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ABSTRACT

A general approach that utilizes both spectral and extremal statistical methods are utilized to investigate
the time series of flow-induced response behavior of a flexible horizontal cylinder subject to both ran-
dom waves and constant current conditions. The cylinder model was 29 m long and had a slenderness
ratio of approximately 760. The random waves were generated using a JONSWAP wave amplitude
spectrum. In addition, for some tests, the cylinder was towed at two different speeds to simulate the
combined loading of random waves and constant current conditions. The data were initially analyzed
using standard spectral analyses to interpret the cylinder’s flow-induced response behavior and relate
the findings to traditional deterministic parameters. Further analyses were performed using a general-
ized extreme value (GEV) distribution procedure that involved dividing the time series into blocks
and fitting the block maxima of the extreme values in the measured response time series data. The
Anderson—Darling (AD) test criterion and quantile plots were then used to assess whether the GEV
distribution provides a satisfactory fit to the data capturing the statistical characteristics in the flexible
cylinder’s flow-induced response behavior, which was stochastic in nature. For the data set analyzed,
the extremal GEV methodology presented was observed to provide excellent results for the random
wave cases and moderately good-to-good results for the combined random wave and constant current
cases.

Keywords: combined loading, currents, flexible horizontal cylinder, flow-induced response, GEV extre-
mal statistics, random waves, spectral analysis.

1 INTRODUCTION
Long flexible cylindrical structures such as marine risers and horizontal pipelines are widely
used in the offshore industry. Their flow-induced vibrations when exposed to combined ran-
dom wave and current loadings are very complicated and have been the focus of numerous
experimental investigations reported in the open literature. Vandiver [1] investigated the vor-
tex-induced vibration of long flexible cylinders from numerous field experiments that he
conducted and, in the process, identified important dimensionless parameters associated with
predicting the observed response behavior. These parameters included the shear fraction
AV [V, the number of potentially excited modes N, the mass ratio m / prz, and the

mass-damping parameter S, = re/ ( ,of.V 2 ) The expression of the mass-damping parameter
S was first formulated by Griffin e al. [2] to predict the maximum response amplitude
of flexible structures and cables in water. However, Sarpkaya [3, 4] reported that this

parameter S has many shortcomings, while Zdravkovich [5] suggested that S, was only
valid for cylinders with a very high value of mass ratio. To address the limitations of this

tradmonal mass damping parameter, Vandiver [6] introduced a revised damping parameter
=2cw/ pU and it was found valid at all frequencies where synchronization occurs
between the wake and cylinder motion, disregarding the value of the mass ratio.
A more recently studied parameter that is closely related to flexible cylinder’s VIV response
amplitude is the Reynolds number Re. Klamo et al. [7] were the first to report that the peak
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value of VIV response amplitude will increase as Re becomes large, while Swithenbank et
al. [8] later provided the data sets of the dimensionless VIV amplitude A /D vs. Re based on
both laboratory and field test programs. Sometimes later, Resvanis et al. [9] investigated the
trends between Re and flexible marine riser’s VIV response amplitude based on the experi-
mental data obtained by Klamo [7], Govardhan and Williamson [10], and Shell’s model basin
test program [11]. They observed that for Re between 5 X 10% and 2.2x10°, the riser exhib-
ited a trend to experience larger amplitudes in both in-line and cross-flow directions, but there
also existed significant scatter between the predicted trends and the measured data.

A very important characteristic of flexible cylinder’s VIV response behavior is its stochas-
tic nature, but few relevant research studies could be found in the literature while most of the
current popular VIV prediction programs in the industry were deterministic as reported by
Resvanis and Vandiver in 2017 [12]. By introducing a short-duration moving window and
calculating the mean and standard deviation of RMS response amplitude A /D within each
window, Resvanis and Vandiver [12] were able to illustrate the statistical characteristics of
the non-stationary VIV data obtained from Shell [11]. They concluded from their observa-
tions that future research effort is required to quantify the variability in flexible cylinder’s
VIV response behavior.

