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 A B S T R A C T

A new computational framework is presented to predict the structural integrity of welds in hydrogen 
transmission pipelines. The framework combines: (i) a thermo-mechanical weld process model, and (ii) a 
coupled deformation-diffusion-fracture phase field-based model that accounts for plasticity and hydrogen 
trapping, considering multiple trap types, with stationary and evolving trap densities. This enables capturing, 
for the first time, the interplay between residual stresses, trap creation, hydrogen transport, and fracture. The 
computational framework is particularised and applied to the study of weld integrity in X80 pipeline steel. 
The focus is on girth welds, as they are more complex due to their multi-pass nature. The weld process model 
enables identifying the dimensions and characteristics of the three weld regions: base metal, heat-affected zone, 
and weld metal, and these are treated distinctively. This is followed by virtual fracture experiments, which 
reveal a very good agreement with laboratory studies. Then, weld pipeline integrity is assessed, estimating 
critical failure pressures for a wide range of scenarios. Of particular interest is to assess the structural integrity 
implications of welding defects present in existing natural gas pipelines under consideration for hydrogen 
transport: pores, lack of penetration, imperfections, lack of fusion, root contraction, and undercutting. The 
results obtained in hydrogen-containing environments reveal an important role of the weld microstructure 
and the detrimental effect of weld defects that are likely to be present in existing natural gas pipelines, as 
they are considered safe in gas pipeline standards.
1. Introduction

In recent years, the global push towards sustainable and renewable 
energy sources has intensified, with hydrogen emerging as a promising 
candidate for clean energy storage and transmission [1]. As a result, 
efforts have been allocated to establishing a hydrogen energy storage 
and transport infrastructure [2]. However, these efforts have been 
hindered by the phenomenon of hydrogen embrittlement, whereby the 
ductility, fracture toughness, and fatigue crack growth resistance of 
metallic materials are very significantly degraded in the presence of 
hydrogen [3–5]. For example, as little as 6 part per million (ppm) of 
hydrogen (in weight) can bring down the fracture toughness of pressure 
vessel steels by an order of magnitude, from above 200 MPa

√

m (in the 
absence of hydrogen) to around 20 MPa

√

m [6,7].
One aspect that has received particular attention is the structural 

integrity of welds, as these constitute the most susceptible locations 
in hydrogen storage and transmission infrastructure. During the weld-
ing process, microstructural transformations occur due to thermal cy-
cling, resulting in three distinct regions within the welded joint: the 
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weld metal (WM), the heat-affected zone (HAZ), and the base metal 
(BM), each exhibiting different mechanical properties and fracture 
behaviours, as well as varying susceptibility to hydrogen embrittle-
ment [8,9]. The HAZ is of particular interest, as it often contains 
brittle, hard regions and is therefore the most susceptible element of the 
weld, setting the limits for component life and performance [10]. Con-
sequently, experimental studies have been conducted to characterise 
the behaviour of the HAZ and its susceptibility to hydrogen embrittle-
ment [11,12]. However, the presence of residual stresses [13,14], the 
slanted orientation of the HAZ [15,16], and the need for sufficiently 
large samples to ensure the validity of fracture tests [17], make the 
characterisation of weld regions and weld integrity a complex chal-
lenge. Moreover, current plans involve retrofitting existing natural gas 
pipelines to transport hydrogen, bringing in a vast number of scenarios: 
a wide range of pre-existing defects and numerous combinations of 
weld and base materials, in addition to any design choice of hydrogen 
purity and pressure. Computational modelling techniques can be used 
to overcome experimental constraints and assess the structural integrity 
of welds in hydrogen environments under a wide range of conditions.
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Several numerical schemes have been adopted to simulate the cou-
pled deformation-diffusion-fracture behaviour of materials exposed to 
hydrogen. Examples include continuum damage mechanics [18,19], 
cohesive zone modelling [20–22], and phase field fracture [23–25] ap-
proaches. Phase field models for hydrogen embrittlement have gained 
particular interest due to the link between phase field fracture and 
well-established fracture mechanics theory [26,27], and the numerical 
robustness of this modelling strategy [28,29], being able to capture 
complex cracking trajectories and phenomena (crack branching, coa-
lescence) in both 2D and 3D [30–32]. Phase field models for hydrogen 
embrittlement have been recently applied to assess the structural in-
tegrity of hydrogen transmission pipelines. Zhao and Cheng [33] used 
a phase field-based model to determine the threshold values of dent 
depth and internal pressure that will result in hydrogen-assisted fail-
ures. Very recently (in 2025), Mandal et al. [34] and Wijnen et al. [35,
36], combined phase field modelling with thermo-metallurgical weld-
ing simulations to predict the critical hydrogen pressures at which 
pipeline welds would fail. However, they did not explicitly account for 
trapping effects and limited their study to seam welds. In this work, 
a new computational framework involving thermo-mechanical welding 
simulations, elastic–plastic deformation, multi-trap hydrogen diffusion, 
and hydrogen-sensitive phase field fracture is presented and applied 
to predict the structural integrity of welds in hydrogen transmission 
pipelines. Unlike the existing literature, distinct properties are assigned 
to the various regions of the weld, a wide range of defects (not only 
crack-like) are considered, and the structural integrity of girth welds 
is, for the first time, examined. Girth welds are of particular interest as 
they are conducted on-site and require multiple passes, leading to more 
complex conditions and microstructural heterogeneity.

The remainder of this manuscript is organised as follows. The 
numerical modelling of the welding process is presented in Section 2, 
including details of the numerical framework, the material temperature 
dependence, girth weld process simulation, thermo-mechanical analy-
sis, and resulting residual stress distributions. Next, in Section 3, the 
analysis associated with the coupled (deformation-diffusion-fracture) 
predictions of girth weld integrity are presented. This includes details 
of the underlying theory, combining elastic–plastic phase field fracture 
and multi-trap hydrogen diffusion, the numerical implementation, and 
the results obtained, showcasing the ability of the model to replicate 
fracture experiments and predict the failure of pipelines containing 
defects. Of particular emphasis here is the behaviour of pipelines with 
weld defects that are allowed in the standards (porosity, lack of pen-
etration, imperfections, lack of fusion, root contraction, undercutting) 
and therefore expected to be present in the existing natural gas pipeline 
network. Finally, concluding remarks are given in Section 4.

2. Welding process modelling

We begin by presenting the modelling of the welding process, par-
ticularising the analysis to girth welds in X80 steel pipelines fabricated 
through shielded metal arc welding (SMAW). The numerical model is 
described in Section 2.1, while the results obtained are discussed in 
Section 2.2.

2.1. Numerical framework

The welding process is modelled as a coupled thermo-mechanical 
problem. Since the mechanical fields do not influence the thermal 
problem, this one-way coupled problem is solved in a sequential way, 
where the temperature field is first computed from the heat transfer 
equilibrium equation and then transferred as input to the mechanical 
model. This enables the simulation of the thermal cycles, thermal 
strains, and residual stresses induced by the multi-pass welding of steel 
pipelines.
2 
2.1.1. Governing equations
The spatial and temporal evolution of the temperature 𝑇  is governed 

by the heat equation over the domain 𝛺, 

𝜌(𝑇 ) 𝑐(𝑇 ) 𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝑘(𝑇 )∇𝑇 ) in 𝛺, (1)

where 𝜌 is the mass density, 𝑐 is the specific heat capacity, and 𝑘 is 
the thermal conductivity, all of which are temperature-dependent. Heat 
losses due to convection and radiation are accounted for through the 
following Neumann boundary condition on 𝜕𝛺: 
−𝑘(𝑇 )∇𝑇 ⋅ 𝐧 = 𝑞𝑐 + 𝑞𝑟 on 𝜕𝛺, (2)

where 𝐧 is the unit outward normal to the boundary 𝜕𝛺. Convective 
heat transfer is modelled using Newton’s law, 
𝑞𝑐 = ℎ𝑐

(

𝑇 − 𝑇0
)

, (3)

where ℎ𝑐 is the heat transfer coefficient (equal to 25W/m2K for steels) 
and 𝑇0 = 21◦C is the ambient temperature. Radiative heat loss is 
computed as, 
𝑞𝑟 = 𝜀0𝜎0

[

(𝑇 − 𝑇abs)4 − (𝑇0 − 𝑇abs)4
]

, (4)

where 𝜀0 = 0.8 is the emissivity, 𝜎0 = 5.67 × 10−8W/m2K4 is the 
Stefan–Boltzmann constant, and 𝑇abs = −273◦C is the absolute zero 
temperature.

