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ABSTRACT
In this study, an alternative modelling approach for absorbed hydrogen stress corrosion cracking (SCC) is pro‑

posed, with hydrogen‑enhanced decohesion (HEDE) identified as the key failure mechanism. All analyses have been
performed by utilising only ABAQUS standard elements, COH2D4T and CPE4T, already available within the software
andwithout the need to develop external subroutines. The study also tends to highlight the criticality of implementing a
correct Traction Separation Law (TSL) curve to simulate the hydrogen diffusionwithin the specimen and using the con‑
cept of dynamic hydrogen penetration by continuously updating the hydrogen concentration boundary conditions as
the crack propagates. In conclusion, this study successfully demonstrated that standard software elements (COH2D4T
and CPE4T) can effectivelymodel physical problems and crack velocity propagationwithout custom subroutines. It em‑
phasized that while the specific shape of the Traction‑Separation Law (TSL) is less critical, its correct implementation
is vital for simulating dynamic hydrogen coverage. Crucially, excluding this dynamic coverage—a common practice—
risks significantly underestimating crack propagation speed. Although results incorporating dynamic coverage aligned
well with experimental data, minor discrepancies are likely due to unmodeled factors like material property variations,
hydrogen trapping, temperature, and granular microstructure, which are proposed for future research.
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1. Introduction

Hydrogen power is a key focus in the global shift
toward sustainable energy due to its high benefit from
environmental point of view and energy density, as
it produces no harmful emissions [1,2]. For hydrogen
to achieve widespread commercial use, efficient trans‑
portation methods are essential. One cost‑effective ap‑
proach for large‑scale hydrogen distribution is inject‑
ing it as mixture with natural gas (i.e., blending) into
existing natural gas pipelines [3,4]. Nevertheless, this
method (blending) presents a significant challenge: hy‑
drogen embrittlement (HE). When hydrogen concentra‑
tions rise, pipeline steel can lose ductility, increasing the
risk of cracks and structural failures.

In late 2020, the UK government introduced its
Green Industrial Revolution, made by a Ten‑Point Plan,
this plan featured several key initiatives. Among these
was a focus on hydrogen energy, with the goal of collab‑
oratingwith industries to achieve 5GWof low‑carbonhy‑
drogen production by 2030. This initiative aims to sup‑
port sectors such as transport, power generation, and
residential heating. Additionally, the plan includes an
ambitious target to establish the first fully hydrogen‑
powered town by 2030.

With those points in mind, it is interesting to con‑
sider how the existing infrastructure in the UK Conti‑
nental Shelf (UKCS) can potentially provide support to
achieve the above points and the overall government net
zero target.

As noted in studies [5,6], the UK Continental Shelf
(UKCS) contains more than 250 offshore platforms and
an extensive pipeline network spanning approximately
45,000 kilometres. With many of these assets approach‑
ing the end of their operational lifespan, oil and gas
companies have been actively developing strategies to
decommission them in a cost‑efficient manner. Conse‑
quently, repurposing or extending the service life of ex‑
isting offshore pipelines has become a key focus. Exten‑
sive research has been and continues to be carried out
to investigate how hydrogen exposure affects the struc‑
tural integrity of steel pipelines.

Hydrogen embrittlement (HE), sometimes referred
to as hydrogen‑induced cracking (HIC) or hydrogen‑

assisted fracture, is a phenomenon where the absorp‑
tion of hydrogen by a metal reduces its ductility. Due to
their tiny size, hydrogen atoms can diffuse into metallic
structures, weakening the material and decreasing the
stress needed for crack formation and growth. This pro‑
cess leads to a loss of toughness, making the metal more
prone to brittle failure. While HE is particularly common
in steels, it can also affect other metals, including nickel,
iron, cobalt, titanium, and their respective alloys.

Hydrogen embrittlement can lead to material fail‑
ure even when steel is subjected to non‑cyclical loads.
Specifically, stress corrosion cracking (SCC) occurs as a
gradual breakdown of the material, caused by sustained
tensile stress (rather than cyclic stress) combined with
exposure to certain liquid or gaseous environments [7].

The earliest instances of catastrophic stress cor‑
rosion cracking (SCC) failures date back to the early
1800s, with numerous boiler explosions resulting in sig‑
nificant loss of life. Initial scientific recognition of this
phenomenon came in 1873, when Johnson identified it
through laboratory experiments [8]. Despite extensive re‑
search and considerable resources invested in studying
SCC, devastating failures continue to occur, highlighting
the need for further investigation to better comprehend
this particular failure mechanism.

