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ABSTRACT

This study examines the potential for biological cohesion to arrest scour erosion at marine
infrastructure. Biological cohesion occurs naturally in sedimentary environments, and is caused
by extracellular polymeric substances (EPS) which result from the life cycles of microorganisms.
EPS is known to dramatically increase the resistance of natural biomediated sediment to erosive
hydrodynamic forces. In this study, we test, for the first time, whether EPS can be deliberately
added to a sediment to mitigate against scour erosion — a process we term ‘biostabilisation’. A
systematic laboratory experiment is used to investigate the effects of an EPS additive on scour
erosion around a monopile in a sand substrate. Results show that increasing EPS content causes
a progressive reduction in equilibrium scour depth, the volume of excavated material and the
timescale required to reach equilibrium scour morphology. These parameters are linearly related
to EPS content, showing that the effects of EPS on the physical processes required for erosion
to occur are concentration dependent. It can be concluded that biostabilisation offers a
potential new ecologically engineered, nature-based solution to a range of scour and erosion
scenarios. The economic and environmental advantages are discussed, and a methodology for
biostabilisation use in individual erosion mitigation scenarios is proposed.
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1. Horseshoe vortex system imposes erosive force on
sediment through quasi-random vortex shedding

2. EPS additive increases sediment stability
through improved bonding kinetics

Horseshoe :
<-’_~<:.Vortex e
<§y'stem .

S

€PS strands
connect grains

EPS adheres to
sand surfaces

No EPS additive

3. Scour erosion is reduced due to improved sediment stability, with reduction dependent on concentration of EPS additive.

1. Introduction

Engineered structures in fluvial, coastal and offshore
locations have very different physical characteristics
than the natural habitats they replace. Globally, an esti-
mated 1.0-3.4 million km? of seascape has been
modified by the installation of engineered coastal struc-
tures [1]. The predicted expansion of coastal hardening
by 50-76% over a 25-year period [2] will further
damage coastal marine ecosystems already experien-
cing multiple pressures [3] from our use of the marine
environment for socio-economic gain, including from

oil and gas production, offshore wind energy, tidal and
wave energy, communication networks, power cables,
pipelines and the commensurate increase in supporting
coastal infrastructure.

A key aspect of the design of infrastructure in subaqu-
eous environments is protecting it from physical
damage resulting from the hydrodynamic forcing of
waves, currents and tides. Scour erosion is a ubiquitous
threat to offshore wind farms, oil and gas rigs, bridge
piers, coastal defenses, seafloor infrastructure such as
pipelines and cables (amongst others). It occurs
because structures disrupt the flow field, resulting in a
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higher capacity for erosion of the substrates in which the
structure is sited. Hydrodynamic conditions leading to
scour include flow separation and the generation of
coherent turbulent structures, focusing of wave energy
or currents by structural alignments, downward-directed
breaking waves, wave pressure differentials and inten-
sified orbital velocities of reflected waves [4]. In addition,
the installation of infrastructure can weaken natural
sediment structure, reducing the critical force required
for erosion.

Scour can be reduced by modifying the structure to
reduce the strength of turbulent vortices that result in
increased erosive force. Even with these improvements,
some degree of scour is inevitable, and reinforcement of
the substrate in which the structure is placed is required.
Typically, methods of protecting against scour erosion
rely on ‘hard engineering’ approaches to armor sedi-
ments, including the positioning of concrete, large
rocks, gabion baskets, plastic matting and rock mat-
tresses on the affected site. Consequently, the environ-
mental ‘footprint’ of a structure includes the materials
used to protect it. ‘Hard engineering’ methods of scour
mitigation have shortcomings for: (1) Economic
reasons: cost of material and transport to site, cost of
specialist vessels; (2) Practical reasons: distance to
offshore sites, uncertainty of sea operations, need for
precise sub-sea assembly; (3) Environmental reasons:
disruption of geomorphological processes, damage to
ecological communities, reliance of carbon-intensive
methods [5,6].

The improved capacity to predict the extent of scour
in a range of hydrodynamic conditions and sediment
types has allowed scour mitigation methods to be opti-
mized to reduce economic costs and environmental
impacts. Notably, predictions that assume a cohesionless
substrate (e.g. [7,8]) have been replaced by those that
better parameterize the effects of variations in sedimen-
tological properties. For instance, fine cohesive fractions,
common within all sedimentary environments [9],
impart physical cohesion that may reduce the rate and
equilibrium depth of scour as it takes a large number
of shear stress cycles to overcome the hydrostatic and
electromagnetic bonds between clay particles e.g.
[10,11].

More recently, it has been recognized that biological
cohesion mediates sediment erosion, transport, depo-
sition and consolidation in aquatic sedimentary ecosys-
tems [12]. Biological cohesion is imparted by a matrix of
extracellular polymeric substances (EPS) which result
from the life cycles of microorganisms capable of coloniz-
ing various soft (i.e. sediment or soil) surfaces that exist
across diverse environments, including streams and
rivers, lakes, estuaries and marine environments [13].

Substrates containing EPS exhibit considerably
greater resistance to erosion compared with both cohe-
sionless and physically cohesive (clay, silt) sediments.
Field studies, laboratory experiments and theoretical
analysis have allowed greater precision in quantifying
the effects of biological cohesion on sediment stability.
Surficial EPS biofilms (1-5% dry mass) completely sup-
press sediment transport until critical shear stress is
sufficiently high to cause catastrophic failures in the
biofilm [14]. Sub-surface concentrations of EPS of <1%
by mass may increase sand stability by two orders of
magnitude compared with physical cohesion imparted
by clay/silt fractions [15-17]. Even trace amounts of
EPS (<0.1% by mass) can increase resistance to erosion
ten-fold in sandy estuaries and limit the development
of fundamental morphological disturbances such as
current ripples [18] and dunes [17] at concentrations of
<0.5%.