The mechanical response of the material is evaluated under the 
assumption of small strains. In this context, the total strain tensor 𝜺
is defined as a function of the displacement vector 𝐮 as 

𝜺 = 1
2
(

∇𝐮 + ∇𝐮𝑇
)

, (5)

and is additively decomposed into elastic, plastic, and thermal contri-
butions, such that: 
𝜺 = 𝜺𝑒 + 𝜺𝑝 + 𝜺th. (6)

The thermal strain component is driven by the temperature field 𝑇 , 
computed in the prior thermal analysis, and is calculated as: 
𝜺th = 𝛼(𝑇 ) (𝑇 − 𝑇0) 𝐈, (7)

where 𝛼(𝑇 ) is the temperature-dependent coefficient of thermal expan-
sion and 𝐈 is the identity tensor. Plastic behaviour is estimated using 
conventional von Mises 𝐽2 flow theory, with the evolution of the yield 
stress being given by the following temperature-dependent isotropic 
hardening law, 

𝜎𝑦(𝑇 , 𝜀𝑝) = 𝜎𝑦0(𝑇 )
(

1 +
𝐸(𝑇 )𝜀𝑝
𝜎𝑦0(𝑇 )

)𝑁

. (8)

Here, 𝜀𝑝 is the equivalent plastic strain, 𝜎𝑦0(𝑇 ) is the initial yield 
strength at temperature 𝑇 , 𝐸(𝑇 ) is Young’s modulus, and 𝑁 is the strain 
hardening exponent. Finally, the stress–strain relationship is defined 
using the temperature-dependent fourth-order elasticity tensor E(𝑇 ), 
𝝈 = E(𝑇 ) ∶ (𝜺 − 𝜺𝑝 − 𝜺th) . (9)

2.1.2. Material property variation with temperature
We proceed to define how the relevant thermal and material prop-

erties depend on temperature. To this end, the general framework 
described in Section 2.1.1 is particularised to the analysis of X80 
pipeline steel, a material extensively used in the natural gas pipeline 
network that is being considered for hydrogen transport. The thermal 
and mechanical properties of X80 steel were obtained from experi-
mental data in the literature [37,38]. The temperature dependency of 
the relevant thermal properties (thermal expansion coefficient 𝛼, heat 
capacity 𝑐, thermal conductivity 𝑘) is given in Fig.  1a, over a range 
going from room temperature to 1500 ◦ C, the assumed melting point 
of the material in the simulations. The variation with temperature of 
the thermal properties given in Fig.  1a follows the typical behaviour 
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Fig. 1. Temperature dependence of relevant material properties. (a) Thermal properties: coefficient of thermal expansion (𝛼), thermal conductivity (𝑘), and 
specific heat (𝑐). (b) Mechanical properties: Young’s modulus (𝐸), initial yield strength (𝜎𝑦0) and density 𝜌; a tilde is used to denote the temperature-dependent 
parameter.
Fig. 2. Schematic representation of the boundary value problem considered: a 4-pass girth weld, with weld angle 𝜑 and HAZ width 𝐿HAZ, in a pipeline with 
inner radius 𝑟𝑖 and thickness 𝑡pipe. The pipeline is made of X80 pipeline steel and assumed to transport hydrogen at a pressure 𝑝H2

. A 2D axisymmetric model is 
employed, with a gradually refined mesh with a maximum element size of ℎmax, in the edges of the domain, and a minimum element size of ℎmin, in the weld 
region. The longitudinal axis of the pipeline, which corresponds to the axis of symmetry in the model, is represented with a dashed line.
of pipeline steels. The temperature dependency of relevant mechanical 
(Young’s modulus 𝐸, initial yield stress 𝜎𝑦0) and physical (density, 𝜌) 
properties is given in Fig.  1b. Again, the changes with temperature 
presented follow the expected pattern for pipeline steels, with the 
density showing a small sensitivity, while Young’s modulus and yield 
strength experience a more significant temperature dependence. The 
same sensitivity to changes in temperature is assumed for the weld 
(filler) material, with the only difference being the room temperature 
value of Young’s modulus (180300 MPa) and initial yield strength (688 
MPa), to ensure consistency with experimental measurements [39]. 
The Poisson’s ratio was assumed to remain constant with temperature 
and set to 0.3 for both base and weld material. Similarly, the strain 
hardening coefficient 𝑁 was considered constant with temperature, 
with values of 0.1 for the BM and 0.07 for the WM, according to the 
uniaxial stress–strain data reported in Ref. [39].

2.1.3. Welding model
The weld process model is particularised to the analysis of a multi-

pass girth weld. As shown in Fig.  2, we model a 4-bead weld on 
a pipeline with an inner radius of 𝑟𝑖 = 228 mm and a thickness 
of 𝑡 = 12 mm. These dimensions meet the API pipeline design 
𝑝𝑖𝑝𝑒

3 
specifications [40]. The weld angle 𝜑 is taken to be 60 ◦, a common 
value for this type of weld [41]. Taking advantage of the inherent axial 
symmetry of girth welds, a 2D axisymmetric model is employed. The 
width of the modelled domain is taken to be 𝐿0 = 120 mm, a sufficiently 
large value to prevent edge effects. Two materials are considered in the 
welding simulation process: the BM and the WM, with their thermo-
mechanical properties being given in Section 2.1.2. The weld process 
simulations will allow establishing a third domain, the HAZ, for the 
structural integrity analysis presented in Section 3, where its properties 
and behaviour will be discussed. In this vein, the thermo-mechanical 
weld process results will dictate the width of the heat-affected zone 
(𝐿HAZ), its characteristic dimension, as discussed below (Section 2.2).

The domain is discretised using quadratic finite elements, with the 
mesh gradually refining towards the centre of the domain (WM region). 
Following a mesh sensitivity study, the largest elements are located in 
the edges of the model (BM), where the characteristic element size 
is defined to be ℎ𝑚𝑎𝑥 = 1.5 mm, while the minimum element size 
is located in the welded area, with a characteristic size of ℎ𝑚𝑖𝑛 =
0.02 mm. A total of 186,110 elements are employed. The model is 
implemented in the commercial finite element package Abaqus. A
UMAT subroutine is used to define the thermo-elastic–plastic behaviour 
described in Section 2.1.1. To facilitate the simulation of the welding 
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process, the add-on AWI (Abaqus Welding Interface) is used. Typical 
calculation times are of 30 to 40 min in a standard workstation (Intel(R) 
Xeon(R) Gold 6242R CPU @ 3.10 GHz). The electrode welding process 
is modelled as a sequence of steps, typically denoted as:

• Apply Torch step. During this stage, the temperature at the weld 
cavity edges is progressively increased to the specified melting 
point of 1500 ◦C over eight seconds.

• Hold Torch step. This step determines the heat input and governs 
the temporal evolution of the temperature field in the model. The 
temperature at the cavity edges is maintained at 1500 ◦C to allow 
heat penetration into the material. In this work, a holding time of 
4 s was selected, calibrated in the first welding pass by comparing 
the simulated thermal cycle with experimental measurements 
obtained from a single-pass of X80 girth weld [42].

• Pause Torch step. At this point, the elements within the weld bead, 
initially at 1500 ◦C, are activated in the model, allowing heat to 
diffuse through the domain. This is a very fast, instantaneous step, 
serving only as a transitional stage; a step duration of 1.0 × 10−7 s
is considered here.

• Cool-down step. This step simulates the inter-pass cooling periods, 
during which the heat from each weld pass dissipates through 
the component until a target inter-pass temperature of 125 ◦C is 
reached, replicating the values adopted in Ref. [43]. The duration 
of each cool-down is controlled by the UAMP subroutine, which 
terminates the step once the temperature at the weld bead reaches 
the specified target. For all weld passes except the final one, cool-
ing was applied until a temperature of 125 ◦C was reached. For 
the last pass, the cooling continued down to ambient temperature 
(21 ◦C), completing the thermal cycle.

This protocol enables capturing the evolution of thermal and me-
chanical fields within a cross-section of the weld, simplifying a 3D 
problem [44,45]. The boundary conditions associated with the thermal 
and mechanical models are defined as follows. In the thermal model, 
the convective and radiative heat fluxes, 𝑞𝑐 and 𝑞𝑟, are applied on all 
relevant external surfaces of the model, including the outer and inner 
surfaces of the pipe, as well as at the surfaces of the deposited weld 
beads exposed to air, as defined in Eqs. (3) and (4), respectively. The 
Dirichlet thermal boundary conditions are imposed during the Apply 
Torch and Hold Torch steps by prescribing a temperature on the cavity 
corresponding to each weld bead; the sensor nodes that control the 
duration of the Hold Torch and Cool-down steps are automatically gen-
erated by the AWI add-on. In the mechanical model, the longitudinal 
displacements (𝑢𝑙) of the lateral edges are restricted to replicate the 
clamping conditions applied during the welding process, which prevent 
longitudinal expansion of the BM. Additionally, the condition 𝑢𝑟 = 0 is 
imposed along the axis of revolution to satisfy the rigid body condition. 
These boundary conditions are applied throughout all simulation steps, 
starting with the thermal analysis to compute the temperature distribu-
tion over time. Then, the resulting temperature field is introduced into 
the mechanical analysis by defining a Predefined Temperature 
Field in Abaqus, which assigns the temperature history to the me-
chanical model. In this way, a sequentially coupled thermo-mechanical 
analysis is performed, where the thermal field drives the temperature-
dependent mechanical response described in Section 2.1.1, which is 
defined through the user material (UMAT) subroutine.

