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Numerical modeling of earthquake impact on engineering structures on Arctic
shelf
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The problem of numerical modeling of the process of initiation of seismic activity on Arctic
shelf and its impact on engineering structures is considered. To describe the dynamic behavior of a
geological array, the determining systems of equations of the theory of elasticity and acoustics are
used with explicit identification of all geological layers. A distinctive feature of the developed
approach is the full wave calculation of the propagation of seismic waves from the source of the
earthquake to the day surface. Grid-characteristic method is used for numerical calculation on
hexahedral and tetrahedral computational grids.
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Introduction. Currently, oil and natural gas are the main sources of energy. A significant part
of their deposits is located on the shelf, which causes difficulties with their exploration and
development, including building complex engineering structures on the shelf. An important issue is
also the transportation of raw materials from the wellhead to the site of its accumulation, for which
many kilometers of pipelines are laid along the seabed. One of the significant threats is deformation
and destruction of the structures in question due to seismic activity (earthquake) in the region.

Today, an innovative technological solution is the usage of composite materials for complex
engineering structures. At the same time, a lot of scientific collectives around the world are engaged
in studying the process of destruction of composite materials. The main results of a series of
international projects WWFE (World Wide Failure Exercise), entirely devoted to the development
and comparison of the criteria for volumetric destruction of polymer composite materials (PCM) with
the reinforcement of long fibers, are given, for example, in [1, 2]. To date, many different destruction
criteria have been developed, describing in-depth experiments with varying degrees of reliability.
These include the criteria of Hashin, Pak, Tsai-Hill, Tsaya-Vu and Drucker-Prager.

In this paper, we consider the problem of propagation of seismic waves from the source of an
earthquake in the shelf region and the destruction of an engineering structure under their influence
(composite pipeline is taken as an example structure). The mathematical formulation of the problem
includes a system of equations of the theory of acoustics and linear elasticity, taking into account the
anisotropy of the material [3]. A calculation algorithm is based on a sequential solution of two
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problems (propagation of the seismic wave from the source of the earthquake to the bottom and its
dynamic effect on the structure).

For the description of seismic processes on the shelf, a geological multilayer model is initially
constructed whose behavior is described by a system of linear elasticity (geological rocks) and an
acoustics system (water), and a solution of these systems is made jointly at the sea-sea bottom contact.
For a numerical solution, a grid-characteristic method is used on hexahedral grid designs [4, 5].

To describe the destruction processes in a composite pipe, a grid-characteristic method is used
on tetrahedral grids for a linearly elastic anisotropic material [6, 7]. Criteria for destruction of
composites based on a certain set of material parameters available for direct measurement are used:
the criteria of Hashin, Pak, Tsai-Hill, Tsaya-Vu and Druger-Prager. A detailed description of these
criteria and their comparison with each other and experiment is given in [8]. These criteria are used
in many commercial settlement packages.

The calculation of the propagation of seismic waves from the source of the earthquake in a
three-dimensional model of a multilayer medium describing the sea shelf was carried out. The
following layers were included in the calculation: the water layer, bottom sediment layer, two
geological layers and the crystalline basement. All the characteristics of the materials were chosen on
the basis of [9]. The entire cubic grid consisted of 192 million nodes in 5 meters increments and
covered an area of 4000 x 4000 x 1500 m. The earthquake source was located at a depth of 1150 m
and was a plane of discontinuity with a velocity inversion of 50 x 50 x 150 m [10]. The parameters
of the earthquake source model were reconstructed on the basis of the analysis of the maximum
displacements of the seabed in accordance with the Richter scale [11]. During the simulation, the
values of the total stress tensor at the level of the seabed were taken, which were subsequently used
to calculate the process of dynamic loading of the composite pipe.

Fig. 1. General view of the calculation area: on the left — a general view, on the right — a
general view showing materials with different directions

To model the destruction of a composite pipe, the volume of soil around a short straight pipe
segment was taken. The radius of the pipe is 25 cm, the thickness is 6 cm. The face of the cube is 1
m. The pipe axis is directed along the X axis, the vertical axis is the Y axis. The general form of the
calculated region is shown in Fig. 1. To model the curved anisotropic pipe material, it was divided
into 16 segments, the material of each of which (carbon plastic, the properties of the materials given
in [12]) are rotated relative to the neighboring ones. Two cases were considered: the direction of the
fibers along the X axis and perpendicular to it.
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A series of calculations was performed with increasing intensity of the earthquake. With an
earthquake strength of 1 point, no damage was observed, with a strength of more than 3 points, the
entire volume of the composite material was destroyed.

