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Abstract. The use of powerful numerical tools based on the finite element method has been
improving the prediction of the ultimate bearing capacity of fixed anchors applied in the
offshore oil industry. One of the main achievements of these numerical tools is the reduction
of the uncertainty related to the bearing capacity prediction of these anchors. Therefore, it is
possible to reduce the design safety factors values that have been calibrated based on
prediction models with higher uncertainty, without impairing the original level of the
structural safety. This paper presents a reliability-based safety factors calibration study for the
design of torpedo anchors considering the statistical model uncertainty evaluated using the
results from some experimental tests performed by PETROBRAS and their correspondent
finite-element based numerical estimates. Both Working Stress Design (WSD) and Load and
Resistance Factors Design (LRFD) design methodologies are investigated.
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1 INTRODUCTION

Torpedo anchors, Fig. 1, are a very cost-effective and practical solution for anchoring taut
mooring lines of floating units such as the one pointed out in Fig. 2. Due to its “rocket” shape,
the load position and the inclination with respect to its flukes, traditional methods as proposed
by the API (2005) often cannot be employed directly to estimate the ultimate bearing capacity
of these anchors.

However, numerical procedures, based on the finite element (FE) method, have recently
been proposed (Branddo et al., 2006; Aguiar et al., 2009) and the experimental tests
performed by PETROBRAS have demonstrated their good accuracy (Porto et al., 2009). An
important outcome of these FE-based models is that they have lower uncertainty than the
predictions based on traditional methods as proposed by API (2005). Therefore, it is possible
to reduce the design safety factors values that have been calibrated based on prediction
models with higher uncertainty, without impairing the original level of the structural safety.

iR ]

Fig. 2 — Torpedo anchor for mooring lines of floating units.

This paper presents a reliability-based safety factors calibration study for the ultimate
limit state design of torpedo anchors. One important aspect of this study is the availability of
loading capacity tests results for six torpedo anchors installed in Campos Basin, offshore
Brazil (Porto et al., 2009), which made possible to assess the model uncertainty statistics
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associated with the FE based model proposed by Aguiar et al. (2009).

Both Working Stress Design (WSD) and Load and Resistance Factors Design (LRFD)
methodologies are investigated. Concerning the traditional WSD methodology, it is shown
that, for the same actual design safety level of the traditional offshore piles, its single safety
factor can be significantly lowered. However, the use of WSD design methodology results in
designs with very different safety levels. Aiming at overcoming this drawback, a LRFD
methodology calibration is also proposed in this paper. The results show that the structural
safety levels of LRFD-based designs are more uniform than the WSD-based ones.

2 NUMERICAL PREDICTION OF ANCHOR BEARING CAPACITY

2.1 General overview

Aguiar et al. (2009) have recently proposed a FE model devoted to predict the undrained
load capacity of torpedo anchors. This model employs isoparametric solid finite elements to
model both the soil and the anchor. These elements are capable of representing the physical
nonlinear behavior of the soil and of the anchor itself. Large deformations may also be
accounted for. Soil-anchor interaction is assured by surface to surface contact elements placed
on the external surface of the anchor and the surrounding soil. A general overview of this
model is presented in Fig. 3. In the following, its main aspects are briefly reviewed.

Hp
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Fig. 3 — General view of the FE model.
2.2 Soil modeling: constitutive matrix
In the model proposed by Aguiar et al. (2009), the soil is assumed to be a perfectly

elasto-plastic isotropic material with physical properties variable with depth. Hence, the
relation between stresses and strains is given in the form:

[Ac]= D, |-[A] (1)

W ” w ATy Aryz]T is the incremental total stress vector;
[Ae]=[re, Ac, Ae, Ay, Ay, Ay,] is the incremental total strain vector; and |p,, | is the

where [Ac]=[Ac, Ao, Ac, Ar, At
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constitutive elasto-plastic matrix (Potts and Zdravkovic, 1999):

[p]- {5P([0]: [m])} {9':([6]' [k])}T D]

oo oo

{GF(P’HI‘])}T ] {@P([G][m])}

0o 0o

b, ]=[D]- )

where [D] is the elastic total stress constitutive matrix; P([s],[m]) is the plastic potential
function; F([s],[k]) is the yield function; [o] is the stress state in the element; [m] and [k] are

state parameters related to the plastic potential and yield functions, respectively.
The elastic total stress constitutive matrix can be split in two parts, as follows:

