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ABSTRACT

Accurate characterization of mechanical perturbations on the seabed is essential for developing
models assessing the environmental impacts from physical disturbances. Furthermore, understand-
ing the relationship between (1) seabed resistance and (2) penetration depth, can also facilitate
the development of more efficient and less impactful fishing gears. This study examines these two
aspects of tickler chain rigged beam trawling via large-scale physical experiments. Three scaled
down models (“light,” “medium,” and “heavy” designs) were developed to represent the impacts
from typical beam trawl configurations used in the North Sea and were towed at various speeds
on a saturated sand bed. Results reveal that increasing the towing speed reduces the mean pene-
tration depth and the steady-state towing resistance of the gears. Smaller scale physical model
tests incorporating tickler chains in sand, demonstrate that the towing resistance is significantly
influenced by the soil compaction and particle sizes. Moreover, our study offers a simple and effi-
cient method to estimate the penetration depth and towing resistance of prototype beam trawl
gears in sand. This approach, along with the associated research, may be valuable for marine
scientists assessing trawling impacts and demersal fishing gear designers seeking to optimize

ARTICLE HISTORY
Received 25 November 2023
Accepted 11 May 2024

KEYWORDS

Beam trawling; tickler chain;
seabed disturbance;
penetration depth; towing
resistance; experiment

efficiency while minimizing seabed disturbance.

1. Introduction

The demersal fishing sector in the North Sea has experi-
enced many challenges in the previous decades such as the
construction of wind farms and associated subsea infrastruc-
ture built on fishing grounds, and strongly fluctuating fuel
prices. Additionally, the largest fishing fleet in the North
Sea, the Dutch demersal fishery, has been adversely affected
by the European ban on electric pulse fishing, which forced
the fishery to return to less efficient catch methods such as
traditional beam trawl fishing rigged with “tickler chains”
(Kraan et al. 2020). Consequences of this development are
believed to result in larger benthic disturbance and fuel con-
sumption (van Marlen et al. 2014; Rijnsdorp et al. 2020). A
more complete understanding of the seabed resistance asso-
ciated to beam trawl gears would aid in identifying opti-
mization procedures used to reduce the penetration depth
and resistance.

Beam trawling targeting demersal fish species generally
involves a vessel sailing at approximately 4.5-7 knots speed
(Eigaard et al. 2016), with a towed funnel-shaped net
deployed on the seabed. The net is held open by a steel

framework, containing a tubular beam (4.5-12m in length)
and a pair of trawl heads at each end termed as “shoe.”
A set of chains connected to the shoes known as “shoe
tickler,” and a set of chains tied to the ground rope called
“net tickler,” are used to stimulate the fish to come out of
the sediment and be caught by the net. The ground rope
consists of a heavy chain and rubber discs (with varying
diameter and thickness) encircling the chain near the centre
(Figure 1). The purpose of the ground rope is threefold: (1)
to maintain bottom contact and prevent escaping of the fish
below the net, (2) to keep the net damage free and safe dur-
ing trawling and (3) to ensure fish is pushed by the water
flow over the ground rope and captured in the net. During
towing, the seabed is disturbed due to the physical inter-
action between the trawl components (trawl shoes+ shoe
tickler chains+ net tickler chains+ ground rope + net) and
the sediment.

Marine species living on or inside the seabed can be
strongly impacted by trawling activity. The penetration
depth of demersal fishing gears can be used to predict the
depletion of macrofauna in the seabed (Hiddink et al. 2017),
as well as trawl-induced biogeochemical impacts (De Borger
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Figure 1. Beam trawl configurations: (a) full-scale heavy configuration in air (left side) and model heavy configuration gear setup (width 1 m) outside the water

basin (right side), and (b) model gear inside the water tank facility prior to towing.

et al. 2021). Several studies have tried to measure the pene-
tration depth of trawl gear by using site-scanning and plac-
ing markers in the trawl track by SCUBA divers
(Anonymous 1990; Bergman and Hup 1992; Bridger 1972;
De Groot 1995; Lindeboom and De Groot 1998; Margetts
and Bridger 1971; Paschen, Richter, and Kopnick 2000).
Depestele et al. (2016) considered both field experiments
and numerical modelling. The mean penetration depth
observed in the field for beam trawl gear components ranges
from 0.3 to 8cm, depending on the seabed sediment type
(fine to medium to hard sandy soil) of the fished area (see
Table S5 for details) and gear components (Eigaard et al.
2016). Although studies have estimated the footprint and
resuspension caused by bottom fishing gears across broad
spatial scales in accordance to subsurface penetration
(Eigaard et al. 2016; Rijnsdorp et al. 2021), further investiga-
tion into diverse chain configurations and sailing speeds

would enhance on the mechanisms behind the variation in
penetration depths exhibited within fishing gear types.

