sediments; D) V 1 weeks of growth; E)Standard Dev U abiotic sediment; F) Standard Dev U 1
week growth; G)Standard Dev V abiotic sediment; H) Standard Dev  V 1 week growth. (Scale
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on the x direction equal to 60mm). Note that the gr  ay zones coincide with the presence of a
mask and hence the bed was visible. (Flow from left to right).

T

A e B: U

F: Stdev U

G: St dev.V
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Figure 5. 15. LGS at 3.6l/s: A) U abiotic sediments; B) U 1 weeks of growth; C) V abiotic
sediments; D) V 1 weeks of growth; E)Standard Dev U abiotic sediment; F) Standard Dev U 1
week growth; G)Standard Dev V abiotic sediment; H) Standard Dev  V 1 week growth. (Scale
on the x direction equal to 60mm). Note that the gr  ay zones coincide with the presence of a
mask and hence the bed was visible. (Flow from left to right).

LGS data show for U a trend similar to that of sand sediments. Importantly,
figure 5.15 (3.6l/s) was affected by partial entrainment of the biotic
substratum, thus resulting in little distinction between the abiotic and biotic
data; hence, analysis herein focuses on the 1.6l/s biotic growth. At this lower
discharge, the average downstream velocity U (see Appendix 5.E) is slower over
biotic sediments than abiotic one for 1.6 /s (8% less). Again, the range of U
values is reduced in figure 5.14B, showing that the presence of the biofilm
homogenizes the downstream flow velocity (either by membrane vibration
and/or as a facet of damping of the V component of the fluid flow). Looking at
the vertical velocity V, 1.6l/s (figure 5.14C, D) show a reduction in the range of
the velocities from abiotic to biotic conditions (17%); whereas no great
difference can be seen for 3.6l/s flow step. This value is lower than the
reduction of V experienced for SGS (56%) and sand (from 65% to 92%). The
standard deviation of V is slightly increasing for biotic sediments compared to
abiotic condition (see figure 5.14H and 5.15H): this could be because erosion
was taking place in some regions of the FoV. More interesting was the result
obtained for the standard deviation of U (figure 5.14 E, F and figure 5.15 E, F).
The standard deviation of U for 1.6l/s decreases of 14% from abiotic to biotic
sediments. This can be explained again due to the more limited range of values

of U experienced for biotic sediments.

Similarly, figure 5.16 and figure 5.17 show equivalent data for gravel beds at 4
weeks of growth at 1.6l/s and 5l/s, which was the threshold of entrainment for

abiotic gravels (~10% more 1).
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F: St dev U

H: Stdev V

Figure 5. 16. Gravel at 1.6l/s: A) U abiotic sediments; B) U 4 weeks of growth; C) V abiotic
sediments; D) V 4 weeks of growth; E)Standard Dev U abiotic sediment; F) Standard Dev U 4
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week growth; G) Standard Dev V abiotic sediment; H) Standard Dev  V 4 week growth. (Scale
on the x direction equal to 60mm). Note that the gr  ay zones coincide with the presence of a
mask and hence the bed was visible. (Flow from left to right).
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Figure 5. 17. Gravel at 5l/s: A) U abiotic sediments; B) U 4 weeks of growth; C) V abiotic
sediments; D) V 4 weeks of growth; E) Standard Dev U abiotic sediment; F) Standard Dev U
4 week growth; G) Standard Dev V abiotic sediment; H) Standard Dev  V 4 week growth.
(Scale on the x direction equal to 60mm). Note that the gray zones coincide with the
presence of a mask and hence the bed was visible. ( Flow from left to right).

Gravel data. Looking at Appendix 5.E, a decrease in U over biotic substrata is
~5% in both discharges applied. Although this change in spatially averaged
velocity is not very large, it is evident from the figure 5.16B and figure 5.17B
that the bands of flow velocity in the case of biotic sediment become wider
showing reduced standard deviation (29% lower for 1.6l/s and 22% for 5l/s) of
the downstream flow velocity. The vertical velocity range V range, especially for
the threshold condition 5l/s, reduces over biotic sediments by up to 10% (this is
similar to the 17% value of LGS). Finally, looking at the standard deviation of V it
is again very clear that the range of values is smaller than that of abiotic
conditions and in particular from Appendix 5.E it is clear that for 5l/s there is up

to a 32% decrease of the standard deviation over biotic sediments.

SUMMARY: When considered overall, the PIV results show that biofilm

development over a non-cohesive coarse substratum causes the following:

* Reduction in the mean downstream velocity (U) by 5-22%; this is
intriguing, as biofilm is seen to smooth the bed surface which would be
expected to show acceleration. As this effect is seen in the natural
materials of sand and gravels, it may be a facet of higher biomass and
thus development of thicker and/or rougher bio-form (architecture of the
biofilm surface) due to nutrients being present on natural grains and
larger pore spaces (e.g. LGS) possibly enhancing the vertical aspect of
growth. This would increase very local flow path lengths over the biofilm
surface to augment boundary resistance in a manner observed by Battin et
al. (2003) in biofilm surface “sinuosity”. In addition, the observations of
biofilm “flutter” are noted in these beds and, due to the physics of
constructive wave interference, such oscillations may extract energy

locally from the flow field.

» The exception to the above is SGS, which indicates a small degree of

acceleration (+22%) in the U component of the flow field. As biomass is
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low and pore sizes small, this may represent development of just a very
thin and very smooth biofilm with pore clogging. This manner of smooth,
homogeneous mats would reduce boundary resistance to accelerate flow;
however, it is noted that some degree of membrane flutter can still be
noted here and may act to self-limit the acceleration capability of the

flow.

The widening of the band of similar downstream velocity (i.e. the
standard deviation of U) is also noted and will directly affect the bed
shear stress, according to the fundamental definition z,=pdU/dy, where
for which smaller oU will induce lower values of z,. Thus, further review is

undertaken in section 5.4.7.2.

Clear evidence that vertical velocities are reduced by up to 72% following
biofilm development. This reflects: (i) pore clogging so as to reduce
upwelling/downwelling at the boundary; (ii) wave interference processes
as membrane oscillations deflect the membrane vertically so as to
“damp” vertical velocities. Crucially, it does seem that the boundary
effects are not constrained to the inner region of the flow, but also
impact the outer region flow structures to reduce vertical flow exchange
in the upper layers of flow. This has important implications for nutrient
exchange between fluid layers and between substratum-flow for river

systems, as the flow is essentially more “laminar”.

Emerging trend for reduced standard deviation of downstream flow field
component pertaining to a more homogeneous flow field. This also means
that over a biotic bed the ejection and sweeps are more likely to be
attenuated and follow a similar trend to that of a smoothed bed (Hardy et
al. (2009); chapter 2, section 2.2.2.2), where the angle of the burst is

reduced.

Generally a strong relationship between biofilm development and lower
range of standard deviation of the V component is found (reductions of up
to 32%). This indicates damping of flow turbulence in the vertical, which
is considered reflective of one or more of the following processes: (i)

biological clogging of pore spaces reducing surface/subsurface exchange;
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(ii) biofilm “fluttering” perpendicular to the plane of attachment, thus

extracting energy and damping vertical flow fluctuations.

Given the above, Law of the Wall analysis was applied to the flow data to
ascertain whether the boundary was smoothing during growth (zp) and provide
local shear stress data 7, (considered more accurate than depth-slope averages

employed in section 5.3.1).

5.4.7.2 Roughness values obtained applying the Law of the Wall

The double average technique of Nikora et al. (2001) was applied to our dataset:
this, by averaging in time and in space, allows creating a single velocity profile
representative of the hydraulic conditions taking place in the entire FoV
analyzed. The time averaging technique, if applied over a long period of time
(e.g. minutes, as in the conventional pulsed PIV systems) could mean that at
threshold the flow structure around a biofilm eroding might be lost. In my case,
since | was using a time resolved PIV | did not experience this problem and the
time average was performed over time intervals smaller than 10 seconds. At this
point the Law of the Wall (see chapter 2, section 2.2.2.3) was applied to each
space and time averaged velocity profile. Values of the hydraulic roughness z
and of the bed shear stress 7, at every flow step could be acquired, as shown in
table 5.8. Importantly, the double average approach eliminates the time-
variability of any membrane fluttering of the zp; hence simplifies the hydraulic

analysis herein.
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SGS zy (mm)

Flow (I/s) Clean wl w2 w3 w4
1.6 1.16 0.36 0.26 2.10 0.09
2.6 1.79 0.63 0.18 1.89 0.28
3.6 348 | 044 0.73 0.02 3.31

Sand z, (mm)

Flow (I/s) Clean wil w2 w3 w4
1.6 2.99 0.41 1.08 1.19 0.00
2.6 0.85 0.50 1.11 1.61 4.08
3.6 1.74 | 3.31 1.61 0.94 4.88

LGS zg (mm)

Flow (I/s) Clean wl w2 w3 w4
1.6 1.35 0.59 2.09 0.00 1.35
2.6 1.92 1.21 2.58 1.61 3.14
3.6 5.81 2.39 4.24 6.28 6.55
5 0.94 4.99 4.65 2.27 1.54

Gravel zo (mm)

Flow (I/s) Clean wl w2 w3 w4
1.6 2.80 1.16 0.87 2.25 0.17
2.6 5.72 4.73 3.87 2.55 0.60
3.6 9.33 5.58 7.55 4.76 1.21
5 12.96 4.80 7.19 3.67 5.51

Table 5. 8. Hydraulic roughness  z, (mm) calculated from the law of the wall for doubl e
average flow information at every flow step. Shaded cells show increases in roughness
value; observations note that these occurred where the PIV FoV was localised over an
unstable small area of substrata where entrainment threshold had been exceeded. In red,
the strongest biostabilization conditions.

Looking at table 5.8, it is evident that each bed shows more than an order of
magnitude of smoothing during biofilm growth, with minimum roughness values
showing perfect smoothing (zo ~ Omm) for all biotic substrata. The differences
between %-change data were similar for all substrata, so no clear material
difference could be found. However, examining table 5.8 in detail does suggest
that the absolute values of z, tend to remain higher for biotic coarser substrata,
in particular gravels; this is either a facet of the relative thickness of biofilm to
initial roughness length (as highlighted earlier in chapter 5) or a function of bio-
form being rougher over gravels due to maybe different growth orientations over
the larger pores. Critically, in analysing table 5.8 it should be remembered that
PIV data FoV was less than the area of planform observation used for areal
erosion examination. Thus, the spatial patchiness of biotic substrata stability
becomes important, and shaded cells in table 5.8 reflect data sets where PIV
data appears localised to an unstable patch. Here entrainment threshold may

have been exceeded and roughness lengths were therefore unreflective of biotic
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coating. Therefore, analysis of this section considers the strongest
biostabilization weeks (highlighted in red) as presented in section 5.4.7.1.

Hence:

Hydraulic roughness zp: In general two key points are highlighted from table 5.8.
Firstly, all strong biotic beds with high biostabilization potential indicate
roughness values less than abiotic beds for flows up to and including entrainment
threshold. In particular the strongest biostabilized beds showed hydraulic
roughness 56%-94% less than that of the equivalent abiotic substrata. In the case
in which the roughness was increased compared to abiotic condition (see shaded
cells in table 5.8) it is clear that for this flow rate the sample was for large part
eroded and hence subject to transport that might have caused the high
roughness to occur. Secondly, coarser substrata (a part from gravel in week 4)
indicate slightly less smoothing than finer substrata which is indicative of the
relative dimension of the sediment to the biofilm coating (i.e. for a sand grain a
biofilm coating is “thick” relative to the size of the grain, and vice versa for

gravel).

In the next section, the same analysis carried out for zp will be applied to the

bed shear tress 1.

5.4.7.3 Bed shear stress values obtained applying the Law of the
Wall

The double average technique of Nikora et al. (2001) coupled to the Law of the
Wall (chapter 2, section 2.2.2.3) was applied to each space and time averaged
velocity profile. Values of the bed shear stress z, are shown in table 5.9.
Important to note is that these value are more precise than the depth average
analysis presented before and hence will generate a better insight into the flow

modifications induced by the biofilm presence on the bed.

163



SGS 1, (Pa)

Flow (I/s) clean wl w2 w3 W4
1.60 0.95 0.62 0.80 0.79 0.35
2.60 1.13 1.19 0.80 1.55 0.56
3.60 1.38 | 0.98 1.29 0.21 1.81
Sand 7, (Pa)
Flow (I/s) clean wl w2 w3 w4
1.60 1.55 0.60 0.99 0.89 0.01
2.60 0.91 0.78 1.00 1.47 2.00
3.60 1.41 | 1.53 1.20 1.03 2.57
LGS 7, (Pa)
Flow (I/s) clean wl w2 W3 w4
1.60 0.79 0.47 1.22 0.02 0.94
2.60 2.02 0.83 1.87 1.13 2.22
3.60 3.39 1.58 2.52 3.36 3.39
5.00 1.17 2.08 2.16 1.95 1.95
Gravel 7, (Pa)
Flow (I/s) clean wl w2 W3 w4
1.60 1.71 0.77 0.54 0.55 0.31
2.60 3.53 2.47 1.80 0.84 0.64
3.60 479 2.62 3.45 1.87 0.82
5.00 5.51 3.28 3.30 2.37 2.31
Table 5. 9 Bed shear stress 7, values (Pa) calculated from the law of the wall for double
average flow information at every flow step. Shaded cells show increases 1, value;
observations note that these occurred where the PIV FoV was localised over an unstable
small area of substrata where entrainment threshold had been exceeded. In red, the

strongest biostabilization conditions.

Bed shear stress tp: generally values of the bed shear stress resulted decreased
compared to abiotic values at the same flow step; there was very little
difference in the order of magnitude of shear stress reduction between material
types; however the following hierarchy was noted at the lowest flow step
(1.61/s) SGS (34%) < LGS (41%) < sand (61%)< gravel (82%). This explains what has
been seen in section 5.4.7.1, with the bands of similar velocity becoming wider
and wider over biotic sediments and hence reducing the bed shear stress 7.
Moreover, the reason why the decrease in bed shear stress 7, is more evident for
natural sediments depends on the fact that these are a rougher abiotic substrata
compared to spheres and the presence of the bio-mats allowed to decrease
significantly the irregularities of this surface and decreasing the resulting

turbulence.

This again shows that the biofilm presence induced lower shear stress for

colonized sediments in the case of strong colonization: the effect could be due
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to the bio-mats, which because of their large density and consistency might have
been allowed to flutter in the flow and hence to extract energy from it. More in
depth analysis of this effect will be investigated in chapter 6 and chapter 8,
where mechanical investigation of the bio-mat properties will be taken into
consideration in the first chapter and a model considering the interaction of

flow, sediments and bio-membrane will be suggested in the latter.

5.5 Chapter summary

Looking at the Hypothesis stated in section 5.2 it is possible to state that:

1. Colonization: it is evident that testing of larger-scale boxes (1m) with
improved environmental set-up provides more natural bio-mat growth
across all substrata (compared to that of chapter 4); thus, under the low
shear stresses employed during growth in the present thesis bio-mats are
the dominant biological growth form over sand and gravel beds.
Specifically scales of 500-1000x grain diameter are considered appropriate
for analysis of grain-scale entrainment analysis, as this scale permitted
observation and analysis of spatial heterogeneity of biostabilization
(which is evident in the field, Paterson personal communication); this
permitted consideration of areal patchiness influence on entrainment
threshold definition and indicated reduced growth time to maximum

biostabilization of samples.

2. Biostabilization potential: was higher than what experienced in chapter 4
also for gravel size sediments; in particular it was clear that
biostabilization depends on scale of growth (see section 5.4.5) and is
strictly related to the time of growth and the relative patchiness that
could depend on it. Strongest stability was found for SGS, sand and LGS in
the first 2 weeks of growth, whereas for gravel sediment the strongest
week coincided with week 4 of growth. This clearly indicates that river
systems of even short periods of low/constant flow will be susceptible to

biofilm development and significant biostabilization potential.
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. Biological factors: no clear relationship could be found between biofilm
coverage (and hence biostabilization) and biological factors such as
biomass and EPS (See section 5.4.6). As a detailed biological analysis of
other variables (e.g. abundance, biological architecture) was outwith the
scope of an engineering thesis, further research by microbial ecologists is

recommended.

. Entrainment threshold definition: In section 5.4.5 it is shown that the bed
shear stress 7, can be related to the percentage erosion of the box by an
exponential relationship depending on time. If equation 5.3 was
appropriately calibrated in natural environments, it could represent a
valuable substitute to invasive assessment of the erosion characteristic of
colonized sediment (e.g. benthic flumes or CSM). Moreover chapter 5
together with chapter 4 have demonstrated that the Yalin technique is
effective in case of small samples but becomes less effective if the scale
of culture is larger and hence patchiness takes place. This is because the
techniques focuses on a very small scale and does not account for the

behaviour of the remaining sample.