Hydrogen embrittlement (HE) causes amultifaceted
deterioration process in metallic materials, involving
both mechanical and physicochemical interactions. Stud‑
ies indicate that hydrogen exposure alters fracture be‑
haviour, shifting it from ductile mechanisms—such as
micro void coalescence (MVC)—in hydrogen‑free condi‑
tions to brittle fracture modes, including quasi‑cleavage
(QC), intergranular (IG), and trans granular (TG) frac‑
tures, when hydrogen is present [9,10].

Several classical theories have been established
to explain the hydrogen embrittlement (HE) mecha‑
nism, with three being the most widely recognized.
The first is the hydrogen‑enhanced decohesion (HEDE)
model [11–14], which proposes that hydrogen atoms pene‑
trating the steel lattice induce expansion and decrease
surface energy, weakening atomic bonds. The second
theory, referred to as the hydrogen‑enhanced localized
plasticity (HELP) mechanism [15–18], proposes that hy‑
drogen in solution promotes dislocation motion, reduc‑
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ing the effective yield strength and enhancing localized
plastic deformation, even under low stress or minimal
stress intensity. The thirdmodel, termed the adsorption‑
induced dislocation emission (AIDE) mechanism [14–18],
postulates that hydrogen aids in dislocation nucleation
and propagation, leading to critical failure conditions
where crack initiation and growth result from hydrogen‑
assisted damage.

A recent study by Djukic and colleagues [19] sug‑
gests that hydrogen embrittlement (HE) results from the
combined influence of the HELP and HEDE (Hydrogen‑
Enhanced Decohesion) mechanisms, along with their
synergistic interaction. Current research indicates that
none of the three major theories alone can fully explain
the HE phenomenon. Instead, varyingmechanical condi‑
tions may align with different theoretical models [20].

In recent years, numerical simulation has gained in‑
creasing recognition as a valuable approach for hydro‑
gen embrittlement (HE) analysis. Combining experimen‑
tal data with numerical modelling can significantly en‑
hance the overall understanding of hydrogen‑steel in‑
teractions. Researchers such as Sofronis and McMeek‑
ing [21], Krom et al. [22] and Taha and Sofronis [23], and
have contributed to advancing numerical frameworks
that integrate hydrogen diffusion with mechanical re‑
sponse.

Cohesive zone modelling (CZM) [24] has gained con‑
siderable attention as an effective method for studying
material failure. Previous research has explored the in‑
teraction betweenhydrogendiffusion inmetals andCZM
by incorporating hydrogen‑induced degradation laws.
To integrate hydrogen‑related mechanisms into numer‑
ical simulations, several studies have employed quan‑
tummechanics and first‑principles calculations to exam‑
ine hydrogen’s role in weakening atomic bonds. For in‑
stance, Jiang and Carter [25] used periodic density func‑
tional theory to demonstrate that the ideal fracture en‑
ergy declines nearly linearly with higher hydrogen cov‑
erage. Similarly, Serebrinsky et al. [26] developed a com‑
putational model to assess hydrogen‑assisted damage
in high‑strength steel, aligning their findings with ex‑
perimental data under the hydrogen‑enhanced decohe‑
sion (HEDE) mechanism. Additionally, Sobhaniaragh
et al. [27] introduced a fully coupled framework combin‑

ing hydrogen diffusion and elastoplastic deformation
within CZM to simulate hydrogen‑induced cracking in
high‑strength steels.

Modelling hydrogen‑induced fracture involves in‑
tricate computational steps, such as analysing transient
hydrogen diffusion, which depends on determining the
stress‑strain response of elastic‑plastic materials. Ad‑
ditionally, the influence of hydrogen‑induced material
degradation on fracture behaviour must be integrated
into the cohesive zone model (CZM) Therefore, inves‑
tigating hydrogen embrittlement requires a combined
approach using experimental studies and finite element
simulations.

Hydrogen embrittlement (HE) remains a critical
challenge in structural integrity, particularly for high‑
strength metals used in aerospace, automotive, and en‑
ergy industries. Despite decades of research, existing
HE models still exhibit significant deficiencies in accu‑
rately predicting material failure under hydrogen en‑
vironments. These shortcomings arise from the com‑
plex interplay between hydrogen diffusion, microstruc‑
tural interactions, and mechanical loading, which cur‑
rentmodels often oversimplify. As per above, traditional
approaches, such as phenomenological fracture criteria
and decoupled diffusion‑mechanics models, fail to cap‑
ture the synergistic effects of hydrogen‑enhanced local‑
ized plasticity (HELP), hydrogen‑enhanced decohesion
(HEDE), and dislocation‑hydrogen interactions. More‑
over, most models lack predictive capabilities across dif‑
ferent material systems and loading conditions, limiting
their applicability in engineering design.