An important issue with beam trawl fishing is energy
usage. In addition to the inherent resistance of the fishing
vessel moving through the water, the drag caused by towing
(“tow resistance”) can impose a heavy energy demand on
the vessel. Tow resistance is a combination of the hydro-
dynamic forces on the beam and net, and the friction forces
induced by the interaction of the beam shoes, ground rope
and tickler chains with the seabed. The hydrodynamic resist-
ance of the fishing net and gear elements have been well
documented (Bi et al. 2014; Depestele et al. 2019; O’Neill
and Ivanovi¢ 2016; Prat et al. 2008; Rijnsdorp et al. 2021;
Tang et al. 2017, 2018), however, only limited information
can be found on the geotechnical interaction of the fishing
gear with the seabed (Esmaeili and Ivanovi¢ 2014, 2015;
Ivanovi¢ and O’Niell 2015; Ivanovi¢, Neilson, and O’Neill
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2011). The majority of these seabed-focused studies exam-
ined the physical interaction between a single disc or rock-
hopper and the soil. Though Enerhaug (2011) conducted
small-scale model tests with a single chain element, interac-
tions among multiple tickler chains (typical of beam trawl-
ing) with the soil have not yet been considered. It is,
therefore, crucial to examine and quantify the physical
impact of tickler chain rigged beam trawl gears towed across
the seabed to properly assess their impacts on seafloor integ-
rity and marine ecosystems.

In this study, we determined the penetration depth and
tow resistance induced by tickler chains on sand using three
typical beam trawl configurations. The data was obtained
from a series of large-scale experiments with scaled models
(I m width) in an indoor towing tank on a sandy bed. From
these data, we developed empirical relations for the proto-
type gears for the estimation of penetration depth and tow
force as a function of chain diameter and tow velocity.
These relations are helpful as input for ecological models
(De Borger et al. 2021; Hiddink et al. 2017) and the predic-
tion of vessel engine power (Rijnsdorp et al. 2000). The
effects of seabed density and soil particle size on the towing
resistance were also investigated by performing additional
experiments with smaller scale models (~20 cm width).

2. Materials and methods
2.1. Large-scale experimental procedure

Large-scale physical experiments were conducted in the tow-
ing tank facility available at the Visserij-innovatiecentrum
Zuidwest-Nederland B.V. (VIC) in Stellendam fishing port,
Netherlands, to investigate the gear penetration and associ-
ated drag resistance during beam trawling. A schematic of
the experimental setup with scaled beam trawl gear in the
test basin is illustrated in Figure 2. The prototype dimen-
sions of beam trawl gear elements were first collected from
the fishery experts [Visserij Cooperatie Urk (VCU) and
Cooperatie Westvoorn (CW) Stellendam] and then analysed
to build model trawl gears. An example of the prototype
light gear elements is summarized in Table 1 (for shoe tick-
ler chains and net ticklers) and Table 2 (for ground rope
components), and the corresponding details of the model
gear are listed in Table 3 (see Tables S3 and S4 for medium
and heavy chain gear configurations, respectively). Three
different scale model configurations (light, medium and
heavy chain pattern) were built in the workshop of the
Royal Netherlands Institute for Sea Research (NIOZ). The
physical model trawl configurations represented scaled down
versions of the range of gear weights (see details in Table 4)
encountered in practice in the Netherlands. All the gear
components — beam (with shoes), tickler chains (shoe and
net ticklers) and ground rope (with rubber discs) were
scaled down by a length factor 4; = 12. This factor and the
overall size of the models were chosen to minimize bound-
ary effects in the water tank (3.2m width, 33 m length, 2m
height), and lowered the risk of potentially exceeding the
maximum towing capacity of carriage.
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Another factor to consider is the diameter of each chain
link as they all collectively exert a nearly constant pressure
onto the seabed. Albiker et al. (2017) suggested that the
scale effects for offshore monopile foundations in sand due
to soil particle size could be neglected if the pile diameter is
relatively large compared to the mean grain diameter. We
used a similar strategy in our experiments to scale down the
size of the chain links for beam trawl models. The chain
link diameter (d) was proposed to be significantly greater
than the mean particle size of sand grains (dsy) for minimal
scale effects. The measured mean particle size of Quartz
sand in the VIC towing tank was dso = 0.4mm. For this
study, we scaled down the chain link diameter d by a factor
Ap = 2, resulting in d/dsy ratio in the range of ~15-40
(Figure S1). This ratio is relatively high, ensuring minimal
scale effects. The two different scale factors (4 and Ap) for
tickler chains were chosen (Enerhaug et al. 2012) to suitably
utilize the maximum towing capacity of the carriage while
mimicking the trawl gear response close to reality. An
example of the model heavy gear setup prior to testing in
the water tank is shown in Figure 1.