. Flow velocity & turbulence: no clear change in the downstream velocity U
was experienced in strong biotic beds, apart from SGS, for which the
clogging of the pores might have meant a complete smoothing of the bed
and hence a faster velocity. Interesting is that the standard deviation of U
and V result lower over strong biotic beds than abiotic sediments. This is a
result of the homogenization of the flow field and hence of the reduction
of the turbulence (damped) due to biofilm growth (clogging and fluttering

speculated).

. Roughness: strong biostabilized bed have indicated to reduce significantly
the hydraulic roughness of the substratum in a range going from 56% up to
94% less than the equivalent abiotic substrata; this has great importance

on the turbulence generating on top of the bed.

. Shear stress at boundary: The bed shear stress 7, was clearly reduced as
well due to the smoothing of the bed and thanks to the more

homogeneous velocity field experienced over strong biostabilized beds. In
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particular the reduction went from 34% for SGS 3.6 /s to 82% for gravel
1.6l/s. The Law of the Wall has shown to be a much more detailed
method to apply on space and time averaged velocity profile if detailed
flow characteristics are wanted. However, this is quite a lengthy process
of data collection and analysis and it could not be applied for all the flow
steps analysed (see section 5.4.7); hence the depth-slope equation was a
good quick approximation of the flow characteristics, which could yield

preliminary results on the erosion characteristics.

Thus, the findings of chapter 5 show that bio-mat development clearly alters
flow and sediment dynamics of an environmental boundary and discussion of
these interactions and processes are elucidated further in chapter 7 (with
reference to the literature). One factor implicit to this is the conclusion of
inapplicability of conventional models of sediment transport (based on the
concept of single particle moving) for predicting the entrainment threshold
of bio-mat/carpeted sediments (where the entrainment dynamics and nature
of the shear stress are both moderated by the bio-mat). When this difference
of entrainment mechanics is considered alongside the failure of chapter 5
data to resolve the biological controls on biostabilization, there appears need
to further review the bio-mat internal strength. At a macro-scale (cm-scale)
level, this seems an engineering “material” consideration, appropriate to the
present thesis. As no assessment of the mechanical characteristics of bio-mat
failure appears present in the literature, it is possible that definition of
elastic strength may be beneficial to implementation of mathematical
modeling such that entrainment threshold/erosion could be associated to the
strength of the membrane, which was defined as a composite material
comprised of biofilm and embedded sediments. Membranes were evident at
strong biostabilization stages and they sheltered and protected the sediment
below, until the point in which the shear stress induced a break in the mat;
what followed was a “carpet” like erosion, which left the previously covered
sediments free to be eroded. This argument is therefore developed in
chapter 6, based on quantifying the additional elastic force acting on a single
grain due to the presence of the biofilm and EPS. Integration of chapter 5

and chapter 6 information will be given in the Discussion chapter (chapter 7)
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and a suggestion for a model accounting for this force will be made in the

Future Recommendations (chapter 8).
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CHAPTER 6

Biofilm Mechanical Properties

“A scientist discovers that which exists.
An engineer creates that which never was.”

Theodore von Karman

6.1 Introduction

This chapter investigates the importance of the biofilm “material” from a
mechanical point of view. Although biofilms are prevalent in almost all moist
and wet environments, very fragmented and situation bound information are
available on the properties of cell-cell cohesion and biofilm adhesion to
different surfaces. This makes the modelling of biofilm erosion and sloughing
fraught with uncertainties. The majority of previous studies focus on the nano
and micro-scale properties of biofilm (See section 6.2 for a review) in waste
water treatment application. In the case of large bio-mats in marine and riverine
environments very few papers investigate the bulk property of biofilm at the

cm?-m? scale (section 6.2).

Thus, in this chapter the focus was on measuring the bulk properties of biofilm-
only and biofilm coating sand size sediments, in a way that was believed useful
to increase our knowledge on the processes of erosion of these bio-mats under
shear flow. In chapter 4 and chapter 5 it has in fact been demonstrated that for
sand size sediment the erosion of mature bio-mats takes place as a “carpet”;
this induce to think that the mats have an elastic strength, which will fail at a
certain point under the fluid shear. This failure mechanism is very similar to

what takes place during a traditional tensile test. Hence in this chapter it will be
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demonstrated that the cohesive strength (section 6.3- section 6.6) and Young’s
modulus of elasticity of moist bio-mats can be measured using tensile testing,
with the condition that strong filamentous bacteria need to comprise the
biofilm. Tensile testing has never been used to investigate the bulk property of a
self sustaining biofilm; due to its fragile nature many researchers have deemed
this extensively used engineering technique as inappropriate (Aggarwal et al.,
2010). Only one team (Ohashi et al., 1999) has successfully used this method for
obtaining bulk property of a fragile biofilm but growing this on tubes and testing
the strength of the adhesion at the junction (see section 6.2). | instead showed
that, if the structure of the biofilm is strong, which means having filaments
entangled and creating more strength, then tensile testing can be used to
acquire measurements of the Young’s modulus of elasticity (E). This innovative
way of testing bio-mats is straightforward because it allows use of a commercial
load cell without the need to customize any porously built testing equipment;
yet it can improve dramatically our knowledge on the material properties, which
are desperately required for parameterising new mathematical models of bio-

mat breakage.

To my knowledge the testing of bulk biofilm properties at a large scale using a
commercially available instrument (Tinius Olzen 5N Tensile Tester) has never
been attempted before in research; this is why the results in this chapter have
been recently published in the journal of Biotechnology and Bioengineering
(Vignaga et al., 2011). The results presented herein aim to modify many of the
available engineering models of sediment transport for sand sizes and smaller, as

will be briefly presented in chapter 8 in the future refinements section.

However, for fine gravel size sediments, which do not experience the formation
of bio-mats, | intended to raise the awareness that biofilm presence might
anyway affect the behaviour of such sediments size. In fact biofilm can change
the non-cohesive properties of the sediments due to its adhesive nature. By
using a very simple adhesion test (see section 6.7) | will show that under fluid
shear gravel might experience an increased cohesion due to the colonizing
biofilm. This has the scope to induce researchers to evaluate for the first time
the possible effects that biofilms might have on larger sediments, a topic that

has been completely neglected in the literature up to now.
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6.2 Mechanical and elastic properties of biofilms

Biofilms can be both positive, such as in bioremediation (Paul et al., 2005;
Fernandez-Luqueio et al., 2011), metal immobilization (Cox et al., 1999; Van
Hullebusch et al., 2003) and biostabilization of mobile substratum (e.g. Paterson
1997; Black et al., 2002), or negative, for example, in biofouling of
infrastructure or ship hulls (Little et al., 1997; Schultz and Swain, 1999; Teng et
al., 2008; Andrewartha et al., 2010). Wastewater treatment is a prime example
of the importance of biofilms. In this field the mechanical properties of biofilm
have largely been investigated by researchers in order to avoid sloughing and
erosion, in order to keep the cost of the water-treatment plants low. The
mechanisms that induce biofilm detachment are complicated to define and to
model (Stoodley et al., 2001; Ahimour et al., 2007). This is because it is difficult
to obtain mechanical properties of biofilms without disrupting the inherent
structure of the microbial assemblages. As particular attention is afforded to
analysis at scales of specific engineering relevance (Poppele and Hozalski, 2003;
Aggarwal et al, 2010), the majority of papers consider detachment mechanics at
the micrometer scale (e.g. Poppele and Hozalski, 2003; Ahimou et al., 2007;
Aggarwal et al, 2010) as appropriate to the detachment scales of 25-200pm
found for wastewater treatment applications (Zahid and Ganczarczyk, 1990).
Many of these experimental studies have used a well know bacterium
Pseudomonas aeruginosa, which forms biofilms with a consistency akin to that of
a weak gel (Korstgens et al., 2001; Poppele and Hozalski, 2003 and Aggarwal et
al. 2010). The inherent fragility of those biofilms has led researchers to design
delicate and sensitive analysis techniques to measure the cohesive strength at
the micro-scale. Thus, methods successfully utilised at this scale include the
micro mechanical technique (Yeung and Pelton, 1996); micro-cantilever method
(Poppele and Hozalski, 2003); atomic force microscopy (Ahimou et al., 2002;
Ahimou et al., 2007); and fluid dynamic gauging (Mohle et al., 2007).

However, biofilms in aquatic environments (such as rivers, estuaries and coastal
waters) more firmly colonize sediments by forming strong bio-mats that roll and
tear in a fabric or carpet like manner over scales of many centimetres (chapters
4 & 5; Neuman et al., 1970; Grant et al., 1986; Walker and Grant, 2009). The

failure mechanism and the fact that cm? of detached biofilm and heavy
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sediments remain intact suggest that it is actually the ‘bulk’ properties of the
biofilm that are crucial to cohesive strength analysis; this implies that biofilms
may be amenable to direct measurement of their strength by uniaxial tensile
testing. The benefit of tensile testing over other techniques is that it is a very
traditional and established engineering technique that directly relates stress (o)
and strain (€). This latter point is important, as stress-strain would yield tensile
strength and Young’s modulus (E) of elasticity; i.e. parameters suitable for
correcting existing engineering equations for biotic interaction (Black et al.;
2002). Thus, table 6.1 shows five past studies that specifically implement tensile
testing of biofilm for a range of scales; of these, only the papers by Ohasi amd
Harada (1996) and Ohasi et al. (1999) are at scales >1mm? and therefore
relevant to the present thesis. Specifically, Ohashi and Harada (1996) applied a
compression test to the biofilm; yet, compression is unlikely during shear-based
erosion of biofilm in marine and riverine environments, where fluid drag and lift
forces would most likely lead to tension at failure and it has been shown to yield
larger values than any other testing technique (Aravas and Laspidou, 2008).
Thus, only one team of researchers have quantified the cohesive bulk properties
of a biofilm by traditional tensile testing (Ohashi et al., 1999). This study
separately cultured aerobic and denitrifying biofilms of slightly different
bacterial structure in tubes 4.76mm in diameter. Their uniaxial tensile test
artificially induced biofilm detachment at a specific location, resulting in tensile
strength of 500-1,000Pa. Whilst this is directly relevant to providing a measure
of cohesive strength it is highlighted that Ohasi et al.’s (1999), research is still
at the sub-cm scale and necessitated of a surface to sustain the sample during
the testing, crucially modifying the adhesive properties of the biofilm. Thus, the
present thesis extends tensile testing to self sustained moist samples at cm
scales, more relevant to biostabilized sediments in natural aquatic and marine
environments and compares the properties of biofilms alone with

biofilm/sediment composites.
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Bacterial species Method or device Scale Result Reference
(mm?) (Pa)
Denitrifiers and Tensile test device ~1 500-1,000 Ohashi et al.
Anaerobes (1999)
Denitrifiers Centrifugation and 2500 0-8 Ohashi and
plate drop method Harada (1996)
Sludge Flocs, P. Microcantilever 0.002 395-15,640 Poppele and
Aeruginosa Hozalski (2003)
P. aeruginosa and Microcantilever for 0.1 59-18,898 Aggarwal et al.
S. epidermidis intact biofilm (2010)
S. epidermalis Microcantilever for 0.05 780-4,550 Aggarwal and
intact biofilm Hozalski (2010)
Cyanobacterium Tensile Tester 200 1,288-20,056 | This study (2011)
(Phormidium sp.)

Table 6. 1. Tensile strength values available in th
techniques employed and scale (mm  ?).

e literature and relative experimental

The importance of evaluating the cohesive strength of biotic sediments at cm?-
m? scales appropriate for sediment erosion is well known among field-based
researchers that work with colonized cohesive sediment. For example, the
Cohesive Strength Meter (CSM, Paterson, 1989; Tholurst et al., 2000; Vardy et
al. 2007; See chapter 2), is now extensively used in the field for this purpose.
(MagPlI-

particle induction), based on the magnetic attraction of artificially produced

Alternatively, the ingenious Magenetic Particle Induction magetic
fluorescent ferrous particles, is being explored for assessing stability in
biogenically coated sediment systems (Larson et al., 2011). However, it is
difficult to translate the proxy measurements of strength (e.g. water turbidity
variations or magnetic force) into established engineering variables and thus
calibrating a mechanical model of bio-mat failure where stresses are applied in

shear rather than normal to the bio-mat surface.

In chapter 4 and chapter 5 it was shown that that the bacterial species that we
selected produces strong mats comprising entangled filaments in a dense EPS
matrix. Removing large portions of the bio-mats from the surface of the sand
size sediment surface was possible and, in many cases, grains of sediments were
still embedded into the mat after extraction. This suggested that the bio-mat
was strong enough to be tensile tested and the methodology and results of these

tests are presented in the following sections.

173




6.3 Methodology (5N-100N Tinius Olsen H1KS tensile

tester)

6.3.1 Bacterium, inoculation, and colonization

In line with chapters 4 and 5, a phototrophic cyanobacterium Phormidium sp.
(See chapter 3, section 3.4.1) was cultured fully-submerged in a fluid medium of
full strength BG-11 (with NaNOs) nutrient (Ripkka et al., 1979). Table 6.2 shows
that two different types of specimens were grown: biofilm-only and biofilm
grown over sediment. Biofilm-only (BO) was cultured into in non agitated
conditions for 2-3 weeks in an incubation chamber. A constant water

' were maintained

temperature of 28°C and a light intensity of 25 pmol m? s’
throughout. This produced thin sheets of bio-mat, floating in the nutrient
solution. Biofilm grown (BG) over sediment samples were cultured for up to 8
weeks under constant unidirectional flow conditions applied over non-cohesive
granular substratum of spherical glass beads with Dsp=1.09mm (BGB) or sands
(BGS) with Dsp=1.2mm". Experimental conditions were identical to those outlined
in chapter 3, section 3.4.4 and resultant composite-sediment growth
assemblages were comparable to Noffke et al. (2001), with initial mat

development taking 2-4 weeks.

Width | Length | Thickness | Flow Growth | Measurement | Light Load
(mm) (mm) (mm) Conditions period | Method Int. Cell
(umol m’
25-1)
BO1 6.00 28.00 1.02 Non 2/3 Caliper 25 5N
agitated weeks
BO2 12.00 | 16.00 0.60 Non 2/3 Caliper 25 5N
agitated weeks
BO3 6.00 22.00 1.02 Non 2/3 Caliper 25 5N
agitated weeks
BO4 14.00 | 29.00 0.51 Non 2/3 Caliper 25 5N
agitated weeks
BGB1-C | 8.90 12.75 1.12 Flowing % Sony HDR- 120 5N
weeks | SR5E
BGB2-C | 18.30 | 28.95 2.14 Flowing Y Sony HDR- 120 5N
weeks | SR5E
BGB3-C | 5.35 15.76 2.00 Flowing Y Sony HDR- 26 100N
weeks | SR5E
BGB4 2.58 9.36 0.90 Flowing 2/3 Sony HDR- 26 100N
weeks | SR5E

! |tis important to note that gravel beds are considered separate (Sec. 6.7) to the main body of

research in this chapter; in justification, chapters 4 & 5 indicate that extensive bio-mats are not
present in these beds, precluding sample extraction for ex-situ tensile testing.
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BGB5 6.73 12.72 2.10 Flowing 7/8 Sony HDR- 26 100N
weeks SR5E

BGB6 9.13 10.38 1.45 Flowing 7/8 Sony HDR- 26 100N
weeks SR5E

BGS1-C | 6.35 12.29 3.42 Flowing Y4 Sony HDR- 120 5N
weeks SR5E

BGS2-C | 8.33 13.44 2.36 Flowing ¥ Sony HDR- 120 5N
weeks SR5E

BGS3-C | 6.10 14.10 2.70 Flowing ¥ Sony HDR- 120 5N
weeks SR5E

BGS4 6.98 13.64 1.61 Flowing 6/7 Sony HDR- 26 100N
weeks SR5E

BGS5-C | 6.69 14.50 2.67 Flowing 7/8 Sony HDR- 26 100N
weeks SR5E

BGS6-C | 9.65 16.70 2.86 Flowing 7/8 Sony HDR- 26 100N
weeks SR5E

Table 6. 2. Biofilm only (BO) and biofilm grown ove r a substratum (beads (BGB) or sand
(BGS)) specimen’s type (biofilm only/composite), di mensions, growth conditions and load
cells used for the tensile tests.