The importance of advancingHE research lies in en‑
suring the safe deployment of hydrogen‑based technolo‑
gies, such as fuel cells and hydrogen storage systems,
where material failure can have catastrophic conse‑
quences. Additionally, the growing use of high‑strength
alloys in extreme environments (e.g., deep‑sea pipelines,
nuclear reactors) necessitates accurate HE prediction
tools to prevent premature failures. Improved models
could also aid in alloy design, enabling the development
of HE‑resistantmaterials through computational screen‑
ing.

Recently a number of studies have been conducted
to analyse the effect of hydrogen embrittlement on
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material behaviour and the key modern trends in HE
modelling are: Multi‑Scale Integration: Linking quan‑
tum/atomistic insights to macroscopic component per‑
formance [28,29]; Coupled Diffusion‑Stress Modelling: Sim‑
ulating how stress fields and plastic deformation influ‑
ence hydrogen transport and trapping [30,31]; Machine
Learning (ML): Using data‑driven approaches to predict
HE susceptibility and identify critical parameters [32]; and
finally Focus on Specific Microstructural Features: Explic‑
itly modelling grain boundaries, precipitates, and phase
interfaces [33–35].

This study aims to model hydrogen‑induced brittle
fracture using conventional ABAQUS elements. A two‑
dimensional plane strain element was utilized to anal‑
yse hydrogen‑assisted fracture behaviour through a two‑
stage process involving stress evaluation, hydrogen dif‑
fusion assessment, and cohesive zone stress analysis un‑
der hydrogen influence. The cohesive zonemodel (CZM)
incorporated a bilinear traction‑separation law (TSL),
with an additional examination of howhydrogen concen‑
tration affects TSL degradation. The key innovations and
findings of this research include:

• Novel Simulation Approach: Development of a
new technique to model hydrogen embrittlement
using ABAQUS standard elements (COH2D4T and
CPE4T).

• Cohesive Element Analysis: Assessment of cohesive
element efficiency and the impact of TSL geometry
on model performance.

• Advanced Hydrogen Diffusion Modelling: Imple‑
mentation of a specialized algorithm designed to:
◦ Track the evolving crack tip location.
◦ Apply saturated hydrogen coverage along

newly formed crack surfaces
◦ This process replicates the infiltration of aque‑

ous solutions into the material as the crack
propagates—a critical aspect overlooked in ex‑
isting literature.

In summary, the main novelty of the proposed
study is to demonstrate the capability of ABAQUS stan‑
dard software elements (COH2D4T and CPE4T) to ef‑
fectively model the physical problem and crack velocity
propagation without custom subroutines. Moreover, the

effect of Dynamic Hydrogen Coverage (DHC) is consid‑
ered to accurately represent hydrogen diffusion as the
crack propagates.

2. Materials and Methods
This research investigates hydrogen embrittlement

through a fully coupled thermomechanical model, im‑
plemented using the finite element software ABAQUS
by utilising the analogy between variables in heat trans‑
fer and mass diffusion. Hydrogen transport is typi‑
cally modelled using diffusion equations derived from a
phenomenological framework, where material domain
fluxes and mass conservation principles are applied [36].
As discussed earlier, hydrogen atoms contribute to ma‑
terial degradation by weakening atomic bonds, influenc‑
ing dislocation behaviour, and altering mechanical prop‑
erties.

Furthermore, hydrogen diffusion is affected by the
stress‑strain field, primarily through two key factors: hy‑
drostatic stress and plastic strain. Hydrostatic stress in‑
duces lattice expansion, driving hydrogen atoms toward
dilated regions, while plastic strain generates crystal de‑
fects that act as trapping sites for hydrogen. This inter‑
action is particularly significant near crack tips, where
plastic strain becomes highly concentrated. Due to these
mechanisms, hydrogen diffusion models often adopt a
dual‑phase approach, treating trapped and lattice hydro‑
gen as distinct chemical species.

This research followswidely accepted assumptions
in the field, with the model grounded in the equilibrium
framework established by Oriani [37]. In this context,
the notation L denotes lattice sites, while T represents
trap sites. A key assumption is that trap sites are iso‑
lated, meaning they do not interconnect to form a con‑
tinuous network. Consequently, hydrogen diffusion be‑
tween trap sites occurs primarily through lattice diffu‑
sion.

The hydrogen effect on the cohesive elements is
consideredbymodifying theTSLbased onhydrogen con‑
centration. To this intent, the hydrogen coverage param‑
eter is introduced and defined as:

ψ =
SHC

SHCSV
, (1)
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where represents the surface hydrogen concentration at
the crack tip, while denotes the saturation value of the
surface hydrogen concentration.

To accurately assess the reduction in material
strength caused by hydrogen localization and its impact
on fracture mechanics, it is essential to couple the diffu‑
sion andmechanical fields. Hydrogen adsorption and its
migration along grain boundaries can induce localized
embrittlement, altering the material’s behaviour under
mechanical loading. According to Lynch [8], this process
can be attributed to the hydrogen absorption‑induced
decohesion (AIDEC) mechanism, which reduces inter‑
atomic bonding strength and promotes localized frac‑
ture.

