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a  b  s  t r  a  c  t

This  work  presents  a  semi-analytical  methodology  to  select  design  environmental  conditions  based  on
long-term  cross-section  utilization  ratios  at the TDZ  (Touchdown  Zone)  for  steel  catenary  risers.  This
approach  uses  simplified  analytical  models  to  calculate  time  series  of short-term  utilization  ratios,  defined
according  to  the DnV-OS-F201  (2010)  standard.  After  processing  these  time  series,  long-term  utilization
ratios  can  be  determined  with relatively  low  computational  cost.  By  evaluating  long-term  utilization
ratios,  it  is  possible  to  define  short-term  design  environmental  conditions,  defined  as  short-term  condi-
tions  for which  the  extreme  riser  responses  are  equal  to the long-term  ones.  This  kind  of  methodology  may
represent  a substantial  change  to  the  traditional  focus  given  to riser  design,  which  is  based  on  responses
obtained  from  extreme  environmental  conditions,  instead  of  on the  extreme  responses.

©  2017  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The most used configuration for steel dynamic risers is probably
the free hanging catenary. In this configuration, the riser is sup-
ported by the floating unit and extends freely to the sea bottom,
in a catenary shape. This configuration is used not only because of
its simplicity, in terms of design, construction and installation, but
also because of its cost and operational efficiency.

The evaluation of steel catenary risers (SCRs) extreme responses
is a very complex task, mainly at the TDZ (touch down zone). Several
factors contribute to the risers’ nonlinear behavior, such as the large
top connection motions induced by environmental loads, the drag
effects associated to currents and waves, and the riser-soil interac-
tion. Hence, riser analyses are usually performed based on time
domain numerical simulations, using dedicated finite elements
(FEM) software. These analyses are computationally expensive,
requiring long simulation times to guarantee the response stabil-
ity (in terms of their statistical parameters) for each environmental
loading case.

To calculate risers’ extreme responses, offshore standards and
recommended practices such as API RP 2RD [2] suggest the utiliza-
tion of predefined combinations of extreme environmental loads.
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In this way, to evaluate 100-yr responses, riser designers com-
monly use combinations such as 100-yr waves and winds plus
10-yr currents, or 10-yr waves and winds plus 100-yr currents. This
assumption allows the evaluation of responses based on a reduced
number of loading cases. It is important to recognize, however, that
extreme responses (for instance, the 100-yr response) may  not be
equivalent to the ones obtained from the analysis of these extreme
environmental conditions.

Winterstein et al. [24] proposed a simplified methodology to
get more correct values of the long-term extreme response, the so-
called environmental contour approach. In this approach, the N-yr
extreme response is estimated based on the short-term extreme
responses for a few number of sea states located on the correspond-
ing N-yr environmental contour. As the statistics of the response are
not considered in the definition of the environmental contour, the
estimated long-term response must be corrected by some kind of
factor, in order to get a better approximation of the N-yr extreme
response. This correction factor, however, is structure dependent.
To take this aspect into account, Haver and Kleiven [11] discussed
the use of an inflated contour method.

More recently, the DnV-OS-F201 [9] standard presented new
procedures for the design of metallic risers. It defined a methodol-
ogy based on the long-term statistics of risers’ responses. They also
introduced a new structural assessment criterion, the cross-section
utilization ratio. DnV, as well as other researchers [15,23] recognize
the long-term response-based analysis as the most appropri-
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ate method to design dynamic marine structures. However, they
pointed out two issues that make the methodology computation-
ally expensive. First, it depends on the estimation of short-term
distributions of the response itself; and second, this estimation
needs to be performed for “all possible short term sea states” at
the location where the riser is going to be installed.

Recent works may  help to solve both problems. To obtain short-
term responses, this paper proposes the utilization of analytical
or semi-analytical methods, such as the ones proposed by Aranha
et al. [3–5]. To avoid the need of analyzing “all possible sea states”, a
feasible alternative is to use joint probability distributions of envi-
ronmental parameters, and select a reduced number of sea states
to be analyzed, forming a mesh to be used in the numerical integra-
tion procedure. This mesh has to represent adequately the whole
set of possible sea states. The responses for “all possible sea states”
can then be evaluated by interpolation procedures [17,20]. In this
way, the computational costs associated to the long-term response
determination are lower.

Additionally, from the short-term results it is possible to deter-
mine which loading cases imply in extreme responses numerically
equal to the calculated long term response [16,21,22]. These con-
ditions can be considered equivalent, or response-based design
conditions, and are selected to be analyzed by more sophisticated
methods, such as the ones based on the FEM.