The purpose of this research study is to investigate a general approach to capture the sta-
tistical characteristics of the extreme values in the flexible horizontal cylinder’s flow-induced
response amplitudes in-line with the flow direction. The experimental data were obtained in
an industrial scale model basin test program [13]. In this study, a horizontal cylinder was
pretensioned on both sides and tested under a combination of random waves and steady cur-
rent speeds achieved by towing the model at a constant speed in the wave basin. The measured
cylinder’s mid-span displacement was selected for the analysis in each of the test run and was
first examined using spectral analysis to characterize the response behavior and relate it to
traditional deterministic parameters. Then, a more general approach based on an extremal
statistics methodology was utilized to investigate the statistical characteristics of the meas-
ured data. As part of this approach, the performance of the statistical models for each data set
was assessed by goodness-of-fit test criterion that is widely used in statistical analyses.

2 EXPERIMENTAL SETUP
An industrial scale model basin test program was performed at Offshore Technology Research
Center (OTRC) located at Texas A&M University to investigate the flow-induced vibrations
of a slender horizontal cylinder subjected to a combination of random waves and current
loadings [13]. A schematic of the test set up is illustrated in Fig. 1. The model scale was
determined to be 1:16 in accordance with the Froude scaling law. The length of the test cyl-
inder was approximately 29 m and the outside and inside diameter were 38 mm and 22 mm,
respectively. Thus, the slenderness ratio L /D was estimated to be 760. The test cylinder
provided by Fiberspar was constructed using a hollow plastic core wrapped with a composite
material. The unit weight of the cylinder was 10.18 N/m, and the corresponding mass ratio
was 0.91. The cylinder was submerged at a water depth of 0.61 m and a pretension of 2277.5
N was applied to both ends of the model through the two vertical I-beams, which were rigidly
fixed on the OTRC bridge. Since the young’s modulus of the composite cylinder was
unknown, Chitwood [13] was only able to provide an estimated range of the pre-tensioned
cylinder’s natural frequencies of vibration at different modes when subject to a uniform cur-
rent or regular waves based on various assumptions. During the test, six biaxial accelerometers
were placed inside the cylinder, and they were kept dry by sealing the ends of the cylinder and
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Figure 1: Schematic of the horizontal cylinder in the model basin (Chitwood [13]).

maintaining a slight pressure inside the cylinder model. Three wave probes were fixed on the
bridge to measure the water surface elevation at 7.62 m west of the centerline, 1.58 m east of
the centerline, and 7.62 m east of the centerline, respectively. The cylinder’s mid-span dis-
placement was measured at a time interval At of 0.025 s using a string-potentiometer that was
mounted on the bridge.

In this study, the model random sea conditions were generated using a JONSWAP wave
amplitude spectrum with a significant wave height of Hg =0.43m and a peak period of
Tp = 3s. For each unidirectional random wave test, the instrumented test cylinder was tested
for 300 s and for the multi-directional random waves that had a 20-degree spreading angle
each test lasted for 600 s. As part of the test program, the cylinder model was towed at two
different speeds during the random wave excitation. Due to the length of the model basin, the
duration of each test was reduced. For the test where the towing speed was 0.244 m/s, the test
lasted for only 60 s, and when the towing speed was increased to 0.366 m/s, the duration was
further reduced to 40 s.

3 METHODOLOGY
3.1 Spectral analysis

Spectral analysis is a widely used technique to study the measured time series X (t) in the
frequency domain. The power spectral density function, S (f ), which is the Fourier transform
of the autocorrelation function of X (t), presents the energy distributions of the time series
X (t) at each frequency. The expression of the i spectral moment was given by Nigam [14]
as follows:
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4={r's(f)ar (1)

where f is the frequency in Hz and the average frequency f could be obtained by the
expression

[ =414 ©)

To describe dispersion of § (f ) with respect to its central frequency, Nigam [14] defined a
dimensionless spectral parameter in the following:

A% )

In addition, the bandwidth of the process X (t) could be shown by a bandwidth parameter
¢ introduced by Cartwright and Longuet-Higgins [15] as

E= ,1 - Z:ZJ‘; (4)

The above spectral parameters can be useful for one to understand the characteristics of the
process X (t) measured in the time domain. However, when the process X (t) is highly sto-
chastic, the values of these spectral parameters might vary significantly even under the same
test conditions. In this case, it might no longer be feasible to characterize the process by a set
of deterministic parameters and one might need to seek alternatives to capture the global
response behavior of X (t)

3.2 Extremal statistics methods and goodness-of-fit assessment techniques

The extremal statistics methods combined with the goodness-of-fit assessment techniques
could provide a basis to capture the statistical characteristics of the measured process X (t)
This section presents a brief introduction of the theoretical background of the generalized
extreme value (GEV) distribution and the Anderson—Darling goodness-of-fit test criterion
based on the research work by Coles [16] and D’ Agostino and Stephens [17].