[D] = [Deff ]+ |.Dp0re J 3)

where [D ] is the effective stress constitutive matrix and [D J is the pore fluid stiffness,

which, considering an isotropic material loaded under undrained conditions, are given by
(Potts and Zdravkovic, 1999):

pore
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where K is the bulk modulus of the soil, G is the effective transverse modulus of the soil
andK .. is the bulk modulus of the fluid, which are given by:

pore

B E
*3.(1-2-v)
E
G= 6
2.+ 0) ©)
K pore =1000 - K
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in which E and v are the soil effective elastic modulus and Poisson coefficient, respectively.
In order to represent the nonlinear material behavior of the soil, the Drucker-Prager
model was chosen. This model approximates the irregular hexagon of the Mohr-Coulomb
failure surface by a circle and, consequently, the Drucker-Prager yield function is a
cylindrical cone.
The yield function and plastic potential function for this model are given respectively by
(Chen and Baladi, 1985):

(["] [k]) Jp + kDP l, + k(z) (7
and

P([G]’ [m]) Jp + mi )P l, + m(z) (8)

where |, and J, are, respectively, the first and the second invariant of the stress tensor; k%)P,

k(DZF?, m%%, and m(ng are stress state parameters. These parameters depend on the adopted

approximation of the Mohr-Coulomb hexagon and are functions of the internal friction angle,
¢, the dilation angle, v, and the cohesion, c, of the soil. Fig. 4 presents three possible
approximations and the values of the stress state parameters for each case is presented in
Aguiar et al. (2009).

As pointed out before, the soil is modeled with hexahedral and prismatic isoparametric
solid elements. These elements have eight nodes and each node has three degrees of freedom:
translations in directions X, Y and Z. An overview of the main dimensions of the soil mesh is
shown in Fig. 3. The proposed mesh is a cylinder with a base diameter of 20D, where D is the
diameter of the torpedo anchor including its flukes. The height of the cylinder is given by the
sum of the penetration of the torpedo anchor, Hp, the length of the anchor, He, and the
distance of the tip of the torpedo anchor to the bottom of the FE mesh, H,. Each “slice” of the
cylinder has its own physical properties and, consequently, variable strength, density,
longitudinal and transverse module and Poisson coefficients may be assumed.

Circumscribed
Drucker-Prager

k R ek
{Exten3|or1}//,!___ P

T Mohr-Coulomib
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|| {Compresslon)
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Fig. 4 — Drucker-Prager and Mohr-Coulomb yield surfaces in the deviatoric plane.
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2.3 Anchor modeling

The torpedo anchor is modeled with eight nodes isoparametric solid elements analogous
to the ones used in soil representation. These elements, as pointed out before, are capable of
considering both material and geometrical nonlinearities. A typical FE mesh of a torpedo
anchor is shown in Fig. 5.

It is worth mentioning that neither the padeye at the top of the anchor nor the mooring
line is represented in the proposed model. The load from the mooring line is applied at the
gravity center of the padeye, where a node is placed and rigidly connected to the top of the
anchor by rigid bars, as presented in Fig. 6.

@) (b)

Fig. 5 — General view of a FE mesh for a torpedo anchor: (a) top; and (b) bottom part of the flukes.

2.4 Anchor-soil interaction

The model proposed by dAguiar et al. (2009) employs surface to surface contact elements
that allow relative large displacement and separation between the surfaces in contact. These
elements are placed on the external surface of the torpedo anchor and on the surrounding soil.
A contact detection algorithm based on the pinball technique and contact forces evaluated
with the augmented Lagrangian method are employed in the formulation of these elements.

Relative sliding between the anchor and the soil is allowed when the shear stresses along
the outer wall of the anchor exceed the values estimated with the Mohr-Coulomb friction
model, which is given by (API, 2005):

Tnax (2) = (2)- 8, (2)+ Ko (2)- po (2)- tan(3) )

where tmax IS the maximum allowable shear stress; a is the adhesion factor; p, is the effective
overburden pressure; S, is the undrained soil strength and & is the friction angle between the
soil and the anchor wall and may be stated as (API, 2005):

5=¢-5 (10)

The adhesion factor may be calculated by the formulas proposed by API (2005):

(11)

a(z)= {0'5’“’(2)_0'5, y(z)<1.0

0.5- \4/(2)_0'25 , \V(Z) >1.0
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where:

SU (Z) (12)

2.5 Solution procedure and implementation

The FE analysis is divided in three different steps. In the first one, the initial stress state,
i.e., the stresses in the soil prior to the imposition of any kind of structural load to the anchor,
is generated. The model proposed by Aguiar et al. (2009) does not simulate the anchor
penetration in the soil and it is assumed, by hypothesis, that the anchor is loaded with the soil
stress state undisturbed by the installation process. The anchor, thus, is supposed to be
“wished in place”. This undisturbed stress state is thus imposed to the soil in the first analysis
step.