Themethodology used in this research extends the
impurity‑dependent cohesive zone model developed by
Serebrinsky [26], which was derived from first‑principle
computational analyses. The governing equation for
this model, as presented in Serebrinsky’s study [26], is ex‑
pressed as follows:

k =
σc(ψ)

σc(0)
= 1− 1.0467ψ + 0.1687ψ2, (2)

In otherwords, the original critical stress for the co‑
hesive elements is inversely proportional to the local hy‑
drogen concentration in the specimen. The proposed nu‑
merical methodology consists of the following key steps:

1. Mechanical Loading Phase
◦ The specimen is subjected to a displacement‑

controlled load on its upper and lower sur‑
faces until the desired stress intensity factor
is reached.

◦ This load is maintained constant until crack
initiation occurs.

2. Hydrogen Coverage Initialization
◦ Ahydrogen coverage at saturation (unit value)

is applied exclusively at the crack tip.
◦ Hydrogen coverage is set to zero on all other

specimen surfaces.
3. Hydrogen Diffusion Analysis

◦ A diffusion model, derived from an analogy
with the heat equation, predicts hydrogen dis‑
tribution along grain boundaries at each com‑

putational time step.
4. Material Embrittlement Evaluation

◦ The local hydrogen concentration’s impact on
material strength is quantified using Equation
(16).

5. Dynamic Crack Propagation and Coverage Update
◦ A dedicated algorithm performs two critical

functions:
■ Tracks the advancing crack tip and up‑

dates its position accordingly.
■ Introduces a uniform hydrogen layer to

the newly created crack faces.
◦ This step simulates the infiltration of aqueous

solution into the material during crack propa‑
gation, as referenced in [26].

3. Results
To validate and demonstrate the capability of the

current approach, twodifferent configurationswere con‑
sidered, including a two‑dimensional plate and a pre‑
cracked thin steel plate under tension loading.

3.1. Validation Case

The first numerical example is a validation case
to test the proposed approach by considering a two‑
dimensional plate with dimensions of 0.1x0.11m. The
FEM is presented in Figure 1. The model consists
of Bidimensional 4‑node cohesive elements (COH2D4T)
with displacement and temperature degrees‑of‑freedom
(DOF) in conjunctionwith 4‑node plane strain thermally
coupled quadrilateral elements (CPE4T) with displace‑
ment and temperature DOF. The cohesive elements are
placed at the location of a possible crack. Cohesive
elements have two Gauss points, whereas the 4‑node
plane strain continuum elements have 4(four) integra‑
tion points.

The finite elementmodel consists of ten cohesive el‑
ements (series 5000 in Figure 1) and one hundred con‑
tinuum elements placed symmetrically on both sides of
the ten cohesive elements (series 100, 200, 300, …, 1000
in Figure 1). For simplicity, the cohesive and continuum
elements have the same dimensions.
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Figure 1. Finite element model of the validation case.

The applied load is constant and uniaxial (mode I
test). The simulation is run under displacement control,
applying the same displacement to the 11 upper and bot‑
tom nodes of the continuum elements. The material of
the continuum elements is a linear elastic material with
Young’s Modulus of 205,000 MPa, Poisson’s ratio of 0.3
and Diffusivity of 0.00084 mm2/s. The constitutive law
of the cohesive element is defined as elastic for the ini‑
tial slope of the TSL, maximum stress for the damage
initiation criterion, and displacement‑type linear soften‑
ing behaviour for damage evolution. All TSL parameters
have been defined as a function of the concentration of
hydrogen, which is the temperature variable in ABAQUS,
based on the analogy between thermal diffusion and hy‑
drogen diffusion considered in this study.

3.1.1. Cohesive Elements in the Presence of
Hydrogen

In this case, the sample is pre‑charged for a spe‑
cific value of hydrogen concentration for which the cor‑
responding values of and have been calculated. The anal‑

ysis then runs only one step, for which the following
boundary conditions are applied:

• 1st step: same displacement (0.006 mm) is applied
to the 2 x 11 upper and bottom nodes of the contin‑
uum elements.

Figure 2 summarises the results for four tests per‑
formed for different hydrogen concentrations for which
the corresponding values of and have been calculated.
For clarity, all four tests were carried out without and
with the presence of hydrogen, (which corresponds to
sample charged to saturated level of hydrogen) and TSL
curves were reconstructed from the analysis. As can be
in this figure, TSL curves are different for different con‑
centrations of hydrogen which are degrading as the hy‑
drogen concentration changes.

These results demonstrate that ourmodel can accu‑
rately reproduce the TSLs in accordance with the input
data which describe the presence of hydrogen at various
concentration levels within the sample.