Generalized extreme value (GEV) distribution

For a sequence of independent random variables X |, X ,, ... X, that were measured consec-
utively at a fixed time interval of A¢, the maximum value of this process over the duration of
nAt is

Mn:max{Xl,Xz,...,Xn} (5)

where the probability that M, is less than or equal to z could be expressed as
P(M,<z)=F(z) (©)
where F'is the distribution function shared by the sequence X |, X ,, ... , X . Since the func-

tion F is unknown, Coles [16] shifted his attention to look for approximated expressions of
F" based only on the extreme values in the measured data. However, in his investigations, he
observed that for any z < z_, where z_ is the smallest value of z such that (z) =1, F" would
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decrease to zero at large values of n and the distribution of M would degenerate to a point
mass on z,. In Coles’ formulations, this difficulty was solved with a linear renormalization
on the expression of M, as

M,=—"—* (7)

where a, and b, are a sequence of constants. Based on the extremal types theorem [16], one
could obtain the following expression given a, >0 and b, >0

a
n

M _ -b
P(MSZJ%G, as n — oo (8)
where G is a non-degenerated distribution function that could be categorized into one of the
three familiar extreme value distributions Gumbel, Fréchet, or Weibull, disregard the formu-
lation of the distribution function F. Since each of the above three distributions has different
forms of tail behavior, Coles [16] indicated that it is more appropriate to combine them as the
following generalized extreme value (GEV) distribution

G(z)=exp —[1 + 5(%‘)}_; 9)

where £ is the shape parameter, # is the location parameter, and o is the scale parameter. The
distribution function G (z) is defined on {z :1+ f(z — ,a)/ > 0)} for —eo < yt < +o0, 7> (), and
—oo < < co. When the value of & becomes zero, the function G (z) simply reduces to the
Gumbel distribution. This combined expression of the extreme value distributions makes it
convenient for one to determine the most appropriate types of tail behavior by changing the
value of & based directly on the observed data [16]. In practice, given a series of independent
observed values {X D, G } of a random process X (t) that are measured at a time interval
of At, one could divide it into m blocks of equal length n (n is large) to obtain a sequence of
block maxima {M M 2o .M, } where each element M, 1s the largest observed value
within each block that has a length of nAt. Then, the GEV dlstrlbutlon could be fitted to the

sequence {M N M w2 M o }, and the fitted function could provide a basis to investigate
the statistical characteristics of the extreme values in the measured time series {X |, X ,,..., }.
What makes the GEV distribution more attractive is that even when the time series {X |,
X,,..., } shows a temporal dependence and the extreme values occur in clusters, Coles [16
indicatedthatitisstill validtoapproximate the constructedblockmaxima{M n‘l,M 2o M o i
as independent random variables that could be properly fitted by the GEV distribution, as
long as the long-range dependence at the extreme levels is weak. With this approximation, the

GEV distribution could be utilized in a wide range of applications.

Anderson—Darling (AD) test criterion

Suppose F, is the proposed distribution function for a series of independent and identically
distributed random variables {Y I ,,Yn} that has a common continuous distribution func-
tion F, (y ), Cramér and von Mises [ 18] formulated a criterion to assess the goodness of fit of
F, compared to F, (y) as follows:
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Table 1: General guidelines for goodness-of-fit assessment based on the p-value.

p-value p<0.01 00l <p<0.05 0.05<p<0.15 0.15<p<025 p>0.25

Goodness Unaccept- Poor Moderately Good Excellent
of fit able good
I 2
0, =n[[F,(v)-F ()] w(v)dF(») (10)

—oo

where in the original Cramér—von Mises criterion the weighting function w (y) is defined as
unity. However, D’ Agostino and Stephens [17] observed that this criterion could not satisfac-
torily detect the difference between F and F, (y) in the tails of the distribution, which was
usually the focus of extreme value analysis. To correct this weakness, Anderson and Darling
[19] proposed a revised weighting function:

1

W(y):[Fo(y)(l_Fo(y))]i (11

Introducing the revised weighting function to the original Cramér—von Mises criterion, the
expression of the Anderson—Darling (AD) test criterion is obtained as follows:

i B0
N T

The above revised test criterion is more sensitive to detect the discrepancies between F
and F, (y) in the tails of the distribution. In applications the quality of fit of the proposed
model could be examined by the p-value of the AD test based on the generally accepted
guidelines as shown in Table 1.

