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ABSTRACT
This study focuses on the prediction of progressive brittle damages on corroded stiffened structures by
using peridynamics. First, deformations of a stiffened structure subjected to uniform static pressure are
investigated, and the peridynamics results are verified with the results from the finite element analysis.
Second, progressive brittle damages on a corroded plate are predicted, and the effects of the corrosion
on the crack path as well as bending strength of the plate are investigated. Next, progressive brittle
damages on a stiffened structure with different corrosion types: localised and shadow corrosions,
subjected to tension are predicted. The effects of different corrosion types on crack propagation and
the strength of the structure are also analysed. Finally, progressive brittle damages on a stiffened
structure subjected to uniform pressure are predicted.
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1. Introduction

Ship and offshore structures are designed with the expectation
of long lifetimes. Since the marine environment is highly cor-
rosive, corrosion is a common phenomenon that attracts much
research effort. Massive corrosion can result in the initiation of
damage and it can also lead to catastrophic failures when the
structures are subjected to extreme conditions.

Brittle fractures can occur in ship structures due to some
critical conditions such as high cycle fatigue loading, low-temp-
erature, high-loading rate, or low weldability of steel (Benac
et al. 2016; Benac et al. 2015; Drouin 2006; Kim et al. 2016;
Kobayashi and Onoue 1943; Sutar et al. 2014). Under low-
temperature conditions, steel can experience the ductile-to-
brittle transition characteristics. Below the critical temperature,
the material suddenly loses ductility and becomes brittle. In
Arctic environments, the temperature can reach to −50oC in
the winter which can cause brittle behaviours of steel materials.
In LNG ships, because the liquefied natural gas is stored at very
low temperatures, a small leakage could cool down the steel
structures and the material behaviours can become brittle.

Poor fabrication and design practices can also contribute to
brittle failures. In 2002, the ship named Lake Carling experi-
enced large brittle fractures on side shells at near 0oC tempera-
tures due to poor fracture arrest toughness of the material
(Drouin 2006). In South Africa, a pressurised ammonia bul-
let-type tank experienced a brittle fracture at near ambient
conditions since it was not stress relieved during the manufac-
turing process (Benac et al. 2016; Benac et al. 2015).

Numerical prediction for progressive damages on the struc-
tures requires the involvement of discontinuities. To date, the
traditional finite element method (FEM) by using the remesh-
ing techniques (Branco et al. 2015; Loghin et al. 2012), or

various modified versions of the FEM such as the extended
finite element method (Bhattacharya et al. 2013; Pathak et al.
2013), have been used. However, since the classical continuum
mechanics (CCM) uses partial differential equations to rep-
resent structural behaviours, the above methods face concep-
tual and mathematical difficulties especially for predicting
multiple crack paths or crack branching. Therefore, additional
criteria or equations need to be used to predict crack growth,
crack direction, and crack branching (Erdogan and Sih 1963;
Eshelby 1951; Hussain et al. 1974; Maiti and Smith 1984).

By contrast, Peridynamics (PD) is a reformulation of the
CCM by using integro-differential equations that are valid in
both continuous and discontinuous models (Silling 2000; Sil-
ling and Askari 2005). Therefore, PD is suitable for predicting
progressive damages even complex fracture phenomena (Ha
and Bobaru 2010; Hu et al. 2012; Madenci and Oterkus
2014; Madenci and Oterkus 2017; Mitchell 2011a; Mitchell
2011b; Nguyen and Oterkus 2020; Oterkus 2015; Oterkus
et al. 2014; Oterkus et al. 2017; Silling and Askari 2005).

To date, PD applications for predicting progressive damages
on ships and offshore structures are still limited. To investigate
these complex structures, the existing 3D PD model becomes
computationally very expensive. Therefore, suitable PD models
for structural simplifications are needed. Specifically, to analyse
the behaviours of slender structures, the PD beam models can
be used. Previous researchers, Diyaroglu et al. (2019), Diyaroglu
et al. (2015), O’Grady and Foster (2014a), developed PD beam
models based on Euler–Bernoulli, and Timoshenko beam the-
ories. These PD models can capture deformations for straight
beams. Recently, Nguyen and Oterkus (2019b) developed a PD
beam model in which each beam element has 6 degrees of free-
dom (DOFs). This PD beammodel can be used to analyse either
straight beams, curved beams, or complex beam structures.
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For thin-walled structures, O’Grady and Foster (2014b)
developed a PD model for flat shells based on Kirchhoff–
Love plate theory. Diyaroglu et al. (2015) developed a PD
model for plates based on Mindlin–Reissner plate theory.