Figure 2. TSL curves for different hydrogen concentration values.
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3.1.2. Sample Chargedwith Hydrogenwith‑
out Dynamic Coverage

In this case, the initial condition of the sample is
without presence of hydrogen. The analysis was then
performed in two steps, in which the following bound‑
ary conditions were applied:

• 1st step: samedisplacement (0.0017mm) is applied
to the 2 x 11 upper and bottom nodes of the contin‑
uum elements.

• 2nd step: the saturation concentration of hydrogen
(2.650x10‑11mol/mm2) is applied to the four nodes

of Element ID 5001 (please refer to Figure 1)

Figures 3–6 show results for the hydrogen concen‑
tration and cohesive degradation at various time inter‑
vals. As can be seen in the figures, the hydrogen satura‑
tion concentration is applied only to the four nodes of El‑
ement ID 5001 (please refer to Figure 1), and while the
hydrogen gets diffused within the sample, at constant
load, various cohesive elements reach full degraded sta‑
tus, i.e., SDEGparameter reaches 1.00 for a growingnum‑
ber of cohesive elements. Note that hydrogen boundary
conditions do not change regardless of the degradation
of the CZM.

Figure 3. Simulation without Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element
degradation (SDEG [‑]) at step time 0.000sec. (before applying hydrogen).

Figure 4. Simulation without Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element
degradation (SDEG [‑]) at step time 1.771 sec. (Element 5003 fully degraded).
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Figure 5. Simulation without Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element
degradation (SDEG [‑]) at step time 4.786 sec. (Element 5007 fully degraded).

Figure 6. Simulation without Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element
degradation (SDEG [‑]) at step time 5.328 sec. (All Cohesive Elements are fully degraded).

3.1.3. Sample Charged with Hydrogen by
Considering Dynamic Coverage

This study investigates the dynamic effects of hy‑
drogen coverage during crack propagation. Specifically,
a novel algorithm is designed to:

• identify the updated crack tip location, and
• assign a unit hydrogen coverage value to the newly

formed crack surfaces.

The approach simulates how an aqueous solution
infiltrates the material as the crack extends.

For clarity, the sample having the same geometri‑
cal and loading characteristics as in the previous case
has been considered in this case. Figures 7–10 show re‑
sults for the hydrogen concentration and cohesive degra‑
dation at various time intervals. As shown in these fig‑
ures, the hydrogen saturation concentration penetrates
within the sample, and while the hydrogen gets diffused
within the sample at constant load, various cohesive
elements reach a fully degraded status (SDEG parame‑
ter reaches 1.00 for a growing number of cohesive ele‑
ments).
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Figure 7. Simulation with Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) before applying hydrogen.

Figure 8. Simulation with Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) when Element 5003 is fully degraded.

Figure 9. Simulation with Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) when Element 5007 is fully degraded.
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Figure 10. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) when all Cohesive Elements are fully degraded.

3.1.4. Dynamic Hydrogen Coverage Mod‑
elling and Its Effect

As previously mentioned, the approach simulates
how an aqueous solution infiltrates the material as the
crack extends. In particular, when the computation code
evaluates that a specific cohesive element is fully de‑
graded, a new ABAQUS input file is generated as output
by a FORTRAN subroutine in ABAQUS and includes the
entire script. In the new analysis step, the boundary con‑
ditions will reflect the hydrogen coverage to the newly
formed crack surfaces. The new input file is then exe‑
cuted by ABAQUS as a restart file, and will initiate the

analysis from the last step and iteration from the previ‑
ous analysis.

In this section, the effect of dynamic hydrogen cov‑
eragewill be investigated by comparing results obtained
in previous cases. The results presented in Figure 11
show the difference in crack propagation behaviours
with and without considering dynamic hydrogen cover‑
age. In particular, the degradation of the sample in the
secondnumerical case is estimated to fully develop in ap‑
proximately 5.5 seconds. On the other hand, considering
the dynamic hydrogen coverage approach the phenom‑
ena happen only in less than 2.0 sec. with a difference of
more than 150%.

Figure11. Comparison of crack propagationwith (red curve) andwithout (blue curve) dynamic hydrogen coverage approaches.
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3.2. Pre‑Cracked Thin Steel Plate under
Tension Loading

This numerical study examines a thin steel plate
with a pre‑existing crack, immersed in a 0.1 N H₂SO₄
aqueous solution. A constant load, applied as a displace‑
ment boundary condition, is imposed on the top and bot‑
tom edges of the plate. The load magnitude is deter‑
mined by the stress intensity factor (SIF) and remains
fixed throughout the simulation after being statically in‑
troduced at the analysis onset. The plate dimensions are

as follows: length (L) = 2.0 mm, width (W) = 0.63 mm,
and thickness (h) = 5.95 × 10⁻³ mm. The initial crack
length measures 1.25 mm.