6.3.2 Tensile tests

All samples (BO; BGB; BGS) were carefully extracted from the culturing medium
and cut into sub-samples (~20mm in length by ~10mm in width) approximately
rectangular after the excess surface water was removed using absorbent paper.
In the case of biofilm grown bed surface; due to growth characteristics samples
naturally self-restricted to removal of the surface-layer only, with the result
that some of the specimens presented grains attached to the bio-mat. These
samples are classified as composite biofilm/substratum and will be identified
with the suffix -C (see table 6.2). Specimens longer than ~20mm could not be
generated because the weight of the grains attached induced their failure. For
each sample, the shorter edges of the samples were glued (using cyanoacrylate
based adhesive on both side of the sample) onto paper strips and clamped into a

Tinius Olsen H1KS tensile test machine as shown in figure 6.1.
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Figure 6. 1. Tensile tests for composite biofiim/sa  nd BGB3-C under low applied force (a) and
during failure under higher forces (b). This shows high adhesion as no particles detached
from the bio-mat under testing.

Ideally the load testing would have been done using the most sensitive load cell
available, which in our case was a 5N cell. Unfortunately, this cell broke during
the period of our experiments and we resorted to a less sensitive 100N cell;
however the trend experienced clearly indicate that this gave equivalent results
(see section 6.5) and this is considered a useful finding in itself, in that
expensive sensitive loads cells are not a prerequisite for biofilm testing. Using
this load cell, initially a low constant displacement of 1.67 pym/s was applied to
BO1-2 (strain rate of 0.06-0.10m/s) in order to measure force variations in great
detail; since bio-mats have never been tested before the aim was to achieve as
much information and as great resolution as possible during the testing in order
to capture even the smallest fracture in the specimen. Throughout the
remainder of the experiments a constant displacement of 8.33 pm/s (strain rates
of 0.29-0.89 m/s) was then used in order to minimize drying of the sample whilst
still permitting very detailed analysis of force variations during elongation. The
rates selected were 3 orders of magnitude lower than Aggarwal and Hozalski
(2010). Biofilm dimensions (length, width and thickness) were also measured
using ruler/callipers (BO1-4) or a Sony HDR-SR5E camera (BGB1-6, BGS1-6) with
recorded data accurate to +0.03mm; this data is presented in table 6.2. All

tensile tests (except BO2) were executed within a timeframe of < 60 minutes
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after their extraction from the fluid medium; this ensured that the biofilm

remained ‘moist’ during testing.

The tensile force, F, and relative elongation (Al) were recorded during the
tensile test. The initial cross-sectional area, A, was calculated from table 6.2,
multiplying the thickness by the width of each sample and this was used to
obtain the engineering stresses assuming that the cross section would not change
until failure. The engineering stresses (o) and strains (€) before failure have

been calculated using the equations,

L
A Equation 6. 1
Al

lo Equation 6. 2

where Al is the elongation and [y is the initial length of the specimen. The
cohesive strength was taken to be the maximum stress achieved in the test
before failure. Young’s modulus, E, is given by,

=2
£ Equation 6. 3

and is commonly used as a proxy for the stiffness of biofilm material (Aravast
and Laspidou, 2008). This was approximated by the gradient of the best-fitting
(least-squared) straight line though the elastic component of the stress-strain

curves.

6.4 Hypothesis

The mechanical properties of bio-mats (BO, BGB and BGS) were investigated

using tensile testing. Three hypotheses have been made for those experiments:
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* Elasticity of the material. Bio-mats have been expected to behave as an
elastic material (with a linear proportionality among force applied and
elongation) in line with the finding of others (Klapper et al., 2002; Klapper
and Alpkvist, 2007; Shaw et al., 2004). | anticipated that the strength of
biofilm-only (BO) specimens and the relative cell-cell cohesion would be
higher than the composite biofilm-substratum; i.e. bonding to the surface is

weaker than bonding between filaments.

» Cohesive strength. Phormidium sp. cohesive strength would be comparable
in magnitude to the higher ranges published in the literature (see table 6.1
and experiments on return activated sludges (RAS) by Poppele and Hozalski
(2003)). This is logical, as the ESEM data (see chapter 3, section 3.4.1) show
cyanobacteria to have highly filamentous structure embedded into the EPS
matrix; this should augment mechanical strength, compared to the more

gel-like biofilm considered in previous literature.

» Tensile Test limitation. Tensile testing would only be viable where bio-
mats were well-developed; based on chapter 4 and 5 data, this would limit
analysis to sand size (and finer) substratum. Yet, given that biostabilization
has been shown to occur for gravel beds, a bespoke analytical technique
should be explored to quantify biofilm-gravel adhesion strength via similar

ex-situ testing.

6.5 Tensile tests results

In figure 6.2 we present the raw data trend derived from the tensile tests of BO
specimens and BG samples; this plots the force (N) to elongation (mm)
relationship for all the specimens sampled and is preferred (to normalized
stresses) in situations considering multiple membrane failures. Subsequently
table 6.3 presents the normalized stresses and the Young’s moduli of elasticity
calculations to analyze if there is a consistency in the material properties within

different material types.
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Figure 6. 2. Force (N)-Elongation (mm) graphs for: a) Biofilm only samples (BO1-4); b)
Biofilm grown over beads samples (BGB1-BGB6) and c) Biofilm grown over sand samples
(BGS1-BGS6). In case of the usage of the 100N load cell (see table 6.2), although the data
present lower accuracy in the resolution, a clear i nitial elastic trend is visible.

In terms of the failure mechanics, figure 6.2a shows that BO samples exhibit
multiple failures (except BO1). Typically the maximum force applied during the
test is associated with the first failure, which then weakens the biofilm such
that subsequent failures occur with lower applied force. Crucially, this type of
failure is distinct from that shown by BG samples, which demonstrate a single
catastrophic failure event (see figure 6.2b and figure 6.2c). This leads us to
think that BO has a higher cohesion among cells because it is not affected by any
discontinuity (which represents a weakness) in its surface as for composite
materials. Hence BO therefore stretches, almost like a relatively homogenous
fabric to present high mechanical resistance. Once one failure has occurred,
subsequent failure is a facet of the additional weight of the failed component
action on the reduced area of attachment of the remaining bio-mat; hence it is
logical that a subsequent failure occur for lower forces because the specimen
has been already weakened by the first failure, yet the cohesion among the
remaining cells is still strong enough to remain intact. On the other hand a
biofilm grown over a substratum has the strong, cohesive cell-cell bonds and
intertwining of filaments interrupted by the sediments. Here this represents a

weakness of the composite material, which is more prone to tearing and, once
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tearing begins, the additional weight of the failed grain and biofilm composite is

sufficient to continue the tearing process in one single failure process.

Regarding the quantification of material strength, the maximum force recorded
at first failure data, Fnhax(N), and cohesive strengths given by the engineering
stress omax(Pa) are presented in table 6.3 for BO, BGB(-C) and BGS(-C) samples.
The cohesive strength of BO samples range from 4,132Pa (BO1) to 20,056Pa
(BO2); however, sample BO2 was affected by drying time slightly in excess of the
prescribed 60 minute threshold and the associated uncertainty means that it is
more appropriate to consider BO3 values as the maximum strength recorded
(15,098Pa). Importantly, this compares well to biofilm samples grown over the
glass beads (BGB4-6, which indicate equivalent strengths of 5,667Pa-14,018Pa)
and over the sands (BGS-4, at 3,886Pa). However if we consider the composite
samples (-C) where grains are still embedded in the biofilm, then samples with
glass beads (BGB1-3-C) have strengths only 1,288Pa - 3,034Pa and sands (BGS1-3-
C and BGS5-6C) show 1,339Pa - 3,283Pa. Thus, it becomes clear that the

material strength of composites is up to 10 times lower than BO samples.

Three findings are therefore notable: firstly, the cell-cell cohesive strength of
the bio-mat appears the same, independent of whether it grows over a
substratum of glass beads or suspended in a fluid medium; secondly, the
adhesion of biofilm-to grain clearly weakens the mechanical properties of the
material; thirdly, bio-mats grown over natural sands appear to be naturally
weaker due to geochemical properties of the sand surface. The significant
benefit of the data set presented is that these findings are appropriately

validated and quantified.
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Frax | Omax Max E R? Property”
(N)° | (Pa)® | Strain | (Pa)

BO1 0.030 | 4,132 0.06 50,627 | 0.98 Cohesion
BO2 0.146 | 20,056 0.06 316,979 | 0.84 | drying/cohesion
BO3 0.108 | 15,098 0.1 139,106 | 0.99 Cohesion
BO4 0.033 | 4,674 0.07 54,590 | 0.92 Cohesion

BGB1-C 0.019 | 1,921 0.07 8,706 0.65 | cohesion/adhesion
BGB2-C 0.050 | 1,288 0.14 8,692 0.99 | cohesion/adhesion
BGB3-C 0.033 | 3,034 0.07 17,254 | 0.36 | cohesion/adhesion

BGB4 0.033 | 14,018 0.16 49,912 | 0.63 Cohesion
BGB5 0.100 | 6,179 0.21 24,828 | 0.97 Cohesion
BGB6 0.075 | 5,667 0.21 24,428 | 0.93 Cohesion

BGS1-C 0.034 | 1,339 0.31 3,475 0.95 | cohesion/adhesion
BGS2-C 0.033 | 1,690 0.30 5,207 0.97 | cohesion/adhesion
BGS3-C 0.031 1,599 0.29 5,191 0.97 | cohesion/adhesion
BGS4 0.050 | 3,886 0.24 11,257 | 0.83 Cohesion

BGS5-C 0.068 | 3,283 0.26 9,111 0.89 | cohesion/adhesion
BGS6-C 0.043 | 1,538 0.11 9,156 0.85 | cohesion/adhesion

? Fmax (N) is the maximum force experienced before break;

> 6max (Pa) is the maximum engineering stress achieved before alteration of the sample relative
to the maximum strain (Max Strain);

©E (Pa) is the Young’s modulus of the elastic trend;

9 Properties underlines if during the test adhesion was also a variable due to the presence of
grains attached to the specimen.

Table 6. 3. Cohesive strength results for biofiilm o nly (BO) and biofilm cultured over a
substratum (beads (BGB) or sand (BGS)) in the initi  al elastic trend before failure of the
sample.

In figure 6.3 we have related the strain (¢) against the maximum engineering
stress (omaxPa). Interestingly BO samples experience much higher cohesive
strength, but show limited elongation. This seems to suggest that the internal
bonds for BO are stronger than any other composite material, increasing the
stiffness of the sample. A similar behaviour can also be seen for BGB samples:
the internal strength is comparable to the lower range of BO values but the

elongation is 2 to 3 times higher.
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Figure 6. 3. Strain ( €) plotted against the maximum cohesive strength Omax(Pa) for biofilm
only (BO, m), composite biofilm and beads (BGB-C, e), Biofilm grown over beads (BGB, o),
composite biofilm and sand (BGS-C, *) and Biofiilmg  rown over sand (BGS4, X).
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Figure 6. 4. Maximum cohesive strength  o0.,.« (Pa) against the elastic modulus (E) (Pa) for
biofilm only (BO, =), composite biofim and beads (BGB-C, e), Biofilm grown over beads
(BGB, ©0), composite biofilm and sand (BGS-C, *) and Biofii m grown over sand (BGS4, X).
The proportionality among BO is 7 times higher than BGS-C samples, 5 times higher than
BGB and 3 times higher than BGB-C.

In figure 6.4 the elastic moduli are compared to cohesive strength; here there is
a direct positive relationship between the two variables and this is not
surprising, since Young’s modulus of elasticity has been used as a proxy for

biofilm stiffness (Aravas and Laspidou, 2008). Hence a direct proportionality as
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presented in figure 6.4 can be explained. However, when comparing the
different samples tested, it is possible to see that the proportionality of opmax(Pa)
and Young’s modulus (see figure 6.4) in BO specimens is 5 times higher than
BGB, 3 times higher than BGB-C and 7 times higher than in BGS-C samples.
Specifically, table 6.3 shows that BO specimens have a Young’s modulus (from
50,627 to 139,106Pa, ignoring the outlier of BO2) greater than the biofilm
cultured over a substratum but with no grains attached; this is up to 3 times
greater than BGB4 (49,912Pa) and 12 times greater than CBS4 (11,257Pa). Given
that the substratum type does not appear to affect the time frame of bio-mat
maturity for strength to develop, the lower Young’s modulus for sand-based
composites (compared to beads) must be linked to weaker biofilm adhesion onto
the sand surface and/or different biofilm structure during growth over an

opaque medium.

In terms of mechanical properties, BO would be expected to have denser
biological material and thus one might expect the increased stiffness due to the
complete absence of weak points. The fact that the less stiff composite can
undergo a greater deformation before failing (figure 6.3) despite being
ostensibly the same biological material lends weight to the idea that the

organisation of filaments and EPS is different.

The main finding of this study is that our biofilm behaved as an elastic material.
This is in accordance with what experienced by many other researchers, which
found that biofilms of different composition and age behave as elastic materials
(Ohashi et al., 1999; Aggarwal et al., 2010; Aggarwal and Hozalski, 2010).
Moreover a wide range of moduli have previously been published (Stoodley et
al., 1999; Korstgens et al., 2001). Our results derived from the uniaxial tensile
test (table 6.3) were, for the most part, within the range of previously reported
moduli, providing confidence in our data set; desiccation of BO2 has been
highlighted in earlier sections and is not considered in the analysis herein
(Aggarwal et al., 2010; Ahimur et al., 2007).
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6.6 Adhesion strength for Gravels: a proof of conce pt

Chapters 4 and 5 clearly show that extensive bio-mat was not formed in gravel
beds; thus, extraction of the 20mm composite sample for tensile testing was
impossible (as proposed in Hypothesis of this chapter). However, since
biostabilization has been shown to occur for gravel-sized beds (chapters 4 and
5). Hence there is good justification for attempting to quantify the mechanical

properties and strength of these composites by some other technique.

In earlier sections of this chapter it has been highlighted that during the
extraction of specimens from the surface of the bed a complication can be found
in relation to the adhesion of particles to the bio-mat and their weight (W),
which might induce failure of the sample. Thus, if the self- weight of the
particle is serving as a displacement force in the direction of gravity then it
would be operating counter to the adhesive force (F,;) of the biofilm, which is
trying to resist failure by displacement. Given that particle size and density is
known, particle self-weight can be calculated; hence, an experimental set-up
whereby the composite gravel-biofilm is attached to the lower surface of a plate
permits analysis of failure by self-weight (see figure 6.5a). However since a bio-
mat was not present, the analysis focussed only on the single grain behaviour.
The data hence needs to account for the area of attachment of the grain in
order to achieve a meaningful value of the shear stress standed as demonstrated
in figure 6.5b. By knowing the volume of the sphere and the density of the glass
(Pgtass=2500kg/ m®) it was then possible to determine W, the weight force defined
as the mass of the beads by the acceleration g (9.81m/s?). The area of
attachment was considered as the one of a sphere cap (traditionally defined in
geometry as Scqp=211rh) having different heights (h), showed in figure 6.5b by the
red line (with height h of the cap chose to span on a range going from
1/20r<h<1/4r). This was done because it was impossible to infer through the
recorded video the exact area covered by the biofilm; hence different degrees
of biofilm adhesion were inferred and compared. Doing so it was possible to
obtain the shear stress the biofim was subjected to by dividing the force W (W=
0.103*10°N) by the attached area. Whilst this theoretical methodology provides
a value of shear stress, two points are highlighted: (i) the structure of the

sample tested is clearly still composite, however here the failure was not
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investigated because no grains were seen falling from the plate; this method
hence implies the increased adhesive properties of large sediments; (ii) data
stemming from this methodology should not be considered directly comparable

to tensile test data for sand size sediments.

Figure 6. 5. a) Glass beads Dsp=2mm attached to the microscope slide after being r  emoved
from the 1 week old colony; b) diagram of a single bead exposed to the weight force (W) and
resisting through the adhesion force generated by t he biofilm ( Fa)

To execute the self-weight experiments for gravels, three glass bead tests were
undertaken using LGS colonized for 1 week in environmentally-controlled flume
experiments (equivalent to those outlined in chapter 3, section 3.4). Once the
growth was reached, a microscope slide was vertically inserted through the
biofilm/beads surface of the just drained. Figure 6.5 shows that some grains
stuck to the slide and could be removed for ex-situ self-weight testing. A Sony
HDR-SR5E video camera was used to record if any particle would detach. In line
with the < 60 minute ex-situ drying time threshold employed in section 6.3,

experiments were stopped at 60 minutes if failure had not been observed.

For all three repetitions, failure was not induced. Results are shown in table 6.4
and clearly show that shear stresses of at least 65Pa can be resisted by biofilm-
gravel composites, thus confirming biostabilization in terms of increased
adhesion, even among gravel size sediments. Given the possible variants of cap
size of the sample, resistance of shear stresses may be as high as 327Pa
approximating to the lower ranges of previous literature (table 6.1) for adhesion

to flat surfaces.
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H H(m) T=W/A (Pa)
1/4r | 0.000250 | 65.40

1/8r |0.000125 | 130.80
1/12r | 0.000083 | 196.20
1/16 r | 0.000063 | 261.60
1/20r | 0.000050 | 326.00

Table 6. 4. Possible values of the shear stressa s  ingle glass bead would be subjected to if
the cap height (h) ranged from 1/20r<h<1/4r.