2.2. Results

We proceed to discuss the insight gained in the thermo-mechanical 
welding simulations, which is also the starting point for the subse-
quent deformation-diffusion-fracture modelling analysis (Section 3). 
First, Fig.  3a illustrates the evolution of both the temperature profiles 
and the maximum principal stresses (𝜎𝐼 , corresponding to the circum-
ferential stresses 𝜎 ) experienced in the welded region during the first 
𝜃

4 
pass, representative of the thermo-mechanical response observed in the 
subsequent passes. Initially, the electrode is applied (Apply Torch step), 
progressively raising the temperature within the bead cavity to the 
melting point of the metal (𝑇 = 1500 ◦C), while compressive stresses 
develop in the surrounding regions due to the thermal expansion 
constraint. Then, the electrode is maintained at the target temperature 
of 𝑇 = 1500 ◦C (Hold Torch step). This results in vanishing stresses 
in the weld bead, consistent with the loss of stiffness associated with 
temperatures closer to the melting point (see Fig.  1b). Following an 
instantaneous Pause Torch step, the bead is activated with an initial 
temperature of 1500 ◦C, and the temperature decreases as part of the
Cool-down step until the interpass temperature of 125 ◦C is reached, 
during which the largest residual stresses are generated because the 
thermal contraction of the WM is constrained by the surrounding BM, 
preventing free shrinkage and leading to the development of tensile 
stresses in the weld region. At this point, the next weld pass begins, 
following the same sequence of steps. Overall, the thermo-mechanical 
analysis highlights the typical temperature distribution and stress de-
velopment in multi-pass welding, which are further detailed through 
the thermal cycle of a representative HAZ node (Fig.  3b) and the 
residual stress fields at the end of the process (Fig.  3c).

The temperature evolution of a representative HAZ node located 
at the outer surface of the pipe during the four weld passes is shown 
in Fig.  3b. The results show how the peak temperature increases with 
each pass, due to the node’s location. The cooling stage after each of 
the first three passes proceeds down to the interpass temperature of 
125 ◦C, while after the fourth pass, the cooling continues until room 
temperature is reached. In our simulations, the width of the HAZ is 
defined according to the method proposed by Garcin et al. [46], based 
on the distance from the fusion line to the points where the peak 
temperature exceeds 900 ◦C. Following this definition, the HAZ in our 
model spans approximately 3 mm, as shown in Fig.  3b . This is well 
aligned with existing experimental studies [10,39].

The resulting residual stresses are assessed in Fig.  3c, where con-
tours of the equivalent plastic strain 𝜀𝑝 are provided, together with the 
values of the maximum principal strain 𝜎𝐼  along the weld longitudinal 
direction, sampled at various depths within the pipeline thickness 
(0.1𝑡pipe, 0.5𝑡pipe, and 0.9𝑡pipe). Consider first the equivalent plastic 
strain contours, which reveal a greater accumulation of plastic strains at 
the weld root due to the intense thermal gradients and local constraint 
generated during the initial passes. This localised plastic deformation 
leads to a higher residual stress concentration, as confirmed by the 
distribution of 𝜎𝐼  along the 0.1𝑡pipe path. In this region, peak tensile 
residual stresses reach values of about 730 MPa, thus exceeding the 
yield strength of the WM (688 MPa), as a result of the strong restraint 
imposed by the surrounding BM. Near the weld cap (0.9𝑡pipe), lower 
maximum principal stresses are observed. This reduction is attributed 
to the fact that the upper layers are deposited later, once the previously 
deposited WM has already undergone thermal and mechanical relax-
ation, allowing for stress redistribution. Additionally, the upper part of 
the weld is less constrained and experiences less straining, resulting in 
lower residual stress levels (around 450 MPa) that still remain tensile. 
At mid-thickness (0.5𝑡pipe), residual stresses exhibit intermediate peak 
values in the welded zone (about 600 MPa), reflecting a stress gradient 
developed through the thickness as a consequence of the sequential 
thermal loading and plastic strain accumulation associated with the 
multi-pass welding process. In addition, the mechanical results also 
highlight the presence of a roughly 3 mm wide region adjacent to the 
fusion line, where plastic deformation accumulates and higher residual 
stresses are attained (relative to the BM), strengthening our definition 
of the HAZ region.

3. Coupled deformation-diffusion-fracture predictions of girth
weld integrity

The thermo-mechanical weld process simulation provides the start-
ing point for the structural integrity predictions, defining the residual 
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Fig. 3. Welding process modelling and resulting fields. (a) Sequence of steps for the first welding pass, showing the evolution of thermal profiles and maximum 
principal stresses (𝜎𝐼 ): (Step 1) Apply Torch, (Step 2) Hold Torch, (Step 3) Pause Torch, and (Step 4) Cool-down. (b) Evolution of the temperature in a node 
located in the heat-affected zone (HAZ) at a distance of 3 mm from the fusion line. (c) Residual stress distribution at the end of the welding process, represented 
by contours of equivalent plastic strain (𝜀𝑝) and maximum principal stress (𝜎𝐼 ) values along the weld longitudinal direction, sampled at different relative depths 
of the pipe thickness: 0.1𝑡pipe, 0.5𝑡pipe, and 0.9𝑡pipe.
stress distribution and the various weld regions. In this Section, the cou-
pled structural integrity model is presented, and its ability to reproduce 
experiments and deliver service life predictions is assessed. We begin by 
describing the numerical model in Section 3.1, including details of the 
underlying theory and numerical implementation. Then, in Section 3.2, 
we benchmark the model against fracture experiments on X80 BM, WM, 
and HAZ samples. The validated model is then employed in Section 3.3 
to study the structural integrity of hydrogen transmission pipelines 
containing a wide range of defects.

3.1. Modelling framework

A coupled theory for hydrogen transport (including trapping),
elastic–plastic mechanical deformation, and hydrogen-assisted phase 
field fracture is presented. The work builds upon Refs. [47,48], but 
brings additional elements of novelty, such as the coupling between a
thermodynamically-consistent driving force and the consideration of 
multiple trapping sites, including trap creation. The primary variables 
of the coupled formulation are the displacement vector 𝐮, the lattice 
hydrogen concentration 𝐶𝐿, and the phase field order parameter 𝜙. The 
coupled balance equations for, respectively, the deformation, hydrogen 
diffusion, and fracture sub-problems are given by,
∇ ⋅ 𝝈 = 0, where 𝝈 = 𝑔(𝜙)E ∶ (𝜺 − 𝜺𝑝), and

|𝝈dev| = 𝑔𝑝(𝜙)𝜎𝑦(𝜀𝑝), if 𝜀̇𝑝 > 0,
(10)
5 
𝐷𝐿
𝐷𝑒

𝜕𝐶𝐿
𝜕𝑡

+ 𝜃𝑇
d𝑁 (𝑑)

𝑇
d𝜀𝑝

d𝜀𝑝
d𝑡 = 𝐷𝐿∇2𝐶𝐿 − ∇ ⋅

(

𝐷𝐿𝐶𝐿
𝑅𝑇

𝑉𝐻∇𝜎𝐻

)

,

where 𝐷𝑒 =
𝐷𝐿𝐶𝐿

𝐶𝐿 +
∑

𝑖 𝐶
(𝑖)
𝑇 (1 − 𝜃(𝑖)𝑇 )

,

(11)

𝐺𝑐(𝐶𝐿)
(

𝜙
𝓁

− 𝓁∇2𝜙
)

= 2(1−𝜙), where  ∶= max
𝜏∈[0,𝑡]

{

𝜓+
𝑒 (𝜏)

}

+0.1𝜓𝑝 .