The discrepancy between the stability induced by
physical (clay) and biological (EPS) cohesion results
from the superior bonding kinetics offered by EPS.
Where clay platelets form loose linear assemblages
under electrostatic bonding, biopolymer molecules
adhere to sediment grain surfaces, form elastic
‘bridges’ linking grains, fill void space and ultimately
envelope grains [17]. EPS bonding kinetics are particu-
larly pronounced in sediment finer than about 2 mm
(clay, silt, sand) [12]. Consequently, biomediated sedi-
ment matrices display viscoelastic properties. They
undergo both reversible elastic responses and irrevers-
ible deformation, depending strongly on the forces
acting on the EPS matrix. Although the magnitude of
the elasticity modulus and the viscosity vary among
mixed-species biofilms [19], the qualitative viscoelastic
responses to shear stress are consistent [20]. Increased
cohesion under shear stress (known as strain hardening)
has been observed in biofilms [21].

Isolating individual constituents of naturally biome-
diated sediments is challenging as they contain an
immense range of components that each require
different extraction methods [22] which may damage
cells [23]. EPS were initially denoted ‘extracellular poly-
saccharides’ but were renamed, as it became clear pro-
teins, nucleic acids, lipids and other biopolymers such
as humic substances are also present [24].

If follows that replication of the EPS bonding kinetics
found in natural systems is a potential tool for reducing
erosion in substrates that are prone to unwanted
erosion. In this paper we pose the question: Can we
deliberately add EPS to cohesionless fine-grained sedi-
ments as a means to mitigate against erosion?

In practical terms the propagation of benthic micro-
phytobethos to produce the required EPS additive is



unnecessary. An increasing range of EPS and behavior-
ally similar substances (cellulose derivatives, plant
extracts), all of which we group under the term ‘biopoly-
mers’, are produced commercially for industry. Appli-
cations include: adhesives or binders, bulking agents
and coagulants for food; pharmaceutical and cosmetic
industries, and; finishing, binding and lubricants in the
textile, paper, construction, and drilling industries.

While natural EPS can contain considerable amounts
of proteins that, together, can far exceed the polysac-
charide content on a mass basis, it seems to be mainly
the polysaccharide fraction that provides mechanical
stability [25]. Notably, polysaccharides from an extensive
range of bacterial species from diverse environments
have been isolated and characterized [26], with many
used for industrial and commercial purposes. Most are
long molecules, linear or branched, with a molecular
mass of 0.5 x 10° daltons to 2 x 10° daltons [23].

We present unique experiments that systematically
examine how the deliberate addition of a polysaccharide
EPS to cohesionless sediment to impart biological cohe-
sion — henceforth termed ‘Biostabilisation’ — may be
used to reduce scour around a structure, as a first step
to realizing the potential of this new method of scour
reduction for a wide-range of engineering purposes in
aquatic substrates. We show that such an approach
may reduce or negate the need for hard engineering
measures and the associated economic, practical and
environmental shortcomings.

2, Methods & materials
2.1. Selection of monopiles for the case study

Monopiles offer an ideal case study for the initial deploy-
ment of bioengineered sediments because: (1) their
idealized structure allows data comparison across
numerous other experiments, regardless of scale; (2)
findings can be validated by comparing scour data
from real-world observations (e.g. [4]). Further, (3) mono-
piles are ubiquitously used in fluvial, coastal and
offshore structures (e.g. bridge piers, oil and gas rigs,
offshore windfarms). Notably, scour erosion is a
primary concern in the delivery of offshore wind farms
due to the high capital cost of foundation installation
and innovation in foundations has been identified as a
key research priority because it offers the second
greatest potential for reducing costs after turbine
manufacture [27].

Scour erosion at monopiles in a current is driven by
an adverse pressure gradient, generating three-
dimensional flow separation of the upstream boundary
layer [28]. A 'horseshoe’ vortex system develops in the
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junction region between the bed and the monopile
and oscillates randomly around the monopile, inducing
highly elevated means and fluctuations in bed shear
stress. This increases the erosional force acting on the
substrate surface, resulting in local scour processes,
with periodic vortex shedding in the wake of the
cylinder capable of lifting and transporting eroded
material [29].

2.2. Flume, monopile & flow conditions

Experiments were performed in Plymouth University’s
COAST Laboratory’s recirculating sediment flume (/
20.0 x w 0.6 m) which includes a recessed scour pit (/
21Xw 0.36Xdseq 0.26 m; Figure 1; see [11]). The
model monopile was 0.048 m in diameter, D. Assuming
a prototype monopile diameter of 2.0 m yields a geo-
metric ratio of 41.67. When applied to a 10 m prototype
water depth this yields a model depth, d, of 0.24 m. The
monopile was segmented to allow detailed scans of the
final scour morphology to be obtained without obstruc-
tion of the protruding monopile. Bespoke sediment trays
were fitted with a model monopile and then filled with
different biostabilised substrates before insertion into
the sediment pit. Fresh water was used in the tests.
Trial scour experiments in pure sand were used to
select the current velocity that maximized the rate of
scour erosion associated with the monopile (i.e. an
adverse pressure gradient sufficiently strong to induce
horseshoe vortices to develop) but where the freestream
velocity was insufficient to cause erosion (i.e. ‘clear
water’ conditions, see [7]). Subsequently, a Nortek Vec-
trino 2 + acoustic Doppler velocity profiler was used to
characterize the velocity profile at the centerline above
the flat flume bed at the position of the monopile. The
depth-mean downstream velocity, U, was 0.20 m s7,
shear velocity, U¥*=0.014 m s7', bed shear stress, =
0.198 Nm™2, Froude number, Fr=0.13, depth-mean
Reynolds number, Re = 26,880 and depth-mean pile Rey-
nolds number, Rep=9680. Input velocity was constant
and bed slope was zero throughout each experiment.