The PD model developed by Diyaroglu et al. (2015) is later
implemented in the finite element framework by Yang et al.
(2019). Chowdhury et al. (2016) developed a PD model for
curved shell structures by introducing a definition of curve

Figure 1. Local and global DOFs for a material point on a flat shell. (This figure is available in colour online.)

Figure 2. Stiffened structure. (This figure is available in colour online.)

Figure 3. Variation of displacement u1 (m) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)
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bonds. Recently, Nguyen and Oterkus (2019a) developed a PD
model for linear elastic deformations of shell structures in
which each shell element has 6 DOFs which can be used to
analyse either flat shells, curved shells, or complex shell struc-
tures. The PD shell model was also suitable for investigating
brittle damages in ship structures (Nguyen and Oterkus
2020). Therefore, this study focuses on predicting progressive
brittle damages on corroded stiffened structures by imple-
menting the PD shell model developed by Nguyen and Oter-
kus (2019a).

2. Peridynamic model for shell structures

In PD, each material point has nonlocal interactions with sur-
rounding material points located within a distance, d, which is
called horizon size. Material points within the horizon of a
material point are called family members of that material
point. The PD equation of motion (EOM) for a flat shell in
its local coordinate system, (x, y, z) as shown in Figure 1,
can be written as (Nguyen and Oterkus (2019a))
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Figure 4. Variation of displacement u2 (m) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)

Figure 5. Variation of displacement u3 (m) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)
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In Equation (1), k is a material point in the PD discretised
model, N represents the number of family members of
material point k, and j represents the family member of
material point k. The parameter V(j) represents the volume
of material point j. The term üL(k) represents the vector of accel-
eration of material point k.

In Equation (3), the term ML
(k) represents the mass matrix.

In Equation (4), the term BL
(k) represents the vector of external

forces and bending moments in local coordinates. The external

forces (Fx(k), Fy(k), Fz(k)) and bending moments (Mx(k), My(k))
have units of N and Nm, respectively. The term FL(k)(j) rep-

resents the PD force densities of the interaction between
material points k and j. The terms Fu(k)(j), F

v
(k)(j), F

w
(k)(j),

Fux(k)(j), F
uy
(k)(j), F

uz
(k)(j) represent the PD force density components

corresponding to the local degrees of freedom u, v, w, ux,
uy, uz, respectively. The PD force densities Fu(k)(j), F

v
(k)(j), F

w
(k)(j)

have units of N/m3. Meanwhile, The PD force densities

Figure 7. Variation of rotation u2 (rad) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)

Figure 6. Variation of rotation u1 (rad) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)

Figure 8. Variation of rotation u3 (rad) predicted by (a): PD, (b): FEA. (This figure is available in colour online.)
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Fux(k)(j), F
uy
(k)(j), F

uz
(k)(j) have units of Nm/m3 (Nguyen and Oterkus

2020).
In the global coordinate system, (x1, x2, x3)as shown in

Figure 1, the peridynamic EOMs can be represented as
(Nguyen and Oterkus 2019a, 2019b)
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with
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whereMG
(k), F

G
(k)(j), and BG

(k) represent the mass matrix, the vec-
tor of PD force densities, and the vector of applied forces and
bending moments in the global coordinate system, respect-
ively. The term T(k)(j)represents the displacement

transformation matrix which can be defined using the director
vectors of the shell.

The damages on the structure can be represented by a local
damage parameter, f, which is the ratio of broken interactions
to the total number of interactions associated with a material
point within its horizon. This parameter is represented as (Sil-
ling and Askari 2005)

f(x(k), t) = 1−

∑N
j=1

m(k)(j)(x(j) − x(k), t)V(j)

∑N
j=1

V(j)

(6)

3. Numerical results

In this section, first, linear elastic deformations of a stiffened
structure subjected to static pressure are presented in Section
3.1. Next, damages in a corroded plate subjected to quasi-static
bending load are predicted in Section 3.2. Later, damage pre-
dictions for stiffened structures subjected to quasi-static

Figure 9. The corroded plate subjected to bending. (This figure is available in colour online.)