(12)

Eq.  (10) is the balance of linear momentum for an elastic–plastic 
solid deformed under quasi-static conditions and undergoing damage. 
Small strains are assumed, with the total strain tensor additively decom-
posing into its elastic and plastic parts: 𝜺 = 𝜺𝑒+𝜺𝑝. The role of cracking 
in reducing the load carrying capacity is captured by the use of a 
degradation function 𝑔(𝜙), defined below, which multiplies the fourth-
order elasticity tensor E. Elastic–plastic behaviour for a solid with yield 
stress 𝜎𝑦 is defined based on von Mises (𝐽2) plasticity theory, defining 
a consistent coupling between damage and plasticity, as described in 
Section 3.1.2.

Eq.  (11) describes the hydrogen transport process, through an ef-
fective diffusivity (𝐷𝑒), two-layer approach [49,50], whereby the hy-
drogen concentration can be additively decomposed into two parts: 
the hydrogen concentration at lattice sites, 𝐶𝐿, and the hydrogen 
concentration at trapping sites, 𝐶 . The lattice and trap occupancies 
𝑇
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Table 1
Binding energies 𝑊𝐵 and trap densities 𝑁𝑇  adopted. The weld trapping heterogeneity is defined by considering different trap 
densities in the BM (𝑁𝐵𝑀

𝑇 ), WM (𝑁𝑊𝑀
𝑇 ), and HAZ (𝑁𝐻𝐴𝑍

𝑇 ). In all cases, the trap density for dislocations corresponds to the 
unstrained condition, 𝑁 (𝑑)

𝑇 ,0.

 Trap Type 𝑊𝐵 (kJ/mol) 𝑁𝐵𝑀
𝑇 (sites∕m3) 𝑁𝐻𝐴𝑍

𝑇 (sites∕m3) 𝑁𝑊𝑀
𝑇 (sites∕m3) Ref.  

 Dislocations 25.0 3.13 × 1036 4.25 × 1036 5.15 × 1035 [52] 
 M/A Interfaces 47.1 2.56 × 1021 9.87 × 1023 9.56 × 1021 [53] 
 𝛼-Fe3C 13.5 9.26 × 1022 3.23 × 1022 2.58 × 1022 [53] 
 Grain Boundaries 32.0 9.12 × 1021 1.63 × 1020 5.50 × 1020 [54] 
can be subsequently defined as 𝜃𝐿 = 𝐶𝐿∕𝑁𝐿 and 𝜃𝑇 = 𝐶𝑇 ∕𝑁𝑇 , with 
𝑁𝐿 and 𝑁𝑇  being the density of lattice and trapping sites, respectively. 
Multiple trap types can be accommodated, as described with the (𝑖)
superscript (corresponding to trap type 𝑖), with the constitutive details 
of the multi-trapping treatment being discussed below. As defined in 
detail in Section 3.1.1, dislocation traps can evolve, and this is modelled 
through the ‘Krom term’ [49], involving the dislocation trap density 
𝑁 (𝑑)
𝑇  and the equivalent plastic strain 𝜀𝑝. Eq. (11) captures the role of 

traps in slowing hydrogen diffusion [51], with 𝐷𝑒 being lower than the 
lattice diffusion coefficient 𝐷𝐿, as well as the role of lattice expansion 
in leading to higher hydrogen contents in highly stressed areas, through 
the term involving the partial molar volume of hydrogen 𝑉𝐻  and the 
hydrostatic stress 𝜎𝐻 .

Eq.  (12) describes the fracture process, through the evolution of the 
phase field order parameter 𝜙. Consistent with thermodynamics, cracks 
are assumed to grow if the energy stored in the solid, characterised by 
the history field , reaches a critical quantity — the material toughness 
𝐺𝑐 . The latter is defined to be dependent on the lattice hydrogen 
concentration to capture the embrittlement effects of hydrogen, with 
further details given below. The fracture driving force, , includes the 
tensile component of the elastic strain energy density 𝜓+

𝑒  and 10% 
of its plastic counterpart, 𝜓𝑝, as experiments show that 90% of the 
plastic work is dissipated into heat and thus not available to generate 
new cracks [48,55]. As described below (Section 3.1.2), the role of the 
material strength is also accounted for, through the phase field length 
scale 𝓁.

The particularities and constitutive choices for each sub-problem are 
presented in the sections below, along with their coupling elements.

3.1.1. Multi-trap hydrogen transport model
Hydrogen transport is predicted based on a two-level (lattice-trap) 

effective diffusivity model, based on Oriani’s thermodynamic equilib-
rium [56], as presented in Eq. (11). Accordingly, trapping kinetics 
are assumed to be much faster than diffusion kinetics (a sensible 
assumption in most scenarios [57]), and this leads to the following 
Fermi-Dirac relationship between the occupancy of lattice sites (𝜃𝐿) and 
the occupancy of trapping sites of type 𝑖 (𝜃(𝑖)𝑇 ), 

𝜃(𝑖)𝑇
1 − 𝜃(𝑖)𝑇

=
𝜃𝐿

1 − 𝜃𝐿
⋅ exp

(

−𝑊 (𝑖)
𝐵

𝑅𝑇

)

, (13)

where 𝑊 (𝑖)
𝐵  is the binding energy of each trap, and 𝑅 is the gas constant. 

Hence, Eq. (13) relates, at the integration point level, each 𝐶𝐿 value 
(and associated 𝜃𝐿) to the trap occupancy 𝜃𝑇  and concentration 𝐶𝑇 , 
which in turn define the effective diffusivity — see Eq. (11).

Our framework is particularised to the study of pipeline steels, 
with the case studies addressing the failure of welded X80 pipeline 
components. Accordingly, four primary types of hydrogen traps are 
considered: dislocations, grain boundaries, cementite-ferrite interfaces 
(𝛼 − Fe3C), and martensite–austenite (M/A) interfaces [53,58]. The 
trap densities of grain boundaries, 𝛼 − Fe3C, and martensite–austenite 
interfaces remain constant throughout the analysis, but this is not the 
case for dislocations, which evolve with plastic deformation. Several 
phenomenological expressions have been proposed to relate the equiv-
alent plastic strain (𝜀𝑝) to the dislocation density (𝜌) [59–61]; here, we 
follow Ref. [62] and define 𝑁𝑑 to follow a geometrical relationship 
𝑇
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with the dislocation density (𝜌), which for a bcc lattice is given by, 

𝑁𝑑
𝑇 =

√

2𝜌
𝑑

, (14)

where 𝑑 is the lattice parameter (2.866 × 10−10 m for iron). For sim-
plicity, only statistically stored dislocations (SSDs) are considered, 
although geometrically necessary dislocations (GNDs) can dominate 
ahead of stress concentrators [63]. Accordingly, the dislocation den-
sity is assumed to evolve through a piece-wise dependency with the 
equivalent plastic strain [64]: 

𝜌 =

{

𝜌0 + 2𝛾𝜀𝑝 if 𝜀𝑝 ≤ 0.5
𝜌0 + 𝛾 if 𝜀𝑝 > 0.5

(15)

where 𝜌0 = 1010m−2 is the dislocation density in the unstrained condi-
tion and 𝛾 = 1016m−2 represents an experimentally calibrated quantity, 
as reported in Ref. [65]. Considering Eq. (14) and the dislocation 
density evolution, Eq. (15), the rate of trap creation term in Eq. (11) is 
given by 
𝑑𝑁𝑑𝑖𝑠

𝑇
𝑑𝜀𝑝

=

{√

2𝛾∕𝑑 if 𝜀𝑝 < 0.5
0 if 𝜀𝑝 ≥ 0.5

(16)

As shown below (Section 3.3), the numerical experiments capture 
how the trap density evolves, and how this impacts hydrogen diffusion 
and trapping. Quantitative choices for the trap density and binding en-
ergies for each trap type are provided in Table  1, based on experimental 
measurements from the literature [52–54,66]. The structural integrity 
analyses consider three distinct weld regions:BM,WM, and HAZ, each 
of which has different material properties. Accordingly, different trap 
densities are considered in each of these regions, capturing the hetero-
geneous nature of hydrogen trapping across the weld. These are defined 
through a combination of literature data, microstructural considera-
tions, and 1D numerical permeation experiments. Martensite/austenite 
(M/A) constituents are scarce in the BM but form more extensively in 
the WM and HAZ regions due to thermal cycling and microstructural 
transformations [67]. Trap sites associated with cementite-ferrite inter-
faces (𝛼-Fe3C), typically found in pearlitic regions, are mainly present 
in the base metal. The density of grain boundary traps is lowest in 
the HAZ, as it is the region with coarser grains, with the BM having 
the smallest grains and thus higher grain boundary trap density. To 
ensure that the values chosen result in hydrogen transport behaviour 
in agreement with experiments, hydrogen permeation in membranes 
is simulated to ensure that the resulting apparent diffusivity agrees 
with the effective diffusion coefficients that have been measured for 
each weld region; namely, 𝐷𝐵𝑀

𝑒 = 2.8 × 10−5 mm2/s, 𝐷𝐻𝐴𝑍
𝑒 = 2.0 ×

10−5 mm2/s, and 𝐷𝑊𝑀
𝑒 = 1.7 × 10−4 mm2/s [68]. In these numerical 

experiments, the lattice diffusion coefficient 𝐷𝐿 has been assumed to 
be the same across the weld, as the lattice behaviour of the three 
weld regions can be well described by the diffusivity of the bcc lattice: 
𝐷𝐿 = 7.2 × 10−3 mm2∕s [57]. Throughout this paper, the lattice density 
is given by 𝑁𝐿 = 5.2 × 1020 sites/mm3, based on the atomic packing of 
bcc iron at room temperature [61].