2.3. Biostabilised sediments

Biostabilised substrates were prepared using powdered
Xanthan gum, a polysaccharide EPS derived from the
bacteria Xanthomonas campestris, and used elsewhere
as a proxy for naturally occurring EPS in the laboratory
[15,17,18]. Xanthan gum is produced by fermentation
based on renewable carbohydrate raw materials, such
as glucose syrup, sucrose, or starch. After glucose
exhaustion, the culture medium is heat sterilized to kill
the Xanthomonas cells and inactivate enzymes produced
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Figure 1. Side view schematic of experimental setup. All units in mm.

by the bacterium which would otherwise degrade the
polysaccharides and damage xanthan’s rheological
properties [30]. Consequently, xanthan is considered
biologically inert [31]. It has a large molecular weight
(2,000,000 daltons), which is at the upper end of those
found in naturally occurring polysaccharides [23].
Xanthan gum shows pseudoplasticity of solution,
minimal change of viscosity over a wide range of temp-
eratures, solubility and stability in both acid and alkaline
solutions, and viscosity stability over a wide pH range
[32] making it a durable product suitable for use in
coastal waters.

Eight sand-EPS mixtures were examined spanning
EPS contents of 0.0125% < by < 0.5000% (see Table 1).
This range of concentrations is below that typical of
surficial biofilms (1% < bg < 5%) [14], but aligns well
with sub-surface concentrations (b < 1%) responsible
for dramatic increases in sediment stability in natural
sediments [15-18]. Each fraction was mixed dry with
unimodal medium sand (median percentile, Dso=
230 um) using a motorized drum mixer (Creteangle

Multi-Flow Mixer) for 20 min (sufficient to reach hom-
ogeneity) before 12.5 L of water were added to saturate
the mixture. The baseline ‘Sand Only’ run was used as a
control.

Initial surface shear strength was measured using a
20 mm diameter shear vane in the uppermost 25 mm
of sediment at ten locations towards the margins of
each substrate prior to each experiment and averaged
to yield a representative mean shear strength value, T.

2.4. Scour measurements

Scour development was measured using a laser point
gauge mounted on a manual traverse. The sampling
rate was 10 Hz and each measurement took 1.0 s. The
laser outputs data as voltage which required conversion
to millimeters using a linear calibration equation.
Measurements were made along the 530 mm centerline
at 10 mm increments. Previous experiments assessing
scour around monopiles in currents have shown that
achieving a stabilized, equilibrium scour is extremely

Table 1. Mean shear strength, T, bedload EPS Loss and scour variables for each experiment: Normalized equilibrium maximum scour
depth, Seqm / D and timescale of scour, T, for each run using best-fit relationship derived from Equation (1a).

bo (%) T (kPa) EPS Loss (%) Seqm/D T, (mins) R? Eeqm/D (mm) T, (mins) R? T./Te
0 (Sand) 111 (0.24) - 1.632 (0.166) 6.41 (4.96) 0.70 248.4 (68.68) 9571 (66.35) 0.87 14.93
0.0125 141 (0.33) 091 1.567 (0.175) 9.456 (7.36) 078 198.5 (33.9) 100.05 (41.26) 097 10.58
0.025 1.65 (0.43) 0.94 1.503 (0.093) 10.14 (4.33) 0.94 200.4 (54.4) 156.8 (80.60) 097 15.46
0.05 1.23 (0.21) 0.82 1.357 (0.107) 60.31 (15.06) 0.98 91.8 (22.4) 79.27 (22.39) 0.98 1.31
0.075 1.39 (0.23) 0.87 1.280 (0.582) 22140 (162.40) 097 749 (18.2) 174.2 (76.01) 0.98 0.79
0.1 0.94 (0.32) 078 1.212 (0.494) 299.40 (173.56) 099 29.0 (19.3) 186.7 (217.44)  0.88 0.62
0.125 1.22 (0.35) 071 1.229 (0.640) 530.8 (725.20)  0.98 16.4 (3.56) 90.94 (50.31) 093 0.17
0.15 0.99 (0.33) 0.79 0.633 (0.283) 292.90 (188.5) 0.99 129 (1.3) 100.2 (29.86) 095 034
0.5 121 (0.42) No Data 0.066 (0.013)* 5.15 (8.34)* 0.07* 3.80 (0.3)" 30.69 (12.00) 0.57" -

Notes: Normalized equilibrium excavation area, E.qm / D and timescale of excavation, T, for each run using best-fit relationship derived from Equation (1b).
Confidence intervals shown in parentheses. Underline indicates Equation (1) is unsuitable for description of relationship.

*Data is better suited to a power-law relationship, see Section 3.2.

"Data is better suited to a 2nd-order polynomial, see Section 3.3.
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Figure 2. Surface plots of final scour surfaces (t =300 min) for each experimental run. by = 0.5% is omitted.

time consuming and consequently limits the number of
experimental runs that can be undertaken [33]. This was
also the case here, particularly for high EPS content sub-
strates. Resulting data indicated that 5 h was sufficient
to reach equilibrium scour depth for 0% < by < 0.05%
by mass. For higher EPS concentrations, data were
extrapolated to obtain predictions of equilibrium scour
parameters.

Once the current was applied, measurements were
made at pre-set intervals over 5h (t=300 min) that
were biased towards initial scour development. The
laser head was removed from the water between trans-
ects to minimize flow disruption (transects took approxi-
mately 120 s to complete; sampling height of laser head
z=100 mm or z/d ~ 0.4). Note that the closest centerline
measurements are 6 mm (half the width of the laser
head) upstream/downstream of the monopile. Each
transect included a known datum and an initial baseline
measurement was taken before the current was
initiated. After each experiment the current was termi-
nated, the monopile top segment removed, and a
detailed scan of the whole substrate surface was made
over a 530 X 280 mm area (10 x 10 mm grid).

2.5. Characterization of eroded material

A bedload trap was used to capture eroded substrate
material. Because the sediment pit does not span the
width of the flume some material was transported at
the flume margins. For this reason, the total mass and
volume of material excavated and transported as
bedload could not be obtained. However, the relative

contributions of sand and EPS to captured material
after each experimental run were established through
measurements of the carbohydrate content (a proxy
for EPS), using a standard Dubois assay [34].