In the second step, the self weight of the anchor is imposed. The analysis is restarted with
the stress state from the first step and gravity acts on the anchor. Finally, in the third step, the
total load is applied with adaptable increments since, as the surrounding soil progressively
fails, the stability of the solution is affected and lower load increments are required.
Typically, this last load step starts with an initial load increment of 5% of the total load
applied and, as the analysis progresses; it can be reduced to 1% of the total load.

At each load step, convergence is achieved if the Euclidian norm (L2) of the residual
forces and moments is less than 0.1% of the absolute value of the total forces and moments
applied.

The model was implemented in a program called ESTACAS. This software generates FE
meshes to be analyzed with ANSYS® program, where the following finite elements are
employed: SOLID185 in order to model the soil and the torpedo anchor; CONTAL174 and
TARGEL70 are used to simulate the contact between the soil and the anchor.

R=D+E

Node where the load
/ is applied

Rigidbars —

Fig. 6 — Load application.
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2.6 Comparison with experimental measurements

Aiming at validating the torpedo anchor geotechnical and structural design methodology,
PETROBRAS conducted six full scale tests in Campos Basin, offshore Brazil (Porto et al.
2009). These six full scale tests were divided into two sets.

In the first set of tests, three T35 torpedoes, each one weighing 35t, were installed at a
location with a total water depth of 500m. At this location, soil was characterized as being
pure clay after CPT tests had been performed. The torpedoes embedment depths varied from
8m up to 11m. Besides, the torpedoes were pulled out with load inclinations of about 40°
(Porto et al., 2009). The second set of tests consisted of pulling out three T43 torpedoes
(weight of 43t). The water depth at this second location is 150m and the soil comprises both
clay and sand layers. The torpedoes final embedment depths, in this case, varied from 6m to
8m and the load was imposed with inclinations varying from 50° to 67°.

Table 1 presents the relation between the experimental measured pull out loads and the
ones estimated with the model proposed by Aguiar et al. (2009).

Despite all uncertainties related to the model and the geotechnical parameters involved,
Table 1 indicates that the pull out loads estimated with the FE model agree quite well to the
measured loads. Hence, these results will serve as a basis to the reliability based design that is
presented in what follows.

3 RELIABILITY-BASED DESIGN

Modern probabilistic design codes aim at designing new structures with a specified target
probability of failure. This can be achieved by full probabilistic or deterministic codes
(Madsen et al., 1986). The latter are the most common ones for the engineering design. In
these codes the target probability of failure is not implicitly stated but it is achieved by means
of safety factors. These safety factors are calibrated by using standard structural reliability
methods (Madsen et al. 1986; Melchers, 1999), where all random variables (and their
uncertainties) are represented by means of probability distributions.

The two main deterministic design methodologies for ultimate limit sate (ULS) are the
Working Stress Design (WSD) and Load and Resistance Factor Design (LRFD). Focusing
specifically on the case of torpedo anchors for mooring system, see Fig. 6, under the WSD
methodology the design equation can be written as

Rk
—k>p,+E 13
SF KTk (13)

where R is the characteristic (or nominal) resistance of the anchor, Dy and Ey are the
functional and environmental load-effects applied to the anchor, respectively, and SF is a
safety factor. The functional load effect is associated with the initial mooring line pre-tension
applied to the anchor and the environmental load effect is the total tension acting at the
anchor, when environmental loads are applied, minus the functional one. According to this,
one can see that the functional load effect has smaller uncertainties than the environmental
one.
In the case of the LRFD methodology the design equation can be written as:

Ry 2vpDy + veEx (14)
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where y, and vy are partial safety factors applied to functional and environmental load-

effects, respectively.

The safety factors of Egs. (13) and (14) are obtained with a calibration process. The main
idea of the calibration process is to obtain safety factors that guarantee a certain target failure
probability pf, for the design. The target probability of failure may be stated as:

pfy = q)(_ Br ) (15)

where ®@(.) is the standard normal cumulative distribution and B is the so-called reliability
index associated to pf; .