2.2. Penetration depth measurement

To measure the average penetration of gears onto the sand
bed, a simple yet effective method was devised using alu-
minium foil markers. Sets of five markers (10cm length x
2cm width) were fastened, ~ 10cm apart, onto a 50 cm
metallic bar which was placed into the trawling path perpen-
dicular to the towing direction (Figure 2). Prior to each test
run, SCUBA divers carefully pushed the bar and foil marker
arrangement into the sand with the markers positioned ver-
tically inside the sediment allowing the upper edge of the
foil marker to be aligned with the sediment-water interface.
After each test run, the markers were recovered from the
sand bed via SCUBA. The trawling disturbance caused wrin-
kles and deformities to appear onto the upper sections of
the foil markers whereas the lower undisturbed sections
remained smooth and glossy (Figure S2). The distance of
the “disturbance length,” on each individual foil marker, was
estimated to the nearest mm. This involved measuring from
the area closest to the sediment water interface (the top of
the foil marker) to the point at which evidence of disturb-
ance (scratches and wrinkles) ceased to be visible on the foil
marker (Figure S2). This disturbance “penetration” depth is
assumed to encompass both the depth of sediment displace-
ment (and resuspension) and the depth of mixing beneath
the displaced sediment (De Borger et al. 2021; Depestele
et al. 2019).

The horizontal marker “position” (markers 1-5 from left
to right on the metal bar; Figure S3) was included as a ran-
dom effect variable in generalized linear mixed models
(GLMM). These models assessed whether penetration depth
was significantly affected by weight and speed, with penetra-
tion depth as the dependent variable and “mass” (in kg) and
“velocity” (in knots) of the gear specified as fixed effects
(Bolker et al. 2009). The gimer-function in the R package
“Ime4” (Bates et al. 2015) was used to create each GLMM,
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Figure 2. Schematic of the towing tank facility with the model beam trawl gear system and experimental-set up (top view) used at the Visserij-innovatiecentrum
Zuidwest-Nederland B.V. (VIC) in Stellendam, Netherlands. The bottom panel shows a side view of how experimental foil markers were placed into the sand bed.

Table 1. An example of a light weight full scale gear configuration in the North Sea (VC Urk, The Netherlands).

Chain link Unit mass of chain Chain link type® Chain link inner Chain link inner
Chain length (m) diameter (mm) (kg/m) (short/long) length (mm) height (mm)
Shoe ticklers
1 16 16 5.9 Short 45 1647
2 17.5 16 5.9 Short 45 1647
3 19 16 5.9 Short 45 1647
4 20.5 16 59 Short 45 16+7
5 22 16 5.9 Short 45 1647
6 235 16 5.9 Short 45 1647
7 25 16 5.9 Short 45 1647
Net ticklers
1 15 1 2.75 Short 31 1M+7
2 14 1 2.75 Short 31 1M1+7
3 13 1 2.75 Short 31 1M1+7
4 12 1 2.75 Short 31 M+7
5 1 1 2.75 Short 31 1M+7
6 10 1 2.75 Short 31 1M1+7
7 9 1 2.75 Short 31 1M1+7
8 8 1 2.75 Short 31 M+7
9 7 1 2.75 Short 31 1M+7
10 6 1 2.75 Short 31 1M1+7
1 5.5 13 3.75 Short 36 1347
12 5 13 3.75 Short 36 1347
13 4 16 5.9 Short 45 1647
14 4 16 5.9 Short 45 1647

Chain link dimensions are a function of the link diameter, outside link length ~ 6d and outside link height ~ 3.35d.
Long link chains feature link which exceed a length of 6d.
Courtesy: UR W22 Rev. 6 CLN, 2016, Offshore mooring chain, International Association of Classification Societies, U.K.
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Table 2. An example of a full scale ground rope configuration in the North Sea (CW Stellendam, The Netherlands).

Mass of chain/
rubber disc in

Mass of chain/ seawater (kg) =

Ground rope Length Diameter of chain link/ Chain link inner Chain link inner rubber disc in 1/6th of the

components (m) rubber disc (mm) length (mm) height (mm) air (kg) mass in air

Ground chain 34.6 30mm 108 30+7 145 24.2

Rubber disc (in the centre 3.0 300 (90 mm gap between - - 4029 671.5
portion of the gear) each disc)

Rubber disc (on the sides 2.5 200, 240,260, 280 (from - -

of the gear adjacent to outside to inside)

centre discs)

Table 3. Details of light weight model gear used in large-scale experiments (VIC stellendam).

Chain length (m)

Chain link diameter (mm)

Unit mass of chain (kg/m) Chain link? type

(A, = 12) (Ap=2) (A =4) (short/long)

Shoe ticklers

1 1.33 8 1.48 Short

2 1.46 8 1.48 Short

3 1.58 8 1.48 Short

4 1.71 8 1.48 Short

5 1.83 8 1.48 Short

6 1.96 8 1.48 Short

7 2.08 8 1.48 Short
Net ticklers

1 1.25 6 0.69 Short

2 1.17 6 0.69 Short

3 1.08 6 0.69 Short

4 1.00 6 0.69 Short

5 0.92 6 0.69 Short

6 0.83 6 0.69 Short

7 0.75 6 0.69 Short

8 0.67 6 0.69 Short

9 0.58 6 0.69 Short

10 0.50 6 0.69 Short

1 0.46 7 0.94 Short

12 0.42 7 0.94 Short

13 0.33 8 1.48 Short

14 0.33 8 1.48 Short
Chain link dimensions are a function of the link diameter, outside link length ~ 6d and outside link height ~ 3.35d.
Long link chains feature link which exceed a length of 6d.
Courtesy: UR W22 Rev. 6 CLN, 2016, Offshore mooring chain, International Association of Classification Societies, U.K.
Table 4. Details of model beam trawl gears used in large-scale experiments.

