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Abstract: It is well known that no criterion about seismic design for risers is available, and relevant
research has not been reported. A comprehensive study of riser dynamics during earthquakes is performed
in this paper. A dynamic model for seismic analysis of risers is developed in accordance with the working
environment of the risers and the influence of inertia force of the pipelines. The dynamic equations for
the developed model are derived and resolved on the basis of the energy theory of beams. Numerical
simulation for an engineering project in the Bohai Oil Field, China shows that the fundamental frequency
of the riser plays the major role in the seismic responses, and for platforms in shallow water in Bohai
Bay, the risers demonstrate a much lower stress response due to prominent differences between the riser
frequency and the earthquake wave frequency. The presented model and its corresponding method for
seismic analysis are practical and important for riser design resistant to earthquake waves.
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1 Introduction

There are plenty of offshore oil/gas resources in China,
and large numbers of subsea pipelines need to be built in
the near future. However, these oil/gas resources are in the
circum-Pacific seismic belt, the most active seismic zone
in the world. According to incomplete statistics, 85% of
the total amount of the earthquakes in China occurs in the
ocean (Sun et al, 2003). Research on subsea pipelines in
seismic conditions is one of the academic and engineering
attractions in offshore engineering. Romagnoli and Varvelli
(1988) applied the stochastic method coupled with FEM
modeling techniques to predicting possible pipeline failures
in earthquakes. Matsubara and Hoshiya (2000) investigated
buried pipelines for seismic design by taking the soil spring
into account. They analyzed the soil spring constant in the
longitudinal direction of a buried pipeline, which is one of
key parameters for the seismic design of subsea pipelines,
and found that the spring constant depends mainly on the
shear modulus of the soil deposits and the ratio of the radius
of zero displacement over the radius of a buried pipeline
structure. Ogawa and Koike (2001) presented their research
on structural design of buried pipelines for severe earthquakes
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where the soil spring of the buried pipelines was also focused
for seismic design. Kershenbaum et al (2000) studied the
behavior of unburied subsea pipelines under seismic faults,
showing that seismic faults have less effect on the straight
than snaked pipelines, and an order increase in seismic
magnitude causes very little change in unburied pipeline
bending and total longitudinal stresses. The results are in
favor of reduction in cost for subsea pipeline construction and
operation. Other studies of the behavior of subsea pipelines
all pay attention to some factors affecting the seismic designs
of subsea pipelines, and got some better results (Bruschi
et al, 1993; Tura et al, 1994; Paulin et al, 1997). However,
these results have not been integrated into a seismic design
code for subsea pipelines. Bruschi et al (1996) pointed out
such problems that the international classification societies
do not have seismic design rules for subsea pipelines. China
Classification Society (CCS, 1992) required that the seismic
design be carried out for subsea pipelines in seismic areas,
but did not provide any details on how to do. Recently, much
more work (Duan and Sun, 2004; Sun et al, 2004; 2005;
2006) has been conducted for seismic design of pipelines
supported by China National Offshore Oil Corporation. They
carried out a comprehensive study of soil-pipeline interaction
in earthquakes, the ultimate stress calculations and their
applications. Their results show that the ultimate shearing
strength of the soil surrounding subsea pipelines decreases
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greatly because of its submerged unit weight and nearly
saturated water content, and the elastic constraint zone of
the soil acting on the pipelines decreases sharply, which will
force the constrained soil into a plastic slippage state. These
findings indicate that the current seismic design method based
on elastic constraint state cannot be applied simply to the
design of subsea pipelines. A criterion is developed to predict
the constraint state between soil and the pipelines, on which
engineering calculations for several subsea pipeline projects
from CNOOC are based. Their research demonstrates that
the elastic constraint of the soil on the pipeline is quite small
and the plastic slippage of the soil takes place soon after the
elastic state. It is strongly recommended that the constraint
state of the soil on the subsea pipeline be determined by the
developed criterion before calculating the seismic stress of
pipelines, and the seismic stress be calculated based on the
plastic slippage theory if plastic constraint state of the soil
is predicted. It is also interesting to find that an increase in
the outer diameter of the pipeline does not have significant
effect on the decrease in the stress because of the increase in
the constraint of the soil on the pipeline, and, increasing wall
thickness of the pipeline and decreasing buried depth are two
effective measures for decreasing the ultimate seismic stress.

