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Abstract: Submarine pipelines experience continuous exposure to complex
loading conditions during operation, including external hydrostatic pressure, ax-
ial tension and bending moment. The interactive effects of combined loadings
significantly amplify structural vulnerability to catastrophic collapse, particularly
when interacting with corrosion defect. This investigation presents a comprehen-
sive theoretical framework for assessing the collapse capacity of corroded pipes
under complex combined loadings. Firstly, an augmented mechanical model was
developed through rigorous elastoplastic analysis. Subsequently, systematic par-
ametric studies were conducted to quantify the relative influence of critical fac-
tors including initial ovality, defect sizes, and initial loading. The results shown
that the defect width and initial ovality were important parameters that affected
the collapse capacity, but the influencing level varied with the magnitude of the
initial loadings.
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1 Introduction

The structural integrity of subsea pipelines is paramount to ensuring the safety and re-
liability of deepwater oil and gas transportation systems. In harsh marine environments,
pipelines are inevitably subjected to complex loadings and aggressive corrosion mech-
anisms, which synergistically degrade the load-bearing capacity. Among the loading
situations, a particularly common scenario is bending in the presence of external pres-
sure and axial tension. Under the complex combined loadings, the appearance of cor-
rosion defect would lead the pipes more prone to disastrous buckling and collapse.
Over the past years, researchers have carried out for predicting the collapse behav-
iour of subsea pipes under combined loading. For instance, Bai et al. [1-3] examined
the collapse of offshore pipes under external pressure, axial tension and bending, and
pointed out that collapse mode of pipes under combined loadings included circumfer-
ential collapse, bending collapse and axial collapse. Moreover, Gong et al. [4-5] studied
the collapse of subsea pipes under combined loadings with theoretical and numerical
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efforts, and then investigated the influencing level of geometric characteristics, steel
grade and initial ovality on the collapse capacity. By contrast, the studies for the cor-
roded pipes when subjected to combined loadings are less developed.

To address this challenge, this study established a comprehensive analytical frame-
work to investigate the collapse performance of pipes with corrosion defect when sub-
jected to external pressure, axial tension and bending. An extended theory model was
carried out, with the pipe simplified into two-dimensional ring and corrosion defect
simplified into rectangular shape. Additionally, parametric analyses were conducted to
quantify the impacts of initial loadings, defect size and initial ovality on collapse of
corroded pipes under combined external pressure, tension and bending.

2 Theoretical model

As shown in Figure 1, a circular pipe containing rectangular defect subjected to com-
bined loading conditions, including external hydrostatic pressure P, axial tensile force
T, and bending moment M was selected, with the mean radius R and wall thickness .
The defect was assumed to be symmetrically distributed on both inner and outer sur-
faces. Note that the initial ovality 49 was also considered, and the induced radial dis-
placement w(6) and variational mean radius R(¢) were defined as:

w,(@)=R(O)—-R=R—-R-A,-cos(20)—R=—-R-A, -cos(28), )

max min

Dmax + D
of pipes’ outer diameter, respectively [6].

where 4, = , Dimin and Dmax represent the minimum and maximum values

min

V2

Figure 1. Geometric parameters and coordinate system of theoretical pipe model.

The kinematic description of the theoretical model used a coordinate system (x, 6,
z), where the displacement components were denoted by u (axial), v (circumferential),
and w (radial), respectively. Besides, 7 represents the through-thickness coordinate
measured from the neutral surface. Note that two fundamental kinematic assumptions
were adopted: (1) plane sections remained normal to the mid-surface throughout defor-
mation, (2) small strain behaviour while accounting for finite rotations [5].



102 L. Zhou et al.

The strain components of arbitrary points in the theoretical model could be expressed
as:

X X s (2)
0
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in which &' means the axial strain of the neutral surface, local curvature
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cumferential strain induced by 4o, which do not cause stresses. For the material, the
Ramberg-Osgood (R-O) model was used to represent the strain-stress relationship,
which was formulated as [7]:

) “

where E refers to the elastic modulus, oy stands for the effective yield stress, and n
means the strain hardening parameter.

The elastoplastic response of the material was elucidated through the implementa-
tion of J> deformation theory with isotropic hardening, effectively capturing the inher-
ent material nonlinearity. Mechanical analysis revealed that the radial stress component
arising from external hydrostatic pressure exhibited substantially lower magnitudes
compared to both axial and circumferential stress field, thereby justifying its exclusion
from consideration [5]. Consequently, shear stress components were similarly postu-
lated to exert negligible influence on the structural response. This fundamental simpli-
fication enabled the reduction of the pipe architecture to a planar ring, leading to the
derivation of the incremental constitutive relationship as expressed as [8]:
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The governing equilibrium was rigorously derived through application of the virtual
work principle, which mandated satisfaction of the fundamental equilibrium equation
throughout the loading sequence:

IV 0,0¢,dV = oW, .