12)

4 ANALYSIS OF THE MODEL BASIN DATA
For the analyses that follow, the target variable was selected as the measured mid-span dis-
placement X (t) The power spectral densities were calculated based on Welch’s method [20],
and these results are used to initially interpret the cylinder’s response behavior. Next, the
GEV statistical methodology is used to investigate the characterization of the cylinder’s
response behavior observed in the experimental data.

4.1 Spectral analysis of the cylinder’s mid-span displacement

Initially, the measured time series of the cylinder’s mid-span displacement X (t) and their
power spectral density (PSD) calculated by Welch’s method were shown in Figs 2-9. Then,
both the statistical moments and the spectral moments of each test condition were calculated
and presented in Table 2. In Table 2, the values of /12 + o> were found to have a good agree-
ment with the Oth spectral moment /4, which confirmed that the calculated PSD was correct.

When the cylinder was only subjected to unidirectional random waves, one observes that
the time series plotted in Fig. 2 is very similar to a stationary random process. This observa-
tion is confirmed by examining the value of the skewness a, and the kurtosis &, as presented
in Table 2, which only showed a small deviation from the Gaussian process. When the
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X(t), uni-directional random wave
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Figure 2: Time series of X (t) under unidirectional random waves.
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Figure 3: Power spectral density of X (t) under unidirectional random waves.

random waves were generated in multi-directions with a 20-degree spreading angle, it is
observed in Fig. 4 that the measured value of X (t) exhibited significantly smaller amplitude
while the statistical moments shown in Table 2 indicate that the process X (t) is almost
Gaussian.

For the random wave cases when a steady current of either 0.244 m/s or 0.366 m/s were
introduced, a mean deflection was observed in the measured time series of X (t) as presented
in Figs 6 and 8. In Table 2, one observes that although the mean deflections of the four tests
are relatively close, the higher-order statistical moments of each test show significant varia-
tions, especially when the current speed was increased to 0.366 m/s. These discrepancies
might be attributed to the short duration of the test time and the complexity of the interactive
response behavior of the cylinder subject to random waves combined with a steady current.
In addition, the calculated mean frequency f was found to decrease from around 0.5 Hz to
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X(t), multi-directional random wave
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Figure 4: Time series of X (t) under multi-directional random waves.
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Figure 5: Power spectral density of X (t) under multi-directional random waves.

below 0.1 Hz after the superposition of the current, while the expected VIV frequencies were
not observed in the PSD plot as shown in Figs 7 and 9. This observation further illustrates the
complexity of the cylinder’s response behavior in these flow conditions.

Considering the significant variations in the calculated values of the traditional determin-
istic parameters and the complexity of the problem, one might conclude that it is extremely
difficult to utilize a set of deterministic parameters to characterize the cylinder’s flow-
induced response behavior, which is stochastic in nature as addressed by Resvanis and Van-
diver [12]. Thus, it becomes reasonable for one to acknowledge the stochastic nature of the
cylinder’s flow-induced motions and look for a general approach to investigate the statistical
characteristics in the observed response behavior. In the following, an statistical approach
based on generalized extreme value (GEV) distribution is utilized to analyze the cylinder’s
mid-span displacement X (t) of all the test scenarios listed in Table 2.
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X(t), random waves and a current of 0.244m/s, test # 1 X(t), random waves and a current of 0.244m/s, test # 2
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Figure 6: Time series of X (t) under random waves and a current of 0.244 m/s.
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Figure 7: Power spectral density of X (t) under random waves and a current of 0.244 m/s.