Mass of (tickler chains + net Mass of (tickler chains -+ net
Mass of the ticklers + ground rope) in air ticklers + ground rope) in

Model trawl gear configuration whole gear without the beam and seawater without the beam Tow velocity
(source of the reference gear) in air (kg) carabiners, Mgy, (kg) and carabiners, My (kg) in knots (m/s)
Light chain pattern ~74.4 ~47.0 ~40.8 2 (1.0), 3 (1.5), 4 (2.1)

(VC Urk)
Medium chain pattern ~91.8 ~64.4 ~55.9 2 (1.0), 3 (1.5), 4 (2.1)

(CW Stellendam)
Heavy chain pattern ~110.0 ~82.6 ~71.7 2 (1.0), 3 (1.5), 4 (2.1)

(CW Stellendam)

for which gamma distributions resembling the residual error
structure of the data were incorporated. A log-link function
was used to account for non-linearity between predictor and
response variables.

2.3. Towing force measurement

A data acquisition (DA) system comprising of a force trans-
ducer, amplifier and computer setup was connected to the
carriage to record and measure the seabed drag resistance
at a given tow velocity. The strain-gauge based force sensor

(S-type) was capable of measuring up to ~3kN load and
was calibrated with known masses prior to the use in the
experiment. The soil drag load during towing was trans-
ferred from the gear-soil interface to a towing rope, con-
nected almost horizontally with the beam of the model gear,
and then to a vertical rope tied with force transducer
through a pulley with the aid of a steel beam arrangement.
Towing experiments were carried out using a carriage that
supports this system (see Figure 3 for the instrument setup).
The expected towing force is approximately 5-10% higher
than the recorded force due to the resistance of the pulley
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Figure 3. Instrument set-up and test facility — different components: (1) force
transducer, (2) mobile carriage, (3) amplifier, (4) laptop, (5) camera holder with
power cable, (6) guide rails, (7) pulley, (8) vertical beam, (9) underwater camera,
(10) tow line, (11) model trawl gear.

(verified from tension load tests on the pulley). In addition,
10% random variations are expected in relation to the
uncertainty of the force transducer, variable tension in the
ropes, acceleration of the gear and fluctuations in the hydro-
dynamic and geotechnical resistance (bed variations) during
the tow, which not completely cancel out in the averaging

process due to relatively short towing period and limited
number of repetitions. The measured force-time history
response was recorded and stored for each test run in the
DA system for analysis.

2.4. Small-scale experiments

Small-scale models with sections of tickler chain (length ~
20 cm) were developed and tested in the water flume facility
(filled with sand) available at the Delft University of
Technology (TU Delft), Netherlands to study the effects of
soil compaction and particle size on the towing resistance as
controlling these parameters in the large-scale experiments
was not feasible due to the enormous size of the towing
basin (33m long, 3.2m wide and 2m deep). The relative
density (Dg) is a measure of the degree of compaction of a
cohesionless soil which is governed by the in-situ void ratio
(e), and the void ratios in the loosest (eny;,) and densest
(emax) possible packing. The index Dy is determined experi-
mentally by measuring these void ratios, given by:

¢ % 100% 1)

€max — €min

€max —
Dp=—"—

We varied the void ratio from en;, = 0.67 t0 en.x =
0.96, giving dry densities ranging between pgmin = 1343 kg/m’
and pgmax = 1583kg/m’. The in-situ void ratio was deter-
mined as e=0.71, resulting in a relative density index Dg
~85%, indicating dense sand behaviour during shearing
(Das 2010). To explore the effect of soil relative density, the
bed was compacted with a vibration needle. The densifica-
tion process resulted in a decrease in the height of the sand
bed due to reduction in the soil void ratio. The particle size
effect was explored by using two different types of industri-
ally processed silica sand in the test basin (supplied by
Sibelco from Belgium) - Mol 32 or M32 (coarse-grained)
and Mol 34 or M34 (fine-grained) sand. The mean particle
sizes (dso) of these coarse- and fine-grained sand samples
were 0.26 and 0.17 mm, respectively and the corresponding
bulk densities were 1500 kg/m> and 1400 kg/m”.