Whilst this data is bespoke and invalidated; it has been included in this thesis to
indicate that increased adhesion can be seen also for gravel size sediments;
hence this support the fact that biostabilization of gravels was observed in
chapters 4 and 5. That biostabilization has been suggested for this coarse size
fraction is highly significant in river science, as the literature has previously only
considered biotic gravel in relation to the change in flow field characteristic
induced by epiphelic biofilm (e.g. increase or decrease in hydraulic roughness).
In reality here we have seen that the microbes adhering to the surface of larger
grains can act as glue, which becomes even stronger once dried out. Many are
the implication of this finding: (i) smaller particle and pollutants can easily be
trapped into the colonies of micro-organisms living on top of the gravels. Hence
transport of pollutant cannot be associated only to the presence of fine
substratum but should also be considered linked to larger gravel size; (ii)
sediment transport of biotic gravel might be affected by the presence of the
bacteria in particular in environment experiencing cycles of wet and dry
condition. This might mean that some of the gravels reach a higher stability
once drying out because of the bacteria that they have been colonized by. Thus,
despite recognised limitations in the mechanical testing undertaken here, the
argument above gives scope to carry out more future research on the behaviour
of biotic sediments, their entrainment threshold and the potential “trapping of

pollutants” effect that biotic gravels might exhibit.
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6.7 Discussion

* Elasticity of the material. My data implies that the bio-mat at the cm scale
behaves as an elastic material. | are therefore the first to show that tensile
testing can be undertaken at a scale relevant to the engineering
appliocations of this work (Poppele and Hozalski, 2003; Aggarwal et al.,
2010). Table 6.1 presented the evidence that tensile testing has been
applied by other researchers, but in no case a scale such as the one
presented herein was investigated. The stiffness of the material also
showed that tensile testing can be undertaken on strong filamentous mats;
this depends on the fact that in some cynobacterial biofilms, where the
filaments become more systematically intertwined into rope-like structures
(Garcia-Pichel and Wojciechowski, 2009), then an increase in mechanical
strength will be achieved, as seen in our experiments. For those types of
biofilm/bio-mats and looking at the characteristics of the bio-mat erosion
seen in chapter 4 and chapter 5 together with the findings in literature, for
which bio-mats appear to rip off in sheets in response to applied shear
stresses (Neuman et al., 1970; Grant et al., 1986; Walker and Grant, 2009),
it is evident that the tensile strength will be important in developing
quantitative models of the failure mechanism. The mechanical investigation
ex - situ offers information that can be used in engineering models of
sediment transport (see chapter 8), once a clear calibration of the erosion
process under shear is carried out. This is what is currently needed for the
future: the results presented herein give me confidence that a more in
depth research on the coupled effect of flow erosion and bio-mat

mechanics would further our ability to predict erosion of biotic sediments.

* Cohesive strength. The maximum tensile strength measure for our biofilm
only specimens (BO1-BO4) ranged from 4,000Pa to 20,000Pa, which is
similar to that previously measure for activated sludge flocs using a micro
cantilever (Poppele and Hozalski, 2003). These values are higher than for
other biofilms reported in the literature and may be because the moist
biofilms typically comprise filamentous bacteria in a matrix of EPS (see
chapter 3) and reside in high shear environments. Most previous studies

report the tensile strength of Pseudomonas aerouginosa biofilms.
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» Tensile Test limitation. The first limitation of this technique is related to
the fact that it is conducted ex-situ and hence a certain degree of
exsiccation might be experienced (Aggarwal et al., 2010). However, in
order to develop a model to couple fluid shear and mechanical strength of
the bio-mats we intend to generate calibrated data from flume
experiment. This has been partially done in this thesis but a more in
depth and wide analysis, which opens to other types of species forming
bio-mats in the field (e.g. diatoms) need to be undertaken in the near
future. Moreover, in case of larger sediment sizes (e.g. gravels) which do
not form bio-mats then tensile testing is not applicable. In this thesis a
very basic proof of concept experiment has been presented to show that
even larger size sediment can be affected by the biofilm colonization and
might present new adhesive forces. Even thought the analysis presented
herein is basic and simple, it goes to show that more research needs to be
opened in the analysis of elastic forces generated by the presence of
biofilm on gravel size sediments at the grain to grain scale. One
suggestion could be the usage of the micro-cantilever method (Aggarwal
et al., 2010) of the MagPI technique (Larson et al., 2009), in order to
investigate the elastic forces that can generate among grains. Once this is
done, traditional models of sediment transport (e.g. Wiberg and Smith,

1987) could be modified adding in the biotic component (see chapter 8).

6.8 Chapter Summary

Chapter 6 have indicated that tensile testing of bio-mats (biofilm-only and
composite material) can be performed with strong biofilm (such as
cyanobacteria) and can provide some interesting mechanical properties of moist
biofilms. Those properties, once calibrate against shear erosion by flow, could
represent a very valuable information for modelling the “carpet like” erosion
seen in the laboratory (see chapter 4 and chapter 5) and in the field (Neuman et
al., 1970; Grant et al., 1986; Walker and Grant, 2009). Our aim is to compare
the values of tensile strengths (chapter 6) and critical shear erosion (chapter 4

and chapter 5) which lead to the break of the biotic membrane and implement
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these findings into an initial mathematical model (see chapter 8) which takes

into account the mechanical and elastic properties of the bio-mats.

Finally, if we consider the gravel size sediments, section 6.6 has suggested that

biofilms and EPS matrix can have an effect for larger sediments adhesion.

Chapter 7 will include all the information generated in previous chapters to

present a well rounded discussion on biostabilization of non-cohesive sediments
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CHAPTER 7

Discussion

“ipsa scientia potestas est”; Knowledge itself is power.

Sir Francis Bacon

This thesis has brought evidence that the stability of fine gravels can also be
affected by biofilm colonization; moreover it has confirmed that biostabilization
of non-cohesive sediments in the coarse sand size range can occur, as first
suggested by Yallop et al. (1994). This phenomenon takes place and should be
considered and incorporated to an extent into mathematical models predicting
sediment erosion. In particular, | present below an in depth discussion of the

results presented in this thesis compared to the Aims stated in chapter 1.

7.1 Lab-culturing and environmental conditions

Biofilm colonization of sediment substratum in a flume environment was
successfully generated in this thesis. The growth generated presented similar
structure to that of natural environments, with fixation and sealing stages
(Noffke et al., 2001) clearly recognized: this gave me confidence that the
culturing methodology adopted was appropriate. Moreover as seen in chapter 5,
the improvement of the growth conditions (LED lights and higher flow during
colonization for gravel sediments) enabled the generation of bio-mats over every
sediment size. Bio-mats are important because they have been shown to
significantly increase the stability of fine sediments in the field (Grant et al
1986; Grant and Gust 1987). Therefore it is clear that using the “manipulative
approach” (Rice et al., 2010a) through flume experimentation allows regulated
control of specific variables (e.g. flow, nutrients, temperature, light) that might

affect the biostabilization potential. This allows me to understand the relevance
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of each of these variables, which cannot be separated in the complex natural

environment.

In particular in chapter 4 and 5 | have demonstrated that the environmental
conditions are fundamental for the development of strong bio-mats. Researchers
have shown in literature that the most important physical factors affecting
biofilm growth in a river system are: 1) temperature; 2) light intensity and 3)
current velocity (Biggs et al., 1998; McCabe and Cyr, 2006; Dorigo et al., 2009).
My results from chapter 4 and 5 clearly show that biostabilization conditions are
highly related to light, flow and time of growth (with the temperature kept
constant at 28°C).

For SGS, changing only the light conditions, meant that a very different
behaviour in chapter 4 (24h illumination with spot lights) was experienced
compared to chapter 5 (12h illumination with the LED lights): in fact the highest
stability in chapter 4 was achieved after 4 weeks of growth, whereas in chapter
5 this occurred in the first week. The higher PAR radiation (120 pmol m2s™in
chapter 4 modified to 26 ymol m™ s’'in chapter 5) generated in the preliminary
experiments might have induced the biofilm to overgrow, so that more biomass
was exposed to erosion, generating a patchy and not very strong biofilm cover.
For my findings to be applied to the river systems more research has to be
undergone looking at the spatial variability of biofilm community related to
seasonality, light and nutrient supply. A small nhumber of researchers (Biggs et
al., 1998; Dorigo et al., 2009) have begun investigating these aspects,
approaching the matter from a biological point of view; however very few
studies exist from the engineering or geomorphologic point of view. As afore
mentioned engineers focus more on the effect that hydrodynamics have on the
development of biofilm, offering less insight on the relevance of other
fundamental environmental conditions. This is something that needs to be
carefully addressed if the “best science” wants to be produced. In order for this
to happen, collaboration among disciplines is strongly advised to pull together

the expertise of scientist and engineers.

When considering hydrodynamics and its effect on the growth of biofilms, it is
clear from the literature that what has been done so far is qualitative (Battin

and Sengschmitt, 1999). Battin (2000) suggested that hydrodynamics extensively
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affects biofilm activity; in terms of the development of biofilm under flow
condition Battin et al. (2003) found a clear relationship among the overlying
velocity during growth and the final structure of the biofilm: in particular slower
velocity induced thicker and higher sinuosity biofilms, compared to those grown
under faster velocities. This is very similar to what has been seen in chapter 4
for gravel sediments: here it was evident that under flow conditions that
induced bed shear stress 7z, to be 25-30% the threshold value for abiotic
sediment, a spongy and loose biofilm with streamers was generated, which had a
very low biostabilization potential (17-35% for gravel/LGS compared to the 30-
43% of SGS/sand according to the Yalin criterion (1972)). Instead in chapter 5,
once the flow was increased (7, 35-50% the threshold for clean sediment), then
the biofilm grew in a mat like form even over gravel sediments, with more then
50% of the box area still biostabilized during threshold condition. The
importance of the hydrodynamics on the development of biofilm is expressed
also by the findings of Moulin et al. (2008), who stated that the development of
dense or porous mat was only dependent on the different flow conditions
applied over the substratum and generated almost the same amount of biomass.
In our case the presence of bio-mats, the strongest biostabilization stage, even
over gravel size sediments in chapter 5 is a novel and important finding: gravel
were in fact not considered as sediments that could be biostabilized due to their
size and weight. Bio-mats developments over these larger sediments might
depend not only on the hydrodynamic but also on the improved light conditions
in chapter 5. More in-depth analysis is needed to determine which variable is
responsible for the strongest biostabilization. Another important point for future
work into the biostabilization potential is that a smaller growth timescales (less

than a week) is required to give more resolution.

To conclude it is very complicated to relate biological variables to stability (e.g.
biomass, EPS content), without taking into account the hydrodynamic field and
environmental conditions, both of which strongly affect the growth of biofilms.
Hence | believe it is almost impossible to relate biomass to stability equations
since the results would be situation bound and have limited applicability
(Gerbersdorf et al., 2011). Hence the future is to relate hydrodynamic
conditions to biological variables and find relationships among flow, biofilm

growth and sediment stability. Ideally, these relationships should be tested in
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the field for which | suggest designing an in situ flume, wide enough for testing
non-cohesive sediments and less susceptible to side wall effects. To be realistic
the erosion should take place in the stream flow direction by controlled
increases of the flow in the flume (e.g. by means of a pump) and the shear
stress should be measured from instantaneous velocity data. This information
should be combined with data on biological variables of the site prior to the
erosion testing, in order to correlate flow with biofilm strength and sediment

stability in a thorough way.

7.2 Biostabilization potential over non-cohesive

sediments

As seen in chapter 2, Paterson in 1997 reviewed the biostabilization potential for
cohesive and fine non-cohesive sediments. Section 2.4.4 presents the percentage
increase in biostabilization compared to abiotic sediments. From this review it is
evident that the biostabilization potential of cohesive and fine non-cohesive
sediments can increase the stability of the sediments from a minimum of 100% to
a maximum of 960%. Many of the studies presented in the literature about
biostabilization (e.g. Grant and Gust, 1987; Dade et al., 1990; Lelieveld et al.
2003) have used the bed shear velocity u* as a comparative measure among
abiotic and biotic sediment; however, this unit of measure is unusual in
engineering-based sediment transport models (such as Shields), where bed shear
stress 7, is preferred. Because of this the data presented in chapter 4 and 5 has
instead been related to the more commonly used engineering form; bed shear
stress 7, (Black et al., 2002), which depends on the shear velocity u*, following
the relation 7, a u*’. Keeping this in mind, the values of biostabilization that |
have experienced in this thesis using the Yalin criterion (1972) showed between
17-43% higher bed shear stress 7, is required to generate threshold conditions in
box0.2 and in case of the strongest biostabilization (week 1 for SGS) in chapter
5, 150% more 7. My results are an order of magnitude lower than those found for
cohesive and fine non-cohesive sediments: this might be due to the fact that: i)
the nature of the single species bacterium; in real river systems evidence has

been shown (Lubarsky et al., 2010) that mixed assemblages (bacteria and
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diatoms) might induce higher degrees of stability compared to biofilms
composed of only one organism; ii) the size and shape of the materials combined
to the specific growth set up used herein do not allow the generation of a
homogeneous biofilm/sediment composite material, that physically smoothes
the substratum by producing a “carpet” which embeds the sediments, sheltering
them from the flow iii) the more porous bed herein compared to cohesive
sediments induces up-welling of the flow, so that strong bio-mats cannot be
generated and instead more channels are formed in the biofilm, making its
structure loose; iv) visually during incubation in the flume | observed, that the
preferential initial location of bacterial attachment and growth coincided with
the crest of grains, where | speculate that nutrients are more abundant; the
growth then spreads down into the bed, where nutrients are more limited and
flow conditions might impede the pore filling by the bacteria, in order to

generate a uniform mat.

Hence comparing the behaviour of our sediments sizes (sand and gravel) to
published work for smaller size sediments, it seems clear that roughness plays a
fundamental role in generating strong bio-mats. This is supported by the findings
presented in chapter 6, where the mechanical strengths of bio-mat grown over
sand size spheres (BGB samples) were compared to that of bio-mats grown over
sand sediments (BGS samples). Here it was shown that biofilm growing over
smoother beds (SGS) would present higher tensile strength than samples
generated over sand. This might be due to the fact that lower discontinuity is
present in the bio-mat grown over a smoother bed and hence more stability is

insured.

Crucially, the reduction in sediment transport is related to the modification of
the bed roughness due to biofilm growth and the relative cohesive properties
induced by the EPS presence on the surface of the grains, influencing the flow
structure above the biotic bed, which significantly changes after the biofilm has
clogged the pores when compared to the original abiotic bed. The next section

analyzes this process in depth.
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7.3 Eco-Hydraulics of biotic non —cohesive beds usi ng

the non-invasive PIV technique

As seen in chapter 2, much of the engineering literature on eco-hydraulics has
focused on the effects of biofilms cultured over immobile rocks and the
modifications to the flow induced by them (see Nikora et al. 1997, 1998, 2002;
Graba et al., 2010; Salant, 2011). However, there has been no work done to my
knowledge so far investigating the relationship and interactions between biofilm
growth, flow modification and sediment entrainment. Following the procedure
outlined by Moulin et al. (2008), PIV for non- invasive flow evaluations was used,
in order to determine the changes in flow characteristics and hydraulic

roughness depending on the different stages of biofilm growth.

Looking at the roughness variation induced by the biofilm growth (chapter 5,
section 5.4.7.2), my data shows that each bed underwent more than an order of
magnitude of smoothing during biofilm growth, with minimum roughness values
approximating perfect smoothing (zp ~ Omm) at least in one of the colonizing
weeks for all biotic substratum. In particular, all the strongest biostabilization
weeks (week 1 for SGS, sand and LGS and week 4 for gravel) had zp ~- Omm at the
beginning of the erosion experiment. This phenomenon is in line with the
findings of Godillot et al. (2001), who saw that thick Periphyton mats could
create a smoother and uniform surface, which reduced roughness, bed shear
stress 7, and induced dampening of the turbulence (Black et al., 2002). Similar
results were obtained by Graba et al. (2010), whereas Nikora et al. (2002)
presented a 16-21% increase in zgo when the biofilm was well developed. This is a
crucial finding since in chapter 5, with the most realistic growth condition, my
highest biostabilization potential was obtained in correspondence of the fixation
stage (week 1 of growth for all the materials, a part form gravels): this suggests
that the more mature the biofilm becomes, the more complex and less adhesive
the bio-mat structure; making it more prone to erosion and patchiness. In fact
many researchers saw that more mature biofilm result in low homogeneity
(Nikora et al. 1997, 2002; Laboid et al., 2007).

