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Abstract. Traditionally, the selection of a pipeline route for offshore applications has been
manually performed by the engineer, by a quick inspection of the seabottom bathymetry and
the available information regarding obstacles. Eventually the evaluation of a given route
could be performed using analysis tools, but in any case the process is highly dependent on
the expertise of the engineer. In this context, this work describes the development of a compu-
tational tool for the synthesis and optimization of submarine pipeline routes, using computa-
tional tools based in Evolutionary Algorithms.

In such optimization procedures, each candidate route is randomly generated and is evaluat-
ed, in order to determine its “fitness™, in terms of several criteria that are incorporated in an
objective function. Such function takes into account all relevant aspects that should be con-
sidered in the selection of a route, such as total pipeline length; geophysical and geotech-
nical data obtained from the bathymetry and sonography, including the definition of obstacles
and regions that should be avoided; number, length and location of free spans to be mitigated
along the routes. Other aspects depend on the structural behavior of the pipe, under hydro-
static and environmental loadings; some of these aspects are dealt with by following recom-
mendations established in the DNV RP-F105 and RP-F109 codes, related respectively to the
on-bottom stability and free spans.

This work describes the implementation of the optimization tool, beginning with the assembly
of the objective function and the definition of the problem constraints, and proceeding with
the association of this function and constraints in the framework of the implementation of a
Genetic Algorithm — GA. Case studies are presented to illustrate the use of this optimization
tool. It is expected that the application of such tool may reduce the design time needed to as-
sess an optimal pipeline route, while reducing computational overheads and providing more
accurate results (avoiding mistakes with route interpretation), ultimately minimizing costs
with respect to submarine pipeline design and installation.
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1 INTRODUCTION

Traditionally, the selection of a pipeline route for offshore applications has been man-
ually performed by the engineer, by an inspection of the seabottom bathymetry and the avail-
able information regarding obstacles. Eventually the evaluation of a given route could be per-
formed using analysis tools, but in any case the process is highly dependent on the expertise
of the engineer. Therefore, it should be recognized that the selection a submarine pipeline
route with good performance and low cost must indeed be formally described and treated as a
synthesis and optimization problem.

Intuitively, the best pipeline route for offshore applications would be the one with
smaller length, leading to lower material costs. However, other factors that affect the perfor-
mance of the route must also be considered, including for instance geophysical / geotechnical
data obtained from the seabed bathymetry and sonography. These data defines the obstacles
and regions that should be avoided; leads to a minimum radius of curvature for the route, and
also to the number of free spans along the route that should be minimized/mitigated.

Thus, it can be seen that the selection of a submarine pipeline with high performance
and low cost should indeed be formally described and treated as a synthesis and optimization
problem. Optimization methods seek to find an optimal solution to a given engineering prob-
lem within a set of solutions, usually subject to constraints. Nature-inspired algorithms such
as the Genetic Algorithms (GA) have been shown to be very useful for the search and optimi-
zation of solutions for offshore engineering problems [1],[2],[3].

In this context, this work describes the evolution of a computational tool for the syn-
thesis and optimization of submarine pipeline routes. A previous work by the authors [4] de-
scribed the initial steps taken towards the development and implementation of a computation-
al tool. This work [4] was focused on the geometrical representation of a route, and on some
of the terms of the objective function associated with a preliminary stage of the optimization
process (such as total pipeline length, and geographical-topographical issues associated with
the route geometry and to the seabottom bathymetry and obstacles).

A second work [5] focused on other aspects related to the structural behavior of the
pipe, under hydrostatic and environmental loadings. More specifically, special attention is
dedicated to the implementation of On-Bottom Stability (OBS) criteria such as the proposed
in the DNV-RP-F109 code [6].

A third work [7] aimed at analyzing Absolute Lateral Static Stability verifies the re-
quired ballast weight for achieving stability hydro-dynamics in order to optimize the mini-
mum ballast layer simultaneously with the route length.