3. Results
3.1. Final 3D morphology

Figures 2 and 3 show 3D surface plots and the centerline
morphology of the final sediment surfaces (t = 300 min),
respectively. (Note that the evolving centreline mor-
phology of each experiment can be found in Sup-
plementary Figure 1.) For each surface, maximum
scour depth, Smax is located at the monopile. The Sand
Only run exhibits the greatest degree of scour around
the monopile in terms of its depth and lateral extent.
The scour zone is conical in shape with smooth sides.
Scour is also evident at the downstream lip of the sedi-
ment tray, indicating that the turbulence field is
capable of erosion well beyond the downstream
extent of the substrate. This resulted in local erosion at
the downstream lip of the sediment tray not directly
associated with the monopile. Scour depth and gradient
are greatest on the stoss side, but the lee side scour zone
extends further with a shallower but constant gradient,
typical of scour around monopiles (e.g. [28]). Lee-side
erosion is concentrated at the margins of the sediment
surface, aligned with vortex streets generated around
the side of the monopile.

EPS contents of by=0.0125% & by =0.025% show a
progressive reduction in the depth and lateral extent
of scour, although both show erosion at the downstream
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Figure 3. Centreline morphology of final scour surfaces (t =300 min) for each experimental run. All units in mm.
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Figure 4. Change in (a) normalized maximum scour depth, S;.ax / D, and (b) normalized excavation area, Eay / D across the 5 h (t =
300 min) experiments, including best-fit curves derived from Equation (1).



lip of the sediment tray. Stoss-side slopes exhibit shal-
lower gradients than the Sand Only case, resulting
from lower scour depths at the upstream face of the
monopile. Conversely, the gradients of the lee-side
slopes are steeper because the downstream extent of
scour is lower. Both scour surfaces exhibit lee-side
lateral erosion associated with vortex streets. For by =
0.0125% centerline erosion occurs from the monopile
to the downstream end of the sediment surface.
However, the minimum lee-side elevation is z=
—8.5mm and located closer to the monopile (x=
185 mm) compared with the Sand Only case which
erodes to a minimum of z=-33.6 mm at x=206 mm.
For by=0.0125% centerline erosion extends to x=
170 mm, after which eroded material is deposited in
the lee-side above the baseline to a maximum height
of z=+6.4 mm and x=210 mm.

Where 0.05 <by <0.15% erosion is limited to the
monopile with no erosion at the downstream lip of the
sediment tray. The relative size and depth of the scour
hole continues to diminish as EPS content increases.
The slopes of the hole become steeper, as seen in sub-
strate containing physically cohesive sediment [10].
The volume and elevation of sediment deposited
above the baseline in the lee decreases as EPS content
increases. Erosion is very limited for by=0.5%. The
maximum scour depth of z=-3.4 mm occurs on the
lee face of the monopile and erosion is restricted to
—100 < x<+80 mm.

3.2. Scour depth

Maximum scour depth, S5 along each centerline trans-
ect was determined for each point in time, t, for each
experiment. In each instance S...x was located at the
monopile, typically on the stoss side. Time development
curves of normalized maximum scour depth, S,..,/D, are
shown in Figure 4a.

Both the rate of growth of S.., /D and its value at
each time step diminish with EPS content. Where 0 <
by <0.05%, the development of scour occurs rapidly
initially due to the strong feedback effect of flow turbu-
lence [35]. Values become asymptotic with time through
an exponential decaying time dependence [36], indicat-
ing that values after 5h are approaching or have
reached equilibrium. This indicates that EPS cohesion
modifies the physical processes causing erosion to
limit final scour depth compared to cohesionless
materials.

Values for by > 0.075% do not asymptote over the 5 h
data set. In order to establish whether these data also
conform to the same exponential decaying time depen-
dence, and to derive equilibrium values for all
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experiments, a curve of the following form
Smax/D(t) = Seqm/D(1 — e7T) (1a)

was applied to the time-development curves of Sa./D
to yield normalized equilibrium scour depth, Seqm/D,
and timescale of scour, T, [37]. The fits minimize mean
absolute difference between measurements. The
results are shown in Table 1 with corresponding curves
shown in Figure 4a.

Broadly, Seqm/D exhibits a negative relationship to b.
For the Sand Only case, Seqm/D=1.632 which corre-
sponds to assumptions for cohesionless materials of
Seqm/D ~ 1.75 (e.g. [8]), although it shows the weakest
fit to Equation (1a) (R*=0.70). This is principally due to
deviation from the fit over 10<t<60 mins where
measured values are below predicted values. Where
bo=0.0125% (R*=0.78) the fit also over-predicts for
the same period. However, for 0.025 < by <0.15% fits
are excellent (R*>0.90). Seqm/D decreases with each
increase in by with the exception of bg= 0.10% (Seqm/
D=1.121) to by=0.125% (Seqm/D =1.229). However,
where by=0.50% Equation (1a) performs poorly (R*=
0.07), and the curve is best described by a power func-
tion (Smax/D=0.0001525 t°°7*+0.042, R* = 0.92, shown
on Figure 4a).

With the exception of by=0.15% the time-scale of
scour, T, is positively related to by. Notably, despite
similar scour depths, T increases by 77% between b,
=0.10% (T,=299.40 min) to by=0.125% (T,=
530.80 min). Conversely, T, drops by 81% between
bo=0.125% (T,=530.80 min) and by=0.15% (T,=
292.90 min) despite a very good fit (R*>=10.99).

3.3. Excavation area

While S,.x is @ key parameter in any scour evaluation it is
important to recognize that it is a single value represen-
tative of one point in space. It is also informative to con-
sider the amount of material excavated during scour
development which also takes account of changes in
morphology of the scour pit.