The vertical displacement‑controlled load is ap‑
plied at a magnitude designed to produce a specific, con‑
stant stress intensity factor (SIF) at the crack tip, as out‑
lined in Table 1. This initial SIF is kept below the ma‑
terial’s fracture toughness to ensure the specimen de‑
formswithout initiating crack propagation. Table 1 pro‑
vides the five predefined SIF values along with their cor‑
responding displacement loads (u).

Table 1. Relationship between: SIF [MPa
√
m] vs. u [µm].

SIF 13.7 20.6 30.1 40.3 48.55
u 1.157 1.7399 2.5422 3.4 4.1

It is important to note that, alongwith the vertically
enforced displacement, a consistent saturated layer of
hydrogen coverage is maintained at the crack tip.

The material AISI 4340 has been considered by as‑
suming a perfect elastic behaviour having a Young’sMod‑

ulus of 205,000 MPa, Poisson’s ratio of 0.3, diffusivity
of 0.00084 mm2/s, and fracture toughness KIC = 58.4
MPa

√
m. TSL curves describe the degradation of the

CZM due to an increase in hydrogen concentration are
shown in Figure 12.

Figure 12. TSL curves for different hydrogen concentration values.

3.2.1. Mechanical Step

The numerical analysis starts with the mechanical
step. As expected, during this particular step crack, prop‑

agation does not occur at the beginning of the simula‑
tion and degradation in CZM due to an increase in hydro‑
gen concentration is required to obtain crack propaga‑
tion and extension (see Figure 13).
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Figure 13. Completion of the Mechanical step: Displacement along Y‑Axis (U2 [mm]) and cohesive element degradation (SDEG
[‑]).

3.2.2. Fracture Initiation and Propagation
without Dynamic Hydrogen Coverage

In this case, dynamic hydrogen coverage is not con‑
sidered. Therefore, the location of the applied hydrogen
coverage boundary condition doesn’t change through‑
out the analysis. Figures 14–17 show the diffusion
of the hydrogen within the specimen. The red colour

identifies the presence of hydrogen at a saturated con‑
centration level (2.650e‑11 mol/mm2) and cohesive el‑
ements were fully degraded and not contributing to the
resistance of the specimen. As shown in the figures, as
the time/analysis progresses, hydrogen diffuses starting
from the crack tip region and yields degradation of CZM
as presented in Figure 17.

Figure 14. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 10 sec.
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Figure 15. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 60 sec.

Figure 16. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 150 sec.

Figure 17. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 200 sec (Cohesive Elements fully degraded).
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3.2.3. Fracture Initiation and Propagation
with Dynamic Hydrogen Coverage

This section examines hydrogen diffusion within
the specimen under hydrogen dynamic coverage con‑
ditions (see Figures 18–21). The boundary condition
for hydrogen coverage shifts dynamically in response
to crack propagation. Saturated hydrogen concentra‑
tion (2.650 × 10⁻¹¹ mol/mm²) is indicated by the red

regions, where cohesive elements have completely de‑
graded and no longer contribute to the specimen’s resis‑
tance. Unlike the previous scenario, hydrogen spreads
inward from the crack tip, causing cohesive zone model
(CZM) degradation at a varying rate. Additionally, hydro‑
gen migration follows the crack path, diffusing predom‑
inantly toward the rear of the sample rather than the
front.

Figure 18. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 1 sec.

Figure 19. Simulation with Dynamic Hydrogen Coverage: Von Mises Stress (S, Mises [MPa]), cohesive element stress Y axis
direction (S22 [MPa]) at approximately 1 sec.
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Figure 20. Simulationwith Dynamic Hydrogen Coverage: Hydrogen concentration (NT11 [mol/mm²]), cohesive element degra‑
dation (SDEG [‑]) at approximately 2 sec.

Figure 21. Simulation with Dynamic Hydrogen Coverage: Von Mises Stress (S, Mises [MPa]), cohesive element stress Y axis
direction (S22 [MPa]) at approximately 2 sec.

3.2.4. Comparison of the Models with and
without Dynamic Hydrogen Cover‑
age against Experimental Data

As discussed in previous sections, the existing
model can simulate crack propagation in hydrogen‑rich
environments using both standard elements and ele‑
ments with dynamic hydrogen coverage. With and with‑
out dynamic hydrogen coverage, crack propagation pri‑

marily depends on the material’s fracture toughness
rather than the Traction Separation Law’s shape.

Figures 22–23 highlight the key advantage of in‑
corporating dynamic hydrogen coverage. Specifically,
specimen degradation occurs in roughly 25 seconds
when dynamic hydrogen coverage is active, compared
to approximately 700 secondswithout it—a standard as‑
sumption in many studies.
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Figure 22. Simulation with Dynamic Hydrogen Coverage: Crack propagation length vs time.