Figure 10. Damage evolution on the plate for Case 1 at (a): 20th, (b): 2000th load steps (Displacements are magnified by 10 for the deformed configurations). (This
figure is available in colour online.)
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tension loading and quasi-static uniform pressure are pre-
sented in Sections 3.3 and 3.4, respectively. According to
Diyaroglu et al. (2015) and Nguyen and Oterkus (2019a), accu-
rate results for the behaviours of plates and shells are obtained
by using the PD models with the horizon size of d = 3.015Dx.
Therefore, in this study, the horizon size of d = 3.015Dx is
used.

3.1. A stiffened structure subjected to uniform static
pressure

In this section, a stiffened structure subjected to a uniform sta-
tic pressure is investigated. The dimensions of the structure
and the numbering of plates are shown in Figure 2. The struc-
ture is fixed on the four boundaries as shown in black in Figure
2(a). The plate (1) is subjected to uniform static pressure,
p3 = 107N/m2 in the negative x3 direction. The structure is
made of steel with the elastic modulus of
E = 2.022× 1011N/m2 and the Poisson’s ratio of n = 0.3.
For verification purposes, the linear elastic deformations of
the structure predicted by using PD static analysis (Nguyen
and Oterkus 2019a, 2020) and implicit solver. The results are
compared against FEA results.

In PD, the uniform mesh size of Dx = 0.005m and the hor-
izon size of d = 3.105Dx are used. In FEA, the deformations of
the structure are predicted by using ANSYS. The SHELL181
element with the same mesh size Dx = 0.005m is used.

Figures 3–8 show the variations of 6 global DOFs on the
stiffened structure. As shown in Figure 5, due to the applied
pressure, the middle region of the plate (1) has the highest
deformation in the x3 direction. As a result, all stiffeners are
twisted towards the middle location of the structure due to
the connections with the plate (1) as shown in Figures 3 and
4. As can be seen from the figures, the PD results agree well
with the FEA results which show the accuracy of the developed
PD model.

3.2. Damages on a corroded plate subjected to bending

In this section, damage propagations on a corroded plate with
a pre-existing crack are predicted. The dimensions of the plate
and the corroded regions are shown in Figure 9. The plate is
fixed on the left edge and it is subjected to bending moments
on the right edge. The material has the elastic modulus of
E = 2.022× 1011N/m2, the Poisson’s ratio of n = 0.27, the
fracture toughness of Kc = 70× 106 Nm−3/2(Kalthoff 1988),

Figure 12. Damage evolution on the plate for Case 3 at (a): 20th, (b): 2000thload steps (Displacements are magnified by 10 for the deformed configurations). (This figure
is available in colour online.)

Figure 11. Damage evolution on the plate for Case 2 at (a): 20th, (b): 2000thload steps (Displacements are magnified by 10 for the deformed configurations). (This figure
is available in colour online.)
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and the critical energy release rate of Gc = 2.2714× 104 J/m2.
The material is assumed brittle with linear elastic
deformations.

In the PD model, a uniform mesh size of Dx = 0.0053 m
and the horizon size d = 3.015Dx are used. The plate is inves-
tigated for three corrosion scenarios as;

. Case 1: No corrosion

. Case 2: Corrosion rate of 30%

. Case 3: Corrosion rate of 60%

The corroded regions are represented by reducing the
thickness by 30% for Case 2 and 60% for Case 3. Both in
Case 2 and 3, the thickness is reduced equally on top and
the bottom of the plate. Therefore, the thickness is kept

symmetrically, and the neutral plane of the plate remains at
the middle surface of the plate. The pink areas, cr1a, cr1b,
cr2a, cr2b, in Figure 9 represent the locations of corroded
regions. The plate is subjected to the critical bending moment
per unit length,m2 on the right edge as shown in Figure 9. The
loading condition is assumed as quasi-static and the critical
value of m2 at each load step is chosen as the load required
for crack growth by comparing the bond energy release rate
with the critical energy release rate for each interaction
(Nguyen and Oterkus 2019a, 2020).

Figures 10–12 show the damage evolutions on the plate for
three cases. In these figures, the legend shows the local damage
coefficient which is defined in Equation (6). Under bending
conditions represented in Figure 9, it is expected that the top
surface of the plate is under tension and the bottom surface of

Figure 13. Crack paths on the plate for Case 3 at (a): 20th, (b): 800th, (c): 1000th, (d): 1500th, (e): 2000thload steps. (This figure is available in colour online.)