The excavation area, E - defined as the area of
material lost below the baseline (z=0 mm) — was deter-
mined for each point in time for each run. Time-develop-
ment curves of normalized excavation area, E / D, are
shown in Figure 4b. Note that for experiments where
0.0125 < by < 0.075% erosion associated with the down-
stream lip of the sediment tray was omitted and
elevations along the centerline were assumed to be
zero. The same form of curve determined from Equation
(1a) was used to establish equilibrium excavation area,
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Eeqms and timescale of excavation, T,, modified as
E/D(t) = Eeqm/D(1 —e ") (1b)

The results are shown in Table 1. Best-fit curves are
superimposed in Figure 4b. The E.qm/D curves show a
similar developmental form to Seqm/D curves. Equation
(1b) shows the poorest fit for Sand Only (R*=0.87),
where E/D is underestimated for 0 <t<70 mins and
overestimated for 70 <t <220 mins. For by=0.1% (R?
=0.88), measured values are above predicted values
where 0<t<100 mins. Where by=0.50% Equation
(1b) performs poorly (R?>=0.59), and the curve is best
described by a 2nd-order polynomial (E/D=
—0.0001019b3 + 0.03814b, + 0.7471, R*=0.79), shown
on Figure 4(b). All remaining experiments show fits to
Equation (1b) of R*>0.92.

3.4. EPS concentration, shear strength and EPS
Loss

Initial EPS content and mean shear strength are poorly
correlated (Figure 5, R*=0.05), with no discernable
relationship between variables established through a
curve-fitting exercise. Mean shear stress values for biost-
abilised substrates vary around the Sand Only value,
with most values falling within its 95% confidence
band (1.11 kPa £ 0.12 kPa). Largest mean shear strength
of 1.65 kPa was measured for by = 0.025%, and minimum
shear strength of 0.94 kPa was measured for by =0.1.
Figure 6 shows the relationships between each equi-
librium scour parameter and b, (no values for by = 0.5%).
A curve-fitting exercise showed that Seqm/D is negatively
linearly related to b, (Figure 6a, R*=0.83). Using the
regression equation, the addition of 0.1% EPS results in
a decrease in Seqm/D of 0.42, or Seqm of 20.16 mm. Ty is
linearly related to by (Figure 6b, R?=0.83) with the

T
m 7=-0.

y oo - w3 ] % %3
324b ) +1.276 R?=0.05|

0 0.1 0.2 0.3 04 0.5
b, (%)

Figure 5. Relationship between initial EPS concentration, by,
and mean shear strength, T.

principal deviation resulting from high and low T;
values for by =0.125% and by =0.15%, respectively. The
addition of 0.1% EPS results in an increase in Ty of
307 min.

Broadly, E.qm/D exhibits a negative linear relationship
to by (Figure 6c, R%2=0.90), as seen for Seqm/D. The
addition of 0.1% EPS results in a decrease in Eqqm/D of
162 mm, or Eeqm of 7776 mm”. However, time-scale of
excavation, T, does not exhibit a relationship with by
(Figure 6d, correlation R%=0.00). Values range from
186.7 min for by =0.075 to 86.7 min for by,=0.1%. For
0<by<0.0.025%, T,/T, values (Table 1) are >10, i.e. T,
is an order of magnitude larger than T; values. For b
=0.05% T,/T,=1.31. Where by>0.075%, time-scales of
scour are greater than time-scales of excavation.

Table 1 and Figure 7 show the relative EPS Loss from
captured eroded material (where 0% is no EPS removed
and 100% is all EPS removed; not applicable to the Sand
Only run). All experiments exhibit a marked reduction in
EPS content of the eroded substrate compared with
initial values. EPS Loss is above 71% in all cases. It exhibits
a moderate, negative linear relationships with bg (R*=
0.69).

4. Discussion
4.1. Effects of EPS content

The experiments conclusively prove that biological
cohesion imparted by EPS modifies scour dynamics in
an otherwise cohesionless sediment matrix. Increasing
EPS content causes a clear, progressive reduction in
scour depth, the area subject to scour and hence
volume of excavated material over a 5 h time period.
Furthermore, EPS does not merely limit the rate of
scour, ultimately yielding the same equilibrium form
[33]. Instead, equilibrium scour depth and excavation
area are linearly related to initial EPS content, showing
that EPS cohesion modifies the physical processes
causing erosion to limit final scour morphology com-
pared to cohesionless substrates.

The strong linear relationships between EPS content,
equilibrium scour depth and timescales of scour indi-
cates that the effects of EPS are concentration-depen-
dent for by < 0.15%. That is, EPS bond strength and the
number of bonds acting to retain sand particles in the
substrate matrix is proportional to the availability of
EPS material. The depth, extent and timescale of scour
development decrease with EPS content because there
is less void space between sand particles and a greater
number of EPS bonds that physically link them.

The consistent loss of EPS from eroded material indi-
cates that erosion is dependent on the removal of
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Figure 6. Relationship between initial EPS concentration, by, and equilibrium excavation parameters derived from Equation (1): (a)
Normalized maximum equilibrium scour depth, Snayx / D, (b) time-scale of scour, T,, (c) Normalized equilibrium excavation area,

Emax / D (d) Time-scale of excavation, T..

individual sand grains from the sand-EPS matrix, rather
than the removal of larger sand-EPS aggregates. Initially,
the uppermost layer of sediment is exposed to the flow.
Erosion is triggered when the shear stress is sufficiently
strong to break EPS bonds, exposing the next layer of
sediment for EPS removal. This agrees with previous
experimental work on ripples and dunes in EPS-sand
mixtures which indicate that the removal rate of EPS
from bedform troughs limits bedform growth [17,18].
The process is analogous to the selective entrainment
or ‘winnowing’ of mud from cohesionless grains that
controls erosion rate and depth in physically cohesive
substrates [9,11].
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Figure 7. Relationship between bedload EPS Loss and initial EPS
concentration, by. Not applicable to Sand Only condition.