4.2 Statistical analysis of the cylinder’s mid-span displacement

The statistical computing software package R [21] was used in this analysis. To analyze the
data uysing the GEV distribution, one needs to first construct the sequence of block maxima

Z, ; ( from the measured mid-span displacement X (t) To select a proper value of the block
size n, the time series plot under random waves in Figs 2 and 4 was zoomed in for the first 50
s and presented in Fig. 10. In Fig. 10, one observes that each oscillation cycle lasts for approx-
imately 2 s, which could also be found in Figs 6 and 8 when a steady current was superposed
to the random waves. To make sure that the generated block maxima {Z n.i [ could satisfacto-
rily capture the extreme values of X (t), the block size n is determined to be 80 so each block
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X(t), random waves and a current of 0.366m/s, test # 2
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Figure 8: Time series of X (t) under random waves and a current of 0.366 m/s.
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Figure 9: Power spectral density of X (t) under random waves and a current of 0.366 m/s.

has a length of nAt =2s. Thus, each element Z ; of block maxima would represent the
extreme values observed in a complete oscillation cycle

In Table 2, one observes that the mean value of X (t) under random waves was almost 0.
Thus, the block maxima Z, ; was chosen as the observed maximum amplitude of each oscil-
lation cycle for the first two cases Later, when the cylinder was simultaneously subjected to
random waves and a steady current, the mean value of X (¢ ( ) became negative due to the cur-
rent. Thus, the block maxima Z . in these two cases was determined to be the maximum
displacement in-line with the current direction recorded in a duration of 2s. However, one
also observes in Figs 6 and 8 that the duration of each test was relatively short and at most 20
complete oscillation cycles could be identified in each plot. Given such a short time series,
one might not be able to obtain enough data points for extremal statistical analysis. To solve
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Table 2: Statistical and spectral moments of mid-span displacement X (z)

Param- U o a, a, //2 +2 jo )? q &
eters '

m m - - - - -
m? m? s

Unidirectional random waves

0.0006 0.0484 0.382 3.505 0.0023 0.0023 0.475 0.364 0.979
Multi-directional random waves ( 20-degree spreading angle )

—-0.0055 0.0164 -0.069 2.921 0.0027 0.0029 0.535 0.539 0.989
Random waves and a current of 0.244 m/s
Test#1 -0.122 0.071 -0.156 2.431 0.0199 0.0181 0.150 0.820 0.997
Test#2 -0.115 0.052 -0.330 2.887 0.0159 0.0144 0.097 0.867 0.999
Test#3 -0.117 0.054 -0.738 3.329 0.0165 0.0159 0.102 0.877 0.999
Test#4 -0.110 0.055 -0.692 3.418 0.0152 0.0144 0.094 0.877 0.999
Random waves and a current of 0.366 m/s
Test#1 -0.273 0.0678 -0.339 2.787 0.0790 0.0708 0.091 0.822 1.000
Test#2 -0.250 0.0682 -0.032 1.989 0.0671 0.0605 0.098 0.829 1.000
Test#3 —-0.280 0.0512 0.195 2.584 0.0812 0.0755 0.083 0.830 1.000
Test#4 -0.276 0.0546 0.106 3.067 0.0793 0.0729 0.083 0.836 1.000

0 5 10 15 20 25 30 35 40 45 50
t(s)

(@ (b)

Figure 10: Zoomed-in plot of X (t) of (a) unidirectional random waves; (b) multi-directional
random waves.

this problem, the separate four tests under each flow condition with a current were combined
for the analysis.

The particulars of the GEV statistical models selected for each test conditions were sum-
marized in Table 3, and the corresponding quantile plots were presented in Figs 11 and 12. In
Table 3, one observes that when the cylinder was only subjected to random waves, the AD
test p-values under the first two cases are substantially above 0.25, which indicates an excel-
lent fit. This excellent agreement between the model and the data can also be found in Fig.
11, where the predicted model quantiles almost coincide with the observed empirical quan-
tiles on the 45-degree reference line and only a few small outliers were observed in the upper
tail. When a steady current of 0.244 m/s and of 0.366 m/s was, respectively, superposed to the
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Table 3: Particulars of GEV statistical models fitted to the cylinder’s flow-induced response amplitudes.

