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Abstract. We discuss a model that considers random loads (ship displacements, subsea currents,
riser weight and fluid weight) occurring on subsea flexible risers and a degrading capacity with an
initial random capacity. The number of occurrences of repetitive loads follows Poisson distribu-
tions. All loads and riser initial capacity are modeled by uniform distributions to allow analytical
solutions. The degradation model is a power law.The riser reliability is the product of all contri-
butions. Scarce field and literature data has been gathered for the initial evaluations. The riser
time-dependent reliability is useful as a means for setting inspection policies.

Keywords. Subsea Risers, Random Repetitive Loads, Random Initial Capacity, Degraded Capac-
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1 Introduction

We discuss a reliability model that considers random loads occurring on flexible risers in subsea
applications. It is assumed that the numbers of occurrence of these loads follow Poisson distribu-
tions. There are two repetitive loads: a) Floating Production, Storage and Offloading (FPSO) unit
displacements caused by waves, surface currents and wind; b) induced by subsea currents.There
are two further loads; c) flexible riser weight; d) weight of the fluid transferred from the sea bottom
to the FPSO unit and vice-versa (e.g.,crude oil or water injection). It is assumed that all these
loads are independent and modeled by known probability distributions. To allow for some prelim-
inary analytical results, all loads and initial capacity follow uniform probability distributions. It is
also assumed that the initial riser capacity degrades over time due to operational conditions. The
degradation model is a power law, which considers three parameters, [1]: a shape parameter, a
scale parameter and a parameter related to initial capacity loss. The riser reliability is the product
of all four contributions. Some field and literature data has been gathered for the evaluations. The
riser reliability as a time function is useful for considerations of equipment degradation and also
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for discussing possible inspection and maintenance policies. It is assumed that the riser design life
is 20 yr [2].

Although the proposed model does not consider dependencies between loads and resistance [3], it
presents features that have not been approached so far for the problem at hand.

This paper is organized as follows. Section 2 addresses the loads the riser is subject to. The
capacity model is discussed in Section 3. Section 4 presents results obtained and Section 5 displays
the conclusions reached and recommendations for future work.

2 Methodology

2.1 General Considerations

To obtain the reliability R of a flexible riser we consider that it is subject to a random load L
that is applied once and its capacity C is also a random variable. If L and C are independent, one
can write Eq.(1) (fr, and fo are the probability densities of load and capacity, respectively), [1]:

R= /OOO fr(l) {/loo fc(c)dc} di (1)

We have to model two kinds of loads: those that are repetitive (e.g., wind loads) and those that
are permanent (as dead load, or weight load), so time must be explicitly considered. Moreover,
the riser capacity degrades with time and its initial value follows a probability distribution.

2.2 Modeling Degrading Capacity

The riser capacity is modeled over time to consider failure mechanisms related to the environ-
ment where risers are installed (deep water). Oil fields are rich in corrosive gases, which together
with top high tensions and salt water can create an accelerated corrosion on the steel wires that
sustain the riser structure, [7]. In this sense, we consider a power law [1]:

c(t) = co [l — o (t/to)"] (2)

where ¢(t) is the riser capacity, ¢, is its initial value (¢ = 0), m is a shape parameter, to is a scale
parameter and « is a parameter related to the loss of initial capacity. ¢, is a random variable that
follows a probability distribution.

The fit of the capacity data measured in inspections to the model presented in Eq.(2) can be
developed by transforming Eq.(2) to a straight line [1], Eq.(3):

Inr(t) =m.Int 4+ lna — m.Int, (3)

where:

r(t) =1—c(t)/co (4)
Considering a straight-line y = ax + b, its slope will be given by a = m and its intercept by
b = In(a) — aln(t,): The line fitting gives us two coefficients, but we have three parameters to
estimate. Therefore, we need a third equation. Note that from Eq.(3):

Inr(t,) =lna (5)

The area of trapezoid ABCD is equal to the sum of the areas of trapezoids AEFD and EBCF,
Fig.1. The parameters to uniquely characterize Eq.(3) are given by Eqs.(6) and (7):

b ex Inr(ty,) . Inty —Inr(ty). Int, — b(Intp.Int,,)
o= &P Inr(ty,) —In(tar) + a(lntas. Int,,)