A mobile carriage with guide rails was installed on top of
the flume to tow the chains. The experimental setup was
quite like the one reported in Enerhaug (2011); however,
modified for studying multiple chain element interactions
with the sand bed. A schematic representation of the test
setup along with laboratory arrangements is shown in
Figure 4. Three sets of pre-tensioned chains, constrained in
the vertical position (i.e., fixed penetration during the tow
process), were used in the experiment. The chain link diam-
eters (d=6-16 mm) were the same as that used in the large-
scale experiment, however, the length was adjusted to
~20cm to fit inside the water flume facility (length scale
factor A; = 60). As the chain link diameter was sufficiently
large compared to the mean grain diameter (d/dsy ~ 23-
62), scale effects related to soil particle sizes were considered
negligible. A constant velocity with three different values
(v=0.1, 0.3 and 0.6m/s) was used. The tow resistance of
the chain elements was measured with three pairs of water-
resistant force transducer (IP68 rating, maximum load
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Figure 4. Small-scale experiment set-up at TU Delft: (a) schematic representation, and (b) test arrangement in the water flume facility.
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capacity of ~ 1kN), connected to the ends of the individual
chain element. To record force signals from the sensors, a
DA system was installed. The whole experiment was shot
using a high-resolution video camera, connected to the
mobile carriage. Prior to each test run, the bed height (rela-
tive density) was maintained constant along the flume
length, and the top surface was smoothed out for accurate
measurements. After initial preparations, the carriage with
the chain system was towed along the sand bed over a suffi-
cient distance (~3.4m) to mobilize steady state drag resist-
ance. The variations in tow resistance with time were
measured and examined.

3. Results
3.1. Penetration depth measurements

The average depth of penetration measured (mean + standard
deviation) was 1.0+0.54cm, 1.5+0.64cm and 1.8+0.69cm
for respective light, medium and heavy configurations. Within
each gear configuration, slower speeds (2 knots [~1.0m/s])
displayed slightly but consistently higher mean penetration
compared to faster speeds (4 knots [~2.1m/s]; Figure 5).
When accounting statistically for the differences caused by the
marker position (distance from the centre of the trawl track)
GLMM’s show significant effects for both gear configuration
weight (p <.001) and towing speed (p < .001; Table S1).

3.2. Scaling of penetration depth

The gear penetration depth (z,) is influenced by several
parameters, such as the diameter of tickler chains (d), tow
velocity (v), gravitational acceleration (g), density of gear
material (pgeor) and soil bulk density (pgu). From a

dimensional perspective this implies that three nondimen-
sional groups can be formed as the problem is controlled by
six variables and three fundamental units (mass [kg], length
[m], time [s]). We define the following three groups:

i. The first group represents the measured gear penetra-
tion depth normalized with a representative diameter
(Equation 2). Figure 5, as confirmed by the GLMM
analysis, demonstrates that the penetration depth is
controlled by both gear type and tow speed. Given that
the chain links of the shoe ticklers apply greater pres-
sure on the soil compared to the net ticklers, it is
inferred that these chain links achieve deeper penetra-
tion. Hence, we opt to use the diameter of the shoe
tickler chains as the representative diameter for this
analysis.

Zp

ii. The second group represents the ratio of inertia versus

the gravitational forces (Froude number):

I =—= 3)

iii. The third group represents the density of the gear
material relative to the soil bulk density:

H3 _ pgear (4)
Psoil

As we require an expression for z,, the experimental data
should be used to determine the relation:

I, = f(I1,, I5) )

However, in this study, we investigated the effect of tow
speed on different gear configurations (light, medium,
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Figure 5. Penetration depth of model gears as a function of tow speed: (a) light configuration, (b) medium configuration and (c) heavy configuration.
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heavy) but only for one given soil type (sand) and density
(loose). Therefore, the effect of IT; could not be considered
in the dimensional analysis and it should be borne in mind
that the gear penetration is a function of the soil type (sand,
mud, gravel, etc.) and compactness of the seabed (medium
dense to dense sand). It is, thus, important to study different
sediment types and seabed conditions in future research to
be able to use this methodology in different environmental
conditions. Figure 6 shows the dependence between the two
nondimensional groups I1; and Il,. It can be observed from
Figure 6 that all the data seem to fall on a consistent master
curve as described by the following scaling relation:

%p =a+to (ﬁ) (6)

where, the coefficients ¢; = 2.04 and ¢, = —0.15 were
obtained by linear regression analysis (R* ~ 0.85).
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Figure 6. Normalized penetration depth of tickler chains at different normal-
ized tow speeds.
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Figure 7. Towing force time trajectory at different speeds for heavy gear
configuration.
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3.3. Measurements of the towing resistance

