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The buried subsea pipelines in the Arctic offshore territories are commonly threatened by drifting icebergs scouring
the sea bottom (ice gouging). In this study, the subgouge soil deformations in clay and the ice keel–seabed reaction forces
were simulated using extreme learning machine (ELM) algorithm. Using the effective input parameters, eight ELM models
were developed to predict the seabed response to ice gouging. The superior ELM models and the most significant input
parameters were identified by performing a sensitivity analysis. The developed ELM models well predicted the ice–seabed
interaction parameters, with soil depth being the most influential input factor affecting the subgouge soil deformations, and
with vertical load and attack angle being the most effective for simulation of the ice keel–seabed reaction forces.

INTRODUCTION

Crude oil and natural gases discovered in the Arctic area are
respectively estimated as 90 billion bbl (barrels of crude oil) and
1,670 trillion cubic feet. The overwhelming majority of future
development projects for these oil and gas reserves comprise the
deployment of subsea pipelines, manifolds, wellheads, and com-
munication cables (Alba, 2015). However, these bottom-founded
structures are at risk of damage and potential failure from moving
pressure ridges and icebergs since the seabed may be gouged by
these traveling masses in the ice-prone regions during the warmer
seasons. Figure 1 shows the layout of the ice–seabed interaction
during an ice–gouging phenomenon. As shown, the maximum
subgouge deformation occurs just beneath the iceberg keel base
(zone 1), and the magnitude of the soil displacements decreases
as it extends in zone 2 and zone 3.

Moreover, the gouge depth equals the maximum depth of ice
intrusion. On the other hand, subsea trenching and backfilling are
commonly utilized to bury these structures for physical protection
against ice scour events (Nematzadeh and Shiri, 2020; Azimi and
Shiri, 2020a), and the ice-gouging parameters ought to be esti-
mated to avoid collisions (Croasdale, 2000).

Thus, thanks to the significance of this issue, many expensive
field and laboratory studies on the ice-gouging problem have been
performed (Barnes et al., 1984; Woodworth-Lynas et al., 1990;
Chouinard, 1995). Lach (1996) conducted nine centrifuge tests
to measure the ice-induced parameters comprising the reaction
forces and the subgouge displacements. Lach (1996) assumed that
the ice block moved horizontally on a uniform clay seabed at a
constant speed. Lach (1996) developed a 2-D finite element model
to simulate the ice-scoured problem and showed that the numer-
ical model could estimate the subgouge behavior appropriately.
Woodworth-Lynes et al. (1996) performed a set of the studies in
the Pressure Ridge Ice Scour Experiment (PRISE) joint-industry
program to evaluate the scoured soil deformations. The investiga-
tion proved that the pipeline burial depth should be beneath the
maximum depth of ice intrusion. They asserted that the subgouge
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soil deformations were a function of soil depth and gouge geom-
etry. Schoonbeek et al. (2006) reported some centrifuge experi-
mental values of ice-induced clay displacements. Effects of the
gouge depth, the undrained shear strength of clay, and the ice keel
velocity on the deformed subgouge clay were assessed. The sur-
vey confirmed that the large plastic strains took place under the
moving ice keel base. Been et al. (2008) investigated the impact
of ice keel shape, including steep and shallow keels, on the clay
failure mechanism in the ice-gouging events. They concluded that
the soil failure pattern depended upon the keel geometry and that
the impact of the keel length parameter should be evaluated in
the future. Arnau and Ivanović (2019) experimentally studied ice-
induced loads on a sandy seabed in both saturated and dry cir-
cumstances. The effects of the relative density, soil permeability,
gouge geometry, and drifting velocities were assessed. Arnau and
Ivanović (2019) concluded that the drifting velocity possessed a
remarkable influence on the ice-gouging loads.

Furthermore, to provide a good understanding of the local
stresses and strains in the ice–seabed interaction process, sev-
eral time-consuming 2-D or 3-D finite element simulations have
been performed in this field (Lele et al., 2011; Pike and Kenny,
2012; Sabodash and Bekker, 2019; Nematzadeh and Shiri, 2019a).
Nematzadeh and Shiri (2019b) modeled an ice-gouging problem
through a self-correcting soil method to update the shear strength
parameter of soil. They showed that the ice-induced deforma-

Fig. 1 Layout of ice–seabed interaction during an ice-gouging
phenomenon
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