This work is focused in a review of the evolution of a computational tool. Initially, the
next section describes the optimization method selected (Genetic Algorithms — GA). After
that, presents the parameterization considered for the geometric representation of the configu-
ration of a pipeline route. Next, follows the description of the components of the objective or
fitness function (that evaluates each candidate route randomly generated during the search
process) and the problem constraints and penalties. Next, presents the On-Bottom Stability
Criterion used in the studies. Lastly, case studies are presented to illustrate the use of this op-
timization tool.



2 OPTIMIZATION METHOD

As mentioned before, the optimization method applied at the current phase of the re-
search is the Genetic Algorithm (GA), which is a mathematical model inspired by the evolu-
tion of species [8]. In this methodology, randomly generated candidate routes are individuals
of a population, with each individual being represented as a chromosome. Each chromosome
encodes a candidate solution via its genes, each corresponding to one of the parameters that
define a route.

To verify the quality of an individual, it is evaluated according to its efficiency (or fit-
ness). The evaluation is performed by means of an objective function, taking into account the
constraints of the problem, as will be described later in this work.

For the generation of each new population, the individuals are ranked according to their
fitness; only the fittest individuals of the current population are selected to continue in the
evolution process, and the others are discarded. Selected individuals are subjected to the ge-
netic operators for the reproduction process, by crossing parents of the current population,
which exchange genes to produce offsprings. Subsequently, the offsprings may be subjected
to the mutation process, which confers different characteristics to the individual and provide a
better exploration of the problem search space.

This process ends when a pre-defined stopping criterion is reached, and the individual
with the best fitness is then defined as the solution of the problem. The algorithm is summa-

rized schematically in Fig. 1.
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Figure 1. Genetic Algorithm Flowchart.



3 PROBLEM DESCRIPTION

3.1 Geometric Representation of Submarine Pipeline Route

This section summarizes the parameterization method employed for the geometric rep-
resentation of a given pipeline route configuration. Considering that the endpoints of a given
route are represented by points A and B, ideally the straight line AB connecting these points
would be the shortest and best route. However, actual routes must incorporate curved sections
in order to bypass obstacles crossing this line, or to comply with other constraints or criteria
that will be defined later.

In the geometric representation defined for the optimization tool, the curves are de-
fined as circular arcs, as illustrated in Fig. 2. To each curve is associated an Inflexion Point
(P1), that is represented by:

a) Curvature radius R, and

b) Coordinates Radial (6) and Angular (o) of the corresponding inflexion point Pl

(Fig. 3).
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Figure 3. Polar Coordinates defining a PI.



The Genetic Algorithm codification of each individual is then comprised by a chromo-
some with N sets of genes, each set associated with a PI, with three genes describing the main
parameters described above (the coordinates 6 and a, and the curvature radius R).

Moreover, there is a fourth gene, associated with an activation key A that indicates the
status of each PI. This allows the number of Pls to vary along the optimization process, be-
ginning with a maximum number specified by the user. Therefore, depending on the complex-
ity of the problem, the geometric representation of the route can be simplified by the algo-
rithm, by disabling some Pls, that is, considering that the corresponding section of the route is
straight. The activation key A is a binary value 0 (indicating that the P1 is inactive and its pa-
rameters should be ignored) or 1 (indicating that the Pl generates a curve). The full codifica-
tion of a chromosome can then be written as:

AgaR AdaR,...AydyayRy
where A; 6;1 o1 R; are the genes corresponding to the first PI, and N is the maximum number
of Pls specified by the user. Therefore, along the process of generating an optimal route, the
algorithm will define candidate solutions by selecting the number of points PlI, the values for
the coordinates that define their position, and the associated curvature radius.

3.2 Objective Function

Having described the codification of each candidate solution in the optimization pro-
cess, it is necessary to define an objective function to evaluate the suitability of each candidate
route. The objective function should reflect the fitness or "quality” of the route, taking into
account the relevant aspects concerning the choice of the best route.