The depth and spatial extent of the scoured area are
controlled in this manner. Turbulence structure around
a monopile in a current causes a large spatial gradient
in mean and instantaneous stresses acting on the sedi-
ment surface [28]. Maximum scour depth occurs at the
monopile where the horseshoe vortex system is
focused. The stresses decline with distance from the
monopile until, ultimately, they are not sufficient to
break EPS bonds. Consequently, under clear water con-
ditions, the liberation of sand particles available for
entrainment will diminish in rate with distance from
the monopile until the pressure gradient is no longer
sufficient to generate stresses that cause EPS loss, and
hence erosion.

Because the current, depth and slope are the same
between experiments the distribution of stresses
remains constant (albeit with the evolving scour mor-
phologies modifying the local flow domain). The dis-
parity in equilibrium scour morphology between EPS
contents is because the strength of the sand-EPS
matrices depends on the relative proportions of each
component.

It follows that higher concentrations of EPS generate
more and/or stronger bonds between sand grains. It is
not simply the case that a critical stress needs to be over-
come to immediately induce the removal of a sand grain
for entrainment; the strong, linear relationship between
by and T, indicates that duration of the stress needed to
cause entrainment becomes longer as EPS concentration
increases.
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At concentrations 0.075 < by < 0.15%, considered the
upper range for EPS in sub-surface estuarine environ-
ments, EPS can envelope individual sand grains [12,17].
The EPS concentrations in this study fall either side of
this value suggesting that sand grains are increasingly
embedded in EPS sockets as by increases. This may
explain why for by=0.50% scour was both extremely
limited and that its development did not conform to
Equation (1). An increased proportion of sand grain
surface coated in EPS may also explain why an increasing
quantity of EPS is retained on sand grains after
entrainment.

Scour development is asymptotic, and conforms to
scour development in both cohesionless and partially
cohesive sediments noted elsewhere (e.g. [35,36]). Phys-
ical cohesion using kaolin clay in place of EPS was inves-
tigated in parallel experiments using the same
experimental setup and flow conditions [11]. Compari-
son of data across each study reveals that similar Seqn/
D values are found where kaolin content, fy=2.5% and
0.05 < by<0.075%, while comparable E.qn/D values
occur at fo=2.5%, 0.025< by <0.05%, and f,=12.5%,
bo=0.075%. Further, Eqqm/D at fo=15% is four times
greater than by = 0.15%. In addition, time-scales required
to reach similar equilibrium scour depths are an order of
magnitude greater for biostabilised sediments than
those containing clay. We can conclude that by mass
EPS is around two orders of magnitude more effective
at preventing erosion than kaolin clay.

It is reasonable to assert that these differences are
the result of stronger bonding kinetics that take
longer to break prior to sand grain entrainment. Exam-
inations of clay (kaolin) and EPS (Xanthan gum) bonds
in mixed sand-clay-EPS matrices based on high-resol-
ution Cryo-SEM imagery provide a useful comparison
[17]. Clay particles exhibit edge-to-plate bonds and
stack between sand grains, filling voids. EPS has a
much larger bonding potential because it actually
adheres to sand grain surfaces, and sand grains
become physical linked by web-like strands or
encased in EPS ‘sockets’.

Notably, sediments with physically cohesive com-
ponents can change in character depending on the rela-
tive proportions of cohesionless and cohesive fractions.
Medium sand - kaolin matrices are grain supported
(i.e. sand grains are in contact) at low kaolin concen-
trations but become matrix-supported (i.e. sand grains
are separated by kaolin platelets) at higher values,
citing a threshold of ~15% by mass [9]. A parallel
change in EPS-sand matrix behavior may also occur
when EPS concentrations are sufficiently high to
encase individual grains, although the transition may
not be as abrupt.

Physical cohesion can incur irregular scour mor-
phology (e.g. [35]). In comparison, the scour holes in
this study remain conical in shape, with smooth sides,
a symmetrical shape either side of the centerline and a
bias towards erosion in the lee of the monopile. Obser-
vations of sand-kaolin scour [11], which are directly com-
parable to those presented here, showed that the
degree of irregularity in scour morphology increased
with kaolin content. Comparison of both studies shows
that the strength of fit of Equation (1b) was stronger
for sand-EPS mixtures than for sand-kaolin mixtures.
Further, they show that scour development was well cor-
related with mean surface shear strength across clay
contents of 0<fy<15% by mass, as noted elsewhere
(e.g. [38]). Based on this study, improved resistance to
erosion in biostabilised sediment is not governed by
an increase in shear strength. Instead, we may speculate
that stability is induced by the linking of sand grains that
allow forces acting on the sediment surface to be distrib-
uted throughout adjacent grains. Visual observation and
physical manipulation of the biostabilised sediments
indicate they are viscous, and exhibit a degree of
elasticity.

4.2. Economic & logistical advantages of
bioengineered sediments

From an economic standpoint the deployment of biost-
abilised sediments may reduce manufacturing costs of
existing scour mitigation methods, and reduce installa-
tion time and related logistical expenses associated
with the complexity of offshore operations. Specifically,
biostabilised sediments offer the following advantages:
(1) EPS can be added to existing site sediments to mini-
mize installation time and costs; (2) Potentially, very little
EPS is required to stabilize a sediment — avoiding issues
of bulk and mass; (3) EPSs have little mass and are stable
so can be easily transported and stored; (4) Biostabilisa-
tion may reduce physical changes to the affected site,
reducing impacts on natural habitats in the construction
phase and long-term. Further, (5) many EPS types and
behaviorally similar additives exist and are (6) produced
at very low cost so there is scope to tailor the choice and
concentration of additive to the specific context. (7)
Waste (e.g. dredged) sediments may also be re-pur-
posed to create biostabilised substrates to create a circu-
lar economy in marine operations.

If biostabilised sediments are found to have few
negative environmental and ecological impacts (see
4.4) they may also be less subject to permitting and
licensing restrictions compared with existing methods,
and allow deployment of infrastructure in environmen-
tally protected waters.