(6)
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Figure 1: Estimation of parameter tg. Source: Author’s own.
1 .1 -1 .1 —b(1 .1
o=exp (bt nr(ty). Intyr —Inr(tar). Int,, —b(Intys. Int,y,) 7)
Inr(ty,) —In(ty) + a(lntps. Int,,)

2.3 Modeling Constant Loads

The constant loads to be modeled are related to the riser weight and also to the fluid transported
by it. The load due to the riser weight is modeled by a uniform distribution, Eq.(8):

Trw(w) = (war — lwm) S lwm < lw < lwu (8)

The riser initial capacity, Cy, is also modeled by a uniform distribution, Eq.(9):

fCo (Co) = (CO,M - Co,m)_lvco,m < < Co,M (9)
Given an initial capacity co, the riser reliability considering its weight can be found from Eq.(10):

c(t)
Ry (tlco) = Jiw (bw)dlw (10)

lW,m

where, Ry (t|c,) is the conditional reliability related to the riser weight given an initial capacity
equal to ¢,. Putting Egs.(2) and (8) in Eq.(10) one obtains:

Co [1 B (t/to)m] - lW,m

Ry (t]c,) = (11)
lwm —lwm
Finally, the reliability related to the riser weight is given by Eq. (12):
Co, M
R = [ fo (e Buv(tlea)de, (12

By putting Eq.(9) and Eq.(11) in Eq.(12) one has:

pie, [1— (t/te)™] = lwim
Rovley) = ML= Ul = (13)

where the mean of the initial riser capacity is given by:

pe, = 0.5(¢om + Conr) (14)
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As fr,, (Iw) is a probability density

He, 1
= < 15
lw’m - 1- (t/to)m ( )
The reliability related to the fluid transported by the riser, RT (t), is given by Eq. (16):
1—(t/to)™] — lrm
RT(t) — lu’co [ ( / ) ] T’ (16)

ey —lrm

A mean defined as in Eq. (14) is valid here, as long as the inequality in Eq. (15) for i1 s holds.

2.4 Modeling Repetitive Loads [1]
The probability p of a single load causing an equipment to fail is given by Eq. (17):
(oo}
p= fo(h)dl (17)
c(t)

For repetitive loads, let us assume that they occur at a constant rate v and the number of occur-
rences follows a Poisson distribution [1]. Therefore, vp is the fraction of loads that cause the riser
failure. As the equipment fails only once, then:

R(t+ At) = [1 — ypAt] R(t) (18)
However, c(t) depends on the initial capacity for which we are assuming a variability, so:
t o
R(tlc,) = exp | — / it~ [ (19)
0 c(t’)
Using again Eq. (12) (without index W), we finally have:

c(t’)

R(t) = /000 fol(e,) exp [—/0 dt’ .~ - fL(l)dl} de, (20)

2.5 Composite Model for Loadings and Time-Dependent Capacity

The model for evaluating the time-dependent reliability of the flexible riser is given by:
R(t) = Rw (t)Rr(t)Rp(t)Ru(t) (21)

where Ry (t) is the reliability related to its weight, Rr(t) is the reliability related to the fluid
it transports, Rp(t) is the reliability related to FPSO displacements and Ry (t) is the reliability
related to subsea currents. All loads and the riser capacity are assumed independent. Ry () is
given by Eq. (11) and Rr(t) by Eq. (22):

He, [1 — (t/tO)m] — lT,m
le.avr —lrm

Rr(t) = (22)

Notice that a probability density for 1T is defined much in the same way as in Eq.(8). For the case
of Rp(t), one has (from Eq.(20)):

—1 Y ptl l
l pap— | K t) __'FtFrM F,.M co,m
( M F,m) F ( )6 lpM—tPm |elr,M~lFm Kr(t) — elFM—lFm Kr(t)

Rp(t) =

23
lF,M — Co,m ( )
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where:
Kp(t) =9rpt [1 —a(m+1)7 (t/t)™], (24)
and g is the rate of occurrence of FPSO displacements and:
fre(r) = Urn —lpm) Slpm <lp <lpm (25)
Finally, for Ry (t) one has:
—1 t co,m
Ru(t) = (lu,Ml —lum) Ky (1) e—z;‘jv,lfﬁ’fm eryﬂlf'_”fUYmKU(t) o Ku () (26)
F,.M — Coym

where Ky (t) is defined as Kp(t) (Eq. (24)), vr is replaced by vy and Fr, (Iy) is defined as in
Eq.(25).