The calibration process is undertaken by means of reliability analyses considering the
various cases with different E, /D, ratios and also different statistical descriptions of

loadings and anchor resistances that are expected to be found in practice. Then, the safety
factors are defined, for instance, for LRFD methodology through an optimization process to
solve the following problem:

min g(YDvYE):%%(BT ~Bi(vp.ve)) (16)

where N is the total number of cases considered in the calibration process and B;(yp,ve) is
the reliability index of i" case designed using the current set of safety factors (yp,ve).
Similar procedure applies to the WSD methodology.

The reliability index B; of a single torpedo anchor can be obtained by a reliability

analysis method, e.g., FORM, SORM or Monte Carlo Simulation (Madsen et al., 1986;
Melchers, 1999), which is applied to solve the following multi-dimensional integral

pf = (-B)= [fx (x)dx (17)

D

where D is the failure domain G(X)< 0.0, G(X) is the limit state function:
G(X)=R-D-E (18)

and X is the vector containing the random variables associated with the torpedo anchor
bearing capacity (R), functional load (D) and environmental load (E) and fX(x) is the joint

probability distribution of the random variables X for the case under consideration. The
variable R can be represented by:

R =CR,, (19)

where Ry is the predicted resistance evaluated by a given methodology of analysis and C is
the modeling uncertainty that represent the statistical bias between the measured and
predicted pile bearing capacity. Therefore, some experimental data is necessary to statistically
define this random variable. In fact, C takes into account all uncertainties regarding to the soil
parameters, model representation, etc.

In this work all reliability analyses have been performed with Monte Carlo Simulation
approach.
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4 SAFETY FACTOR CALIBRATION

4.1 Random Variables Modeling

PETROBRAS (Porto et al., 2009) has recently tested the bearing capacity of six torpedo
anchors installed in clayly and clayly-sandy soils sites in Campos Basin offshore Brazil. The
measured torpedo anchor load capacities have been divided by their corresponding predicted
numerical results Ry, according the model presented before, and are presented in Table 1. The
mean and the standard deviation for the Table 1 data are equal to ©=0.993 and ¢ =0.118,
respectively. In order to properly take into account the limited number of experiments (n = 6)
in the reliability analysis, it is necessary to apply some statistical modeling technique for
reduced sample data as explained in Ditlevsen and Madsen (1996). Assuming that the C
variable has a previous lognormal distribution, as indicated in Fenton (1997) this variable
should be than modeled by the following Student’s t-distribution to take into account the
number n of experiments:

1 [d () (o)
ﬁ(x)_g_x\/mz r(d)Jﬂ(1+ d » d=n-i (20)

2

t(x):ln(xa)_k‘/d:jL2 ; n=6 (21)

g=Infl+(7f1=01183 ; A =In(w)—0.5-£2 = —0.0137 (22)

where

Then, considering Table 1 data, the mean and standard deviation of this Student’s t-
distribution becomes:

e =1.003, . =0.193 (23)

It is important to notice that due to the limited data sample . is 64% higher than the

sample standard deviation o =0.118. These figures also show that the FE model for the
torpedo bearing capacity has a lower uncertainty when compared, for instance, with
prediction methods reported in an API supported study (Fenton, 1997) for axial bearing
capacity of single piles in clays. In this latter case, the mean and standard deviation for the
modeling uncertainty variable C have been, respectively, 1.04 and 0.34.

Usually, the functional loading is modeled in the reliability analysis of marine structures
by a normal distribution having a coefficient of variation (CoV or d) in the order of 0.05 —
0.10. In this work a CoV (6p) of 0.07 has been assumed. The environmental load effect is
usually represented by its annual extreme value distribution which, in most of the cases,
corresponds to a Gumbel distribution. Considering the inherent random variability of the
environmental parameters related to waves, wind and current and also modeling uncertainties
in the estimation of these complex load effect (Vazquez-Hernandez et al., 2006), it is
reasonable to assume a CoV (8¢ ) in the order of 0.10 — 0.30 for this distribution.
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Experimental/Numerical Ratio

Torpedo # T35 T43
1 1.04 1.11
2 0.84 1.08
3 0.85 1.04

Table 1 — Relation between measured and numerical pull out loads.

4.2 Characteristic Design Parameters

The characteristic design parameters used in Egs. (13) and (14) must be clearly defined
in any calibration process or design code. Different values for these parameters are also
related to different sets of safety factors.