When considering the bed shear stress variation from abiotic to biotic beds, this

thesis has shown a general decrease in 1,, where the following hierarchy was
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noted at the lowest flow step (1.6l/s): SGS (34%) < LGS (41%) < sand (61%) <
gravel (82%) when comparing abiotic conditions at the same flow step. Thus,
natural materials demonstrate very slightly greater reductions in shear stress,
possibly as a product of greater biomass which would develop a thicker mat and
clog the larger pores. This is in contrast with the findings of Nikora et al. (2002)
and Laboid et al. (2007), whom found that an increase in turbulence intensity
and shear velocity u* were evident after biofilm colonization. This thesis stresses
the importance of the bio-mats presence and the resulting pore clogging and
smoothing of the bed: ensuring a more stable condition for biotic non cohesive

sediments.

Unlike Godillot et al. (2001) and Graba et al. (2010) when smoothing of the bed
was evident, my experimentation did not show an increase in downstream flow
velocity U (despite SGS, with a 22% increase in U for the strongest week of
growth), instead, the common trend experienced by natural sediments and LGS
was a slight reduction in the mean downstream velocity (U) by 5-22%. An
important point to be stressed about these experiments is the widening of the
band of similar downstream velocity (i.e. the standard deviation of U), which
explains the decrease in bed shear stress 7,, according to the fundamental
definition z,=poU/dy. Moreover a reduction in the vertical velocities (up to 72%)
following biofilm development was experienced; this might be due to the pore
clogging so as to reduce upwelling/downwelling at the boundary or even more
interestingly if the bio-mat vibrates or “flutters” into the flow, then wave
interference processes will “damp” the vertical velocities, resulting in lower
turbulence generation. This phenomenon has been seen previously in the
literature by Paterson (1989), who described the interface between flow and
colonized sediments as the skin of a drum; this will vibrate under the flow until
a critical 7, is applied and the skin reaches the breaking point and releases the
sediments. This concept has been qualitatively presented by Black et al. (2002):
the results presented in this thesis offer a clear quantification of the turbulence
reduction (decrease in the standard deviations of U and V) and a more uniform

flow field generation.

The roughness modification process and bed shear stress alteration make the
investigation of the biotic erosion process very complicated, especially in natural

conditions, where hydraulic and environmental information are complex. If the
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effect of biofilm on flow above colonized sediments is considered important,
then a lot of care needs to be taken when interpreting the results of in-situ
devices for the assessment of biotic sediments erosion (e.g. the CSM: Patterson
(1989); benthic flumes: Tolhurst et al. (2000), Aberle et al. (2003)). However,
these instruments may underestimate the biofilm modification of the flow field
(e.g. a vertical jet fired into the biotic bed in the CSM is different from the
longitudinal shear stress 7, inducing erosion; in the same way, the constrains due
to the small width of the benthic flumes and their low efficiency to investigate
bedload; making these instruments in my opinion unsuitable for larger non-
cohesive sediments erosion). On the other side, if cores are sampled from the
field, transported and tested in flumes, physical modifications of the sample’s

characteristics are likely to occur, as implied by Tolhurst et al. (2000).

| therefore, believe that the best method to ascertain the complexity of
biostabilization is to carefully control the relevant environmental variables at
their relevant scales, i.e. through experimentation in a flume laboratory (See
section 7.1), as presented in this thesis. Although this work was performed using
a single bacterial species, under optimum growth conditions, it still has
importance and relevance as a proof of concept. Further work should extend this
to experimentation under more realistic conditions, with multiple microbial
organisms. Therefore in chapter 8, section 8.2.1, it will be shown that culturing
biofilm onto artificial sediments from real river water is possible and offered
interesting preliminary results on biostabilization. However, it is important to
remember that engineers likely have limited knowledge about the biotic
component of biostabilization; as stated by Rice et al. (2010a) and as
interdisciplinary research remains relatively rare the “best-science” landmark is
sadly rarely reached. This is why in my opinion, only through a joint effort on

the subject can real progress be gained.

Finally in chapters 4 and 5 image analysis at the large scale (LS) has been
introduced as a new method to address the erosion threshold for non-cohesive
sediment, without any invasive measurement. This is extremely important, in
particular for non-cohesive sediments, since their stability takes place only for
the first few layers of sediments at the top of the bed; in fact, once the biofilm
or bio-mat is eroded, the bed underneath is no longer stabilized, hence subject

to erosion. In the method presented herein, it is not necessary to collect data of
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the eroded mass of sediments, since a visual segmentation of the area covered
by biofilm is sufficient. This has been shown to be an efficient way to assess
erosion, so that an exponential relationship could be successfully fitted to my
data that links bed shear stress 1, with the erosion rate (equation 5.3). Ideally, if
equation 5.3 was appropriately calibrated in natural environments, it could
represent a valuable substitute to invasive assessment of the erosion
characteristic of colonized sediment with benthic flumes or CSM; additionally
the use of open source software (ImageJ) for image analysis will keep the
analysis cost effective. Therefore | believe the approach based on the eroded
mass in suspension (e.g. Sanford and Maa, 2001) can be substituted to a
specifically calibrated visual analysis for non-cohesive sediments where the

bedload component prevails.

7.4 A standardized criterion of motion for bhiotic s ediment

The Yalin criterion (see chapter 4, section 4.3.2 for theory) was implemented
with the aim of introducing a standardized method with empirical basis, to
assess the entrainment of biostabilized sediments. It is widely accepted that the
implementation of the commonly used Shield’s curve might lead to a certain
degree of uncertainty, because Shields’ (1936) criterion of motion was based on
the visual assessment of sediment entrainment, defined as “small degree” of
transport; other researchers stated qualitatively that the threshold of motion
was reached when “weak movement” (Kramer, 1935) or “general bed
movement” (Chepil, 1959) or “scattered particle movement” (Rathbun and Guy,
1967) would take place, inducing even further subjectivity in the identification
of the incipient motion. Only with Neill and Yalin (1969) and later Yalin (1972)
the first objective motion criterion was developed, based on the concept that at
threshold a small degree of sediment transport occurs (Miller et al., 1977),

which can be experimentally quantified.

A lot of subjectivity in the identification of the threshold of motion can be found
in the literature when considering biotic sediment, which is an even more

complicated subject because biofilm can clump sediment together, generating
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different densities and sizes. Hence very different techniques have been used to
assess the entrainment of colonized sediments (e.g. Grant and Gust 1987,
Leliveld et al. 2003), making the results difficult to compare. This thesis has
shown that for small samples (such as box0.2, of a similar size than cores
sampled from the field and tested in flumes) the Yalin criterion is a good and
objective method for the identification of the incipient motion. The Yalin
criterion could represent a very valuable tool across the research community to
stipulate a common way of investigating the incipient motion threshold in case
of biotic sediments. Researchers such as Grant and Gust (1987) have stated that
the threshold of motion for colonized sediments was reached if 10 or more grains
moved at one time over the area of a core, sampled in-situ; in their case if the
Yalin criterion was to be applied, considering the geometry of their cores
(diameter equal to 75mm) and assuming quartz as the density of the sand
(D5o=189um) and water temperature at 22°C, the number of particles that should
have moved in one second form half of the core area at the same time to define
the sample at threshold was equal to 18 (only half of the core would be
considered so that the highest camera resolution could be reached). In case of
the work presented by Lelieveld et al. (2003), considering the geometry of their
core (130mm), water at 22°C and sediment (Dsp=169um) density such as quartz,
the number of particles that should move acceding to the Yalin criterion at the
same time from half of the core area to define the motion at threshold should
be 73; however in their study Lelieveld et al. (2003) considered as a first stage
of erosion the condition in which 20 grains were moving simultaneously. These
are just two examples on how the subjectivity of the visual assessment could be
resolved by implementing an engineering technique, which is extensively used in
sedimentary research to assess the entrainment threshold of sediments (e.g.
Miller et al. 1977; Paphitis and Collins, 2005; Haynes and Pender, 2007).

However, as it has been evidenced in chapter 5 for larger samples, the Yalin
technique will work well only for a small and strongly biostabilized sample, not
affected by patchy biofilm growth. In fact, if patchiness is experienced, some
particles eroded upstream might enter the area investigated and hence lead to
consider the flow at threshold, even though the FoV is clearly biostabilizaed

(due to extensive green pixels presence). To obviate this problem, the image
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analysis at the LS was instead preferred for non-cohesive sediments (see section
7.3).

7.5 Biofilm mechanical properties and mathematical

models for incipient motion

Chapter 6 has clearly presented the evidence that bio-mats (biofilm only or
composite biofilm/sediment) have mechanical strength high enough to allow
performing tensile testing and acquiring information on their elasticity. Tensile
testing, a conventional engineering technique used for direct measurement of
material stiffness and elasticity, had been ruled out for the investigation of
biofilm cohesive strength by researchers in biotechnology for many years
because the biofilm usually tested in the literature (e.g. Pseudomonas
aeruginosa) were gelatinous and could not withstand their own weight

(Korstgens et al., 2001; Poppele and Hozalski, 2003 and Aggarwal et al. 2010).

In this thesis | have demonstrated that, if the biofilm used is composed of a
strong material (generated by entangled filaments of cyanobacteria that creates
almost a rope structure (Garcia-Pichel and Wojciechowski, 2009), then tensile
testing can be applied to obtain Young’s modulus of elasticity (E) and cohesive
strength information of moist bio-mat samples. Knowing E can have a
fundamental importance in the introduction of models based on the mechanical
strength of bio-mats coating sediments (see chapter 8, section 8.2.3): a first
theoretical definition of a model coupling biofilm mechanical strength and flow
will be presented. In this way, we can obviate to the clear inapplicability of
traditional abiotic models of sediment transport when biofilm coats the
sediment (Black et al., 2002): those models (e.g. Wiberg and Smith, 1987),
which account for the equilibrium of forces on a single grain, do not consider the
biological force and hence are inappropriate when micro-organisms biostabilize
the sediments. In chapter 8, section 8.2.2, | will also present a theoretical
model where the biofilm force is considered in the forces balance of the
equilibrium balance of the Wiberg and Smith (1987) model. Assuming the biofilm

acts as an elastic spring, where the constant of elasticity k can be obtained out
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of tensile testing or techniques such as the MagPI (Larson et al., 2009) and the
Micro-Cantilever (Aggarwal et al., 2010), which provide adhesive information at
the grain to grain scale, | was able to modify this for sediment transport by

including the biofilm in the equation in a theoretical form.

Moreover in chapter 6 it has been shown that gravel sized sediments (LGS)
coated by biofilm show adhesive properties, which increase while drying. All the
information pertaining to the mechanical behaviour of colonized non-cohesive
sediments are novel; however more research is needed to understand the effect
that biofilm adhesion has on the stability of larger biotic sediments in wet and

under fluid shear conditions.

7.6 Conclusion

This chapter summarizes the findings of this thesis:

» Biostabilization was for the first time in literature seen to occur for fine
non-cohesive gravel sediments and confirmed for coarse sand size

sediements;

» Flume culture and testing of biostabilization at a relevant scale to that of
a river system is a valuable option that could lead to a more

comprehensive understanding of the subject;

* In order to fully understand the processes that induce the erosion of biotic
sediments it is required to: 1) know the hydraulic modifications on the
flow induced by the biofilm (e.g. PIV); 2) consider the mechanical forces
(elastic) that gets generated due to the biofilm presence; 3) merge all
this information for generating predictive entrainment models for biotic
sediments (two examples will be given in chapter 8, section 8.2.2 and
8.2.3);

* In future more realistic culture of natural river biofilm, directly collected

from a river system and flume cultured for biostabilization experiments is
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strongly advised, so that the growth achieved in the laboratory can be
comparable to that of a river system (a proof of concept has been
undertaken in chapter 8, section 8.2.1). If a comprehensive and realistic
scenario is wanted the only way of achieving this is if different disciplines
comes together and share their expertise for the best science to be
generated. Finally (section 8.3) an ideal combined tensile testing-flume
facility for measuring the mechanical strength of the biofilm in more
natural conditions will be presented; this is only a hypothetical facility

that could be quite costly to built but very effective in its purpose.
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CHAPTER 8

Conclusions and Future Research

Recommendations

“The wise finds pleasure in water”

Confucius, 551 BC - 479 BC

8.1 Conclusions

This thesis has presented a series of key points, which are summarised below:

1.

Flume experiments: can be representative of biofilm growth at scales
comparable to that of real river systems. Herein, by inoculation a
bacterium onto sediments in an environment where variables such as
light, temperature, nutrients and flow were controlled, | achieved all
stages of natural biofilm growth (Noffke et al., 2001). Hence the
methodology that | have used has great scope if resolve of the
unanswered questions arising from the interaction of biofilm with

sediments want to be resolved.

Bio-mats: have been identified in the literature as responsible for
increase in sediment stability (e.g. Grant and Gist, 1987); the project
presented herein has shown that with the right culturing set up, bio-mat
can be grown also over larger sediment (sand and fine gravels), which are
more typical of riverine environments. These sizes have been largely

ignored in the study of biostabilization so far.

. Eco-Hydraulics: the interaction among bacteria and flow has shown three

main hydraulic modifications: i) roughness zp can decrease up to 94% when

biofilm coat non-cohesive sediments in relatively low flow conditions; ii)
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bed shear stress 7, over mature biofilm will be reduced up to 82% as a
facet of biofilm smoothing of the bed and bio-mat “fluttering” in the
flow; iii) turbulent damping was clearly evident from the PIV data: this
will affect the flow field and induce decrease in the shear force and

hence modification on the biofilm structure during growth.

. Biostabilization and areal relationship: this thesis shows that entrainment
threshold of biotic sediments can be analyzed most beneficially by using
the Yalin criterion (1972) at the SS, while at the LS an areal image
analysis should be employed. In this way erosion can directly be related to
the bed shear stress 7, by an exponential relationship and can have great

advantage if applied in the field, because non invasive.

. Biostabilization extent: in accordance with the literature (Paterson,
1997), biostabilization is greater for fine substratum (up to 150% more
stability was shown in this thesis for SGS) than in gravel sediment.
However, all the sizes used in this project have shown an effect due to
biofilm colonization: this is of great importance for sediment transport
models, which very rarely account for the presence of biotic forces
(Righetti and Lucarelli, 2007; Borsje et al., 2008). In the section below a
model accounting for the presence of the biofilm force at the grain to
grain scale (modification of the Wiberg and Smith model (1987)) will be

presented as a recommendation to be carried out in the future.

. Failing mechanic of bio-mats: | have shown herein that bio-mats
comprised by cyanobacteria are so strong that can be tensile tested; the
results presented on the cohesive strength of composite
biofilm/sediments can be used in mathematical models, which should
consider not the forces action on the single grain but the complex
interaction of sediment and flow with biofilm. In section 8.2.3 a very

preliminary and theoretical model will be presented for this reason.

. Biological variables: no direct correlation could be seen among biological
variables (e.g. biomass, EPS) and biostabilization, as largely advocated by

many field scientists (Black et al., 2002).
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8.2 Future research recommendations

As with any novel research investigation, this thesis has raised a number of
fascinating research questions considered beyond the scope of the PhD. Whilst a
plethora of research avenues could be explored, this thesis recommends that
three main directions are crucial for advances in this discipline: (i) field-based
samples of complex multi-species biofilm to be cultured for biostabilization
analysis; (ii) modification of traditional models of sediment entrainment for
discrete particle detachment from biotic substratum; (iii) understanding and
modelling the effect of oscillations in mature bio-mats and consequences for
induced turbulence damping. The rationale for each recommendation is provided

below, underpinned by appropriate pilot data where available.

8.2.1 Field-based biofilm (multi-species)

It has been established in chapters 4 and 5 that a single species cyanobacterial
bio-mat significantly biostabilizes sediments at the flume scale; however, the
representativeness of these experiments to natural multi-species biofilms in
field situations remains a valid question. Whilst colonization of stable
substratum from river water has been undertaken by e.g. Battin et al. (2003)
and Nikora et al. (2002), the only previous study on sediment biostabilization in
rivers was undertaken by Gerbersdorf et al. (2009). Whilst her work uses natural
biofilm, the tests are performed at too small a scale (laboratory bench scale) to
be representative assessment of river beds and fail to consider the effect that
live unidirectional flow (i.e. tangential shear force over the substratum) has on
entraining biotic sediments. Thus, this section specifically provides pilot data to
overcome these deficiencies such that data on the colonization and
biostabilization of flume-based sediments (similar to previous chapters) using
natural river water is provided. This methodology ensured: (i) a natural multi-
species biofilm; (ii) colonization by organisms settling out from the flow column

onto the substratum; (iii) nutrient supply from the river water only, i.e. no
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artificial enrichment. As it is considered outwith the scope of a Civil Engineering
thesis to undertake DNA analysis for biofilm composition, my overall aim was to
show, from detailed analysis of the biofilm mechanical properties (and its
influence on flow and sediment dynamics) that natural river biofilms can be
grown in flume-based conditions for direct analysis of their biostabilization
capabilities. Importantly, for this aim to be fully realized, the biostabilization
capability had to be of magnitude significant enough to be outwith the

uncertainty of experimental error.
Specific hypotheses in these tests were that:

» Diatoms and/or cyanobacteria would be present in natural river water
such that colonization and growth would result in biostabilization,

possibly with bio-mat development (see Paterson, 1997);

» Biostabilization would take longer to develop using natural river water
than that observed in chapter 4 and 5 via direct inoculation onto the
substratum. Justification is three-fold: (i) lower water temperatures of
natural water sample reduce the rate of growth of organisms (compared
to the heated water conditions in chapter 4 and 5); (ii) nutrients are
limited to those present in the extracted water sample; (iii) natural
selection and competition processes between species may reduce overall

growth rate.