The seabed resistance during trawling is presented in Figure
7 for a heavy gear configuration towed at speeds v=2, 3
and 4 knots (equivalent to ~1.0, 1.5 and 2.1 m/s). It was
observed that the resistance response immediately reaches a
peak from the initial value (corresponding to the tension in
the towing rope) due to acceleration in the carriage, then
stabilizes over a short period of time and finally decreases
due to braking. Similar trends were also noticed with other
gear configurations and tow speeds. The steady-state tow
resistance was estimated from the curves considering the
mean value between two arbitrary selected time periods,
where the resistance variation is considered negligible across
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Figure 8. Steady-state soil drag resistance at different tow speeds: (a) for entire
gear set-up, (b) normalized with respect to the wet weight of tickler chains and
ground rope.
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the test runs for different gear patterns. The average of the
steady resistances is plotted against the tow speed in Figure
8(a) for different model gear configurations. It is interesting
to notice that the seabed drag resistance decreases with an
increase in speed. This indicates that the gear elements were
continuously pushed out of the seabed when dragged at
greater speeds — leading to the path of least resistance and
associated failure mechanisms in soil. The phenomenon was
also verified from penetration depth measurements at differ-
ent speeds (see Figure 4), where the model gear penetrates
less into the soil at greater speeds, involving less volume of
soil surrounding the gear component and thus mobilizing
low drag resistance. Additional tests were performed consid-
ering only the beam element of the model gear to compute
the combined drag resistance of shoe tickler chains and
ground rope with net ticklers. The contribution from the
beam was separated from the total steady-state resistance
and then normalized with respect to the submerged weight
of the shoe tickler chains, net ticklers and ground rope in
seawater (see Figure 8b) for different gear patterns. The nor-
malization of these steady-state resistances for heavy gear
configuration resulted in a narrow band of values, and
therefore, expressed using a linear curve as shown in Figure
8(b). The normalized soil resistances for other gear configu-
rations with the best-fit lines are also shown in the same
figure.

3.4. Scaling of towing force

The scaling of the towing force with respect to the gear sub-
merged weight appears to work reasonably well for the
medium and heavy gear configurations but not for the light
configuration (Figure 8b). The towing force F is controlled
by several parameters: mass of the gear in air (M), bulk
density of soil (pgu), seawater density (pyater), Width of the
gear in the tow direction (L), total number of shoe and net
tickler chains (n), penetration depth (z,), tow speed (v) and
gravitational acceleration (g). We improved the scaling rela-
tionship by considering the individual component that con-
tributes to the total tow force F expressed as:

F = K\Fy + K:Fyp + K Fy @)

where the coefficients K, K, and Kj represent the friction
factors, respectively due to the submerged weight of the gear
in seawater (F,s), passive pressure from the soil mass sur-
rounding the gear (F,) and the dynamic force due to accel-
eration of the soil mass in front of the gear (F,), given by:

Fu = Mang (1 - p“V—‘) (8)
gear
FPP =n |:(psoil - pwater)LZ;g:| (9)

Fi=n [(psoil - pwater)szZP] (10)

In the above equations, Mg,y is the measured mass of the
gear components without the beam (see Table 2); pgears Psoil
and pyater are the densities of gear material, soil and

seawater, respectively, taken as 7800, 1700 and 1030 kg/m’;
n is the total number of chains in a particular gear configur-
ation (n=21 for the light pattern and n=18 for the
medium and heavy pattern), L=1m; z, is the measured
mean penetration depth in soil; v denotes the tow speed (m/
s) and g=9.81m/s” is the gravitational constant. The contri-
bution from the gear weight (F,/) is significantly higher
compared to the passive pressure force (Fj,) due to negli-
gible changes in the soil volume surrounding the gear when
steady-state resistance was mobilized. The friction factors,
that were used to best estimate the total drag force, were
determined using a linear regression analysis with multiple
variables. The overall regression was found to be good (R®
~ 0.96, p <.001) giving values of K; ~ 0.94 (p <.001), K, ~
52 (p<.1) and K5 ~ 0 (p<0.05). It can be thus inferred
that the dynamic force contribution (F;) was insignificant
compared to the other two components while computing
the total steady-state drag force (F). The predicted values of
the tow force were back calculated using Equation (7) and
plotted against the measured values from the experiment in
Figure 9. We observed that the predictions are in good
agreement with the actual measurements with a standard
error limited to ~15%.

3.5. Effect of soil parameters on towing resistance

The towing resistance in two different soil grains (M32 and
M34 type) for the loose and dense bed condition are com-
pared in Figure 10. For a given velocity, chain diameter and
penetration depth, it was observed that the steady-state force
required to tow the chains is almost similar for the two dif-
ferent grain sizes in loose bed condition (Dr ~ 0%).
However, in dense soil bed, with higher relative density (Dg
~ 85%), the average towing force increased substantially
(nearly 2.7 times) when dragged over fine-grained particles
compared to coarse-grained particles. Given the expected
range of the velocity, penetration depth and soil type we
expect drained soil behaviour (Verruijt 2006). For drained
conditions, it is known that the effective friction angle (¢)')
strongly depends on the relative density (Dg) of the soil.
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Figure 9. Predicted tow force versus actual tow force measured from
experiments.
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This effect is of particular importance at low effective stress
(Bolton 1986; Chakraborty and Salgado 2010) and is more
pronounced in fine-grained sand than coarse-grained sand
(Prakash et al. 2023). Since the chains operate in the top
layer, the effective stress is in the range of 100-1000 Pa only.
An increase of the relative density can result in a substantial
increase of the passive soil pressure in front of the chain
and thus the towing resistance in sand (Cathie and
Wintgens 2001; Depestele et al. 2016).