In the present study, the characteristic value of the torpedo anchor bearing capacity, Ry, is
defined as that predicted by the FE-based procedure described in the beginning of the paper.
The characteristic value of the functional load effect, Dy, has been assumed as its estimated
mean value, i.e., D, =pp. In the case of the environmental load effect, following the

traditional design practice in offshore engineering, its characteristic value has been defined as
the most probable value of the 100-yr extreme distribution. This value corresponds to that
related to 99% fractile of the annual extreme cumulative distribution (Ang and Tang, 1984).

In the calibration process a broader range of location water depths for the floating units
has been assumed by considering the ratio E, /D, to be between 1.0 and 5.50. The lower

ratio is associated to deeper waters where the functional load at the anchor can be of the same
order as the environmental one. The converse applies to the higher ratio. These ratios account
for actual floating systems installed in water depths ranging approximately from 200m to
2500m (Vazquez-Hernandez, 2004).

4.3 Target Safety Index

In order to obtain the target safety index for the calibration process, firstly all cases
investigated have been designed according to the API guidelines (API, 2005) considering an
intact mooring system, i.e., using the WSD methodology with a safety factor (SF) equal to 2.
Secondly, the reliability index of each case has been evaluated considering the uncertainty
modeling mean and standard deviation parameters as 1.04 and 0.34, respectively. Finally, the
target reliability index has been taken as the average of all these reliability indexes.
Considering, specifically cases for ¢ =0.10,0.125,---,0.30, the target reliability index has

been found to be B; = 2.9. Fig. 7 illustrates the results that have been obtained. In summary,

the target reliability index assumed in this work is more or less the same that is implicitly
assumed when a single pile in clay is designed to support an axial loading.

4.4 WSD Calibration

The optimized safety factor SF for the WSD methodology for the ultimate capacity
design of torpedo anchors (see Eq. (13)) considering the previously discussed finite element
model uncertainty has been found to be 1.45. Fig. 8 shows a comparison between the target
reliability index and the reliability indexes of all cases investigated considering the optimized
safety factor. When compared to the usual safety factor of 2.0 used by the offshore oil
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industry, the modeling uncertainty reduction obtained with the FE model for the prediction
the ultimate bearing capacity of torpedo anchors causes a significant reduction in the safety
factor.

Comparing Figs. 7 and 8, it is important to notice that a larger model uncertainty also
results in more scattered reliability indexes among the design cases.

4.5 LRFD Calibration

As it is well known in literature (NCHRP, 2004), the use of a single safety factor in the
WSD methodology leads to more scattered designs concerning their safety levels. The LRFD
methodology, which attributes different safety factors for different loading sources (see Eq.
(14)), is an alternative to reduce this scatter.

In order to obtain less scattered reliability indices for cases considered in the calibration
process, two sets of safety factors (yD,yE) have been identified. The LRFD methodology

design check for ultimate bearing capacity of torpedo anchors shall be read as:
R* > max(T{, TX) (21)

where

{le =1.35D% +1.43EX 22

TX =1.72D* +1.27E¥

A comparison between the target reliability index and the reliability indexes of all cases
investigated considering the LRFD design, Eqg. (14), is shown in Fig. 9.

For both WSD and LRFD design methodologies the average of safety index values has
been the target reliability index B; = 2.9, however, their coefficients of variation have been,
respectively, 4.5% and 2.5%. This shows that LRFD methodology gives designs with safety
levels that are slightly less scattered around the target value established for the calibration
process.
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Fig. 7 — Reliability indexes of designs considering WSD methodology and 6. = 0.34.
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Fig. 9 — Reliability indexes of calibrated LRFD designs considering 5.=0.18 (experimental tests).

S FINAL REMARKS

This paper has presented a reliability-based design study for torpedo anchors considering

that their ultimate bearing capacity is predicted numerically by a finite element model. The
estimates predicted by this model when compared to experimental results presented a
relatively low level of statistical uncertainty. Then, it has been shown that the same level of
structural safety implied in the traditional design of offshore piles can be achieved with the
use of lower safety factors. Considering the WSD design methodology the safety factor drops
from 2.0 to 1.45. It is very likely that this factor can become even lower when more
experimental results are available since a great part of the modeling uncertainty considered in
the present work comes from the small number of experiments available.

Besides, a LRFD design methodology has also been calibrated for the ultimate limit state

design of torpedo anchors considering the design methodology applied by PETROBRAS. The
LRFD design methodology is able to produce designs having less scattered safety levels.
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