3.1.2. Hydrogen-dependent fracture of elastic–plastic solids
Material deformation and fracture are simulated through a hydro-

gen-sensitive elastic–plastic phase field formulation. Cracks are tracked 
as diffuse interfaces, using a phase field variable 𝜙 to regularise discrete 



L. Castro et al. International Journal of Mechanical Sciences 311 (2026) 111172 
cracks over a finite domain, with 𝜙 = 1 representing fully damaged 
material while 𝜙 = 0 denotes intact (undamaged) material [69]. A 
smooth transition between these states is achieved through an energy 
density functional, ensuring a variationally consistent fracture formu-
lation and predicting the evolution of cracks as an exchange between 
stored and fracture energy. The total free energy functional, defined 
over the domain of the elasto-plastic solid 𝛺, is given by: 

𝛹 = ∫𝛺

(

𝜓 + 𝛾(𝜙)𝐺𝑐 (𝐶𝐿)
)

d𝛺 , (17)

where 𝜓 is the strain energy density, 𝐺𝑐 (𝐶𝐿) is the hydrogen-dependent 
material toughness, and 𝛾(𝜙) is the crack regularisation function, taken 
here to be 

𝛾(𝜙) = 1
2𝓁

(𝜙2 + 𝓁2
|∇𝜙|2), (18)

with 𝓁 being the length scale parameter that governs the width of 
the fracture process zone. In the context of the so-called AT2 phase 
field fracture model, adopted here, the phase field length scale can 
be directly related to the material strength 𝜎𝑐 upon some assumptions 
(see [23,26,70] and Refs. therein), such that 

𝓁 =
27𝐸𝐺𝑐 (𝐶𝐿)

256𝜎2𝑐
, (19)

The link to the material strength endows phase field fracture mod-
els with the ability to predict crack nucleation and well-established 
phenomena such as the crack size dependency [26,70,71].

Following Refs. [34,48], the strain energy density of the elastoplas-
tic solid 𝜓 is defined as: 

𝜓 = 𝑔(𝜙)𝜓+
𝑒 (𝜺

𝑒) + 𝜓−
𝑒 (𝜺

𝑒) + 𝑔𝑝(𝜙)𝜓𝑝(𝜀𝑝) , (20)

where

𝜓+
𝑒 = 𝐾

2
⟨tr𝜺𝑒⟩2+ + 𝐺𝜺𝑒dev ∶ 𝜺𝑒dev , 𝜓−

𝑒 = 𝐾
2
⟨tr𝜺𝑒⟩2− ,

𝜓𝑝 =
𝜎2𝑦0

𝐸(𝑁 + 1)

(

(

1 +
𝐸𝜀𝑝
𝜎𝑦0

)(𝑁+1)

− 1

)

.
(21)

Here, 𝐾 is the bulk modulus, 𝐺 is the shear modulus, ⟨𝑎⟩± = (𝑎± |𝑎|)∕2
and 𝜺𝑒dev = 𝜺𝑒 − tr(𝜺𝑒)𝑰∕3.. This formulation incorporates a volumetric-
deviatoric split [72] to prevent crack propagation under compressive 
stress conditions. Two degradation functions are employed in this 
study: the elastic degradation function, 

𝑔(𝜙) = (1 − 𝜙)2 , (22)

to reduce the material stiffness due to fracture, and the plastic degra-
dation function 

𝑔𝑝(𝜙) = 𝛽𝑔(𝜙) + (1 − 𝛽), with 0 ≤ 𝛽 ≤ 1 , (23)

which degrades both the yield surface and the plastic energy. Here, 
𝛽 quantifies the fraction of plastic work stored in the material and 
available for crack propagation; as stated above, a value of 𝛽 = 0.1
is adopted, following the seminal experiments by Taylor and Quin-
ney [34,55]. To ensure damage irreversibility, a fracture driving force 
 is defined, as shown in Eq. (12). Considering the aforementioned 
constitutive assumptions and deriving the governing equations by tak-
ing variations of the total free energy functional, Eq. (17), with respect 
to the phase field variable 𝜙 and the displacement field 𝐮, the coupled 
problem of elastic–plastic deformation and fracture is obtained — see 
Eqs. (10) and (12).

One must also define how the fracture energy depends on the 
hydrogen content. To this end, we follow Mandal et al. [34] and 
assume the following degradation of the fracture energy with the lattice 
hydrogen content 𝐶𝐿, 

𝑓 (𝐶𝐿) =
𝐺𝑐 (𝐶𝐿) ≡

𝐽𝐼𝑐 (𝐶𝐿) = 𝜉 + (1 − 𝜉) exp
(

−𝜂𝐶𝑏
)

, (24)

𝐺𝑐 (0) 𝐽𝐼𝑐 (0) 𝐿
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where 𝜉, 𝜂, and 𝑏 are material-dependent coefficients. This function 
appropriately captures the decay in toughness with hydrogen con-
tent observed in pipeline steels, through appropriate choices of the 
parameters 𝜉, 𝜂, and 𝑏. To this end, Fig.  4 presents a compilation 
of experimental literature data on toughness versus H2 pressure for 
X80 pipeline steel [73–75]. The associated lattice hydrogen concen-
tration is also shown, as obtained from the pressure values using 
Sievert’s law (𝐶𝐿 = 𝑠√𝑝H2

), using the solubility of pipeline steels: 
𝑠 = 0.077wppmMPa−0.5 [76]. An excellent fit to the data is attained 
through the following choices of degradation law coefficients: 𝜉 = 0.12, 
𝜂 = 9, and 𝑏 = 0.8. The same hydrogen degradation law is applied to 
each of the weld regions, as no specific data is available, and this is 
likely to constitute a good first-order approximation.

Finally, an additional coupling is defined to capture how the
hydrogen-containing environment is readily exposed to newly created 
crack surfaces as the crack grows. This is achieved following the work 
by Díaz et al. [77], where the hydrogen diffusivity is enhanced inside 
of crack regions, to simulate how the hydrogen gas will promptly 
occupy the space that has become available due to crack propagation. 
Accordingly, this enhanced diffusivity is defined as, 

𝐷mov𝐿 = 𝐷𝐿
[

1 + 𝑘𝑑𝐻(𝜙 − 𝜙th)
]

, (25)

where 𝐻() is the Heaviside function, 𝑘𝑑 ≫ 1 is the enhancement 
parameter, and 𝜙th = 0.9 is a threshold coefficient that controls the 
damage level above which it is assumed that hydrogen has progressed 
through the crack material.

3.1.3. Numerical implementation
The coupled deformation-diffusion-fracture formulation is imple-

mented numerically in the finite element package ABAQUS using user 
subroutines. Specifically, and different to previous works, only integra-
tion point-level subroutines are used, enabling the use of ABAQUS’s 
in-built capabilities. The multi-trap hydrogen transport model is imple-
mented by means of a UMATHT subroutine, using the code provided by 
Fernandez-Sousa et al. [61]. The elastic–plastic mechanical behaviour 
and its coupling with hydrogen were implemented via a UMAT subrou-
tine. Finally, the evolution of the phase field variable was solved for 
with an additional UMATHT subroutine, exploiting the analogy with the 
heat transfer problem and adopting the twin-part method recently pre-
sented by Navidtehrani et al. [78]. The deformation-fracture problem 
is solved in a monolithic way, while a multi-pass staggered scheme is 
adopted to couple it to the hydrogen transport problem. The reader 
is referred to Ref. [78] for additional details on solution schemes and 
the ABAQUS implementation at the integration point level of coupled 
multi-field problems.