Figure 23. Simulation with Dynamic Hydrogen Coverage: Crack propagation length vs Time. Results with SIF 13.7 and 20.6 are
referred to Y‑Axis on the right.

Finally, Figure 24 shows the comparison between
the present model with and without dynamic hydrogen
coverage and experiments in Hirose and Mura [38,39] con‑
cerning the relationship between the crack propagation
speed (logarithmic scale) and the stress intensity factor
for all five loading conditions. The speed of the crack is
calculated for every simulation as the ratio of the crack’s
total propagation length to its propagation time.

The results clearly indicate the constant risk of under‑

estimating the crack propagation speed if the hydrogen dy‑
namic coverage is excluded in the analysis, as expected. For
the analysis, which includes the hydrogen dynamic cover‑
age the numerical results tend to have a good approxima‑
tion of the experimental data however some differences
may be associated to different reasons, such as variation in
material properties, the mechanism of the hydrogen trap‑
ping, the temperature of the specimen and the granular mi‑
crostructure, which has not been considered in this study.
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Figure 24. Comparison of the current model with (blue circle) and without (orange circle) dynamic hydrogen coverage ap‑
proaches against experimental results (red diamond): Crack Propagation speed[mm/s] Vs SIF[MPa √m].

3.2.5. Sensitivity Analysis

Several simulations have been carried out also to
validate the correct applicability of the boundary con‑
ditions (BCs), the cohesive elements viscosity parame‑
ters and the influence of the TSL shape in the overall be‑
haviour of the analysis.

To substantiate the above statement, the numeri‑
cal convergence of fracture problems in presence of co‑
hesive elements can result in a challenging exercise due
to numerical instability associated with the solution of
the differential equation in presence of a crack propaga‑

tion problem. To overcome the above‑mentioned prob‑
lem the utilisation of viscous regularization has been im‑
plemented. It is important to clarify that a small value of
the viscosity parameter (small compared to the charac‑
teristic time increment) has been introduced. This small
viscosity usually helps improve the rate of convergence
of the model in the softening regime, without compro‑
mising results and has been calculated as a result of trial
error process [40]. In relation to the TSL shape a compari‑
son analysis has been performed by considering a trape‑
zoidal TSL for different hydrogen concentration values,
as shown in Figure 25.

Figure 25. Trapezoidal TSL curves for different hydrogen concentration values.

249



Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

As can be seen in Figure 26, for a specific SIF
value of 41.2 MPa

√
m, the following analysis cases

have been performed: Case A—Yellow (base case anal‑
ysis), Case B—Green (numerical viscosity of 0.001) [35],
Case C—Green (x‑axis BCs applied at cohesive elements),
Case D—Brown (Trapezoidal TSL as per Figure 13) and

Case E—DarkBlue (Mixed discretisation scheme). All
the analyses show similar crack propagation, which in‑
dicates the correct implementation of the numerical vis‑
cosity and BCs. The results also demonstrate the inde‑
pendencce of the mechanical problem from the specific
adopted TSL curve.

Figure 26. Crack length evolutionwithout DHC contribution for an SIF of 41.2 and in presence of numerical viscosity parameter
of 0.001, different BCs, considering the trapezoidal TSL, and mixed discretization schemes.

Additional sensitivity analysis has also been car‑
ried out to understand the influence of diffusivity param‑
eters on the numerical analysis. Figure 27 reports the

results associated with an SIF value of 41.2 MPa
√
m,

and three diffusivity parameters of 0.00253 mm2/sec,
0.00250 mm2/sec and 0.0026 mm2/sec.

Figure 27. Crack length evolution without DHC contribution for an SIF of 41.2 and three difference hydrogen diffusivity param‑
eters.
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As expected, the crackpropagation speed is directly
proportional to the diffusivity parameter value, i.e., the
cohesive elements degrade more rapidly due to higher
velocity of hydrogen diffusion within the specimen.

4. Conclusions

In conclusion, hydrogen embrittlement (HE) is a
critical degradation mechanism that severely impacts
the structural integrity of high‑strength metals, partic‑
ularly in industries such as oil and gas, aerospace, and
nuclear engineering. Finite element analysis (FEA)mod‑
elling has emerged as a powerful tool to predict HE‑
induced failures, enabling engineers to assess material
behaviour under hydrogen exposure and optimize de‑
signs for enhanced safety and longevity. This study ex‑
plores specific application cases of HE FEA modelling in
engineering scenarios, with a focus on pipeline life pre‑
diction, while also discussing notable failure cases and
future prospects to highlight the engineering value of
this approach.