Risers form an important part of subsea pipelines.
However, no results have been reported for riser seismic
design (Xie et al, 2004; CCS, 1992; DNV, 2000; 2001),
except those from Yue et al (2006). They evaluated the riser
strength against earthquake waves by establishing mechanical
models. A simple formula including a dynamic coefficient is
given to calculate the maximum stress of the risers based on
the method of maximum earthquake acceleration.

In this paper, a dynamic model for seismic response
analysis of risers is developed in accordance with the working
environment of the risers and the influence of inertia force of
the pipelines. The energy theory of beams is applied to the
derivation of the dynamic equations for the developed model.
A lot of numerical simulation is performed for an engineering
project in the Bohai Oil Field. The results show that the
fundamental frequency of the riser plays the major role in
the seismic responses. It can be seen for platforms in shallow
waters in the Bohai Bay, the risers demonstrate a much lower
stress responses due to prominent difference between the
riser frequency and the earthquake wave frequency, i.e., no
resonant vibration will be expected in this case. However,
for waters deeper than 100 m, the seismic stress responses
of risers can not be ignored. The presented model and its
corresponding method for seismic analysis can be applied to
riser design against earthquake waves.

2 Dynamic model for risers and derivation
of the dynamic equations

The mechanical model of the pipeline system from the oil
platform to the buried pipelines is presented in Fig. 1, where
the part JH is the riser. The mechanical model of the riser
is shown in Fig. 2, where the riser is fixed at the support J,
and also at the support A in the z direction and the rotation
is restricted around y direction. The riser is restricted at the
support H in the x direction by simplified springs.

Fig. 1 The pipeline system from oil platform to
buried pipelines

Fig. 2 Simplified mechanical model of part JH of the riser

For convenience, the riser JH is separated into to a straight
part JI and a curved part /H as modeled respectively in Fig. 3
and Fig. 4.

T

JIN-1

Fig. 3 Mechanical model of the straight part J/
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Fig. 4 Mechanical model of the curved part /H
Fig. 5 Mechanical model of the part J/
2.1 In-plane vibration of the part J/
2.1.1 Mechanical model of part J/ for coupling between The potential energy of the beam is:
longitudinal and lateral vibrations 1
The straight part JI can be simplified as a beam model as U= E.UJ.V 0.6, dv
demonstrated in Fig. 5. For the coupling between longitudinal 1
and lateral vibrations, the Hamilton equation of the beam = EJ‘J‘J.VE(yzu"2 —2yu"v' +v"?)dv 5)

model can be expressed as (Humar, 1990):
t2 t2
5[}1 (T—U)dz+'[ﬂ Swdt=0 (1)

where 7 and U are the kinetic energy and the potential energy
of the beam; and ow is the virtual work done by active forces.

For a point B(x, y) in the beam and the other point K(x, 0)
in the beam axis, the displacements of point B(x, y) are as
follows:

2

Ve =v+v, =v—yu'
Uy =u
where « and v are the displacements of point K(x, 0). The

stress and strain in the longitudinal direction at point B(x, y)
is then presented by:

B

£ = =—yu"+V'
a7 3)
o, =FE¢,

where £ is Young’s modulus.
The kinetic energy of the beam can be expressed as
follows:

T =%mvp(a; +v2)dv
%ﬂjvp(yzu'z — 2y + i +v*)dv )

z%j(:pA(u2+\>2)dx

where p is the density; 4 is the sectional area.
The term y*#'* is much smaller than #° or V*, then it
can be neglected. The integration of the term y%i'* is 0.

= %j; (EIu"™ + EAV™)d x

where [ is the moment of inertia. The integration of the term
=2yu"v'" is 0.

The virtual work created by active forces is:

sw=[ (f,6v+ f,6u)dx+0,6u, ~ O

(6)
-M Suy + M,6u; — T,0v, + T,0v,

where f, and f, are the active forces; Q is the shearing force;
and 7 and M stand for the axis force and moment respectively,
as shown in Fig. 5.