Figure 14. The required bending moment for crack growth,M2 versus crack tip locations in the x2 direction. (This figure is available in colour online.)
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the plate is under compression. As shown in Figure 10, the crack
propagates straight from the initial locations of
(x1 = 0, x2 = +0.08m) toward two sides of the plate for
Case 1. After 2000 load steps, the crack reaches the locations
of (x1 = 0, x2 = +0.3689 m) as shown in Figure 10(b).
Damage evolution for Case 2 is presented in Figure 11. As
shown in the figure, the crack propagates from the
initial locations of (x1 = 0, x2 = +0.08m) toward two sides
of the plate. After 2000 load steps, the crack reaches the
locations of (x1 = 0, x2 = +0.35 m) as shown in Figure 11(b).

Damage evolution for Case 3 is presented in Figures 12 and
13. In these figures, the black squares represent the corroded
regions in the plate. As shown in Figure 13(b), after 800 load
steps, the crack propagates to the location of
(x1 = 0, x2 = +0.15 m) which are in the inner corroded
regions, cr1a and cr1b (see Figure 9). Moreover, since the
change in thickness between the corroded and uncorroded
materials is significant, there are also small damages at the cor-
ners of the inner corroded regions as shown in Figure 13(b). As
the bending is continuously applied, damages on these corners
are significantly developed as shown in Figure 13(c). There-
fore, after 1500 load steps, the crack branches to link with

the damages at two corners of the inner corroded regions as
shown in Figure 13(d). After 2000 load steps, the crack propa-
gates toward two sides of the plate and reaches the locations at
(x1 = 0.03, x2 = +0.293 m) as shown in Figure 12(b) and
Figure 13(e).

Figure 14 shows the history of the required bending
moment for crack growth in the x2 direction, M2 which is cal-
culated as

M2 = m2 × L2 (7)

where L2 = 0.8 m is the dimension of the plate in the x2
direction.

As it can be observed from the figure, the required bending
moment, M2 for Case 1 reduces gradually from
1.078× 104 N.m at initial load step to 2774 N.m at the final
load step due to the crack growth. According to Figure 14
for Case 2, the initial required bending moment, M2 starts at
8757 N.m and reduces quickly to 5797 N.m as the crack pro-
pagates towards the inner corroded regions. Later, the applied
bending moment increases again and reaches the peak at
9073 N.m when the crack starts propagating beyond the

Figure 15. Stresses at crack tip obtained from FEA (a): von Mises versus crack tip locations, (b): crack tip is going from the corroded region towards the uncorroded
region. (This figure is available in colour online.)
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inner corroded regions as shown in Figure 14. As the crack
continues propagating, the required bending moment,M2

reduces again and reaches the trough at 4123N.m when the
crack tip locations reach the outer corroded regions. As the
crack goes beyond the outer corroded regions, cr2a and cr2b
as shown in Figure 9, the required bending increases again

to 6634N.m. Afterwards, the required bending moment
reduces to the same value as in Case 1.

According to Figure 14 for Case 3, the required bending
moment,M2 starts at 8683N.m and reduces sharply to
3600N.m as the crack propagates towards the inner corroded
regions, cr1a and cr1b. Similar to Case 2, when the crack

Figure 16. Stiffened structure with pre-existing cracks subjected to tension (a): geometry, (b): dimensions of the shadow corrosion, (c): dimensions of the localised
corrosion. (This figure is available in colour online.)

Figure 17. Thickness variation on stiffened structure with the shadow corrosion.
(This figure is available in colour online.)

Figure 18. Thickness variation on stiffened structure with the localised corrosion.
(This figure is available in colour online.)
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grows beyond the inner corroded regions, the required bend-
ing moment reaches the peak at 9088N.m as shown in Figure
14. Later, the required bending moment reduces again and
reaches the value 3738N.m as the crack propagates towards
the outer corroded regions, cr2a and cr2b. After that, the
required bending increases again to 6634N.m when the
crack goes beyond the outer corroded regions. Afterwards,
the required bending moment reduces to the same value as
in Case 1.

Moreover, as opposed to Case 2, the required bending
moment for Case 3 decreases when the crack propagates
within the outer corroded regions, cr2a and cr2b(see Figure
9). This is because after 800 load steps, while the crack is
still propagating within the inner corroded regions, there are
small damages on the corners of the outer corroded regions,
cr2a and cr2b, as shown in Figure 13(b–d). Therefore, because
of the damages at these corners, the required bending moment
decreases when the crack propagates within the outer cor-
rosion regions.