3.2.1 Variable Optimized: Route Length

One of the more important factors involved in the evaluation of a route is its total
length. The length of the pipeline should be minimized, in order to reduce material costs; if
other aspects were ignored, the best route would be trivially defined by the straight line con-
necting points A and B. Of course there are several other factors that influence the cost and
safety of a pipeline route, including physical, geometric and structural constraints, related for
instance to geographical/topographical issues associated with the seabottom bathymetry, in-
terference with obstacles, slope and so on.

These and other factors are treated by introducing penalty terms to the objective func-
tion, whenever a given constraint is violated. Therefore, the objective or fitness is calculated
by the following expression:
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Since the goal of the optimization process is the minimization of the route length Lroute,
subjected to Np penalty terms, this expression represents a maximization function. The term
distag represents the length of the straight line between the end points of the route. If a given
route does not violate any constraint, its fitness is defined as distag / Lroute, and the trivial solu-



tion of a non-penalized straight route would therefore has the maximum fitness value of 1
since distag = Lroute- The constant 100 is introduced as a scale factor, in order to define the
range of possible fitness values as [0,100].

The value of each penalty term i [1,Np] is represented as penal;, and k; represents a
weight factor that can be assigned to each penalty in order to control the relative influence of
each constraint.

3.2.2 Variable Optimized: Route Length and Ballast Weight

To deal with the problem of the minimum required ballast weight to keep the pipe
hydrodynamically stable and to minimize route length, a fitness formulation that includes both
ballast weight and pipe length portions was designed:
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where fitness is the route evaluation function; distag is the AB line length; Lroute is the total
length of the route; kpipe is the pipe length weighting factor; Kpanast is the ballast weighting fac-
tor; Wieqrotar IS the total ballast weight required for the route; nElem is the number of elements
that compose the route; Wieq is the ballast weight required to stabilize a route element; Lejem iS
the length of a route element; Np is the number of penalties; penal; is the value of each i pen-
alty [1;Np]; k; is the weighting factor applied to each penalty, biasing the role of each penalty
in the final result.

By means of this formulation it is possible to concurrently optimize both the route
length and the minimum required ballast weight, the weighting factors being the designer’s
way to prioritize one over another. That is, if the ballast weight is the most important factor in
a project due to difficulty in providing ballast in a certain region in which the pipe should be
laid, the designer may increase Kpaast In Order to ensure a stable route with a lower ballast
weight . In case the limitation is steel and the route length is the predominant factor, Kyipe may
be increased to decrease route length.

3.3 Constraints

The current implementation of the optimization tool considers penalty terms associated
with geographical-topographical aspects related to the geometry of the route, to the seabottom
bathymetry and to the interference with obstacles.

3.3.1 Self-Crossing

With the parameterization described before, the optimization process might eventually
generate routes with a geometric representation in which the pipeline passes over itself. A



penalty term is then introduced to avoid configurations with self-crossings or loops, by em-
ploying an algorithm that spans all segments of the route and counts the number of self-
crossings nSelfCross.

penalgyicross =€XP(NSelfCross) -1 (3)

3.3.2 Interference with Obstacles

The seafloor regions around the routes may include critical areas such as regions with
corals, geotechnical hazards, or other obstacles such as subsea equipments and flowlines. It
should also be considered that, while interference with some of these obstacles may be tolera-
ble, some other obstacles cannot be crossed at all.

In the current implementation of the tool, four types of obstacles are being considered:

- Line (e.g. another pipeline) — defined by segments connecting points with coordinates
(x.y.2);

- Polygon - representing a closed region, corresponding for instance to a geohazard, and
defined by vertices with coordinates (x,y,z) connected by segments;

- Point — in fact a spherical volume defined by its center with coordinates (x,y,z) and a
radius r; and

- Cylinder — a volume defined by its center with coordinates (x,y,z), a radius r and a
height z, oriented in the vertical direction.