8.2.1.1River investigation for site selection

Crucial to this section was the field sample location, hence field investigations
throughout lowland Scotland were undertaken. A detailed desk-based survey of
Ordnance Survey (0.S.) data initially refined the search are to the South-East
and South-West of Scotland, where mid-reach river gradients were most similar
to the flume-bed gradients employed in earlier chapters. After an initial
reconnaissance survey of a number of channels, three river systems were
considered suitable for further analysis as they fulfilled the following criteria: i)

visual presence of biofilm in the river, possibly cyanobacteria or diatoms as
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crudely identified by colour/chlorophyll presence and microscope analysis; ii) a
sediment substratum in the non-cohesive size range of sand/gravel, directly
measured from calliper-based (Powerfix, resolution 0.01mm) b-axis
measurement of 400 grains as per Fripp and Diplas (1993) and Rice and Church
(1996). Sieve analysis would have been a better technique for size identification;
however | was not granted the permission to collect large sediment samples by
the relevant authority (Scottish Environmental Protection Agency). Therefore |
collected only a few hundreds randomly selected sediment grains from the
centre of the sample for calliper analysis; iii) a non-urban area, i.e. no obvious
pollution effects on biofilm growth in terms of physical disruption or nutrient
availability. Specifically, the river systems were: (1) the Eden River (St.
Andrews) in the East of Scotland, a well known location that has been previously
studied for biostabilization in tidal reaches (E.g. Spears et al, 2008); (2) the
Devon, in the central belt of Scotland; (3) the Camps Water, in the West of
Scotland. Appendix 8.A summarises the characteristics of each river and
indicates that all reaches have appropriate substratum and biofilm for testing,
thus fully justify the need for biofilm research in river systems. As the
timeframes of this pilot research dictated that only one sample location could
be used, the following rationale was employed to justify our choice of Camps
Water: (i) it has a grain size of coarse sands, demonstrated in chapters 4 and 5
to offer the greatest biostabilization potential; (ii) it is a freshwater location,
far from influence of tidal waters or species; (iii) it is subjected to regulated
flow cycles from the upstream reservoir which include artificial water releases
(freshets) during which the biofilms present would have to have resisted
entrainment by higher flow (Stoodlye et al., 2002); (iv) there is no existing data
for this river. Thus, 300l water was abstracted from Camps Water and utilized to
colonize a flume-based coarse sand substratum; all appropriate permissions for
river water extraction were granted from the Scottish Environmental Protection
Agency (SEPA, East Kilbride office).
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8.2.1.2Experimental procedure

As these trials were temporally extensive and tangential to the main research
program of the thesis, hence the test flume employed was distinct from those
used in chapter 4 and 5. Full details of the facility and set-up can be found in
Appendix 8.B. Importantly, a non cohesive artificial sand was employed
commensurate with field data (Appendix 8.A) and chapter 4 and 5. Whilst these
glass spheres (Ds5p=0.85mm) were slightly smaller than the field sediments this is
appropriate given that: (i) biostabilization effects of chapters 4 and 5 are
greatest for this size fraction; (ii) beads are inert, hence biostabilization
processes stem solely from biology and nutrients in the river water; (iii) model
development is easier for regular, spherical grains as the surface area is known;
(iv) the test flume used drew a maximum flow of only 4l/s, hence a smaller grain
ensured entrainment threshold was possible in this facility; (v) the test flume
was narrow (81mm width) and it was important to maximize the number of
grains per width, so at Ds5;=0.85mm ~100 grains comprised the test width and
this was considered appropriately representative for biofilm attachment and
growth. Uniform flow conditions were employed throughout 10 weeks of growth
at shear stresses 86% of the critical threshold of abiotic glass beads (1, = 0.70Pa
for abiotic beads). Entrainment threshold, biomass and EPS analysis was

undertaken in a similar manner to chapters 4 and 5.

8.2.1.3 Results and discussion

The growth achieved after 10 weeks was relatively homogeneous across the test
bed and of colour and structure equivalent to the field site (see Appendix 8.A-
8.C for images). Whilst biofilm covered the sediment, a mature bio-mat did not
form in the laboratory. This form was akin to the field sample location and it is
concluded that natural biofilm can be grown in a representative way via
inoculation from real river water in a recirculating flume system. The benefits of
this finding are undoubted as it permits natural biofilm response to a range of
controlled environmental variables to be assessed, and is therefore advocated as

a technique for future research at the mm-m scale.
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Using the Yalin Criterion, the natural biofilm increased the critical shear stress
of entrainment (z) by 21%, compared to that of the abiotic sediments (see
Appendix 8.C). Crucially, this magnitude of change is significant enough to be
outwith experimental uncertainty (higher than the 15% uncertainty in shear
stress estimation caused by fluctuations in the pump and instrument precision),
supporting flume-based analysis of field-derived biofilm. Yet, the
biostabilization strength is significantly lower (by around 50%) than the
cyanobacteria data; this could be a function of species and reduced coverage by
way of a biotic coating (rather than a mature bio-mat per se). From the present
pilot data, it would be interesting to isolate the controls on biofilm form to
establish the significance of biostabilization potential of coatings (compared to
bio-mats) and to link the biostabilization potential to specific species or

combinations of those.

Areal coverage of biofilm (Appendix 8.C) showed that 84% of the test area
remained covered at the biotic threshold of entrainment and 35% remained
covered even at the maximum applied shear stress (+27% above abiotic
threshold). Thus even though a mature bio-mat was not developed, the biofilm
coating was sufficient to cause patches of locally stable sediment. Resolving the
specific controls on spatial heterogeneity will require simultaneous examination
of grain-grain interactions and larger scale interactions (such as turbulence
length scales to be resolved and compared to bio-mat patchiness). Whilst some
examination of upscaling has been undertaken from chapter 4 to chapter 5 of
this thesis, grain-grain scale interactions are not considered under fluid flow
conditions and therefore only chapter 6 data tends towards grain scale
resolution of process. Specifically, this could be developed further towards
validation data of a biotic force component acting on single grains, which could
be used to modify traditional models of sediment transport (e.g. Wiberg and
Smith, 1987); thus, a proposal is made in section 8.2.2 as to how to further this

research.

The value of biomass obtained through loss of ignition (Himom, 2005) showed
that 10 weeks of colonization led to 17.70mg of biomass (see Appendix 8.C); this
is of the same order of magnitude of the strongest biostabilization data obtained
in chapter 4 and 5 and provides confidence that single and multi species

colonization is equitably viable and comparable using flumes.
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EPS values were very low, 3.8ug/ml; this is 48% the value of the EPS for week 1
in SGS, which presented the strongest biostabilization potential among all the
experiments (see chapter 5, section 5.4.3). Given that chapter 5 data for SGS
suggested an inverse relationship between EPS and biostabilization, this might
suggest strong biostabilization potential of the natural biofilm. Hence these
findings require to be verified at a scale comparable to the one of a real river

system.

Thus, in summary these data (considered alongside research of Gerbersdorf et
al., 2009; Battin et al., 2003 and Nikora et al., 2002) have concluded that the
experimental flume-based techniques provided in this pilot study and wider
thesis are appropriate to analyzing the biostabilization potential of natural river
systems. Crucially, this flume-based methodology is highly beneficial as it
permits future studies to physically model the field situation in a way that
individual environmental variables can be isolated and examined as to their

significance on biostabilization process.

8.2.2 Madification of a traditional model for sedim ent transport

including biofilm force.

In the light of what seen for chapter 4, 5 and 6, it seems clear that the
traditional models of sediment transport based on the concept of a single
particle pivoting under the forces action on it is not applicable in the case of
biotic sediment. This depends on a number of reasons: i) chapter 4 has
specifically showed that in case of strong biostabilization, clumps of non
cohesive sediments instead of single grains can be seen for sand size sediments;
ii) in case of gravel sediments, chapter 4 and 5 demonstrated that
biostabilization can occur and chapter 6 has crudely evidenced that gravel size
sediments can experience increased adhesion properties due to biofilm
colonization (See section 6.6); iii) in case a bio-mat is generated over the
substratum, the erosion is far from being similar to pivoting of single sediments,
looking instead more like a “carpet”, rolling and tearing. This particular case

will be considered in section 8.2.3 of this chapter, where a hew model of erosion
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for carpeted sediment, which includes the biofilm material, will be briefly

presented.

For all these reasons it is fundamental that engineers start to consider the effect
that biofilm might have at different scale (grain to grain, large bio-mat ~cm?” to
m?) and parameterize this effect into traditional and commercial models of
sediment transport. Although the achievement of this point was outwith the
scope of this thesis, the author has attempted a modification of a commonly
used model of sediment transport (Wiberg and Smith, 1987) by introducing the
biofilm force in light of the results obtained in chapter 6 for the mechanical
properties of the material. In particular it is common sense to consider the
biofilm as an elastic force (see chapter 6 for results and for a detailed review).
Hence an elastic force (expressed using the Hooke’s law, as suggested by Alkvist
and Knapper, 2007) has been introduced in the balance of force that could
affect the entrainment of a biotic particle. The modification of the model and
speculations on its behaviour can be found below (for the detailed derivation,
see Appendix 8.D). The model was not calibrated due to lack of time at the end
of this project: a recommendation is that in future research the validation of
this theoretical model is carried out using results obtained from naturally
colonized sediments (as seen in section 8.2.1), in order to obtain the most

representative result.

Wiberg and Smith (1987) created a model (WSM), which yields the mathematical
expression of a critical shear stress z. for single grain entrainment, based on the
balance of rotational forces acting on it. The WSM uses the law of the wall
velocity profile to calculate forces on a particle. The forces that are taken into
consideration are: Gravity (Fg), Buoyancy (Fg), Lift and Drag over the particle (F;
and Fp), Resisting force (Fr). Fg' is defined as the difference between the gravity
and the buoyancy force (see Wiberg and Smith, 1987). A sketch of the acting
locations of the considered forces is presented below, where g is the slope of

the bed and @ is the particle angle of response, also called pivoting angle.

212



Figure 8. 1. Forces balance on a particle at the su rface of a bed (After Wiberg and Smith,
1987).

The biofilm resistance can be expressed as an elastic force (F.), defined
following the Hooke’s law so that F.=K(dL)., where k is the constant of elasticity
(equal to the spring constant) and dL is the elongation of the biofilm before
breaking an “cr” represent the length at break of the biofilm among two grains
(see figure 8.2). The direction of application of the biofilm/spring is highlighted

in shown in figure 8.2 and it is opposite to the drag component.

(Fp+Fgsinf)cos®

FD+F(;5iI'I|3

{Fgcosp- FL)sin®

Figure 8. 2. Force moment balance diagram for the e  ntrainment of a single-sediment grain
including the elastic force due to the biofilm Fe. Fe direction of application is highlighted in
the diagram by the red arrow (modified after Bridge and Bennett, 1992).

Considering all the forces that come in to play and including the biofilm
component, the equation below can be derived (see Appendix 8.D for its

derivation):

213



1 (cospg® -sinB)D
C,f Z(Zj {1+ ithD —
z, Fo > COs®

Where Cp is the drag coefficient, U is the temporal mean velocity at height z

Equation 8. 1

C

2
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a

over the bed, z, the zero velocity level of the logarithmic profile.

Equation 8.1 differs from the Wiberg and Smith (1987) model only for the term
that has been circled in red, which depends on the elastic properties of the
biofilm. If we assume that F; can be neglected, as has often been done, although
not quite correctly, in the past (e.g. Egiazaroff, 1965) in order to simplify the

analysis we can speculate that:

KdL

————— =0: equation 8.1 becomes the Wiberg and Smith original one, for
F, cos®

abiotic sediments.

2. _Kdt >1: The elasticity force wins over the drag force. This result in
Fp cos®

the highest biostabilization for the sediment and requires a higher shear

stress for erosion.

3. &:1: The drag force is equal to the elasticity force. The shear
Fp cos®

stress required to entrain a sediment particle is smaller than the one in

point 2.

4, &<1: The drag force is larger than the resistance due to the
Fp cos®

biofilm. The shear stress at erosion is smaller than Point 3 but larger than

the one obtained for the unmodified model of Wiberg and Smith (1987)

for abiotic sediments.

However, in order to be more realistic in the application of the model, the lift

force F, is included in the following worked example, considering the case of a
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strong biofilm under two different flow conditions. The worked example was
generated to demonstrate the magnitude of the different variables in equation
8.1. | have selected the case of SGS for week 1 of growth for the flows 1.6l/s
and 5l/s (see Appendix 5.A). The calculations of the forces followed the
definitions presented in Wiberg and Smith (1987), apart from the case of F;
which was approximated to be 0.85Fp, as suggested by Chepil (1958) for flows
with Rep<5000. Table 8.1 shows the values of the parameters used and their
sources. The assumption is that the bed shear stress represents the threshold
value: in this way is then possible to obtain a quantification of F. A value of dl
was measured using ImageJ before the breaking point (n=1) and it is only used as

a rough guide to detect the value of k, the elastic constant.

SGS 1.6l/s 5l/s Note
Cp 2.08 1.80 | Brown and Lawler (2003)
| Rep 28.54 36.59
U, (M/s) 0.03 0.07 | Velocity acting on the particle obtained from the PIV profile
P (°) 36.30 36.30 | Li and Komar (1986)
B 0.005 0.005
a 0.75 0.75
Fo (N) 3.27E-07 | 2.29E-06 | Wiberg and Smith (1987)
FL (N) 2.78E-07 | 1.95E-06 | Chepil (1958)
Fe (N) 4.21E-07 | 2.99E-06
dL(max)
mm 0.71 0.71 | As measured from ImageJ analysis of SS (n=1)
k 0.00059 0.00421
F/Fpo*tg @ 0.62 0.62
F./Fpcos @ 1.60 1.62

Table 8. 1. Worked example for the magnitudes of va  riables in equation 8.1. The calculations
were computed for SGS at flow 1.6l/s and 5l/s (Appe  ndix 5.A for flow characteristics). The
calculations are presented as if 7, was the critical value at threshold.

Thus, a theoretical model for incipient motion of single particle, the Wiberg and
Smith (1987) model, based on the balance of forces acting on a grain, has been
modified introducing a term for biotic force (circled in red). This term sees the
elastic force on the top, divided by the component of the drag force acting on
the same axis. Hence, speculating on the value of this term shows that if
biostabilization takes place (hence the elastic force is higher than the drag
force), then the critical shear stress required for induce erosion increases
significantly (as seen in chapter 4, chapter 5, & section 8.2.1). However, even if

the force of the biofilm is smaller than the drag force acting on a particle,
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equation 8.1 still shows that the shear stress required for entrainment will be
higher than for the abiotic prediction of unmodified Wiberg and Smith model.
Put simply, this means that any biotic colonization which offers a degree of
adhesion will modify the stability of a sediment particle in a manner so as to

require a higher bed shear stress to be eroded.

Whilst the recommendation to pursue this line of research development in the
future is fundamental to reducing uncertainty in sediment transport predictions
made by current abiotic commercially available models, this method of biotic
model correction is particular to discrete particle entrainment and should not be
considered in any circumstance where bio-mats are present and the mode of
failure is flocs or carpets; in light of this statement, a tentative alternative is
highlighted below.