(6)
For the corroded pipe, Equation (6) was considered in the incremental form:
nt+f p(1=d)/2 ) . .
I J. (- d/z (6, 0 +6, 0¢,)drdo
n-p et/2 , . . . .
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where (8) is equal to the original value plus incremental value, 5We represents the

cumulative virtual work increment resulting from combined loadings, whose constitu-
ent components can be expressed as:

. 2W-Ow+2v-0v
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viow mwroy (external pressure), (®)
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5W T G, (axial tension). 9

It should be noted that the curvature was pre-set before loading, the incremental vir-

tual work caused by bending moment was 0. The equilibrium state equations were then

discretized, wherein the radial and circumferential displacement components were rep-
resented as Fourier series expansions:

N
w= R{a0 +> (a,-cosnf+b, ~sinn9)}
- , (10)

n=2

N
v= R{Z(cn -cosn@+d, -sin ne)}
: (1)

The mathematical formulation was established through the ring theory and the con-
stitutive relat1onsh1p of pipe material, yielding 4V algebraic equations expressed with

&, a,, b, d which was subsequently resolved via the Newton-Raphson

x 2 n

method. Moreover, the integral in Equation (7) was evaluated by the Gaussian integral
scheme, with k and m Gaussian integral points in circumferential and radial directions.
Prior to analysis, essential input parameters including geometric dimensions, material
properties, and initial geometric imperfections required explicit specification.
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3 Ilustrative Example

A numerical validation case was conducted to demonstrate the proposed theoretical
framework's application to corroded pipes. The benchmark specimen was characterized
by the following geometric parameters: D = 323.85 mm, D/t = 20.4, d/t = 0.4, c/nD =
0.05, and 49 = 0.1%. The material behaviour was described using the R-O constitutive
model: E=207 GPa, gp5s =450 MPa, n =13, and v = 0.3. The Fourier series expansion
was truncated at N = 10, while numerical integration was performed using 120 and 10
Gaussian quadrature points in the circumferential and radial directions respectively.

Note that during the service operations, corroded pipes under constant external pres-
sure were simultaneously subjected to combined axial tension and bending. To accu-
rately replicate the loading scenarios, a loading path of P-T-x was implemented. That
is, gradually applying external pressure P to predetermined values and then imposing
axial tension 7 until reaching specified load thresholds. Finally initiating curvature x
through moment application while preserving established P-T states.
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Figure 2. Collapse of the illustrative case under P = 5 MPa and 7/70 = 0.2. (a) Maximum
stress-curvature response. (b)Strain-curvature response. (¢) Moment-curvature response. (d)
Ovality-curvature response.

Figure 2 present collapse of corroded pipes with applied curvature under P =5 MPa
and 7/Ty = 0.2. It could be seen that the sectional moment exhibited a nearly linear
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growth with minimal variation in axial strain before the maximum stress reaching the
material yield strength (x < 0.013 m™). As the curvature further increased, the pipe
material entered the elastoplastic phase followed with progressive reduction in moment
growth rate, while the axial strain demonstrated linear amplification. Moreover, the
collapse occurred at a critical curvature of 0.1575 m™!, with the corresponding collapse
moment reaching 740.19 kN-m. Meanwhile, the oval deformation accelerated after the
pipe collapsed.

4 Parametric Sensitivity Analysis

4.1 Initial Loading

Figures 3-4 present the variation curves of sectional bending moment and ovality with
loading curvature for corroded pipes under different initial loadings. It could be seen
that the collapse capacity of corroded pipes was significantly influenced by initial load-
ing. As shown in Figure 3, when the loading curvature was relatively small, the sec-
tional bending moment under various initial external pressure progressively increased.
However, as the applied curvature got larger, the case under P = 20 MPa first entered
the steady ascending phase and consequently initiated collapse at the earliest stage. A
similar trend was also observed in the ovality development (as shown in Figure 3(b)),
where pipes subjected to higher initial external pressure exhibited accelerated ovaliza-
tion, which indicated that increased external pressure exacerbated structural defor-
mation in corroded pipes during bending loading processes.
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Figure 3. Theoretical predictions of corroded pipes under varied external pressure and 7/7o =
0.4.

In the same way, Figure 4 also shows the evolution of bending moment and ovality
with curvature for corroded pipes under varying initial axial tension. Needless to say,
the increased initial axial tension accelerated the onset of collapse while reducing the
corresponding critical bending moment, accompanied by amplified oval deformation.
Notably, for the case of 7/7y = 0.8, the corrode pipe already exhibited substantial
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ovalization during the combined loading phase, entering the plastic plateau regime at
the initial curvature loading stage.
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Figure 4. Theoretical predictions of corroded pipes under varied tension and P = 10 MPa.
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Figure 5. Collapse moment-initial axial tension of corroded pipes under varied external pres-
sure.