At this point, it is important to highlight that what is being
proposed is not the design of risers based on analytical or semi-
analytical methods. These methods are only used to define the
design short-term environmental conditions. The design itself is
performed by short-term numerical simulations using a FEM-based
software. Papaleo [16] used this idea to evaluate extreme platforms
motions at riser top connections and Sousa [21,22] used an ana-
lytical model proposed by Aranha et al. [4] to evaluate long-term
tensions at the top of risers, and also to determine design conditions
based on the calculated long-term top tensions.

Based on the works previously mentioned, the main objective of
this work is to investigate the possibility of defining response-based
short-term environmental conditions to evaluate the touchdown
zone (TDZ) of SCRs, since the TDZ is one of the most critical regions
for the design of such structures. The riser response is defined by the
cross-section utilization ratio (as defined by DnV-OS-F201 [9]), in
its LRFD (Load and Resistance Factor Design) format. In order to esti-
mate more efficiently the long-term utilization ratio in this zone,
the short-term load effects (axial tension and bending moments)
are evaluated by means of a semi-analytical model based on the
works developed by Aranha et al. [3–5]. In the case study pre-
sented in item 5, the response-based design condition identified
using this approach is compared with the one obtained by using
finite element-based simulations. These results demonstrate the
accuracy of the proposed methodology on defining response-based
environmental conditions for the design of the TDZ zone of steel
catenary risers.

2. Long-term DnV’s cross-section utilization ratio

The structural design criteria for the ultimate limit state (ULS)
of steel risers according to the LRFD version of DnV-OS-F201 [9] is
based on the cross-section utilization ratio, generically defined as:

R (t) = g
(

Tx (t) , My (t) , Mz (t) , pi (t) , pe (t) ,

D, d, �F , �E, �A, �SC, �m, �c) (1)

where g (.) is a nonlinear interaction function, �F,. . .,  �c are code-
defined safety factors, Tx (t) is the effective axial tension time series,
My (t) and Mz (t) are the bending moments time series, pi (t) and
pe (t) are the internal and external pressures at each cross sec-

tion, and D and d are the cross section outer and inner diameters,
respectively. The design check is to verify if R (t) ≤ 1.0.

In the design of offshore structures, the long-term representa-
tion of the environmental conditions is considered as a sequence of
short-term conditions S = s, containing the environmental param-
eters of waves, winds and currents for each short term period,
usually taken as 1-h or 3-h. In a general sense:

s =
(

hs, tz, �w, vv, �v, vc, �c

)
(2)

where hs,  tz and �w are the short-term wave parameters: significant
wave height, zero up-crossing period and wave incidence direction,
respectively; vv and �v are the mean wind velocity and wind inci-
dence direction; and vc and �c represent the current parameters
(superficial velocity and propagation direction). From a long-term
period of observations, a joint probability distribution of these
parameters fS (s) can be obtained [18]. In practical applications,
however, it is usual to define S = (Hs, Tz) for each wave incidence
direction [7], and associate the other parameters to Hs.

For each short-term condition S = s = (hs, tz), a realization of
R (t) can be obtained by means of a nonlinear time-domain numer-
ical simulation, and a short-term probability distribution can be
fitted to the observed peaks of the response. Since the response R (t)
is usually a non-Gaussian process, an approximate procedure must
be employed to establish its peaks distribution. Using a Weibull
model, the short-term distribution of the cross-section utilization
ratio peaks for a given sea state S = s is expressed by:

FR|S(r|s) = 1 − exp
(

−
(

(r − uw (s))
˛w (s)

)�W (s))
(3)

where uw (s),˛w (s) and �w (s) are the location, scale and shape
parameters of the distribution, respectively. In this study, these
parameters were obtained using the Weibull-Tail Fitting (WTF)
procedure, described in Ref. [25].

The most probable value of the largest extreme peak in the
short-term environmental condition S = s can be obtained by Ref.
[1]:

FR|S(rMPV |s) = 1 − 1
Np (s)

(4)

where Np (s) is the expected number of peaks in the short-term
period, whose duration is Tst. This number is given by

Np (s) = �p (s) Tst (5)

where �p (s) is the mean rate of peaks of the cross-section utilization
ratio time series. For a large value of Np (s), the most probable value
of the short-term cross-section utilization ratio can be obtained as
[23]:

rMPV |s = u (s) +  ˛w (s) ln
(

�p (s) Tst
) 1

�w (s) (6)

There are several ways to obtain the long-term statistics of a
response parameter related to an offshore structure [15,17]. The
method adopted in this work is based on the short-term peaks
distribution described previously. Based on this distribution, it is
possible to show [6,17] that the long-term distribution of the cross-
section utilization ratio is given by:

FR (r) =
∫

S

�p (s)
�̄p

FR|S (r | s) fS (s) ds (7)

where fS (s) is the joint probability density function of the environ-
mental parameters, �p (s) is the mean rate of peaks for an arbitrary
short-term environmental condition S = s , and �̄p is the long-term
average peaks rate, given by

�̄p =
∫

S

�p (s) fS (s) ds (8)
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