4.3. Developing methods of biostabilization

This study is limited to (1) a single biopolymer under (2)
a single current (3) at a single type of structure in (4)
freshwater and was (5) undertaken under scaled con-
ditions. Nevertheless, the study provides a framework
for biostabilisation as a method for a broad range of
erosion control applications.

The structures of biopolymer substances are complex,
from single to mixed molecules with diverse functional
groups, linked in linear or branched chains, where sec-
ondary structures are defined by chemical and physical
interactions [39]. Thus, bonding kinetics are expected
to differ between biopolymer types. Common industrial
biopolymer types are (1) polysaccharide EPS (e.g.
xanthan, pullulan, dextrans, curdlan), (2) exopolysac-
charide EPS (e.g. gellan, urdla), (3) cellulose derivatives
(e.g. methylcellulose, carboxymethylcellulose), and (4)
plant extracts (e.g. starches, guar gum, agar). Further-
more, molecular structures are commonly modified for
different functionality, with variants offering different
viscosity, salt-tolerance, pseudoplasticity, dispersion,
and capacity to bind with particles. Given the findings
herein, future work will examine the efficacy of other
biopolymers in stabilizing sediments.

The influence of physical cohesion imparted by cohe-
sive sediments is well established. Consequently, a
variety of methods have been used to parameterize
cohesive or mixed-cohesive sediments their mechanical,
geotechnical or erosion properties [4]. Conversely, geo-
technical/rheological parameterization of biopolymer-
sediment mixtures is poor. When in solution, EPS rheol-
ogy is concentration-dependent and influences vis-
cosity, elasticity and cohesiveness [39]. However, the
micro-scale interactions between particles and EPS are
poorly understood and does not extend to materials
principally comprised of particles [40].

Therefore, parameterizations of different particle-rich
biopolymer mixtures are needed to generate a full
understanding of biophysical processes governing the
erosion of biostabilized sediments. Findings herein
show that surface shear strength is an inappropriate
measure of the stability induced by EPS bonding kin-
etics. An immediate practical approach may be to quan-
tify biostabilised sediment stability through a universal,
dimensionless parameter describing the relative
change in yield strength, which subsumes the effects
of a range of geotechnical/rheological parameters.
Such an approach would facilitate quantitative compari-
son of different biopolymer-sediment mixtures for prac-
tical applications. Understanding the yield strength of
different biopolymer-sediment mixtures in the absence
of a structure would provide a baseline data set for
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practical application. It follows that the concentration
of different additives required to prevent erosion could
be determined for individual erosion scenarios with
known hydraulic forcing.

Understanding the broad differences in mineral grain
arrangement and contact, pore space and particle-bio-
polymer bonding kinetics across different grain charac-
teristics would help elucidate the mechanics
underlying enhanced stability. This could be achieved
through their microscopic examination with surface
scanning electron microscopy (e.g. [17]) or x-
ray tomography which could provide a qualitative ana-
lyses of three-dimensional matrix structure. This infor-
mation can be used to qualitatively elucidate different
critical erosion thresholds, erosion rates and biopolymer
losses.

Further characterization should include the effects of
salinity on the behavior of biopolymers, which are only
partially known [41]. We can expect behavioral differ-
ences between seawater and freshwater conditions for
some materials as the type and concentration of
cations can modify the interaction between biopolymers
and particles [42].

The size of the vortex network responsible for erosion
depends on velocity and diameter of the structure
because higher Reynolds numbers cause larger bound-
ary layers and earlier separation [29]. Waves may also
intensify scouring. Their effect is highly dependent on
wave height, period and orbital velocity at the sediment
bed which dictate the size and lifespan of the horseshoe
vortex, and hence the force and extent of shear stresses
that result in erosion [28].

While determination of the yield strength of biostabil-
ised sediments in unobstructed flows is independent of
scale, the dynamic length scales of turbulent structures
responsible for erosion around structures do not
exhibit dynamic similitude at different scales. For
instance, the relative equilibrium scour depth diminishes
as monopile diameter increases [43]. Consequently, the
precise effects of scale on erosion for individual appli-
cations need to be determined through a transition
from small-scale experiments such as those presented
herein to larger-scale testing and, ultimately, full-scale
field trials.

Thus, future research should employ (1) different bio-
polymer types at (2) different concentrations, and (3)
examine erosion and scour dynamics under different
hydrodynamic conditions (currents, waves and com-
bined conditions) in (4) freshwater and saline environ-
ments and (5) at different scales. Unifying the effects
of biopolymers as a single parameter would provide a
practical means of quantifying changes in stability
induced by different treatments. It follows that, for
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different hydrodynamic conditions and substrates, the
degree of scour can be predicted based on the concen-
tration of biopolymer and optimized to prevent scour for
individual scenarios.

Moreover, this study does not consider the durability
of the biostabilised sedimentary matrix beyond the
length of each experimental run. In naturally biome-
diated sediments the EPS may be (1) winnowed from
the sediment and become dissolved within the flow
[18], (2) adhere to suspended load as a component of
aggregated sand grains [44], (3) remain bound to
bedload [45] or (4) be consumed by flora and fauna
[13]. This should be established for a wide range of
environments. Mechanisms of delivery also need addres-
sing, including the potential to adapt existing
technologies.

4.4. Environmental & ecological considerations

The addition of a polysaccharide EPS only partially repli-
cates the complex matrix comprising biological cohe-
sion in natural sedimentary systems. However, results
confirm that xanthan gum significantly strengthens the
sediment matrix through use of the bonding kinetics
resulting from a polysaccharide fraction. As such, Biost-
abilisation can be considered an ecologically engin-
eered, nature-based solution to erosion in fine
sedimentary environments. It can be compared favour-
ably to the environmental impacts of existing ‘hard’
scour mitigation strategies that also contributes to
‘net-zero’ carbon emission goals, and addresses the
need to reconcile socioeconomic and environmental
priorities.