3.2. Model validation

Our general framework is now particularised to the study of pipeline 
steels. In particular, we focus on X80 pipeline steel, for which sufficient 
information is available [39]. The material properties for the BM, HAZ, 
and WM are provided in Table  2, as reported in the literature [39]. 
While similar values are reported for the elastic and plastic proper-
ties, significant differences are observed in the values of the fracture 
toughness among the various weld regions, with the BM being the 
tougher region and the HAZ being the less fracture-resistant one (as 
expected). Poisson’s ratio (𝜈) is taken to be equal to 0.3 in all cases. 
It remains to define the value of the phase field length scale, which is 
determined by the choices of material strength 𝜎𝑐 and toughness 𝐺𝑐 , as 
per Eq. (19). Following Ref. [34], the material strength is taken to be 
four times the material yield strength in the BM region (𝜎𝑐 = 4𝜎𝑦0). The 
𝜎𝑐 values for the WM and HAZ are then determined by noting that, upon 
assuming a similar degree of plastic dissipation with crack growth, a 
lower degree of strain hardening (as quantified by 𝑁) should result in 
a lower material strength [79]. With these considerations and based 
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Fig. 4. Determining the hydrogen degradation law from experimental toughness versus H2 pressure data from the literature [73–75]. The normalised toughness 
versus lattice hydrogen content data is very well approximated (𝑅2 = 0.992) with the degradation law, Eq. (24), upon the assumption of the following degradation 
coefficients: 𝜉 = 0.12, 𝜂 = 9, and 𝑏 = 0.8.
Table 2
Mechanical and fracture properties adopted for the various weld regions of an 
X80 pipeline steel, taken from the experimental literature [39].
 Region 𝐸 (MPa) 𝜎𝑦0 (MPa) 𝑁 (-) 𝐺𝑐 (N/mm) 
 Base Metal 190 480 570 0.10 90  
 HAZ 202010 598 0.08 50  
 Weld Metal 180 300 688 0.07 57  

on the experimental data available (Table  2 and Fig.  5), the choices of 
𝜎𝑐 = 3.55𝜎𝑦0 for the WM and 𝜎𝑐 = 3.75𝜎𝑦0 for the HAZ are made to 
accurately capture the degree of plastic dissipation with crack growth.

A boundary layer model is used to run virtual fracture experiments, 
upon the assumption of small-scale yielding conditions, and compare 
the outputs against the laboratory tests conducted in Ref. [39]. Thus, a 
remote 𝐾𝐼  field (or, equivalently, 𝐽𝐼  field) is applied using William’s 
elastic solution [80]; i.e., the vertical and horizontal components of 
the displacement vector of the nodes located in the outer radius of the 
boundary layer are defined as, 

𝑢𝑥 = 𝐾𝐼
1 + 𝜈
𝐸

√

𝑟
2𝜋

(

(3 − 4𝜈 − cos 𝜃) cos
( 𝜃
2

))

, (26)

𝑢𝑦 = 𝐾𝐼
1 + 𝜈
𝐸

√

𝑟
2𝜋

(

(3 − 4𝜈 − cos 𝜃) sin
( 𝜃
2

))

, (27)

where 𝑟 and 𝜃 are the coordinates of a polar coordinate system centered 
at the crack tip, and 𝐾𝐼  is the mode I stress intensity factor, which in a 
plane strain solid is related to the 𝐽 -integral by 𝐽𝐼 = 𝐾2

𝐼 (1 − 𝜈
2)∕𝐸. To 

exploit the reflective symmetry of the boundary value problem with 
respect to the crack plane, only half of the full domain is simulated, 
ensuring that the outer radius is sufficiently large so as not to influence 
the results; i.e., 𝑅 ≫ 𝑅𝑝, where 𝑅𝑝 is Irwin’s estimate of the plastic zone 
size, 

𝑅𝑝 =
1

(

𝐾𝐼
)2

. (28)

3𝜋 𝜎𝑦
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In all simulations, the characteristic element size ℎ is chosen to 
be at least five times smaller than the phase field length scale 𝓁, to 
ensure mesh-independent results [26]. Three models, with the same 
loading configuration and geometry but different material properties, 
are created to independently assess the ability of the numerical frame-
work to predict the distinct fracture behaviour of the BM, HAZ, and 
WM regions. The crack extension (𝛥𝑎) is measured as a function of the 
applied 𝐽𝐼 , with the results being given in Fig.  5, together with the 
experimental data.

Numerical predictions show a very good agreement with the exper-
imental data obtained for each of the weld regions, demonstrating the 
ability of the model to accurately capture the initiation and growth 
of cracks in welded X80 pipeline steel. The results show that, by 
simulating elastic–plastic fracture in agreement with thermodynamic 
principles, the model naturally captures the increase in crack growth 
resistance observed with crack extension due to plastic dissipation, as 
a natural outcome of the model (i.e., without having to define a priori
how the toughness varies with crack extension).

3.3. Predictions of girth weld integrity

We proceed to employ the validated model to predict the structural 
integrity of welds in hydrogen transport pipelines under a wide range 
of relevant conditions. First, the boundary value problem considered 
is described in Section 3.3.1. Second, the behaviour of defect-free 
pipelines is assessed, to assess hydrogen transport and trapping, and 
determine reference critical failure pressures (Section 3.3.2). Finally, 
in Section 3.3.3, a comprehensive study on the role of defects is 
conducted, where all possible defects (as allowed by the standards) are 
considered, spanning porosity, lack of penetration, imperfections, lack 
of fusion, root contraction, and undercutting defects. Their interplay 
with hydrogen is quantified, determining their impact in reducing 
admissible pressures in hydrogen transmission pipelines.



L. Castro et al. International Journal of Mechanical Sciences 311 (2026) 111172 
Fig. 5. Computational predictions of crack growth resistance (J-R) curves for the three regions of the X80 pipeline steel weld: BM, WM, and HAZ. The numerical 
results, obtained with a boundary layer model, show a very good agreement with the experimental data from Ref. [39].
3.3.1. Boundary value problem
The integrity of girth welds in hydrogen pipelines is assessed

through a deformation-diffusion-fracture model that uses the same 
dimensions as the weld process model (Section 2.1.3), enabling the 
coupling between the two. Thus, using a SDVINI subroutine, the 
residual stress state is transferred from the welding model to the weld 
integrity model, and the former also dictates the dimensions of the 
weld regions in the latter (as discussed in Section 2.2). As shown in 
Fig.  6, a 2D axisymmetric model is employed, which reproduces the 
conditions of girth welds in hydrogen pipelines. As such, a hydrogen 
concentration is defined in the interior of the pipeline, while hydrogen 
is expected to be able to exit the pipeline at its outer surface. The 
latter is captured by a 𝐶𝐿 = 0 boundary condition in the exterior 
boundary, while the hydrogen exposure boundary condition is given 
by Sievert’s law, with the hydrogen concentration in the nodes in 
the interior surface being defined as 𝐶𝐿 = 𝑠√𝑝H2

. The H2 pressure 
(𝑝H2

) is slowly ramped up until failure (at a rate of 27 Pa/s), and 
the solubility is taken to be 𝑠 = 0.077wppmMPa−0.5, as reported for 
pipeline steels [76]. The mechanical boundary conditions capture, in a 
displacement-controlled setting, the loading resulting from the interior 
pressure. Integrating the Lame equations, the following relationships 
can be established between the pipeline pressure 𝑝 and the radial (𝑢𝑟) 
and longitudinal (𝑢𝑙) displacements: 

𝑢𝑟 =
𝑝𝑟2𝑖
𝐸𝑡pipe

(

1 − 𝜈
2

)

, (29)

𝑢𝑙 =
𝑝𝐿0𝑟𝑖
2𝐸𝑡pipe

( 1
2
− 𝜈

)

, (30)

where 𝑡pipe is the pipeline thickness, 𝑟𝑖 the inner radius of the pipe, 
and 𝐿0 is the width of the 2D axisymmetric model. These relationships 
are used to define 𝑢𝑟 and 𝑢𝑙 at the relevant surfaces (see Fig.  6), 
capturing in a 2D setting the 3D behaviour of a pipeline under an 
internal pressure 𝑝. As shown in Fig.  6, three different weld regions are 
considered, with distinct properties — those given in Table  2. The same 
finite element mesh is used for the welding and structural integrity 
simulations; i.e., the mesh is refined in the expected crack region, with 
the characteristic element length being 5 times smaller than the phase 
field length scale, to ensure mesh objective results.
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3.3.2. Critical hydrogen pressures for defect-free girth welds
Let us begin the weld structural integrity analysis by considering 

the reference case of a defect-free pipeline. Two failure modes are 
considered: (i) fracture, as characterised by the propagation of a crack 
throughout the thickness of the pipeline, and (ii) plastic collapse, 
whereby the yielding pressure of the pipeline 𝑝yield = 𝜎𝑦𝑡pipe∕𝑟𝑖 is 
reached before fracture occurs. For the X80 pipeline steel considered 
here, 𝑝yield = 30 MPa, and thus calculations are stopped when this point 
is reached, ensuring that the above-defined relationships between the 
applied displacements and the pressure hold throughout the simulation.