A typical form of the wave pattern in the propagation of seismic waves from the source of the
earthquake is shown in Fig. 2.
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Fig. 2. Characteristic view of the wave pattern in the propagation of seismic waves from an
earthquake source

Criterion Hashin allows you to analyze the mechanisms by which the destruction occurred.
With an earthquake strength of 2 points, small stratifications occur at the bottom of the pipe. With an
earthquake strength of 2.5 points, stratifications occur throughout the pipe wall, part of the composite
matrix is cracked. With the strength of an earthquake of 3 points, stratification and cracking of the
matrix occur throughout the volume, part of the fibers in the lower part of the tube breaks. A series
of calculations was performed with a changed laying of the fibers — perpendicular to the axis of the
tube. At an earthquake strength of 2 points, significant stratifications occur in the lower and upper
parts of the pipe. With an earthquake strength of 2.5 points, stratifications occur throughout the pipe
wall, part of the composite matrix in the lower part of the pipe is cracked. With the strength of an
earthquake of 3 points, stratification and cracking of the matrix occur throughout the volume, no
breaking of the fibers occurs.

Fracture regions were also calculated for various earthquake strengths and various
mechanisms in the Hashin criterion, when the fibers directed perpendicular to the axis of the tube.
With an earthquake strength of 2 points, significant stratifications occur in the lower and upper parts
of the pipe. With a force of 2.5 points, stratifications occur along the entire tube wall, part of the
composite matrix in the lower part of the pipe is cracked. With a strength of 3 points, stratification
and cracking of the matrix occur throughout the volume, no breaking of the fibers occurs.

With a change in the direction of laying of fibers, the pattern of destruction varies markedly.
When laying the fibers parallel to the axis of the tube, the bundle is smaller in the case of a weak
earthquake, but with a strong earthquake, the fibers are destroyed, which is not present when the
fibers are laid perpendicular to the axis.
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Hashin's criterion allows for a detailed analysis of the destruction of the material-adjust the
response from the fracture region in accordance with the fracture mechanism and analyze the residual
strength of the part. When calculating real constructions, the application of this criterion is
complicated by the fact that it can be used only for monolayers, but not for an averaged anisotropic
material consisting of several monolayers with different packing. Therefore, the pipe will have to be
modeled to within a monolayer, which will significantly increase the computational complexity of
the problem.

Conclusion. The paper describes a new approach that makes it possible to estimate the degree
of destructive effect of an earthquake with a given magnitude on a shelf structures by direct numerical
simulation of the process of propagation of seismic waves from the source to the day surface, taking
into account the detailed geological structure of the underlying massif. It is based on the numerical
solution of acoustic equations and elasticity equations by a grid-characteristic numerical method on
hexahedral and tetrahedral computational grids.

A calculation algorithm is based on a sequential solution of two problems - propagation of the
seismic wave from the source of the earthquake to the bottom and its dynamic effect on the structure.
Calculations of seismic load on an underwater pipeline were performed for various earthquake
strengths using the proposed algorithm and seismic profiling data from Arctic shelf.
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VJIK 004.942

YucjieHHOE MOAeJIMPOBaHME CeliCMUYECKON HATPY3KH HA MHKEHEPHbIe KOHCTPYKIIUM HA
APKTHYECKOM Leibde

N.B. Ilerpos, B.W. I'o1y6eB, K.A. Bekiembimena, A.B. Baciokos**

MocKoBCKU# (HU3UKO-TEXHUUECKUI UHCTUTYT, T. Jlonronpyauerii, Poccus

PaccmaTpuBaercs 3a7aua YuCIEHHOIO MOJEIMPOBAHMSI TPOLIECCAa MHUIIUALIMH CEHCMUYECKON
AaKTUBHOCTH Ha wielb(e u e€ pa3pylarouiero BO3ACHCTBHUS Ha WHXKEHEPHble KOHCTpyKuuU. s
OMMCAHUS JUHAMUYECKOTO0 MOBEICHHUS T€0JIOTMYECKOT0 MAacCHBa HCIIOJIB3YIOTCSA OIpPEAesSIoNne
CHUCTEMbl YPAaBHEHUN TEOPUU YIPYIOCTH M AKYCTHKHU C SIBHBIM BBIJIEJIEHUEM BCEX I'€OJIOTMUYECKHUX
ci10€B. OTIMYUTENBHOM 0COOEHHOCTBIO Pa3pab0OTaHHOTO MOX0/1a SIBJISETCS [TOJIHOBOJIHOBON pacyéT
pacnpoCTpaHEeHUsl CEHCMUYECKMX BOJH OT OdYara 3eMJIETPSACEHHUs K JAHEBHOW MoBepXHOCTH. [l
YHUCJIEHHOTO Pacy€Ta MCIOJIb3YETCS CETOYHO-XapaKTEPUCTUYECKUN METOJ| Ha TeKcadJIpalibHbIX U
TETPa’pajIbHbIX PACUETHBIX CETKAX.
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