Shifts from natural, soft sediment to hard, artificial
(e.g. concrete, plastic, larger sediments, steel) substrates:
(1) causes the direct loss of benthic habitats; (2) inter-
rupts geomorphological and ecosystem functionality;
(3) reduces capacity of ecosystems to store and
degrade nutrients [6], and; (4) encourages the spread
of invasive non-native species (e.g. [46]). Hard substrates
also carry a ‘trophic footprint’. Notably, (5) hard sub-
strates propagate invertebrates, which can negate the
primary production of 130 m? of seafloor for every
1 m? [1]. Coastal hardening also (6) promotes sessile
biomass which, on average, results in the loss of the
energy equivalent of 26 m? of ocean surface primary
production for every 1 m? of hard infrastructure per
day [47]. These effects continue long-after the useable
lifespan of the structure.

Biostabilisation can directly reduce carbon emissions
that result from the production of concrete, metals
and plastics. Larger substrates, e.g. rocks, are also used
to armour erodible sediments. Combined, these

measures rely on the transport of large volumes of
materials from their source to site. As outlined in
Section 4.2, the effectiveness of biopolymer bonding
kinetics means that they are required in very small quan-
tities. Combined with their deployment in existing site
sediments, or waste sediments sourced from dredging,
biostabilisation compares well in terms of carbon
output through both manufacturing and distribution,
and can contribute to ‘net zero’ carbon emission goals.

However, the potential of biopolymer additives to
modify benthic ecology must be established. They may
alter the structure of microbial communities and the
functioning (primary productivity, energy transfer,
biotic interactions) of surface and subsurface sediments.

Such effects may not be negative. They may promote
the succession of other flora and fauna, resulting in
increased sediment stability and ecosystem regener-
ation, particularly in sediments disturbed through engin-
eering. The formation and maintenance of structured
multicellular microbial communities crucially depends
on the presence of EPS [26]. EPS promotes the existence
of longterm mixed-species microconsortia, providing
biodiversity on a small scale. Polysaccharides and pro-
teins both contribute. They are adhesive, which pro-
motes colonization of biotic and abiotic surfaces by
planktonic cells. Further, they protect cyanobacterial
nitrogenase from the harmful effects of oxygen and
against some grazing protozoa [23]. The resulting aggre-
gation of bacterial cells enables bridging between cells,
the temporary immobilization of bacterial populations,
the development of high cell densities and cell-cell rec-
ognition. They also promote sorption of organic com-
pounds, facilitating the accumulation of nutrients from
the environment and the sorption of xenobiotics (thus
contributing to environmental detoxification). It has
been theorized that cell lysis and subsequent local
decomposition of the EPS matrix might be advan-
tageous for the biofilm population, creating new pores
and channels that improve nutrient access [48]. In
addition, many EPS are hygroscopic and seem to retain
water entropically rather than through specific water-
binding mechanisms, which has been proven to main-
tain photosythetic activity of bacterium under wet-dry
cycles [49].

Owing to their complexity, EPS are only slowly biode-
gradable, and complete degradation of all components
requires a wide range of enzymes. Extracellular enzy-
matic activity within biofilm matrices can render dis-
solved polymers and particulate substrates bioavailable
for further decomposition. These include a-glucosidase,
B-glucosidase, N-acetyl-B-dglucosaminidase and Chito-
biosidase. However, these effects have yet to be properly
quantified [50].



Polysaccharides store excess carbon under unba-
lanced carbon to nitrogen ratios and accumulate,
retain and stabilize enzymes. Conversely, proteins
promote enzymatic activity and degradation of struc-
tural EPS [23]. In that respect, use of a purely polysac-
charide additive limits the environmental degradation
of the structural bonds that yield improved stability.

Xanthan gum is a highly stable polysaccharide that is
not easily degraded by most micro-organisms [51]. The
stability of xanthan gum may be affected when soil
organisms at high concentrations are in contact with it
for one month, or when certain strains of bacteria iso-
lated from sewage sludge and soil release enzymes
that could degrade it [51]. Consequently, xanthan gum
may be degradable, but not readily biodegradable.
Further, due to its large molecular weight (2,000,000
daltons), it is not expected to be bioavailable. Therefore,
xanthan gum is not expected to bioaccumulate and
does not pose an appreciable environmental hazard
and is considered non-toxic to aquatic organisms [52].

Thus, if the added biopolymer shares similar charac-
teristics to xanthan gum, it is likely to be resistant to
degradation and consumption by benthic organisms.

Future work will examine a range of other biopoly-
mers to establish the most appropriate type, concen-
tration and extent of different biostabilised substates
required for individual applications. Armed with this
knowledge, the implications of biostabilisation on
marine and freshwater ecology at different spatial and
temporal scales may be considered.

5. Conclusion

Biostabilisation simulates the biological cohesion found
in nature, offering an ecologically engineered, nature-
based solution to that of erosion in fine sedimentary
environments. The experiments presented herein are
the first attempt to employ biological cohesion to miti-
gate against scour and erosion. We use a classical
study of erosion around a monopile to demonstrate
that very small amounts of a polysaccharide EPS equat-
ing to natural benthic communities (e.g. [16]) are
sufficient to reduce the rate, depth and extent of scour.

We may conclude that the potential for biostabilisa-
tion to be employed as a measure to reduce erosion is
considerable, and that at it may have the capacity to
reduce or prevent scour completely in a range of
scour/erosion scenarios in fluvial, coastal or offshore
locations. The strong, linear relationships between EPS
content and scour parameters offer a simple means of
developing methods of matching EPS concentrations
to meet known hydrodynamic forcing for individual
erosion mitigation scenarios.
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Biostabilised sediments used as backfill with EPS, in a
surface layer akin to natural ‘biofilms’, or in combination
with other hard engineering measures may be extremely
effective, economically attractive and ecologically more
sensitive compared with traditional scour mitigation
strategies and requires additional research.
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