It can be observed from Figure 14 that when the crack pro-
pagates within the corroded regions, the required bending
moment in Case 2 increases. Moreover, the required bending
moment even becomes larger than those in Case 1 when the
crack goes beyond the corroded regions. A similar phenom-
enon is also observed in Case 3. To explain the reason for
this interesting phenomenon, the variations of the von Mises
stress at the crack tip for different predetermined crack lengths
for no corrosion (Case 1) and 30% corrosion (Case 2) plates
are investigated by using FEA. In both cases, the plate is sub-
jected to constant loading m2 = 104Nm/m while the crack
length is continuously changed. For Case 1, as the size of the

pre-existing crack gets bigger, the strength of the plate gets
smaller. Therefore, due to the constant bending load, the stres-
ses at the crack tips become much bigger as shown in Figure
15. In case 2, when the crack tip is going from the corroded
region towards the uncorroded region (from point B to
point C as shown in Figure 15(b)), the thicker part located
ahead of the crack tip (point D) tends to reduce the crack
opening. Since the crack opening is reduced, the stress value
is also reduced with respect to point B. When the crack nearly
passes the corroded regions (the crack tip is at 0.178 m or
0.298 m), the von Mises stress values at the crack tips even
become smaller than those in Case 1. As a result, as shown
in Figure 14, the required bending moment in Case 2 increases
and even becomes larger than those in Case 1 when the crack
passes the corroded regions.

3.3. Damages on a stiffened structure subjected to
tension

In this section, damage propagations on a stiffened structure
with pre-existing cracks subjected to tension, as shown in
Figure 16, are predicted. The material has the elastic modulus
of E = 2.022× 1011N/m2, Poisson’s ratio of n = 0.3, fracture
toughness of Kc = 54× 106 Nm−3/2 (Matthews 1973), and
critical energy release rate of Gc = 1.3123× 104 J/m2. The
structure is fixed on the left side and it is subjected to quasi-sta-
tic tension loading on the right side as shown in Figure 16. The
structure is investigated for three corrosion scenarios as;

. Case 1: No corrosion

. Case 2: Shadow corrosion as shown in Figure 17.

Figure 19. Damage evolution on the uncorroded stiffened structure for Case 1 at (a): 200th, (b): 446thload steps (Displacements are magnified by 100 for the deformed
configuration). (This figure is available in colour online.)
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. Case 3: Localised corrosion as shown in Figure 18.

In the PD model, the brittle damage of the plate is assumed.
The uniform mesh size of Dx = 0.01m and the horizon size of
d = 3.105Dx are used. To represent the shadow corrosion in
Case 2, the thicknesses of the plates are defined as

h1(k) = 0.2h1 + 0.8h1
x2(k)
0.152

+ y2(k)
0.152

( )
if x2(k) + y2(k) ≤ 0.152

h1 otherwise

⎧⎪⎨
⎪⎩

(8)

h2(k) = 0.2h2 + 0.8h2
x2(k)

0.0752
+ y2(k)

0.0752

( )
if x2(k) + y2(k) ≤ 0.0752

h2 otherwise

⎧⎪⎨
⎪⎩

(9)

with h1 = 0.015m and h2 = 0.012 m are the thickness of the
uncorroded plates (1) and (2), respectively as provided in
Figure 16. The parameters h1(k) and h2(k) represent the vari-
ation of plate thicknesses for plate (1) and (2) as provided.

To represent the localised corrosion in Case 3, the thick-
nesses of the plates are defined as

h1(k) =
0.2h1 if |x(k)| ≤ 0.05 and |y(k) − 0.12| ≤ 0.03
0.2h1 if |x(k)| ≤ 0.05 and |y(k) + 0.12| ≤ 0.03
h1 otherwise

⎧⎨
⎩

(10)

h2(k) = 0.2h2 if |x(k)| ≤ 0.05 and |z(k) − 0.11| ≤ 0.03
h2 otherwise

{
(11)

The variations of the thicknesses of plates for the stiffened
structure with shadow corrosion and localised corrosion are
shown in Figures 17 and 18, respectively.