Substituting Egs. (4) through (7) into Eq. (1) gives:

jfj; (—pAV+ EAV' + f)Svdxdt
12 ¢l
+J.tl IO (—pAii— Elu"" + f,)oud xdt
12 12
+[ (Elu'-0)du, dt + [ " (=Elu)'+ 0,)5u, dt o
P+ M)sude+ [ (Elg - M,)5uy di

t2 t2
[ (EAV] + T)v, i+ | (EAV, ~T,)6v, di

=0
From Eq. (7), we have:
2
pai—EF9Y 1 —0
Ox
o ®)
pAii+EI=2— [ =0
Ox
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Elug = 0, Upo =0,vy0 =0,1,, =u, (13)
EIMO, =M, When K=1, 2, we have:

EAvy =T, U

Elu"=Q, ©) Vin

Elu/ =M, Uy, by, 0.5, 0.5 000 uy, —F

Edv) =T, Vi n 0dy 0d, 0000/ v, _ —Fn
i b, 0 b, 0 0 b, 00| u —F,

From Eq (8), it can be seen that the lateral vibration of the ‘.}-JIZ 02 d 03 d 0 dl 00 vm _ Fm
beam is decoupled from the longitudinal vibration when the 12 2 3 2 /3 vz
small displacement is ignored. Uyg

Vora (14)

2.1.2 Dynamical model of the part JI
The dynamic equation of the part J/ can be obtained from

Eq. (8):

. o‘u

pAii, +EI 6x4ﬂ —f, =0
- azvﬂ

pAliy = EF—5== fn =0

(10)

The finite difference method is applied to solving Eq. (10).
The beam is divided into N elements, and the length of each
element is j, = “4, we have:

uJIk + bluJIkJrZ + quJIkJrl + b}”JIk + bZMJIk—l

by, + Fyy =0 an
Vi vy +dyvy +dyvy,  +F,, =0
with
El
 =———,b, =—4b,, b, = 6b,
poFh
d
d, =£, d, = ——;, d,=-2d,
h
F :_fullk __va/k
uJlk pA > = wilk IOA
When 3<k <N -3, we obtain:
U s
Vi
U
V-1
b 0b, 0b, 0b, 05 0Y uy, . i _ -F .
000d,0d,0d,00) v, Vo -F,,

Ui
Vi1
Ujpeva
Vo2 (12)

By considering the boundary conditions u,, =0,
Vo =0, @, =0u,,/ox=0 we have:

where b, =b, +b;.

2.2 In-plane vibration of the part IH

For spools of subsea pipelines, Yue (2004) did
comprehensive research on the in-plane vibration. He
deduced a dynamical equation by the analytical method for
the coupling between the longitudinal and lateral vibrations
of the curved part /H. The Newmark Integration Method
(Newmark, 1959) was used for the solution of the developed
equations. As shown in Fig. 4, the part /H is divided into N,
elements, and the angle of each element is ¢, — "  The

boundary conditions are as follows: 2N,
T[HM = _kaVIHNl > Q[HN1 = kqulHNl .M IHN, — _kHHaIHN, (15)

where ky,, k., and &, are equivalent spring coefficients.
And when K=N,+1, an additional condition can be
expressed as the following form:

_ aVIHN, +1 (16)

Uy 1 = 20

The combination of Eq. (15) and Eq. (16), for 2<k < N,,
gives:

— _ u
Cy —Cy Oy Cy Gy 0 Gy Cn € Cy [Hk
— — v
Gy 0 Cry G 0 Cys Gy Gy G 0 ’f{k
u
0 0 a9 Gy Gy Gy Gy Gy s Gy THN, =1
0 0 Qiy7 g Gipg Qizg Q3 Qyzp i3y Ay Vi, -1
0 0 0 0 Qo0 Qo1 Aoy Aoz Gos Gios U,
0 0 0 0 o6 o7 Gog oo Q1o diny Virn,
1
U _F:de
Vink _Fv/Hk
+ .. =
Uipn, 1 _F;IHN, -1
Vian, 1 _EJHM -1
U, _F;IHNI
Vi, _FvlﬁN, (17)

where the above parameters are defined by Yue (2004).
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2.3 Derivation of the dynamic equations for the part JH
The boundary conditions at the point / should be satisfied:

Uy = Umos Vv = Vimo» 9J1N = _‘91110 (18)

Ty = o> Moy = =My, Opyy = —Oio
For the curved part /H, when k = —1 we have:

ov,,
Upy :_ﬁ (19)

From Egs. (18) and (19), the following equations are obtained with the finite difference method:

Upy = Uy

v

N =V

IH0
b5u111v+1 - bSuJIN—l Flpy — Uyt blOVIHO =0

b5VJ1N - bstlez Vi TVt blOuIHO =0 (20)
bRuJIN - 2bqulel + bqulez + b6ulH1 - 2b6u]H0 + bs”lel + b7le1 - b7V1H71 =0

- 2b13“/1/v + Zblsumv-z - b13”J/N—3 + bll”/Hz - 2b1 WUy + 2b11”1H-1 - bn”/H-z - blzvlm + 2b12V/H0 - b12vIH—l =0

byt

Visto = Vi — by, =0

which gives:

Uy = U

VJIN

Uy = dyglyyy + dy gy, + dygyg +dygviy, +d Vg +disy s+ diguyy 5 Hd iy +dgvy , Hdgvy

=Vino

Upyy = gy + Aoty + doplt g + AoV + Aoy Vi + dostlyy sy + doglt 5 +dogllyy  +dogV 5 +dogv 2n
Vo = dagl s + gty + digttyyo + dg vy, + dyg vy +digi gy s +diguyy  Fdugy  +digy s +digv,

Uy = dyglyy + d gty +d gty +d gV +dy vy +dustyy s +dygy 5 +dguy  +dgv s +dgv

VIH—I = dSOMIHZ + dSlulHl + d52M]H0 + d53 VIHI + d54vIHO + dSS“J]N—} + d56uJIN—2 + d57uJIN—1 + dSSVJIN—Z + dS‘)vJIN—l

For the part JI when k = N —2, N —1, and the part /H when k =0, 1, Eq. (21) yields:

Ujpn-4

V-4

Uy

Vin-3
Uy s bob 0 b 0 b 0 - 0 0 0 0 0 0 O Uy s Uy s ~Fum-
Vv 00 0 d 0 d 0 4 0 0 O O 0 0 0 O Vs Vs “Fow
Uy -y 00 dso d61 dsz d63 d64 d65 dee d67 dos d69 d70 d71 0 0 Uy Uy ~Fuma
Vo . o0 o0 o 0 d, 0 d 0 4 0 0 0O 0 0 O ol Ve | Vo _ T
Upyo 00 d, dyy dyy dys dyg dyy dyy dyy dyy dyy dy, dyy 0 0 U Uy —F 0
Virro 00 dy dy dy dy dy dyy dyy dyy dyy doy dy, dys 0 0 Vio Virro —F 0
Uy, 0 0 dy d97 dog dyy digy dig diy digy digy dygs dygg d107 digs digo U Uy, -F ..
Virg 00d,, dy dy, dyy dyyy dyys dyg dyyy dyg dyy dyy dyy dyy, dyy Vi Vi —F,,

Uy

Vira

U

Vin (22)
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where the above parameters are defined by Yue (2004).
The in-plane vibration of the riser JH is deduced from
Egs. (12), (14), (17) and (22):

MU +KU =F (23)
or if the influence of Rayleigh damping is included:
MU+CU+KU =F (24)

where the damping matrix C = g M + K , 2,0, = a + o,
and a is a mass damping coefficient and § a rigidity damping
coefficient. In practice, ¢ =0, f=2¢& /w,, For steels,
the damping ratio & =0.02, and the first frequency of
the riser can be excited easily by earthquake, which yields
£=0.04/w,.

3 Numerical results and discussion

For a riser in Bohai Bay, China, the parameters are
detailed in Table 1 where S,=0 indicates that the point / and
G, are the same point, and the point H is fixed, and &, = .

The Tianjin Infrequent Wave (TIW) and the Elcentro
Earthquake Wave (EEW) are respectively applied to the
seismic response analysis of the riser. Figs. 6 and 7 present
respectively the acceleration curves of the Tianjin Infrequent
Wave and the Elcentro Earthquake Wave.

w
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4 I I I I I
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Frequency, Hz

(c) Spectrum in the EW direction

Table 1 The parameters of a typical riser in Bohai Bay, China
(CNOOCRC, 2002)

Parameter Value
Outside diameter D, m 0.2191
Inside diameter d, m 0.19971
Young’s modulus E, Pa 2.03ell
Density p, kg/m’ 7.8¢3
Length of the straight part /,, m 100
Length of the straight part S;, m 0
Radius of the curved part 75, m 1.5955

The fundamental frequency of the riser can be estimated
simply (Yue et al, 20006):

4BZ/EI
S==7— (25)
2nl” \ pF
with
l:b+gg

The fundamental frequency of 0.13 Hz of the riser
system is obtained from Eq. (25) and Table 1. By taking
coefficientsax =0, B=0.04/ @ =0.049, the maximum stresses
are calculated (listed in Table 2), and the stress responses of
the riser due to TIW in the EW direction are shown in Fig. 8.

EN
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(b) SN direction
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Frequency, Hz

(d) Spectrum in the SN direction

Fig. 6 Tianjin Infrequent Wave
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Table 2 and Fig. 8 show that the maximum stress of the riser
is the normal stress due to the bending moment.