8.2.3 Erosion model based on an elastic membrane co ating the

sediments

As an alternative to discrete particle entrainment model correction proposed
above (section 8.2.2), where a bio-mat is present it will be this that dictates the
nature of the boundary fluid and sediment dynamics. In chapter 4 and 5 the bio-
mat was clearly seen oscillating under unidirectional flow application; here, PIV
data showed turbulence damping in response to fluttering extracting energy
from the flow and entrainment data showed floc and carpet detachment modes.
Similarly, chapter 6 showed composite biofilm/sediment mechanical strength
and future modelling of biostabilization processes would be well served to
consider strong bio-mat behaving more like a composite elastic membrane (See
figure 8.3) than single individual grains. Whilst the numerical analysis of this
modeling is complex, the theory would be that the bio-mat is more strongly
anchored in some locations than others, thus as the flow increases (or as gas
bubbles form under the mat) the weaker connections will progressively fail and
the distance (L) between the anchor points will increase. Thus, the oscillations
in the elastic membrane will become increasingly pronounced (in the vertical)

and unstable in high flows; this will lead to failure of the mat beyond a
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particular threshold, which will rip releasing clumps of biofilm/sediment. In this
case, it is the horizontal length-scales over which oscillations occur which should
be considered more important for incipient motion than the roughness length
scales (such as zp) used in conventional abiotic sediment transport models. In
this case, the initial case for model development is therefore restricted to
purely an Eco-Hydraulic problem (as sediment is not exposed at the boundary
and therefore cannot influence flow), such that the mechanical feedback
between the membrane motion, shear stress and turbulence damping are
critical. However, the data provided in this thesis should be appropriate to
validating such an approach to biotic hydraulic and sediment model development

in the innovative way proposed.

Figure 8. 3. Representation of the flow conditions in a flume causing the composite bio-mat
and sediment on the bed to oscillate.

8.3 Ideal combined tensile testing-flume facility

As presented in chapter 6, tensile testing could represent a very useful
technique to investigate the mechanical properties of bio-mats. However in this

thesis | had to extract the samples from the culturing location and this process
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could result in modification of the original physical properties of the material

(e.g. drying).

Hence, ideally a test directly carried out in a flume, avoiding any extraction and
performed in wet conditions would provide the most representative result. This
could be done if a flume was equipped with a horizontal tensile testing facility,
which means that a region of the flume bed could be equipped with a plate
connected with a load cell (possibly 5N, in order to obtain very detailed
analysis). The plate could be allowed to move at a set displacement rate (in the
same way as a tensile tester). Ideally the bed material should be fixed on the
movable pate and on the upstream region of the flume, so that no disruption
could be caused by the dislodgement of sediments on the surface and biofilm
could just grow and “carpet” the immobile bed. This test cannot be carried out
under real flow conditions, because the weight of the water column could break
the biofilm while testing; however, if the flume is carefully and slowly drained,
then the horizontal tensile test could be carried out when the bio-mat is still in

wet conditions, ensuring that the test is measuring the real biofilm properties.

This method, which could be quite costly (e.g. load cell of high accuracy
immerse in water; a flume facility with a plate that can be displaced at a
controlled velocity), would be the most representative way of testing bio-mats

without extracting them.

In my opinion this facility could also be exported to the field, if a plate (that has
can be separated in the centre) is left to be colonized in situ and then
transported to the flume for testing. The transportation could create some
disruption in the sample but this can be minimized by keeping the sample
constantly wet; moreover, since the sediments should be glued onto the plate,
no dislodgment or settlement of the substrata should occur, so that only the

biofilm strength could be analyzed.
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8.4 Closing Statement

This thesis has provided novel data sets on: (i) biostabilization of non-cohesive
sand/gravels; (ii) Eco-Hydraulics over bio-mats; (iii) biomechanics of composite
biofilm-sediment mats. Not only has quantitative, robust measurement of each
of these processes been provided for a range of spatio-temporal conditions, but
numerous variables have been specifically isolated and examined to attempt to
resolve the underpinning relationships responsible for biostabilization. Crucially,
this thesis has provided unequivocal evidence that biofilms can be successfully
be cultured and colonized in a laboratory flume at the scale representative of
growth in the field; this finding should not be understated, as it yields significant
potential for researchers (engineers, geoscientists and biologists) to start to
control and unravel biostabilization in far more detail. However, due to the
complexity of cross-disciplinary subject progress and requirement for forays into
biology even in an engineering-based thesis such as the present one, it has been
found to be prudent to join the choir of voices (e.g. Black et al., 2002; Rice et
al., 2010; Gerbersdorf et al., 2011) that auspicate for a unified effort across
different research disciplines, if significant progress is to be made in Eco-

Hydraulics or biostabilization research.
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Appendices

Appendix 3.A: Experimental program

Large Scale Small Scale
Exp N. Material Biotic/ Growth T Scale Light at growth Light % 11 at growth Testing images Videos

Abiotic (weeks) (mm) (umol m 2 s cycle (h) relative to . Flow steps analyzed analyzed (min) | PIV
1 SGS Abiotic 200%200*20 9 18 No
2 SGS Biotic 1 200*200*20 ~120 24 35-50% 9 10 18 No
3 SGS Biotic 2 200*200*20 ~120 24 35-50% 9 10 18 No
4 SGS Biotic 3 200*200*20 ~120 24 35-50% 9 10 18 No
5 SGS Biotic 4 200*200*20 ~120 24 35-50% 9 10 18 No
6 SGS Biotic 5 200*200*20 ~120 24 35-50% 9 10 18 No
7 SGS Biotic 6 200*200*20 ~120 24 35-50% 9 10 18 No
8 SGS Biotic 7 200%200%20 ~120 24 35-50% 9 10 18 No
9 SGS Biotic 8 200%200%20 ~120 24 35-50% 9 10 18 No
10 SGS Biotic 9 200%200*20 ~120 24 35-50% 9 10 18 No
11 SGS Biotic 10 200*200*20 ~120 24 35-50% 9 10 18 No
12 Sand Abiotic 200%200*20 11 22 No
13 Sand Biotic 1 200*200*20 ~120 12 35-50% 11 22 22 No
14 Sand Biotic 2 200*200*20 ~120 12 35-50% 11 22 22 No
15 Sand Biotic 3 200*200*20 ~120 12 35-50% 11 22 22 No
16 Sand Biotic 4 200%200%20 ~120 12 35-50% 11 22 22 No
17 Sand Biotic 5 200*200*20 ~120 12 35-50% 11 22 22 No
18 LGS Abiotic 200%200%20 11 22 No
19 LGS Biotic 1 200*200%20 ~120 12 25-30% 11 22 22 No
20 LGS Biotic 2 200%200*20 ~120 12 25-30% 11 22 22 No
21 LGS Biotic 3 200*200*20 ~120 12 25-30% 11 22 22 No
22 LGS biotic 4 200*200*20 ~120 12 25-30% 11 22 22 No
23 LGS biotic 5 200*200*20 ~120 12 25-30% 11 22 22 No
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24 Gravel abiotic 200*200*20 15 30 No
25 Gravel biotic 1 200%200%20 ~120 12 25-30% 15 35 30 No
26 Gravel biotic 2 200%200*20 ~120 12 25-30% 15 35 30 No
27 Gravel biotic 3 200*200*20 ~120 12 25-30% 15 35 30 No
28 Gravel biotic 4 200%200*20 ~120 12 25-30% 15 35 30 No
29 Gravel biotic 5 200*200*20 ~120 12 25-30% 15 35 30 No
30 SGS abiotic 1000*300%20 6 12 yes

31 SGS biotic 1 1000*300%20 ~26 12 35-50% 6 13 12 yes
32 SGS biotic 2 1000*300%20 ~26 12 35-50% 6 13 12 yes
33 SGS biotic 3 1000%300*20 ~26 12 35-50% 6 13 12 yes
34 SGS biotic 4 1000*300*20 ~26 12 35-50% 6 13 12 yes
35 Sand abiotic 1000*300*20 6 12 yes
36 Sand biotic 1 1000*300*20 ~26 12 35-50% 6 13 12 yes
37 Sand biotic 2 1000*300*20 ~26 12 35-50% 6 13 12 yes
38 Sand biotic 3 1000*300%20 ~26 12 35-50% 6 13 12 yes
39 Sand biotic 4 1000*300%20 ~26 12 35-50% 6 13 12 yes
40 LGS abiotic 1000*300%20 6 12 yes
41 LGS biotic 1 1000%300*20 ~26 12 35-50% 6 13 12 yes
42 LGS biotic 2 1000*300%20 ~26 12 35-50% 6 13 12 yes
43 LGS biotic 3 1000*300*20 ~26 12 35-50% 6 13 12 yes
44 LGS biotic 4 1000%300*20 ~26 12 35-50% 6 13 12 yes
45 Gravel abiotic 1000*300*20 6 12 yes
46 Gravel biotic 1 1000*300%20 ~26 12 35-50% 6 13 12 yes
47 Gravel biotic 2 1000*300*20 ~26 12 35-50% 6 13 12 yes
48 Gravel biotic 3 1000*300%20 ~26 12 35-50% 6 13 12 yes
49 Gravel biotic 4 1000*300*20 ~26 12 35-50% 6 13 12 yes
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Appendix 3.B: Full strength BG-11 (with NaNO3) nutr  ient
medium

The nutrient medium used at the full strength BG-11 (with NaNO3) according to
Ripkka et al. (1979) is presented below:

1 ml/l of: Ag, NaCOs, citric acid, Mg504*7H,0, CaCl;*2H,0, EDTA, K;HPO4,

fettic ammonium citrate;

« 5 ml/l of: NaNOs.
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Appendix 4.A: Flow steps and hydraulic characterist

iICS
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Appendix 4.A shows the different flow steps used for the testing of SGS, sand,

LGS and gravel. Whilst SGS and sand have different flow steps because the bed

was resettled after SGS experimental testing as concluded, for LGS and gravel

the same bed was used; also in this case though new quasi-uniform flow steps

higher in magnitude than for sand sediments had to be generated due to the

larger size of the gravel sediments.

SGS experiments.

Flow | H Ry, Bed WL Energy Froude U DS Einstain MPM MPM
(1/s) | (mm) | (m) slope slope Slope (m/s) | u* (1942) u*(ecm/s) | 7,
(cm/s) u*(cm/s) (Pa)
0.52 16.9 0.015 0.0054 0.0046 | 0.0046 0.24 0.10 2.84 2.76 2.63 0.69
0.94 22.0 0.019 0.0058 0.0045 | 0.0046 0.37 0.17 3.31 3.14 2.95 0.87
1.31 25.2 0.022 0.0056 0.0044 | 0.0045 0.34 0.17 3.44 3.31 3.10 0.96
1.63 27.1 0.023 0.0057 0.0043 | 0.0045 0.36 0.19 3.58 3.40 3.17 1.00
1.95 30.1 0.025 0.0054 0.0041 | 0.0043 0.40 0.22 3.64 3.50 3.25 1.05
2.27 32.2 0.027 0.0053 0.0041 | 0.0043 0.40 0.23 3.71 3.62 3.34 1.11
2.44 33.6 0.028 0.0053 0.004 0.0042 0.40 0.23 3.78 3.65 3.37 1.13
3.40 39.6 0.031 0.0051 0.0038 | 0.004 0.44 0.28 3.96 3.86 3.53 1.22
4.52 46.5 0.036 0.0052 0.0038 | 0.0041 0.48 0.32 4.25 4.19 3.78 1.24

Table 4A. 1 Flow parameters for SGS:

H is the flow depth (mm);

(m), WL is the water level, DS is the depth-slope s

slope equation, Einstein (1942) is the shear veloci
MPM is the Meyer-Peter and Miiller shear velocity.

Ry, is the hydraulic radius
hear velocity obtained from the depth
ty obtained for side wall correction and
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* Sand experiments.

Flow | H Ry, Bed WL Energy | Froude | U(m/s) | MPM MPM
(I/s) | (mm) | (m) slope | slope | slope u*(cm/s) | 7,
(Pa)
1.31 | 25.2 0.022 | 0.0061 | 0.0043 | 0.0045 | 0.35 0.17 3.09 0.96
1.70 | 25.3 0.022 | 0.0055 | 0.0045 | 0.0047 | 0.45 0.22 3.16 1.00
198 | 274 0.023 | 0.0055 | 0.0043 | 0.0046 | 0.47 0.24 3.22 1.03
2.26 | 29.8 | 0.0250.0054 | 0.0043 [ 0.0045 | 0.47 | 0.25 3.33 1.10
247 |31.8 [ 0.026 | 0.0056 | 0.0042 | 0.0045 | 0.46 | 0.26 3.40 115
294 | 34.1 0.028 | 0.0055 | 0.0042 | 0.0045 | 0.50 0.29 3.51 1.23
3.41 | 37.0 0.030 | 0.0060 | 0.0041 | 0.0046 | 0.51 0.31 3.66 1.33
4.06 | 425 0.033 | 0.0052 | 0.0040 | 0.0043 | 0.49 0.32 3.73 1.37
5.06 |48.0 | 0.036|0.0052 | 0.0041 | 0.0044 | 0.51 | 0.35 3.96 160
6.00 | 51.9 0.039 | 0.0061 | 0.0041 | 0.0047 | 0.54 0.38 4.21 1.79
7.00 | 55.4 0.040 | 0.0054 | 0.0041 | 0.0045 | 0.57 0.42 4.24 1.96

Table 4A. 2 Flow parameters for Sand:

(m), WL is the water level, and MPM is the Meyer-Pe
sand experiments different flow steps were employed

to the fact that the flume was emptied once between

uniform flow calibration had to be re run; moreover
to investigate further the biostabilization potenti al.

* LGS and gravel experiments.

H is the flow depth (mm);
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Ry, is the hydraulic radius
ter and Miiller shear velocity. During the
compared to SGS ones: this was due

the 2 experiments and hence the

higher flow steps were applied for sand

Flow |H Ry Bed wL Energy | Froude | U MPM MPM
(1/s) (mm) | (m) slope | Slope | Slope (m/s) u*(cm/s) | o (Pa)
1.31 25.2 0.022 | 0.0061 | 0.0043 | 0.0045 0.35 0.17 3.09 0.95
1.70 25.3 0.022 | 0.0055 | 0.0045 | 0.0047 0.45 0.22 3.16 1.00
1.98 27.4 0.023 | 0.0055 | 0.0043 | 0.0046 0.47 0.24 3.22 1.03
2.26 29.8 0.025 | 0.0054 | 0.0043 | 0.0045 0.47 0.25 3.33 1.11
2.47 31.8 0.026 | 0.0056 | 0.0042 | 0.0045 0.46 0.26 3.40 1.16
2.94 34.1 0.028 | 0.0055 | 0.0042 | 0.0045 0.50 0.29 3.51 1.23
3.41 37.0 0.030 | 0.006 0.0041 | 0.0046 0.51 0.31 3.66 1.34
4.06 42.5 0.033 | 0.0052 | 0.0040 | 0.0043 0.49 0.32 3.73 1.39
4.50 43.3 0.034 | 0.0046 | 0.0045 | 0.0045 0.53 0.35 3.86 1.49
5.06 48.0 0.036 | 0.0052 | 0.0041 | 0.0044 | 0.51 0.35 3.96 1.56
5.50 48.8 0.037 | 0.0044 | 0.0047 | 0.0046 0.54 0.38 4.08 1.66
6.00 51.9 0.039 | 0.0061 | 0.0047 | 0.0047 0.54 0.38 4.21 1.77
6.50 54.1 0.040 | 0.0045 | 0.0046 | 0.0046 0.55 0.40 4.22 1.78
7.00 55.4 0.040 | 0.0054 | 0.0041 | 0.0045 0.57 0.42 4.24 1.79
7.50 58.7 0.042 | 0.0040 | 0.0048 | 0.0045 0.56 0.43 4.34 1.88
8.00 60.6 0.043 | 0.0047 | 0.0046 | 0.0046 0.57 0.44 4.43 1.96
8.50 64.1 0.045 | 0.0049 | 0.0047 | 0.0048 0.56 0.44 4.58 2.09
9.00 66.7 0.046 | 0.0051 | 0.0047 | 0.0048 0.56 0.45 4.67 2.18
10.00 69.1 0.047 | 0.0047 | 0.0049 | 0.0048 0.59 0.48 4.73 2.24
Table 4A. 3 Flow parameters for LGS and gravel: H is the flow depth (mm); R, is the

hydraulic radius (m), WL is the water level, and MP

velocity.

M is the Meyer-Peter and Miiller shear
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Appendix 5.A: Biofilm coverage LS: Beginning vs End of

flow step

Appendix 5.A shows the hydraulic parameters obtaining setting up UF conditions

for the testing of box1.

Flow H Ry, Bed WL Froude U 7, DS T, Einst. T, DS
(I/s) | (mm) | (m) Slope slope (m/s) | (Ry)(Pa) | 1942 (Pa) | (H)(Pa)

1.6 18.0 | 0.016 | 0.0048 | 0.0050 0.71 0.30 0.78 0.84 0.88

2.6 24.8 | 0.021 | 0.0054 | 0.0055 0.71 0.35 1.04 1.14 1.22

3.6 29.0 | 0.024 | 0.0055 | 0.0053 0.78 0.41 1.19 1.31 1.42

5 36.8 | 0.030 | 0.0047 | 0.0050 0.75 0.45 1.45 1.64 1.80

44.2 | 0.034 | 0.0047 | 0.0053 0.80 0.53 1.67 1.91 2.16

52.5 | 0.039 | 0.0046 | 0.0052 0.80 0.57 1.90 2.23 2.57

11 59.3 | 0.043 | 0.0050 | 0.0055 0.81 0.62 2.08 2.48 2.90
Table 5A. 1. Flow parameters for the erosion testin g of box1: H is the flow depth (mm); R;is
the hydraulic radius (m), WL is the water level, DS is the depth-slope 1, shear stress
obtained from the depth slope equation respectively using H or Ry; Einstein (1942) is the

shear velocity obtained for side wall correction, w hich would be used as the reference value
in the experiments.