Figures 19 and 20 show the damage evolutions on the
uncorroded structure for Case 1. In these figures, the legend
shows the local damage coefficient which is defined in
Equation (6). As shown in Figure 19, the crack on the plate
(1) propagates horizontally toward two sides of the plate.
Meanwhile, the crack on the plate (2) propagate vertically.
After 446 load steps, the crack on the plate (1) reaches two

edges of the plate while the crack on the plate (2) grows by a
small distance as shown in Figure 19(b) and Figure 20.

To better understand the reason why the crack propagates
quickly on the thicker base plate rather than the thinner stiff-
ener, the structural response for the first load step (when
F1 = 7.4× 105N) is analysed by using FEA. As shown in
Figure 21, the maximum stress occurs at the crack tips of the
base plate. In this example, it is assumed that the structure is
attached to a rigid region at the tip of the plate as shown in
Figure 16(a). In this boundary, all the degrees of freedom are
set equal to zero except u1. Therefore, when the structure is
subjected to tension loading, both the base plate and the stiff-
ener will have the same tensile strain. This results in higher
stress values for the thicker base plate.

Figures 22 and 23 show the damage evolutions on the struc-
ture with shadow corrosion for Case 2. As shown in Figure 22,
the cracks propagate in the same pattern as Case 1. After 309
load steps, the crack on the plate (1) reaches two edges of
the plate while the crack on the plate (2) grows by a small dis-
tance as shown in Figure 22(b) and Figure 23.

Figures 24 and 25 show the damage patterns on the struc-
ture with localised corrosion for Case 3. In this case, since
the corroded region is located ahead of the initial crack on
the plate (2), the crack propagates quickly in the vertical direc-
tion and reaches the top edge of the plate (2) after 200 load
steps as shown in Figure 24(a). Later, the crack on the plate
(1) propagates horizontally toward two sides of the plate.
After 400 load steps, the crack on the plate (1) nearly reaches
two edges of the plate as shown in Figure 24(b) and Figure 25.

Figures 26 and 27 show the history of the required tension
for crack growth, F1 versus the crack length on plate (1) and
plate (2), respectively. The required tension for crack growth,
F1 is calculated as

F1 = f1(a1 + a2) (12)

where f1 is the required tension force per unit length for crack
growth, a1 = 0.4 is the dimension of plate (1) in x2 direction,
and a2 = 0.15 is the dimension of plate (2) in the x3 direction
as shown in Figure 16.

As shown in Figure 26, the required tension force on the
uncorroded structure (Case 1) decreases gradually from
7.395× 105N to 6.46× 104N as the crack on the plate (1)

Figure 20. Final damage on the uncorroded stiffened structure for Case 1 at 446th load step (Displacements are magnified by 100 for the deformed configuration. The
stiffener is moved up by 0.3 m in x3 direction for visualisation purposes). (This figure is available in colour online.)
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Figure 22. Damage evolution on the stiffened structure with shadow corrosion for Case 2 at (a): 100th, (b): 309th load steps (Displacements are magnified by 100 for the
deformed configuration). (This figure is available in colour online.)

Figure 21. Distribution of von Mises stress on the structure at the first load step (when F1 = 7.4× 105N) captured by FEA. (This figure is available in colour online.)
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grows. Similarly, the required tension force on the structure
with shadow corrosion (Case 2) also decreases gradually
from 5.771× 105N to 7.252× 104N. For Case 3, first, the
required tension force drops considerably from
3.962× 105N to 1.904× 105N due to the rapid crack growth
on the plate (2). Later, the required tension force remains
stable at around 2.149× 105N before reaching the peak
value at 3.126× 105N when the crack length on the plate (1)
approaches to 0.3m.

Note that while the crack length on the plate (1) approaches
to0.3m, the crack is propagating in x2 direction from the cor-
roded regions towards the uncorroded regions on the two sides

of plate (1). Afterwards, the required tension force reduces to
1837N as the crack length on plate (1) reaches the final value of
about 0.4 m.

Figure 27 shows the required tension force versus the crack
length on plate (2). As shown in Figure 27, the required ten-
sion force in Case 1 drops from 7.395× 105N to
7.667× 104N with no crack growth for plate (2) since the
crack only propagates on the plate (1) during this period.
Later, the crack on the plate (2) grows by a small amount of
0.026m while the required tension force reduces slightly to
6.46× 104N. For Case 2, first, the required tension force
drops from 5.771× 105N to 1.025× 105N while the crack

Figure 23. Final damage on the stiffened structure with shadow corrosion for Case 2 at 309th load step (Displacements are magnified by 100 for the deformed
configuration. The stiffener is moved up by 0.3 m in x3 direction for visualisation purposes). (This figure is available in colour online.)