During the optimization process, interference is identified by verifying the intersections
between the segments of each generated route against the segments or volumes that define the
obstacles. The total number of intersections is counted and assigned to a variable ninter.
Routes that cross obstacles are then penalized, considering also different levels of importance
that may be attributed to each obstacle, according to the consequences of the possible interfer-
ence (Fig. 4):

- Level 0 (gray) — Used for illustrative obstacles;

- Level 1 (green) — Interference can be tolerated;

- Level 2 (yellow) — Interference could be conditionally allowed;
- Level 3 (red) — Interference is not allowed,;

- Level 4 (black) — Interference is impossible.

A weight factor imp is attributed to each level, allowing the algorithm to accept routes
that cross less important obstacles. The penalty term is then defined by the following expres-
sion (again replacing a linear by an exponential function):

ninter

penal,,, =exp(Q imp) -1 4)

i=1



Figure 4. Representation of obstacles.
3.3.3 Minimum Length of Straight Sections

The pipeline launching operation may require straight sections between two consecutive
curves, to allow proper space for the maneuvering of the launching ship. Straight sections are
already incorporated in the route parameterization described before, but it is desirable that a
minimum length Ly, be respected. This is accomplished by the following penalty term that is

introduced whenever the route presents a straight section with length Lmeasure lOwer than Lyn:
;: Lmin B Lmeasure if Lmeasure < Lmin
penaILminStr = _|_ I‘min (5)
{0 If Lmeasure 3 I‘min
Also to comply with installation requirements, the route should begin and end with a
straight section. Thus, to encourage route configurations with this characteristic, the following
penalty term is introduced whenever the length of the initial or final straight sections (Lmeasure)
is less than a given minimum value (Lyin):
il
—min__ “measure <L
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3.3.4 Minimum Radius of Curvature

During the pipeline launching process, curves with small radius can lead the pipe to
slide sideways, leaving the predefined route. To avoid such situations and encourage routes
with radius of curvature larger than a given value Ryouemin (function of the pipe-soil friction
coefficient u, pipe weight ws and residual pipe tension Tyesiqual at its equilibrium configuration
after installation), the following penalty term is introduced:



T .
R — _residual (7)

route min
m* W,

-/

nNod%Penal (R - Ri )
route min H
If Ri < Rroutemin
= 8
penaIRm'” =1 routemin ( )

if R 3R

=i

routemin
3.3.5 Longitudinal Declivity

Another important geographical-topographical aspect, related to the seabottom bathym-
etry, is the slope on which the pipeline is set. Values for the declivity of each point of the
route can be calculated from the isobathymetric lines and interpolating at the seabottom grid
surface. Whenever the declivity of the pipe (6.) exceeds a given limit (6. Lim), the following
penalty term can then be introduced, averaged by the number of points on the route nNodes:
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3.3.6 Stability Criteria

As mentioned before, the stability criteria are the main scope of this work. Roughly
speaking, for vertical stability these criteria are associated with the ratio between the
lift/buoyancy force and the pipe weight; for lateral stability, to the ratio between soil re-
sistance and hydrodynamic forces.

The penalty terms associated with the vertical and lateral stability are defined by the fol-
lowing expressions:

nNodesPenal

a sF-g.
penaIVertStab = IzlnNOdES if g:ciz <SF (10)
nNod(gPenal .
a SF-yg. )
penal s, = IZlnNodes seg.  <SF (11)

The next section will describe the calculation of the factors g y and g , involved in
these expressions, based on the safety factors (y) recommended by DNV-RP-F109 [6]. Note
that, in this implementation, the route only violates the constraint when these calculated fac-
tors are less than a safety factor (SF). Regarding lateral stability, in section 3.6.3 of [6] differ-
ent safety factor values are proposed for the North Sea and Gulf of Mexico. In the current
implementation of the tool, one can use the default value of 1.1 or enter user-defined values.