In pipeline engineering, HE FEA modelling plays
a crucial role in predicting crack initiation and propa‑
gation under hydrogen‑assisted stress corrosion crack‑
ing (H‑SCC). For instance, high‑pressure gas pipelines ex‑
posed to wet H₂S environments are prone to HE, lead‑
ing to catastrophic failures if undetected. FEAmodels in‑
corporating hydrogen diffusion, mechanical stress fields,
and material damage criteria have been successfully ap‑
plied to simulate crack growth rates and estimate re‑
maining service life. A notable failure case is the 2000
gas pipeline rupture in New Mexico, attributed to H‑
SCC, which resulted in significant economic and environ‑
mental damage. Post‑failure analyses validated by FEA
demonstrated that hydrogen accumulation at stress con‑
centrations accelerated crack propagation, underscor‑
ing the necessity of predictive modelling for risk mitiga‑
tion.

Beyond pipelines, HE FEA has been applied in
aerospace components, such as landing gear and tur‑
bine discs, where high‑strength steels and titanium al‑
loys are susceptible to hydrogen‑induced delayed frac‑
tures. The 2018 failure of an aircraft component due
to HE further emphasized the need for advanced simula‑

tion techniques to pre‑emptively identify critical hydro‑
gen thresholds.

The future prospects of HE FEA modelling are
promising, particularly with advancements in multi‑
physics coupling (e.g., integrating electrochemical reac‑
tions with mechanical loading) and machine learning‑
assisted damage prediction. These developments will
enhance predictive accuracy, enabling real‑time struc‑
tural health monitoring and optimized material selec‑
tion. By reducing unplanned downtime and prevent‑
ing failures, HE FEA modelling delivers substantial eco‑
nomic and safety benefits, reinforcing its indispensable
role in modern engineering.

As discussed, this study presents an alternative ap‑
proach tomodel absorbed hydrogen SCC in a sample test
environment based on the HEDE predominant mecha‑
nism. The results confirm that the developed model can
capture the fracture behaviour because of hydrogen em‑
brittlement. The relationship and efficiency of themodel
application between laboratory specimens to real struc‑
tural components is a critical aspect of structural engi‑
neering andmaterials science. The primary intent of the
proposed numerical study is to replicate the tests per‑
formed in laboratory; however, since the results derived
from the tests performed in laboratory (SENT and SENB
testing activities) are largely used in the industry the fi‑
nal intent of the proposed numerical methodology is to
provide a simplified and robust platform for understand‑
ing the performance of testing activities in presence of
hydrogen.

In the proposed study and in accordance with the
provided assumptions, the study has proven clear ca‑
pability of the commercial software ABAQUS to predict
crack propagation in presence of steel. It is important to
note that the study does not introduce the steel material
SMYS and/or SMTS as differentiated parameters, the nu‑
merical analysis has been performed considering mate‑
rial behaviour as linear elastic without introducing plas‑
ticity. The study also provides an alternative conserva‑
tive approach to evaluate the crack propagation velocity
in high‑strength steel materials and results can be con‑
sidered if the dynamic hydrogen coverage concept is im‑
plemented in the numerical analysis.

As is known from the literature that the presence
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of hydrogen impacts the material behaviour since it
changes thematerial comportment by reducing the plas‑
tic capability and providing a brittle failure mechanism
(hydrogen embrittlement). This consideration is more
evident in the presence of high‑strength steel, where the
elastic regime in absence of hydrogen is extended for
high values of stress. In this case, the proposed model
(omitting the plasticity components of the deformation)
can be considered as a suitable numerical approxima‑
tion where hydrogen neglects the possibility of the ma‑
terial being plastically deformed.

In conclusion, the study clearly highlighted the ca‑
pability of capturing the correct physical problems and
the crack velocity propagation implementing only stan‑
dard elements (COH2D4T and CPE4T) within the soft‑
ware and without the need to develop external subrou‑
tines. The study tends also to highlight the criticality
of implementing a correct TSL curve to simulate the dy‑
namic hydrogen coverage within the specimen, the de‑
pendence of crack penetration velocity on the adopted
TSL and also the independence from the specific TSL
shape. Another important aspect/outcome highlighted
by the study is the evident risk of underestimating the
crack propagation speed if the dynamic hydrogen cover‑
age is excluded in the analysis, which is a common ap‑
proach used in the literature. For the analysis which in‑
clude the dynamic hydrogen coverage, the numerical re‑
sults tend to have a good approximation with the exper‑
imental data, however, some differences may be associ‑
atedwith variation inmaterial properties, the role of the
hydrogen trapping, the temperature of the specimen and
the granular microstructure, which has not been consid‑
ered in this study and can be considered in a future study.
Developed framework can also be beneficial for other
fracturemodelling approaches such as extended finite el‑
ement method (XFEM) [41–43] and peridynamics [44–48].
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