Figure 24. Damage on the stiffened structure with localised corrosion for Case 3 at (a): 200th, (b): 400th load steps (Displacements are magnified by 100 for the
deformed configuration). (This figure is available in colour online.)
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Figure 25. Final damage on the stiffened structure with localised corrosion for Case 3 at 400th load step (Displacements are magnified by 100 for the deformed
configuration. The stiffener is moved up by 0.3 m in x3 direction for visualisation purposes). (This figure is available in colour online.)

Figure 26. Total required tension force for crack growth, F1 versus crack length on plate 1. (This figure is available in colour online.)

Figure 27. Total required tension force for crack growth, F1 versus crack length on plate 2. (This figure is available in colour online.)
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on the plate (2) grows by 0.0128m. Later, the crack on the plate
(2) grows by an amount of 0.0111m while the required tension
force reduces slightly to 7.252× 104N. For Case 3, the required
tension force reduces from 3.962× 105N to 1.904× 105N
while the crack on the plate (2) grows by 0.0678 m. Later,
the crack length on the plate (2) reaches 0.15m and the
required tension force drops to 1837 N.

Note that, in Case 2, the corroded region on plate (2)
is within the radius of the crack. Therefore, after the crack
(in Case 2) grows beyond the corroded region on plate
(1), the required tension forces have similar values with
Case 1 as shown in Figure 26. In Case 3, since the
plate thicknesses at the crack tips are reduced by 80%,
the required tension force is significantly lower. Moreover,
as shown in Figure 25, in Case3, the crack propagation in
the stiffener (plate 2) is much more than in other cases
leading to the complete split of the stiffener. Therefore,
the remaining strength of the structure is significantly
reduced for Case3. As a result, after the crack grows
through the corroded regions on plate (1), the required
tension force is still considerably smaller than those in
Cases 1 and 2 as presented in Figure 26.

3.4. Damages on a corroded stiffened structure
subjected to the uniform pressure

In this section, progressive damages on a stiffened structure
subjected to uniform quasi-static pressure as shown in Figure
28 are predicted. The stiffened structure is assumed to have
localised corrosion located at (x1 = 0, x2 = 0.145 m, z = 0)
on plate (1). The dimensions of the localised corrosion are rep-
resented by a = 0.1m, b = 0.01mand the corrosion rate of the
plate is assumed as 60%. The material has the elastic modulus
of E = 2.022× 1011N/m2, the Poisson’s ratio of n = 0.3, the
fracture toughness of Kc = 54× 106 Nm−3/2 (Matthews
1973), and the critical energy release rate of
Gc = 1.3123× 104 J/m2. The structure is fixed on the four
boundaries as shown in black in Figure 28. The plate (1) is sub-
jected to uniform pressure, p3 in the negative x3 direction.
Similar to previous examples, the critical value of pressurep3
at each load step is chosen as the load required for crack
growth by comparing the energy with the critical energy
release rate value for each interaction (Nguyen and Oterkus
2019a, 2020).

In the PD model, the brittle damage of the plate is assumed.
The uniform mesh size of Dx = 0.005m and the horizon size
d = 3.015Dx are used. To represent the localised corrosion,
material points located within the corroded regions are
defined and the thickness of the plate (1) at these points is
reduced by 60% as shown in Figure 29.

Figure 30 shows the damage evolution on the stiffened
structure. In the figure, the legend shows the local damage
coefficient which is defined in Equation (6). As shown in
Figure 30(a), after 100 load steps, the damage initiates at the
location of the corroded region. As shown in Figure 30(b),
as the pressure is continuously applied, the damage grows
along the line AD (Figure 28). It can be observed from Figure
30(b) that after 1000 load steps, the crack changes its direction
and then moves along line AB and DC as shown in Figure 30
(c). Later, the crack changes its direction again and moves
along line BC as shown in Figure 30(d). As can be observed
from the figures, the crack changes its direction due to the
presence of the stiffeners. Similar behaviour is also predicted
for a pipe with a strap (Ambati and De Lorenzis 2016).

Figure 28. The corroded stiffened structure. (This figure is available in colour online.)