The influence of initial external pressure and tension on the collapse moment of cor-
roded pipes is also comprehensively investigated. As illustrated in Figure 5, the rela-
tionship curves demonstrated that increasing initial loadings P and 7/7; led to signifi-
cant reduction in bending capacity. Take P = 5 MPa for example, the collapse moment
decreased by 339.2 kN-m as the axial tension increased from 0 to 0.8. But the reduction
became more pronounced, evidenced by a larger decrease of 482.4 kN-m under P =20
MPa, which indicated that axial tension exerted more substantial influence on bending
capacity degradation in deeper water environments.

A similar amplification effect was also observed regarding initial external pressure.
The difference in collapse moment among various initial external pressure conditions
progressively enlarged with increasing axial tension, which meant that the detrimental
effect of initial external pressure on bending resistance became particularly prominent
when combined with high axial tensile loads.
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Overall, the combined effect of axial tension and external pressure on the collapse
capacity of corroded pipes exhibited a nonlinear synergistic interaction rather than a
simple linear superposition. The amplification effect between these two factors was
particularly noteworthy: an increase in either loading component intensified the detri-
mental influence of the other on the collapse moment.

4.2  Defect Width

In order to study the influence of defect sizes on the collapse performance under com-
bined loadings, the following parameters were selected: D/t = 20.4, d/t = 0.4, ¢/nD =
0.025, 0.050, 0.100, 0.150, 0.200, 49 = 0.1%, P = 10, 20 MPa, 7/T, = 0, 0.2, 0.4, 0.6,
0.8. Thus, a total of 50 models were carried out.

After simulating the collapse events of established models with varying defect
widths, the collapse moment Mcor Was plotted against the applied axial tension under
different external pressure in Figure 6. As excepted, the collapse moment demonstrated
a nonlinear reduction as the applied axial tension and defect widths increased, and the
decrement also decreased as the defect became wider. Take P = 10 MPa as a repre-
sentative case, the corroded pipe with ¢/nD = 0.025 experienced a collapse moment
reduction of 401.8 kN-m as 7/7) increases from 0 to 0.8, whereas the pipe with ¢/nD =
0.2 shown a smaller decrement of 359 kN-m, which indicated the sensitivity of ultimate
bending capacity applied axial tension diminished with increasing defect width.

Furthermore, the divergence in collapse behaviour between different defect widths
became more pronounced with increasing external pressure, which demonstrated that
the sensitivity of collapse moments to defect width was pressure-dependent, with
greater influence observed in deeper subsea environments where hydrostatic pressures
were elevated.
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Figure 6. Collapse response of collapse moment versus initial axial tension for corroded pipes
with different defect widths. (a) P =10 MPa. (b) P =20MPa.
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4.3  Initial Ovality

The initial imperfection is a vital parameter affecting the collapse behaviour of offshore
pipes [9-10]. Here in this section, the effect of initial ovality was examined with the
following parameters chosen: 4o = 0.1%, 0.5%, 1.0%, 1.5%, 2.0%, P =10 and 20 MPa,
T/Ty=0,0.2,0.4, 0.6 and 0.8. It should be noticed that for the cases of 4o =2.0% under
T/Ty=0.6, 49=1.5% and 2.0% under 7/Tp = 0.8, the corroded pipes had been collapses
under P =20 MP, and 3 models was deleted to ensure the successful loading of curva-
ture. Accordingly, 47 theoretical models were built, and the theoretical predictions are
displayed in Figure 7.
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Figure 7. Collapse response of collapse moment versus initial axial tension for corroded pipes
with different initial ovalities. (a) P =10 MPa. (b) P = 20MPa.

Under constant initial loadings, the collapse moment exhibited progressive degrada-
tion with increasing initial ovality and axial tension. As the initial P intensified, the
differences of collapse moments among varied ovality cases progressively became
larger, which revealed that the sensitivity of ultimate bending capacity to initial ovality
got more pronounced under deeper service environments.

5 Conclusion

This investigation presented a comprehensive theoretical analysis of the collapse mech-
anisms affecting corroded pipes subjected to combined external pressure, axial tension
and bending. An enhanced theoretical framework was developed to predict the collapse
response of corroded pipe sections under complex loading scenarios. Based on the pro-
posed theoretical model, extensive parametric sensitivity analyses were developed to
examine the influencing level of some key factors on the collapse of corroded pipes
under combined loading. Some conclusions can be drawn as follows:

(1) The ultimate bending capacity of corroded pipes shown progressive deterioration
under escalating external pressure and axial tension. A nonlinear coupling effect was
observed between these two loading components, the amplification of one load
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parameter would exponentially intensify the degrading influence of the other on struc-
tural collapse resistance.

(2) As the defect width increased, the collapse moment of corroded pipes under com-
bined loadings decreased monotonically. Besides, the negative effect was insensitive to
the initial axial tension, but became more pronounced as the initial external pressure
got larger.

(3) Geometric imperfections played a critical role in determining the collapse of cor-
roded pipes subjected to combined loadings. Specifically, the bending moment re-
sistance exhibited an inverse correlation with initial ovality. This geometric sensitivity
was further exacerbated under elevated external pressure, demonstrating a pressure-
dependent amplification effect on structural vulnerability.
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