The average steady-state forces were also evaluated at dif-
ferent tow speeds for a given soil relative density in satu-
rated fine sand and the variations are shown in Figure
10(b). It was observed that the towing resistance in dense
fine sand is enhanced by ~3.7 times compared to the loose
fine sand due to change in the void ratio of the bed by ~
44%. The soil bed in the large-scale experiments at VIC
Stellendam can be considered loose as the sediments were
not compacted unlike the small-scale model tests in Delft
and it is, therefore, practical to ignore particle size effects on
the mobilization of soil drag resistance. In beam trawling,
this might often represent the seabed condition as the top
layer of the sediment is regularly sheared by waves and
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currents, thereby creating a loosely packed fishing ground.
Nevertheless, it is notable that the relative density and
sediment sizes of the seabed could influence the
towing resistance significantly and therefore, it should be
considered in the prediction of total drag load on bottom
trawl gears.

4. Discussion

4.1. Comparison of penetration depth with field scale
measurements

The penetration of prototype beam trawl gear components
in sandy sediments was predicted as per the scaling relation
proposed in Equation (6). Greater disturbance with heavier
gear configurations is expected due to the larger pressure
exerted on the soil mass by the gear components (shoe
tickler + net tickler chains) causing deeper sediment penetra-
tion compared to the lighter chain configurations (Figure 5).
The reduced seabed penetration linked with higher speeds is
attributed to the lift force acting on the gear components
during towing and granular interaction with the seabed. The
modelled penetration depth ranges from approximately
l.4cm to 4.5cm. The lower penetration value corresponds
to a light chain configuration (16 mm shoe ticklers) dragged
at 6 knots (~3.1m/s) speed and the higher penetration is
for the heavy configuration (26 mm shoe ticklers) towed at 2
knots (~1.0m/s). The modelled penetration depth estimates
are compared with available results in the literature based
on field scale experiments and sea trials for similar fishing
gear components and ground conditions (Table S5). While
there is limited information on beam trawl gear components
towed on a sandy seafloor at different speeds and chain con-
figurations (weights/number of chains), we found that our
predictions are in well agreement with general penetration
depth values reported in the literature (1—8 cm; Lindeboom
and De Groot 1998; Paschen, Richter, and Kopnick 2000;
Valdemarsen et al. 2007). Sea trials with accurate measure-
ments of towing speed on the seabed and collection of good
quality samples for soil characterisation remains a challenge
to scientists and could possibly corroborate and improve
our prediction models in the future.

4.2. Contribution of individual gear components on
penetration depth

Variations in observation across different measurement loca-
tions along the width of the trawl gear were noted; however,
no significant evidence suggests a substantial variance in
penetration depth. Nonetheless, it is plausible that differen-
ces arise due to variations in the angle of attack of the tick-
ler chains over the width of the gear and the configuration
of the ground rope. Throughout our experimental trials, the
ground rope remained consistent, enabling us to assess the
collective impact of ticklers and ground rope. It is conceiv-
able that the measured results reflect a combined influence
of ticklers and the ground rope, rather than solely attribut-
able to ticklers.
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Determining the specific chain link or rubber disc
responsible for the deepest penetration at each line in the
trawl path is not possible from the present data. Rubber
discs in the centre part of the gear mitigate pressure by dis-
tributing weight of the ground rope over a wider area.
Additionally, they may induce a hydrodynamic lifting force,
aiding in supporting the ground rope in the central section
(Zdravkovich 1985). Therefore, it can be expected that in
the central part the shoe ticklers achieve maximum penetra-
tion rather than the heavier ground chain. Conversely, at
the edges where the tickler chain lacks protection, the
ground chain may achieve maximum penetration, owing to
the larger pressure induced by the ground chain links.
However, caution is warranted with this speculation as the
angle of attack of the ground chain is very small in this
area, and it remains uncertain whether this will result in less
or more penetration. It is plausible that chains with a larger
angle of attack remove more soil and consequently achieve
greater penetration depth. At the edges, sediment mobilized
by shoe ticklers may not have sufficient time to resettle
before the arrival of the ground chain, potentially promoting
ground chain burial there. This would still imply that the
diameter of the tickler chains controls the penetration depth
of the gear at the edges of the trawl path. This phenomenon
is less likely in the central area due to greater spacing
between shoe ticklers, allowing sediment resettlement before
the arrival of subsequent chains and finally the ground
chain. This would imply that the maximum penetration is
achieved by shoe ticklers.

Despite this consideration, since we did not vary the
ground chain configuration, we cannot formally exclude that
the results are insensitive for the choice of ground chain.
Thereby, remarking that the choice of the ground chain in
our test is in line with fishery practice and scaled to the
laboratory scale with the same scaling factor as applied for
the shoe and net ticklers. Our current data allows only
speculative insights regarding the mechanistic contribution
of ground rope, shoe and net ticklers; a revised study design
incorporating tests of individual chains and combinations,
alongside more precise penetration depth measurements, is
essential for robust conclusions in this direction.