3 Data and Local Sensitivity Analysis on Riser Capacity

Fig.2(a) displays the capacity as a function of time for the 20-year riser design life as a function
of parameter . Clearly, @ > 0.1, which means a maximum loss of around 50% of the initial
capacity. Fig.2(b) illustrates the riser capacity as a function of m, which should be small for the
same reason as for «. Fig. 2(c) displays the riser capacity behavior as a function of ¢,. For ¢, < 5
yr, the riser capacity falls quite quickly, so it is advisable that ¢, = 5 yr at least. Finally, Fig. 2(d)
displays the riser capacity as a function of ¢, (tp = ton — force).
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Figure 2: Riser capacity as a function of « (a), m (b), t, (c), and ¢, (d). Source: Author’s own.

Based on the above, we adopted the values shown in Table (1) due to the lack of field data. The
load data used is presented in terms of means and standard deviations (SD). The coefficients of
variation are 0.10 [6]. As to the load due to subsea currents we considered that the mean of these
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loads is slightly less than that due to FPSO displacements. We also considered that the riser initial
resistance mean is equal to that of FPSO displacements, based on our field experience. Likewise,
the riser weight load mean was set equal to that of the load related to the liquefied petroleum gas
(LPG) transfer. In order to define the uniform distributions, Table (1) displays the minimum and
maximum value for each case. Table (1) also displays the assumed rates of occurrence of loads
(Poisson).

Table 1: Input data for the analysis
Parameter Value Parameter Value

a 001  ~p(yr=t) 04

m 115 Au(yr™h) 0.2

to(yr) 7wyt 02
Variable Mean SD Min(tp) Max(tp)

Riser initial resistance () 317 317 2621 371.9
FPSO displacements (tp) 317 31.7  262.1 371.9
Underwater sea currents (tp) 250  25.0  206.7 293.3
Riser weight load (tr) 224 224 185.2 262.8
Fluid transfer (LPG) (t7) 224 224 1852  262.8

4 Results and Discussion

Fig. 3(a) displays all reliability curves. The curves for Ry (t) and Ry (t) superimpose because

their parameters are quite the same. It also displays the riser reliability (Eq.(21)). Fig. 3(a)
shows that the greatest reliability loss within the riser design life is the one related to FPSO
displacements and this is to be expected. As displayed in Fig. 3(a), the riser reliability decay
is significant mainly because of the contribution from FPSO displacements. The riser capacity
degradation has a significant role also. An important possibility is the consideration of periodic
inspection. This issue has concerned the field for a long time [5].
Fig. 3(b) shows alternatives for improving riser reliability. The riser mean time to failure (MTTF)
is the area under the reliability curve [1]; a comparison of the areas in Figs. 3(a) and 3(b) reveals
that this information can be useful for inspection optimization purposes. Fig. 3(b) shows that the
initial riser reliability after inspection is normally a little lower than the one of the last inspection
(or the value at ¢t = 0, as shown) because inspection / maintenance might be imperfect.
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Figure 3: Contributions for the riser reliability and overall riser reliability (a) and reliability for
riser inspection at half life (b). Source: Author’s own.
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5 Conclusions

The preliminary model assumed for the initial capacity and for all loads is a uniform distribution
because it is possible to obtain analytical solutions and get insights into the problem. It is more
realistic to model them by means of normal distributions [3], in which case, we would not obtain
analytical solutions.

Another assumption adopted is that all variables were considered independent, which is not a
reasonable assumption in practice, [3] for example, the greater the FPSO displacement, the greater
the dynamic load on the riser, the greater the load, the greater the chances of failure at a fragile
point, etc. In this sense, it is advisable to use multivariate analysis methods [3].

It is necessary to gather field data on riser capacity.

For other probability distributions assumed, it would be necessary to obtain Eq. (21) by means of
numerical methods, e.g., compound Simpson rule, [4].

Also, a global sensitivity analysis on the parameters should be developed.
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