Currently, the offshore oilfields in China are located
in water depth of 5-330 m. Table 3 presents the calculated
results of the maximum seismic stresses for different riser
length /,.

The dependence of the maximum stress in the riser on the
length of /, is illustrated in Table 3, showing higher values in
the range of 30m < /,< 100m. Engineering practice requires
that the earthquake influence be included if the maximum
seismic stress in the subsea pipelines exceeds 30 MPa.
Therefore, seismic stresses of the risers for most platforms
must be presented in active earthquake zones for design

checking.

Further analysis of Figs. 6 and 7 prove the dependence
of the seismic stress on the riser length as shown in Table
3. The amplitude or energy of the TIW is focused in a very
small range within 2 Hz, while the EEW within 4 Hz. The
maximum amplitude of the TIW and the corresponding
maximum stress of the riser are focused in the same range
between 0.49 Hz and 1.27 Hz. It is apparent that an increase
in the riser length decreases the fundamental frequency of the
structure, and resonance of the system will occur when the
frequency falls in the range of the frequencies of earthquake
wave, presenting higher seismic stresses in the riser. Shorter
risers induce smaller seismic stresses due to their larger

Table 2 The maximum stress of the riser induced by earthquake waves

(MPa)

Earthquake waves Maximum normal

Maximum shear

Maximum normal Maximum shear stress

in different directions stress of the part J/ stress of the part J/ stress of the part /H of the part /H

TIW in the EW direction 50.3 0.356 48.4 2.07
TIW in the SN direction 44.8 0.333 43.4 1.89
EEW in the EW direction 88.0 0.327 86.2 3.37
EEW in the SN direction 24.1 0.191 235 0.926
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Fig. 7 Elcentro Earthquake Wave
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Fig. 8 Stress responses of the riser induced by the TIW in the EW direction

fundamental frequencies which are far away from frequencies
of earthquake waves. Fixing the risers to the platform legs
by installing clamps is an effective measure to increase the
fundamental frequency of the riser system, which is also in
agreement with the measures for reducing the vortex induced
vibration of the risers. It is recommended that the fundamental
frequency of the riser be higher than 4 Hz in preliminary
design of the system, and Eq. (25) is a basic presentation for
calculating the riser frequency. For detailed design checking
against earthquake waves, methods developed in this paper
are strongly recommended.

4 Conclusions

Risers form an important part of subsea pipelines, and no
criterion for seismic design for risers is available. A dynamic
model for seismic analysis of risers is developed in this paper.
The dynamic equations are derived from the Hamilton theory
and the seismic responses of the riser system are obtained
on the basis of numerical calculation and analysis using the
Newmark Integration Method. The following conclusions can
be made:

1) The maximum stress of the riser is the normal stress.
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Table 3 A comparison of the maximum stresses

Length of the Fundamental

The maximum stress, MPa

straight part /,, m frequency, Hz

TIW, EW direction

TIW, SN direction

EEW, EW direction EEW, SN direction

10 8.61 6.32
20 2.66 38.7
30 1.27 90.6
40 0.75 213
50 0.49 132
60 0.34 78.5
80 0.20 522
100 0.13 50.3
150 0.058 34.8
200 0.033 31.6
300 0.015 255

7.02 6.88 7.21
349 48.0 41.2
112 99.9 87.0
189 149 70.1
138 143 73.5
60.9 140 90.0
46.9 89.8 24.6
44.8 88.0 24.1
329 52.8 30.2
29.2 49.6 20.1
22.7 37.7 33.7

2) The maximum stress in the riser strongly depends
on the length of the riser, and seismic responses must be
provided for riser design in active earthquake zones.

3) The fundamental frequency of the riser system is
the main parameter controlling the seismic responses, and
resonance occurs when the frequency falls in the range of the
frequencies of earthquake waves which will induce higher
seismic stresses in the riser. In this case, methods developed
in this paper are strongly recommended for detailed design
checking.

4) Eq. (25) is a simple solution for preliminary design
of the risers against earthquake waves, making sure that the
fundamental frequency of the riser be higher than 4 Hz. If
not, detailed analysis of seismic responses by applying the
methods developed in this paper is recommended to perform.

5) The Tianjin Infrequent Wave and the Elcentro Wave are
used only for numerical analysis in this paper. For engineering
design of risers, in-situ records of earthquake waves are
strongly recommended for more practical calculations.
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