Appendix 5.B: EPS -Carbohydrate quantification with

phenol assay

Modified after Daniels, L., Hanson, R.S, and J. Phillips. 2007. Total
Carbohydrates by Phenol Reaction, p. 468. In: Reddy, C.A., Beveridge, T.J.,
Breznak, J.A., Marzluf, G.A., Schmidt, T.M., and L.R. Snyder (ed.), Methods for
General and Molecular Microbiology, 3™ ed., Section Ill: Chemical Analysis ASM
Press, Washington, DC

Sample Preparation

Supernatants
1. 200mg of biofilm plus sediment sample into a 15ml tube;
2. Add 1.5ml dH,0 water;

3. Rotate for 1.5h;
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4. Place the test tube in an ice bath and sonicate with 20 % of the amplitude
for 180 seconds;

5. Centrifuge (at 10,000 rpm) for 10 minutes;
6. Remove the supernatant to a fresh tube (2ml).
Preparation of Standards

Prepare Glucose standards in distilled water in the concentrations of 5; 10; 25;
50; 75; and 100ug/ml.

Photometric Assay

1. Pipet 500ul of each standard, blank and sample or sample dilution into a
glass 15ml tube;

2. Under the fume hood add 500ul of the Phenol solution (5% v/v) and 2.5ml
of concentrated sulphuric acid.

3. Mix thoroughly.
4. Incubate at 95°C for 1h.

5. Pipet 300pl into separate wells of a microplate.

o

Measure the absorbance at 488nm using the microplate reader.
Materials and Dispensable

Water, distilled; Phenol Solution, 5% (v/v) in distilled water; Sulphuric Acid,
>95%; D (+) - Glucose (Monohydrate); Phenol cryst., extra pure; 15ml tubes.

Standards EPS Curve

Below the calibration curve for the glucose standards, prepared in distilled
water in the concentrations of 5; 10; 25; 50; 75; and 100ug/ml.
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end

Appendix 5.C: Biofilm coverage LS: beginning vs
flow step
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Figure 5.C 1. Biofilm coverage at the LS (% of the
four materials (SGS, Sand, LGS and Gravel) at the b
step. Spheres are subjected to an error of up to 9%

5% (a reasoning for this can be find in Chapter 4,

Section 4.3.3).
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Appendix 5.E: Average PIV double averaged statistic

Time and Space averaged flow statistics for SGS.
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Time and Space averaged flow statistics for Sand.
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Time and Space averaged flow statistics for LGS.
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Time averaged flow statistics for Gravel.
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Appendix 8.A : Real river biofilm: site selection

This Appendix relates to Section 8.2.1.1 of this thesis. It outlines the field site locations, characteristics and sampling that underpins
choice of Camps Water as the real river sample location; these data are provided in Table 8.A1 and figure 8.A4. All sedimentological

information from the field sites is also provided in Table 8.A2 and in figures 8.A1-A3.
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Table 8A. 1. Catchment, hydraulic, sediment and eco
hydraulic data are gauged discharge values which ar

information is sourced from Centre for Ecology and

logical descriptors of three field sites; R. Eden,
e exceeded x% of the time, thus, a Q95 is a low flo

Hydrology (CEH: http://www.ceh.ac.uk/).
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R. Devon and Camps Water. Qx values for the
w and Q10 is a high flow. Catchment descriptor

Catchment | General river description Sample Location | Biofilm observations Hydraulic gauge Catchment | Sediment analysis
(O.S. grid ref.) data descriptor

Eden Located in Fife (nr. St. NO415158 Brown bio-mat; mature and | Kemback Gauge. | Gently- Bimodal coarse
Andrew’s). Catchment area = spongy character. Cover Average daily | sloping, sand and fine
307.4 km*. Generally single relatively homogeneous. flow: low- gravel (Table 8A.2,
thread meandering. Two (figure 8A.4). Presumed Q=3.97m3/s altitude figure 8A.1).
tributaries: Motray Water (rural) diatom dominant. Q10=8.14m>/s catchment.
and Ceres Burn (rural) Qo5 - 0 97m3/s Land-use is

) ’ arable,
pasture
and
woodland.

Devon The Devon River is a left tributary | NS858960 Evidence of different Glenochil Gauge. The Unimodal very
of the river Forth in photosynthetic biofilms: a | Average daily flow: | headwaters | fine/fine gravels
Clackmannanshire. Catchment green one (possibly a Q=4.64m’/s are steep (Table 8A.2
area = 181 km?. After descending filamentous cyanobacteria) Q10=9.63m>/s whereas figure 8A.2) ’
from the Blairdenon Hill in the and a brown one Q95=1.03m’/s. the lower e
Ochils, it flows east and (presumably diatoms). valley is
southeast through Glendevon, Cover patchy, mature broad and
turning southwest at Crook of biofilm (figure 8A.4). very flat.

Devon and then continuing The land

westwards. It then reaches the use is

River Forth at the small village of arable in

Cambus. It is a meandering river the valley,

and it is prone to floodings. grassland
in
headwaters
and some
forest.
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Camps

It rises, in several head-streams,
on heights contiguous to the
boundary with Peeblesshire, and
runs about 6 miles west-south-
westward, through a moorish,
mountainous tract, to the river
Clyde opposite Crawford village.

NT 003 225

Brown biofilm, spongy
character and filaments.

Cover patchy. (figure 8A.4).

Presumed diatom
dominant.

No info

It source is
the Camps
reservoir,
which is a
dammed
artificial
reservoir.
Rural.

Bimodal
distribution of
coarse sand and
fine gravels
(Table 8A.2,
figure 8A.3).
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Table 8A. 2. Sediment characteristics over 400 grai
statistics are provided in terms of the mean, media
deviation and range. Full

grain size distributions

can be found in figure from 8A.1 - 8A.3.
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ns for the three field sites. Standard
n (Dso), mode, geometric standard

Eden Devon Camps Water
Mean (mm) 1.91 2.05 1.79
Median (mm) 1.13 1.82 1.27
Mode (mm) 0.48 2.02 1.41
Standard Deviation 2.04 1.22 1.54
Range (mm) 14.00 16.93 13.41
Wentworth class Coarse sand Fine gravel Coarse sand
Grade Bimodal Unimodal Weakly bimodal
Eden River
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Figure 8A. 1. Grain size distribution for the Eden River (out of 400 grains). The graph shows a

clear bimodal bed.

200
180

140
120

80

Grain Count

20

160 -

100 -

60 |
40 |

Devon River
R B ‘D‘D‘D‘ B 5 5 5 =
o o o o o o = = w & s <
= = N B [4)} [ee] N D w ~ ~ o
w [e¢] [e5] N (5] S o o (&) [« w a

Grain sizes (mm)

Figure 8A. 2. Grain size distribution for the Devon

distribution is visible with a peak in the fine gra

River (out of 400 grains). A clear unimodal

vel range.
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Camps Water
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Figure 8A. 3. Camps Water sediment sizes distributi  on (out of 400 grains). The distribution

is bimodal with a mean peak in the range of coarse sand and a second peak in the range of
coarse gravel.
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(i) River Eden: 1) view of the vegetated river bed, River Eden; 2) view of the vegetated river bed; 3)
Light microscope of the biofilm collected (scale 3.53mm*2.65mm).

(ii) River Devon: 1-2) more grvgly than the Eden river; 3) Biofilm from the Devon river: prevalence
of filamentous cyanobacteria; 4) brown biofilm, possibly diatoms (scale 2.34mm*1.75mm)

< S

(iii) Camps Water: 1) generally a gravely bed; 2) finer material at the bends; 3) Photosynthetic
brown biofilm (scale 3.53mm*2.65mm).

Figure 8A. 4: Field sample locations at the reach ( 10’s m) and patch scale (m) and light
microscope images of biofilm samples at approximate ly 3.5 x 2.5mm scale: (i) River Eden -
brown spongy biofilm tending towards a homogeneous coating but not a well developed
mat, possible diatom dominant biofilm; (ii) River D evon — brown/green spongy biofilm well

established in patches, possible cyanobacteria (gre  en) and diatom (brown) present; (iii)
Camps Water — brown spongy and filamentous biofilm, patchy; possibly (diatoms).
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Appendix 8.B: Real river biofilm: flume, growth and light

set up

The selected flume (figure 8B.1) for the pilot experiment presented in section
8.2.1 was ideal for the experiment where real river water was used to culture a
sediment substratum because equipped with a small tank that could be filled up
with 150l of water. It was a 5m long flume (3m working section), 0.081m wide
and fitted with a 4l/s pump. The bed was set to be 50mm deep and mainly
comprised by gravel with diameter (D) in the range of 5.6mm-8mm. The testing
section was located 3.8m downstream the inlet and far enough to not be
disturbed by the outlet. The length of the test area was approximately 240mm;
here glass beads with Ds5p=0.85mm were placed and screeded at the level of the
adjacent bed. The fitted pump was not controlled by a power inverter, so picks
of flow (roughly 20-30% more water depth, lasting for only a short amount of

time) have been experienced during growth.

‘ V 1 ‘I J1'F e
[ Mini-propelle

|

Figure 8B. 1. Narrow flume used for real river biof  ilm colonisation and testing. Full working

length of 5m, test width of 81lmm. Facility is equip ped with 12:12h lighting cycles. The
pointer gauge for depth readings and mini-propeller for are crude methods for calculating
discharge through the flow section (max. 4l/s). The test section of glass beads is 240mm in
length, located 3.8mm downstream of the inlet in th e region of best uniform flow; 5.6-8mm
gravel surrounds this section.

Uniform flow conditions for growth (lower than the critical threshold conditions
for the glass beads) and at threshold were established: the maximum error on

the slope experienced was up to 15% due to the absence of an adjustment of the
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tail gate on the flume. The bed shear stress (z,) was derived from the depth-the
Einstein (1942) equation for side wall correction with p, the density of the
water, set at 21°C (equal to 997.9kg/m’) (see chapter 4, equation 4.2) To use
this equation it was required to obtain the flow depths at each step and flow
velocity using a mini-propeller (Nixon 403), which had a calibration chart (HZ
values were related to flow velocity). The propeller was placed at 40% of the
flow depth (from the bed), location that is considered in engineering practice to
be where the average velocity takes place in a turbulent velocity profile.
Knowing the cross-sectional area (b, width of the channel, was equal to 0.081m)
and the average velocity for that position, flow could be estimated (See table
6.4 below).

Flow Depth H(mm) | U (m/s) DS 1, pq | Einstein (1942) =, (Pa)
1st (at growth) 20 0.27 0.66 0.60
2 33 0.37 0.89 0.77
3" 40 0.39 0.99 0.84
4" 47 0.44 1.06 0.88
50 55 0.52 1.14 0.89

Table 8B. 1. Hydraulic variable for the 5 flows use d in the experiments. DS 1, is the shear
stress obtained for the depth slope equation; Einst ein T, ,ng U*. are values corrected for the
walls effect (Einstein, 1942).

Critical threshold of the abiotic beads was calculated using the Yalin Criterion
(1972) (See chapter 4). The selected area A was equal to 35mm by 20mm, which
meant having in the field of view approximately 1234 particles. For a period of
time equal to 60s, the number of particle required to move in the field of view
were 8 to define such a flow at threshold. To maximize the precision we
analyzed 3 minutes: the 1%, the 5™ and the 9*" minute. The calculations showed
that 8 particles were at threshold in each of the minutes analyzed for an average
velocity U equal to 0.30m/s and a corrected shear stress 1. equal to 0.70Pa (u*.

equal to 2.65cm/s).

Once the uniform flow set up was established, the real river water was added to
the tank (first 150l and then the tank was topped up to compensate for
evaporation) and the experiment started, letting the bacteria in the water
colonize the sediment in the tested area. This was obtained by having a lamp
constantly illuminating the test section (15.6 umol m™2 s™") and positioned 400mm

away from the bed. Of interest is that the first flow, which was the flow at
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growth, was approximately 86% of the critical entrainment threshold, hence

quite a strong flow that should have created a strong biofilm.

A high speed camera (Sony HDR-SR5E) was placed on top of the testing area and
it allowed to get full view pictures of the entire testing area (240mm in length)
and high resolution video of a smaller area in the centre line of the flume (35mm
in length) for the duration of each flow step (10 minutes). The growth achieved
after 10 weeks can be seen below (figure 5B.2). A brown biofilm, similar to the

one seen in the Camps Water was seen colonizing the artificial sediments.

Flow direction |
e r—— | \

Figure 8B. 2. Laboratory biofilm over substratum ar  ea 240mm*81mm following 10 weeks of
growth. Laboratory sample is clearly appropriate in terms of colour and coverage,
compared to that of the field Biofilm coverage afte r 10 weeks of growth (length scale
240mm)

Before starting the test, a sample was collected at the downstream end of the
test section. This was done in order to calculate the biomass (Himom, 2005) and
the EPS (Daniels et al., 2007) produced at this stage of growth.
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Appendix 8.C: Real River: Results

+ Biomass

Biomass Non Cohesive Beads ~1mm
2.00
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‘—e—lm long boxes —e—0.2mboxes ® Realriver

Figure 8C. 1. Biomass over weight of the sample (g)  for non cohesive spherical glass beads
for 200mm, and 1m boxes (SGS) compared to the real  river experiment ( Dso=0.85). The value
of biomass obtained showed that 10 weeks of coloniz ation allowed 17.70mg of biomass to
be generated using the same methodology as in chapt  er 4 and chapter 5 (see chapter 3).
The biomass value for this experiment sits in the m iddle of the largest biomass experienced

in previous chapters for SGS.

« EPS

EPS Non Cohsive Beads ~1mm
0.25

0.20 4

0.15 4
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Figure 8C. 2. EPS over weight of the sample (200mg) for non cohesive spherical glass beads
~1mm for 1m boxes compared to the real river experi  ment. When comparing the results for
the real river experiments with previously collected data (only for 1m long boxes) for SGS, it
is evident that the value of EPS in this experiment was the lowest. This might have
consequences in the stability of the substratum: in chapter 5 low EPS content was associated
to high stabilization potential (week 1 of growth).
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» Percentage erosion at the Large Scale:
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Figure 8C. 3. Area erosion at the end of every flow  step (10min) for the 5 different flows. The
bars relate to the % increase in shear stress compa  red to the critical, whereas the line is the
% coverage of the biofilm at the full view (~24.00  in length).

-, B

Figure 8A. 5. Area eroded (%) for original and thre  sholded image using Iso Data technique
through ImageJ for the five flow steps used in the testing of the real river experiments (see
Appendix 5B; Length 240mm).
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Appendix 8.D: Wiberg and Smith (1987) modification
including the force induced by biofilms

Derivation of the modified Wiberg and Smith model, after adding the elastic
force due to the biofilm F.=KdL, where k is the constant of elasticity and dl is
the elongation of the biofilm before breaking. The other forces acting on the
sediment particle are as seen in figure 8.2 are: Gravity (Fg), Buoyancy (Fg), Lift
and Drag over the particle (F. and Fp), Resisting force (Fg). F¢' is defined as the

difference between the gravity and the buoyancy force (see Wiberg and Smith,
1987).

(Fp + Fg sinB)cosd = (F; cosB — F,)sin® + KdL;

F, +F;sing = (F; cosB - F tgd + KdL .
co

(%J[( Fs cosf—F )tgd + K‘ilcﬂ = (EJ[FD +Fg sing];

L co F.
) KdL
F.(costgd —sinf3) + =F, +F tg®;
s (cospg B) cosh P .9
1+itg¢—7KdL
S Fo Focosd

Fo cosptgd —sinf

Using the Law of the Wall and knowing that o=AD/V, where A, is the cross
sectional area of a grain, and V is the volume of the grain, the equation above
can be re written as:

1 z
~r,C,f? = | AD
2 7P (Zoj A _ cospg® -sing

(ps = PUg 1+itg¢_ KdL
Fo F, cos®

Hence
1 (cosptgd —sin5)D

N Fo F, cos®

c

2
r,=—
a

Where Cp is the drag coefficient, U is the temporal mean velocity at height z, z
the zero velocity level of the logarithmic profile.

Interesting to notice is that KdL and Fpcos® are applied to the same plane and in
opposite direction.
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