4 ON-BOTTOM STABILITY CRITERIA

The DNV-RP-F109 code [6] describes three different methodologies for analysis and
verification of the lateral stability of pipelines:
I. “Absolute Lateral Static Stability”: Ensuring “absolute static stability” with zero




displacement, that is, ensuring that the hydrodynamic loads acting on the pipe are less than
the soil resistance;

ii.  “Generalized Lateral Stability Method”: Ensuring “no break-out”, for a “virtually
stable” pipe, allowing small displacements (less than about one half diameter), taking ad-
vantage of the passive resistance of the soil and ensuring that the pipe does not move out of
its cavity, with maximum displacements independent of time;

ii.  “Dynamic Lateral Stability Analysis”: Allowing “accumulated displacements”,
with the pipe able to break out of (and return to) its cavity, and the soil resistance is dependent
on the time-history of pipe displacements.

These approaches proposed in [6] may be associated with analytical expressions, pre-
calibrated curves or dynamic FE analyses. In the case of the Absolute Lateral Static Stability
method, static analytical expressions provides safety factors associated with the ratio between
hydrodynamic loads and horizontal soil resistance; in the case of the Generalized Lateral Sta-
bility method, pre-calibrated curves provide the minimum required weight for a given maxi-
mum allowable displacement.

The item below describes the methodology of Absolute Static Stability which will be
considered in this work. The work [5] presents the first two methodologies (Absolute Stability
and Generalized Stability) and compares the results presented by the two methodologies.

4.1 Absolute Lateral Static Stability

The Absolute Stability Method is the most simple project methodology and is based on
the equilibrium of forces (Fig. 5). In addition some premises are adopted:
- Pipe displacements are not tolerated:;
- The horizontal resultant of the hydrodynamic loads acting on the pipe should be lower
than the soil resistance, and the lift should be lower than the submerged pipe weight.

LIFT FORCE
WAVE —p
& —_—
CURRENT —»
—_— — HORIZONTAL

FORCE

Figure 5. Forces acting on the pipe.
Besides that, some remarks are taken into account for the stability calculation:
I. The wave load is accounted as a single component of a unidirectional regular
wave;
ii.  Speeds and accelerations are measured at pipe level using the linear wave theory;
iii.  Hydrodynamic loads are calculated by means of the DNV RP-F109 [6] recom-
mended formulation, a correlative to the Morison formulation;



iv.  Soil resistance has two parts, one of friction force, dependent on the static friction
coefficient p and the normal force acting on the soil, and another corresponding to the FR
passive resistance from the pipe's initial penetration on the soil.

Therefore, according to DNV RP-F109 [6], for a pipe to be considered stable two condi-
tions must be met, establishing safety factors ys that ensure lateral and vertical stability.

It’s noteworthy that the ys. safety factors, originally derived from DNV RP-F109 [6],
consider leveled floors. Meanwhile, for real bathymetry, it is necessary to consider the decliv-
ity of the bathymetric floor.

As a result the criteria was extended to consider slopes, in order to assure that the opti-
mization process favors relatively leveled trajectories (perpendicular to the pipe), avoiding
sliding on regions where bathymetry shows increased transversal slopes (Fig. 6).

(a) UP SLOPE VELOCITY

(b) DOWN SLOPE VELOCITY

Figure 6. Hydrodynamic Forces considering bathymetry slopes.
The first condition corresponds to the static lateral equilibrium, where the equilibrium
between the horizontal components of the hydrodynamic forces and the soil resistance is
checked:

mxw, xcos(g, ) + Fy
(Fp + F) +w,xsin(g, ) + mxF,|

Iy = | (12)

where ys y is the lateral safety factor; Fp is the drag force; F; is the inertia force; F is the lift
force; ws is the pipe’s submerged weight; « is the coefficient of friction; e Fg is the soil’s pas-
sive resistance force; 6 is the transversal inclination angle.