Flow Block AD test Goodness é; i & Threshold-crossing
conditions sizen p-value of fit probabilities

Uni-directional 80 0.394  Excellent 0.0363 15510 0.6641 P(Z >2D) P(Z >4D)
random waves

0.401 3.091x1072

Multi-direc- 80 0.526  Excellent -0.0992 0.6434 0.2384 P(Z >1D) P(Z >2D)
tional random

waves 0.180 2.295x107*
Random waves 80 0.088  Moderate- -0.1835 4.4272 1.2333 PpP(Z >8D) P(Z >10D)
and 0.244 m/s ly good
current 0.0159 6.574 %10
Random waves 80 0.186  Good -0.1759 8.7552 09167 P(Z >10D) P(Z >12D)
and 0.366 m/s
current 0.191 3.918x1073

1 A1 v

/ 7
o // //
(; 1I 2‘ ; 4‘« 5I 6I 0‘0 0‘5 1I0 1‘5 2‘0
Model Quantiles (Z/D) Model Quantiles (Z/D)

(a) (b)

Figure 11: Quantile plot of the GEV model fitted to the maximum amplitude of the cylinder’s
displacement when subject to (a) unidirectional random waves and (b) multi-
directional random waves.

random waves, the AD test p-values decreased significantly but were still above 0.05. Further,
in Fig. 12, one observes that although there are noticeable discrepancies between the model
and the data, the data still follow the trend of the 45-degree reference line and the deviations
remain small. Thus, the GEV statistical model could give an at least moderately good fit to
this data set. Based on the selected GEV models, the threshold-crossing probabilities of the
observed data could be assessed, and two predicted values were given in Table 3 for illustra-
tion. The threshold values were determined based on the maximum observed mid-span
displacement X (t) For the combined wave and current excitations, significantly larger val-
ues were chosen for the thresholds to account for the mean deflection due to the current-induced
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Figure 12: Quantile plot of the GEV model fitted to the maximum displacement in-line with
the current direction for a cylinder subject to random waves and a current of (a)
0.244 m/s and (b) 0.366 m/s.

sag. These findings are noteworthy considering the complexity of the flexible cylinder’s
flow-induced response behavior when subjected to combined random waves and a strong
current. The GEV statistical model is found capable of capturing the statistical characteristics
of the extreme values observed in the cylinder’s flow-induced response amplitude obtained in
this model basin test program [13].

5 SUMMARY AND CONCLUSIONS

This article presents a general approach to investigate the statistical characteristics of flexible
horizontal cylinder’s flow-induced response amplitude observed in a model basin test pro-
gram [13]. The cylinder was tested under a combination of random waves and current
loadings. Spectral analysis was first performed to the measured cylinder’s mid-span displace-
ment X (t), of which both the spectral and the statistical moments were calculated to interpret
the cylinder’s response behavior. In the next phase of the analysis, a statistical approach
based on extremal statistics methods was introduced. This approach requires the subdivision
of the time series into a sequence of block maxima iZ ni [ t0 extract the extreme values in the
measured data X (t) The generalized extreme value (GEV) distribution was fitted to the
sequence {Z i }, and the model’s performance was assessed by both the Anderson—Darling
(AD) test criterion and the use of quantile plots.

For the case when the cylinder was only subject to random waves, the mid-span displace-
ment X (t) was found to be weakly non-Gaussian. When a steady current was superposed on
the random wave excitation, the third and fourth statistical moments illustrated significant
variations among different tests even under the same flow condition, while the expected VIV
frequencies were completely absent in the corresponding PSD plots. These observations sug-
gest that the flow-induced response behavior is too complicated to be adequately characterized
by a set of deterministic parameters. These observations are consistent with the earlier
research finding of Resvanis and Vandiver [12], who concluded that the VIV response of
flexible cylinders was stochastic in nature even in a steady flow, and they called for further
research investigation into the observed response variability. A noteworthy finding is that the
GEV distribution provides an excellent fit when the cylinder was subject to random waves
alone, and it could at least provide a moderately good fit even with a strong current
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superposed to the random waves. These research findings based on the OTRC model basin
data [13] indicate that the extremal methodology presented could be useful to capture the
essential characteristics of the stochastic flow-induced response behavior. This methodology
enables engineers to utilize the information contained in the whole data set instead of trying
to characterize a complex fluid—structure interaction with just a few deterministic parameters.
It provides a means to choose the most appropriate statistical model for a specific design
scenario. Having made the selection of the most appropriate extremal statistics model, engi-
neers would be able to make probabilistic predictions of exceedance over different design
conditions for the system. The methodology is promising and merits further investigation of
other laboratory and field data.
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