Representative results are shown in Fig.  7 in the form of contours 
of relevant variables: the lattice hydrogen concentration (𝐶𝐿), the hy-
drogen trapped at dislocations (𝐶 (𝑑)

𝑇 ), the total hydrogen concentration 
(lattice and trapped; 𝐶𝐿 +

∑

𝑖 𝐶
(𝑖)
𝑇 ), the hydrogen-dependent toughness 

(𝐺𝑐 (𝐶𝐿)), and the phase field fracture variable (𝜙). The phase field 
contours (fifth row, Fig.  7) reveal that a crack develops near the 
weld root and grows along the HAZ until reaching the outer surface 
of the pipeline. Hydrogen-assisted failure occurs at a pressure of 25 
MPa, below the yield pressure of 30 MPa. This is in contrast with 
the simulations conducted in the absence of hydrogen (𝐶𝐿 = 0 ∀ 𝐱), 
where the pipeline fails by plastic collapse. This earlier fracture in 
a hydrogen-containing environment is due to the interplay between 
the (lattice) hydrogen content and the material toughness. As shown 
in the first row of Fig.  7, 𝐶𝐿 rises in the inner surface with in-
creasing pressure, as per Sievert’s law, and then diffuses throughout 
the pipeline thickness. No significant differences are observed in the 
lattice hydrogen concentration distribution along the weld regions. 
This is in agreement with expectations, given the similar apparent 
diffusivities of the BM, WM and HAZ. The resulting 𝐶𝐿 distribution 
renders a heterogeneous distribution of the material toughness 𝐺𝑐 (𝐶𝐿)
(see the fourth row in Fig.  7), which facilitates cracking near the inner 
surface and in the HAZ region. The regions of higher susceptibility 
(lower 𝐺𝑐 (𝐶𝐿)) are dictated by both the hydrogen distribution and the 
inherent properties of each weld region. The results emphasise the 
lower hydrogen-assisted fracture resistance of the HAZ region, as re-
cently quantified experimentally by Chalfoun et al. [10]. The interplay 
between hydrogen and traps can also be visualised. Consider first the 
𝐶 (𝑑)
𝑇  contours, presented in the second row of Fig.  7. The dislocation 
trap density and the hydrogen trapped at dislocations are highest near 
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Fig. 6. Boundary value problem mimicking the conditions of a girth weld in a hydrogen transport pipeline. The mechanical (𝑢𝑟, 𝑢𝑙) and chemical (𝐶𝐿) boundary 
conditions are illustrated, along with relevant dimensions: pipeline thickness 𝑡pipe, inner radius 𝑟𝑖, and domain width 𝐿0. The finite element model accounts for 
three weld regions with distinct material properties (see Table  2).
Fig. 7. Contours of relevant properties for an initially defect-free pipeline under three different H2 pressures (times): 5 MPa (left column), 15 MPa (centre 
column) and 25 MPa (right column). The contours show the spatial and temporal distribution of the lattice hydrogen concentration 𝐶𝐿 (first row), the hydrogen 
concentration trapped at dislocations 𝐶 (𝑑)

𝑇  (second row), the total hydrogen concentration (trapped and lattice) 𝐶𝐿 +
∑

𝑖 𝐶
(𝑖)
𝑇  (third row), the hydrogen-degraded 

material toughness 𝐺𝑐 (𝐶𝐿) (fourth row), and the phase field fracture order parameter 𝜙 (fifth row). Failure occurs at a critical pressure of 𝑝𝑓 = 25 MPa, as 
indicated by the growth of a crack (𝜙 = 1) from the weld root to the outer surface.
the weld root, where the highest tensile residual stresses are attained 
after the weld process (see Fig.  3c). Comparison of the first three rows 
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of Fig.  7 reveals that the hydrogen trapped in dislocations accounts 
for a very significant percentage of the trapped hydrogen, which is 
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Fig. 8. Impact of porosity on the structural integrity of hydrogen transport pipelines. The results are provided as: (a) phase field 𝜙 contours for the representative 
case of 1% porosity, showing an inset of a microscopy image emphasising typical porosity levels found in welds, and (b) estimations of failure pressure versus 
the pore volume fraction 𝑓𝑝 (in %). Porosity levels that are considered acceptable for natural gas pipelines appear to bring a very significant reduction of load 
carrying capacity in H2 environments.
much higher than the lattice one. This indicates that welding residual 
stresses dominate hydrogen trapping in welds. The total (lattice and 
trapped) hydrogen concentration contours (third row in Fig.  7) also 
reveal significant variations across the different regions of the weld, 
reflecting the interplay between microstructural heterogeneities and 
trapping.

3.3.3. Resolving the interplay between pre-existing defects and critical hy-
drogen pressures

Defects are inherently present in welded joints, yet their role in 
compromising the structural integrity of welded components is diffi-
cult to predict. The deleterious effect of welding defects on structural 
integrity is exacerbated in the presence of hydrogen, as brittle failure 
becomes more likely (vs plastic collapse), and the presence of defects 
(stress concentrators) will in turn increase the local concentrations 
of trapped and lattice hydrogen. Typical defects resulting from the 
welding process include pores, lack of penetration defects, imperfec-
tions, lack of fusion defects, root contraction, and undercutting. Due 
to their quasi-inevitable nature, these are allowed in the standards; 
e.g., standards such as API 1104 [81] and ISO 5817:2023 [82] provide 
guidelines for acceptable levels of welding imperfections and specify 
the maximum allowable flaw sizes. Hence, defects within the range 
classified as allowable in the standards are highly likely to be present in 
the natural gas pipelines being considered for hydrogen transport. To 
evaluate, for the first time, the impact that these defects can have under 
the more demanding conditions of hydrogen transport, we proceed to 
11 
assess each of them, quantifying the critical pressure at which failure 
can happen and comparing the outcome with the result in the absence 
of hydrogen and the defect-free condition (Section 3.3.2).

First, let us consider the influence that porosity can have. The 
presence of small pores is a natural outcome of the welding process, 
typically as a result of gas trapping during solidification. This can be 
exacerbated due to improper gas shielding, contamination, or incorrect 
welding parameters. To span a wide range of relevant scenarios, cal-
culations are conducted for the boundary value problem presented in 
Section 3.3.1, considering different degrees of porosity (pore volume 
fractions), with pores randomly distributed throughout the domain. A 
pore diameter of approximately 5 μ m is considered, consistent with 
welding practice. In the model, this is achieved by assigning an initial 
value of 𝜙 = 1 to a given percentage of integration points within the 
weld metal (e.g., to 1% of the integration points, for 𝑓𝑝 = 1%). Three 
scenarios are considered: no pores (i.e., the reference case assessed 
in Section 3.3.2), 0.5% volume fraction of pores (𝑓𝑝 = 0.5%), and 
1% volume fraction of pores (𝑓𝑝 = 1%). These choices span realistic 
scenarios as the standards allow for up to 1% porosity in welds [82].

The results obtained are shown in Fig.  8, where the phase field 
contours are provided for the representative case of 𝑓𝑝 = 1% (Fig.  8a) 
and all the results obtained are complied in a failure pressure vs pore 
volume fraction plot (Fig.  8b). Porosity is found to have a very signif-
icant effect on structural integrity, localising hydrogen concentration, 
and facilitating fracture. Specifically, the critical pressure is found to 
be as low as 17 MPa for the case of 1% porosity, a scenario allowed 
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Fig. 9. Resolving the interplay between weld defects and hydrogen-assisted pipeline failures. Cracking patterns, as described by phase field contours, and failure 
pressures (𝑝𝑓 ) for: (a) lack of penetration defects, (b) weld imperfections, (c) outer lack of fusion defects, (d) inner lack of fusion defects, (e) root contraction 
defects, and (f) undercutting. In each case, a micrograph is included to showcase the visual appearance of each defect type. Defects considered acceptable in 
natural gas operation significantly reduce the maximum allowable pressure in H2.
in the standards [82]. This is a load carrying capacity reduction of 
approximately 32%. The crack trajectory is also significantly influenced 
by porosity, with the crack no longer growing through the HAZ (as in 
the reference case, see Section 3.3.2) but instead following a higher 
porosity path through the WM, from its initiation point at the weld 
root.