The second condition corresponds to the static vertical equilibrium, where the sub-
merged pipe weight ws and the lift force F._ loads are checked:



_ wxcos(q;)

gsc_ z FL (13)

where ys ; is the vertical safety factor.

4.2 Consideration of the Required Ballast Weight

The following procedure (Fig. 7) was designed to insert the W4 required ballast weight
factor into the objective function formulation (item 3.2.2):

Initial Estimate

W,y =0

Calculate

Iter = Iter +1

[FP'W =W, + disch]

Figure 7. Required ballast weight calculation flowchart.

This procedure aims to gradually increase the pipe’s ballast weight (Wieq) until it pro-
vides a safety factor (ys y) that meets the defined minimum safety factor (SF), which has the
value of 1.1 for this work. Therefore, using Wieq, the pipe’s submerged weight (ws) is calcu-
lated and, subsequently, the hydrodynamic forces and soil resistance calculation is applied to
define ys_ for the absolute criteria.

Additionally, it is noteworthy that the calculated ballast weight (Wpeq) does not consider
a concrete thickness on the pipe itself, complying only with burying and concrete mattress
ballast techniques.



5 CASE STUDIES

The objective of the case studies presented here is to assess the influence of the stability
criteria on the definition of the optimal pipeline route.

5.1 Scenario

For this case study the hypothetical scenery shown in Fig. 8 was adopted. The deepest
point A is located at around 640m deep, whereas the shallowest point B is located at around
120m deep. Soil and pipe properties are presented at Table 1 and 2, respectively.

- A
Figure 8. Bathymetry.
Table 1. Soil Properties.
Properties
Type Soil Sand
i (Friction Coefficient) 0.7

vs' (Submergd unit soil weight) 13500 N/m3




Table 2. Pipeline Properties.

Properties
Outside Diameter OD 0.32385m/ 12% in
Wall thickness ts 0.01905m/ 3 in
Steel specific weight ps 77000 N/m3
Corrosion  Thicknesst, 0.076 m/3in
Coating  Spec. Weight p, 8826 N/m3

Each candidate route of the optimization process has its on-bottom stability assessed
under a set of loading cases, comprised by a combination of current and waves presented in
the following tables. Table 3 presents the near-bottom current velocities for eight directions
(N, NE, E, SE, S, SW, W and NW) and two return periods (10 and 100 years). Table 4 pre-
sents the wave data for the shallower range (recalling that wave loadings are not important in
deep waters).

The steady near bottom current velocities perpendicular to the pipeline is calculated by
applying a factor to take into account the effect of the bottom boundary layer and the direc-
tionality. The near bottom water velocities due to waves are calculated using the JONSWAP
spectral model.

Table 3. Near bottom extreme current velocity (m/s).

Return Period (years)

Direction 10 100
N 0.54 0.65
NE 0.75 0.96
E 0.62 0.74
SE 0.65 0.77
S 0.96 1.18
SW 1.09 141
w 0.63 0.75

NW 0.55 0.61



Table 4. Extreme wave parameters.
H; - Significant wave height (m); Tp - Peak period (s)

Return Period

(years)
Direction Parameter 10 100
N Hs 4.74 5.01
Tp 9.20 9.56
NE Hs 4.88 5.17
Tp 9.47 9.77
E Hs 4.34 4.87
Tp 9.90 10.40
SE Hs 5.72 6.53
Tp 10.28 11.63
S Hs 6.19 7.10
Tp 13.54 14.35
SW Hs 7.16 7.84
Tp 14.78 15.55
W - NW Hs 3.57 3.88
Tp 8.22 8.51

5.2 Results

5.2.1 Optimization with Stability as Penalty

In order to evaluate the influence of hydrodynamic stability in the route optimization,
optimizations were performed by activating and deactivating the stability criteria, considering
the stability as a constraint of the problem (items 3.2.1 and 3.3.6).

The “optimal” routes for the scenario are illustrated in Fig. 9. Table 5 indicates the
length of the routes.