4.3. Translation of tow force measurements to practice

This study allows the prediction of the penetration depth
and expected towing force on a prototype scale using a com-
bination of Figure 6 and Equation (7). The towing force
ranges from approximately 1824 kg (light gear configuration
at six knots speed [~3.1 m/s]) to 4445kg (heavy gear config-
uration at 2 knots [~1.0m/s] speed]. The power consumed
by these gear components ranges from approximately 22 kW
to 108 kW (the low value corresponds to the light configur-
ation at two knots speed and the high value is for heavy
gear towed at six knots speed). It is important to note that
the predictions do not account for the resistance of the
beam, trawl shoes and the net that can contribute signifi-
cantly to the power consumption of the beam trawler
(Lindeboom and De Groot 1998). Further research focusing

on the resistance and penetration depth of other gear com-
ponents would enhance our understanding of the compre-
hensive physical effects of beam trawling with tickler chains.

Rijnsdorp et al. (2021) used the additive impact of mul-
tiple gear components to estimate effects of bottom trawling
on sediment mobilization in the North Sea. A potential
“next step” for experimental gear penetration-based research
could be to evaluate the physical effects of different fishing
gears and gear components to gain a more holistic perspec-
tive of bottom trawl effects. Ultimately, the choice to use
light or heavy gears depends on various factors (e.g., sedi-
ment type, seabed density, tidal current, fuel consumption,
fuel price and catch efficiency) resulting in differing levels of
towing forces and seabed penetration. The introduction of
higher engine power in the Dutch beam trawl fleet
(>221kW power class sub-fleets) allowed fishers the cap-
acity to tow heavy gears at greater speeds (Rijnsdorp et al.
2008). This created a competitive advantage for fast towing
vessels that produced higher catches while preventing poten-
tial entrapment in soft sediments (Lindeboom and De Groot
1998; Rijnsdorp et al. 2008). Our study shows that faster
towing speeds can reduce seabed penetration, though the
use of heavier gears to maintain contact with the seafloor
may offset this effect. We acknowledge that fishers some-
times desire the deeper penetration to capture species such
as sole which are known to bury themselves in the seabed.

The results from these experiments add nuance to the
discussion on the topic of bottom trawl impacts along the
seafloor. Gear penetration depth is often generalized by gear
type and their components to provide broad estimates of
bottom fishing impacts at regional and global scales
(Eigaard et al. 2016; Pitcher et al. 2022). We demonstrate
how towing speed is an integral factor controlling the sea-
floor penetration and associated drag resistance of fishing
gears. Our results can enhance accuracy to upscaled esti-
mates of gear-specific environmental impacts if towing speed
information is available. Adding this type of information to
models of sediment mobilization that include towing speed
(Rijnsdorp et al. 2021) may lead to a more comprehensive
understanding of the physical effects exerted by bottom
trawl gears.

5. Conclusion

Our study gave insights regarding the mechanical impact of
beam trawl fishing gears with tickler chains on sandy soil.
Specifically, large-scale experiments allowed us to create new
predictive models of seabed penetration and associated drag
resistance as a function of towing speed and gear type.
Scaling relations were derived based on a simple dimen-
sional analysis, that could help users in the fishing commu-
nity to assess the soil disturbance in terms of penetration
depth, and trawler engine power in terms of geotechnical
capacity of the seabed. The specific conclusions from the
study are:

1. The gear penetration into the soil reduces with the
increase in tow speed.



2. The penetration depth scales with Froude number and
diameter of shoe tickler chains.

3. The steady-state tow force scales with the submerged
weight of the gear and weight of the soil mass in front
of the chains. There is no direct inertia effect on the
steady drag resistance, only via the penetration depth as
a function of the tow speed.

4. The seabed drag resistance is linked with the gear pene-
tration depth to translate results from model tests to
prototype scale.

5. The modelled penetration depth of prototype beam
trawl gear elements ranges from ~1.4 cm (16 mm tickler
chain gear, six knots [~3.1 m/s] speed) to ~4.5cm
(26 mm tickler chain gear, two knots [~1.0 m/s] speed).

6. The towing resistance of prototype gear components
(without the fishing net) on sandy sediment was pre-
dicted in the range of ~ 1.8 tonnes (light gear, two
knots [~1.0 m/s] speed) to 4.4 tonnes (heavy gear, six
knots [~3.1 m/s]), with a maximum error limited
to ~15%.

The results presented in this article can be used to esti-
mate gear penetration depth and towing resistance in loose
sandy seabed. The smaller-scale tests showed that the towing
force strongly depends on the soil compaction and particle
size distribution, and therefore, it is necessary to consider
the seabed with different initial relative densities and grain
sizes in future studies. Though sandy soils are the most rele-
vant for the North Sea, it is also useful to study other sedi-
ment types such as mud and gravel to support benthic
ecological trawl disturbance models (Hiddink et al. 2017)
and biogeochemical models looking at the seabed impact
(De Borger et al. 2021). In addition, numerical modelling
could be helpful to encompass a wide range of parameters,
study the effect of different individual gear components and
find ways to reduce the seabed impact and fuel waste while
maintaining catch efficiency.
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