Figure 29. Variation of thickness on the corroded stiffened structure. (This figure
is available in colour online.)
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Figure 30. Damage on the stiffened structure subjected to quasi-static pressure at (a): 100th, (b): 1000th, (c): 2000th, (d): 3000th load steps (Displacement is magnified
by 10 for deformed configuration). (This figure is available in colour online.)

Figure 31. Damage on the plate (1) at (a): 100th, (b): 1000th, (c): 2000th, (d): 3000th load steps (Displacement is magnified by 10 for deformed configurations. The black
dash lines represent the locations of the stiffeners). (This figure is available in colour online.)
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To visualise the damage patterns, the damage evolution on
the plate (1) is shown in Figure 31. As can be observed from
Figure 31, the damage propagates along the four intersection
lines, AD, AB, DC, BC, between the plate (1) and the four stiff-
eners. After 3000 load steps, the damage nearly develops to a
closed region as shown in Figure 31(d).

Figure 32 shows the history of the required pressure for
crack growth. As shown in Figure 32, to initiate the first
damage, the required pressure needs to reach the peak at
1.913× 106N/m2. During the first 240 load steps afterwards,
the required pressure reduces quickly to 1.227× 106N/m2

since the damage propagates within the corroded region.
When the damage starts propagating beyond the corroded
region, the required applied pressure increases significantly
to 1.628× 106N/m2 at 360th load step. Afterwards, the applied
pressure continuously reduces due to the damage growth.
After 3000 load steps, the required pressure reduces to
9.477× 104N/m2.

4. Conclusions

In this study, progressive damages on corroded stiffened struc-
tures are predicted by using the peridynamic shell model for
the first time in the literature. The accuracy of the PD model
for static deformations of a stiffened structure subjected to
the uniform static pressure is verified by comparing against
FEA. The PD and FEA results have good agreements.

The PD shell model is further used to predict progressive
damages on a plate with localised corrosions subjected to
bending in three cases, including the uncorroded plate, the
plate has a corrosion rate of 30%, and the plate has a corrosion
rate of 60%. It is observed that the crack patterns on the uncor-
roded plate and plate with the corrosion rate of 30% are simi-
lar. For the plate with the corrosion rate of 60%, the crack

branches when it propagates from corroded regions to uncor-
roded regions.

Furthermore, the effects of the localised corrosions on the
required critical bending moments are also investigated. It is
found that due to the corrosions, the values of the critical
bending moments reduce significantly. Moreover, it is also
observed that the required bending moments increase and
reach the peak values when the crack goes from the corroded
regions to uncorroded regions.

The PD model is also further used to predict progressive
damages on a corroded stiffened structure subjected to ten-
sion. Three different scenarios, including the stiffened struc-
ture without corrosion, localised corrosion, and shadow
corrosions, are investigated. The crack paths observed for
the uncorroded structure and the structure with shadow cor-
rosion are similar. Specifically, first, the crack grows on the
horizontal plate. Later, the propagates towards the vertical
plate. On the other hand, for the structure with localised cor-
rosion, the crack grows quickly on the vertical plate due to the
localised corrosion located ahead of the crack tip on that plate.
Later, the crack on the horizontal plate also propagates.

Finally, progressive damages on a corroded stiffened struc-
ture subjected to uniform quasi-static pressure are also pre-
dicted. It is observed that damage initiates at the location of
the corroded region which has reduced thickness. Later, the
crack propagates along the intersection lines between the
base plate and the four stiffeners. At the final load step, the
crack pattern nearly becomes a closed path. The effects of
the stiffeners on the crack paths predicted in this study are
similar to the numerical predictions given by Ambati and De
Lorenzis (2016).

In this study, the PD equations of motion are solved
implicitly. Since each material point in PD has many nonlocal
interactions with its family members, the stiffness matrix in
PD has more nonzero elements than those in FEA. Therefore,

Figure 32. History of required pressure for crack growth,p3 for the stiffened structure. (This figure is available in colour online.)
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the PD simulations are more expensive than FEA simulations.
However, the PD shell model used in this study shows the capa-
bility to predict complex brittle damage patterns in stiffened
structures including crack branching without any special treat-
ment or additional equations. The current PD shell formulation
is applicable for brittle fracture like steel at cold temperatures.
As a future study, the PD shell model can be extended to plastic
deformations that can capture ductile fractures which are com-
mon damages on ships and offshore structures.
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