Table 5. Optimization result using stability as penalty.
Stability Criteria Route Lengths
Without 12,530 m
Absolute 14,943 m
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Absolute Stability

Legend:
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Figure 9. Optimization result using stability as penalty.

Observing the results Fig. 9, the route generated by the optimization run without the
stability criteria is very close to the straight line between the endpoints, just enough to avoid
the penalty associated with the longitudinal declivity (recalling that in these runs the limit
value is set to 57). However, this route is highly unstable, since it is almost perpendicular to
the most severe directions of the environmental loadings (the SW and S directions, as can be
observed in Table 3).

On the other hand, the routes generated with the stability criteria are longer but have
more segments stable. This is because the optimization algorithm tends to generate routes
roughly aligned with the NE-SW or N-S directions, in order to reduce the resultant environ-
mental loads normal to the pipeline axis, particularly in the shallowest section where the envi-
ronmental loads are most significant.

5.2.2 Optimization with Stability as Ballast Weight

To evaluate the minimum weight required to stabilize a route has been inserted a
discretizing 100 to 100 N/m for the ballast weight. Additionally, stabilization of the route is
only reached when the weight of the element results in a safety factor greater than 1.1.

Thus, to evaluate the influence of the required ballast weight on the route (item 3.2.2
and 0), optimizations were performed by varying the relative weighting to the length of the
pipe (Kpipe) and the relative weighting to the ballast (kpaiast). Therefore, the higher the Kpipe, the
lower the route, but the higher the required ballast weight, and vice-versa.

The results are compared in terms of fitness found, of the length, of the ballast weight
and of the geometry of the optimal route obtained. Moreover, the figures have color map, in
which the reddish gives higher weight to the route, the green gives lower weight and the



yellow gives an intermediate weight.
The “optimal” routes for the scenario are illustrated in Fig. 10. Table 6 indicates the

length of the routes.
Table 6. Optimization result using stability as Ballast weight.

Stability Criteria Route Lengths Total Weight Average Weight
Kpipe =1
14,588 m 1,328 KN 91 N/m
Kpaitast = 0.01
Kpipe =10 13,461 m 2,127 KN 158 N/m
Kpallast = 0.01
Kpipe =50 12,619 m 3,054 KN 242 N/m
Kpaitast = 0.01
N
Absolute Stability
eg=10 & .
k... =001
Absolute Stability 5
KL= A
el e

NN\

/

i\/- i
Absolute Stability '
ki)
k.. =001

Figure 10. Optimization result using stability as Ballast weight.

The result shown in Fig. 10 presents that as the kpipe increases as the route tends to redu-
ce the length, however the total ballast weight increases.

Analyzing the route with kpipe = 1 can be observed that the shallower section has ballast
weight O (section with more intense green color) that because the algorithm tends to align this
section with prevailing loads of NE-SW and N-S. As in these depths environmental loading is
more significant if the pipe receives the direct action, the weights associated with ballast
would be very high. However, in the deepest part the leading load acts almost directly on the
pipeline, requiring a small weight (100 N/m) for the route is stable.

In the route with kpipe = 50, which governs is the length of the route, in this way the
weight required is higher. The route with kpipe = 10 shows a configuration intermediate simul-
taneously trying to reduce the length of the route and the ballast weight is necessary to stabili-
ze it.



6 FINAL REMARKS

Based on the study presented, we can see that the calculation of stability influences con-
siderably the process of finding the best route, showing a new concept for tracing the route of
submarine pipelines in relation to the verification of hydrodynamic stability concurrently with
the project route.

Additionally, the results confirm the need for optimizing the ballast weight of the pipe
together with the length of the route in order to avoid excessively long configurations to achi-
eve stability and avoid excessive ballast.

Therefore, the optimization tool developed provides consistent results, satisfactory and
with reduced computational time, which corroborates the feasibility of the coupling of hy-
drodynamic stability with the geometric design of pipeline route.
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