Next, let us address other defects that are commonly present in 
pipeline welds, under the conditions (defect dimensions) that are al-
lowed in the standards [81,82]. The numerical predictions of the model 
are given in Fig.  9, in terms of phase field contours (cracking trajec-
tories) and failure pressures (𝑝𝑓 ) for the following welding defects: 
lack of penetration, imperfections, lack of fusion (outer and inner), 
contraction at the root, and undercutting. Each of these scenarios is 
discussed below.
12 
Lack of penetration happens when the WM does not extend 
through the entire thickness of the joint. It is commonly exacerbated by 
insufficient heat input, incorrect electrode angle, or too high welding 
speed. As per the standards [82], the depth of lack of penetration 
defects cannot exceed ℎ = 2 mm. Hence, simulations are conducted with 
a 2 mm lack of penetration defect as initial condition, as shown in Fig. 
9a. The results show that the crack initiates at the edges of the weld 
defect and grows along the WM, with failure occurring at a pressure 
of 14 MPa. This entails a reduction of load carrying capacity of ∼44%, 
relative to the reference, defect-free case.

Weld imperfections include various types of minor defects such 
as slag inclusions and surface irregularities. The presence of individual 
defects is accepted if the sum of their transverse area does not exceed 
20% of the pipeline thickness: ∑ ℎ ≤ 0.2𝑡 . Hence, for this pipe, 
𝑖 𝑖 pipe
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Fig. 10.  Synergistic effect between inner lack of fusion (𝑙max = 4 mm) and porosity (0.5%) defects. The phase field contours show the cracking pattern resulting 
from the interaction of both defect types, revealing an intensified crack propagation that leads to a 39% reduction in the failure pressure (𝑝𝑓 = 17 MPa), relative to 
the defect-free case, yet only a 5% drop relative to the lack of fusion case. The results indicate that the coexistence of defects further promotes hydrogen-assisted 
cracking, yet the overall behaviour is still mainly governed by the most harmful defect.
which has a thickness of 𝑡pipe = 12 mm, we consider three defects, 
randomly distributed within the WM region, with diameters ℎ1 =
0.8 mm, ℎ2 = 0.7 mm, and ℎ3 = 0.9 mm, such that they are within the 
maximum permissible values of the standard; the total projected defect 
length is 2.4 mm, which corresponds to 20% of the pipe thickness. The 
results, shown in Fig.  9b, reveal a cracking path that is governed by 
these imperfections, with the failure pressure being 𝑝𝑓 = 18 MPa, a 
roughly 28% reduction relative to the defect-free case.

Lack of fusion defects arise when WM fails to properly adhere to 
the BM or preceding weld passes. This typically occurs due to subopti-
mal heat input, poor welding technique (e.g., improper electrode angle 
or travel speed), or inadequate joint preparation (such as the presence 
of oxides or surface contaminants). Two scenarios are assessed here, to 
cover the most typical cases: an external lack of fusion defect (Fig.  9c) 
and an internal one (Fig.  9d). A defect length of 4 mm, corresponding 
to the maximum allowable value in the standard [82], is considered 
only for the internal pass, while in the external case, the defect size is 
limited to the thickness of the weld bead of the last pass. These lack of 
fusion defects change the crack initiation location from the weld root 
to the defect tip. It can also be seen that internal lack of fusion defects 
are more detrimental than those at the outer surface, with the latter 
resulting in failure at a pressure of𝑝𝑓 = 18 MPa, while the former can 
withstand pressures of 24 MPa. This implies a 28% and 4% reduction 
in load-carrying capacity, relative to the defect-free case, for the outer 
and inner lack of fusion defects, respectively.

Root contraction occurs due to the shrinkage of the WM as it 
cools and solidifies. This defect can lead to the formation of gaps 
or voids at the root of the weld, with the standards allowing root 
contraction defects of up to 0.5 mm in diameter [82]. The results 
obtained considering two root contraction defects are given in Fig.  9e. 
As expected, the crack initiates from one of the two root contraction 
defects, and grows mainly along the HAZ. The pipeline weld fails at 
a H2 pressure of 16 MPa, which is a 36% reduction relative to the 
defect-free case.

Undercutting defects are typically characterised by a groove that 
forms at the weld edges, where the BM is melted away but not filled 
by the WM. As shown in Fig.  9f, outer surface undercutting can result 
in stress concentrators that lead to cracking. The API standard [81] is 
the most restrictive regarding undercutting defects, specifying that their 
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length must not exceed 0.8 mm. The results show that cracks initiate at 
the undercutting defect and propagate through the HAZ. This leads to a 
reduction of approximately 4% in the failure pressure, with 𝑝𝑓  being 24 
MPa. This is the highest critical pressure attained across all the defects 
examined, suggesting that undercutting defects are the least harmful 
ones in hydrogen transport pipelines.

The results obtained show that lack of penetration and root con-
traction defects are the most harmful ones, while undercutting and 
outer lack of fusion defects lead to the maximum allowable hydrogen 
transport pressures. Finally, we also examine a combined defects case, 
to assess the synergistic effect of multiple defects coexisting within the 
welded joint. As illustrated in Fig.  10, a case study combining internal 
lack of fusion and porosity defects was considered and taken as repre-
sentative. Individually, these defects exhibit failure pressures of 18 MPa 
and 23 MPa, respectively; however, when both are present simultane-
ously, the failure pressure drops to 𝑝𝑓 = 17 MPa. This corresponds to 
an overall reduction of ∼ 39% relative to the defect-free configuration. 
These results highlight that the coexistence of different defect types 
further compromises the structural integrity of welded joints, as their 
combined influence leads to a more severe degradation in load-carrying 
capacity than the individual contribution of each defect. However, the 
drop in failure pressure is not very significant as the overall behaviour 
is mainly governed by the most harmful defect.

4. Conclusions

We have presented a novel computational framework combining 
thermo-mechanical weld process modelling with coupled deformation-
diffusion-fracture simulations. The framework considers elastic–plastic 
deformation and fracture, using the phase field method, as well as 
multi-trapping phenomena, enabling to resolve the interplay between 
residual stresses and hydrogen trapping for the first time. The com-
putational framework presented is particularised to the study of girth 
welds in X80 steel pipelines aimed at hydrogen transport. First, the 
weld process model is run to determine the residual stress state and 
the dimensions of the various weld regions: base metal (BM), weld 
metal (WM), and heat-affected zone (HAZ). The results capture the 
expected trends in thermal and mechanical fields. Then, structural 
integrity simulations are conducted to quantify the detrimental effect 
of hydrogen in welds. Key findings include:
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• Residual stresses dominate hydrogen trapping in welds. The hy-
drogen trapped in dislocations is found to be the primary con-
tributor to the trapped hydrogen concentration, and its maximum 
values are attained near the weld root, where the welding residual 
stresses are highest.

• Elastic–plastic phase field fracture modelling can predict the crack 
growth resistance behaviour of the various weld regions (BM, 
WM, HAZ), accurately capturing the role of plastic dissipation in 
increasing toughness with crack growth.

• The combination of hydrogen, residual stresses, and heterogeneity 
of weld properties brings in a change in failure model, from 
plastic collapse to rapid fracture, even in the absence of initial 
defects.

• The microstructural heterogeneity of the weld regions results in 
distinct hydrogen trapping and embrittlement susceptibility, with 
cracking localising along the HAZ.

• Porosity was found to have a significant effect, with allowed 
porosity levels (1%) reducing by 32% the maximum H2 pipeline 
pressure (vs the defect-free case). Porosity also impacts the crack 
trajectory, shifting the highest susceptibility from the HAZ to the 
regions with the highest porosity.

• Weld defects that are considered non-critical in natural gas
pipelines, and thus allowed by the standards, can significantly 
compromise the structural integrity of hydrogen pipelines. Specif-
ically, relative to the defect-free case, lack of penetration defects 
can bring down the failure pressure by 44%, root contraction 
defects by 36%,weld imperfections by 28%, inner lack of fusion 
defects by 28%, outer lack of fusion defects by 4%, and undercut-
ting by 4%. Cracking patterns are also found to be very sensitive 
to these defects, governing crack trajectories and initiation sites.

• The presence of multiple co-existent defect types further com-
promises the structural integrity of hydrogen transport pipelines, 
although the synergistic effect is not significant, as the behaviour 
is mainly governed by the most harmful defect.

Overall, the results obtained emphasise the need for stringent qual-
ity control in welds of hydrogen transport pipelines and a change 
in standards and protocols. The insight gained and the framework 
developed can be instrumental in mapping safe regimes of operation in 
hydrogen transmission pipelines, given the challenges associated with 
mimicking real working conditions (residual stresses, non-conventional 
defects) in laboratory settings. Potential avenues of future work include 
the consideration of external defects (such as dents) and degradation 
due to cyclic loading (hydrogen-assisted fatigue). Process optimisation 
can also be carried out through advanced weld process modelling, 
capable of predicting the emergence of defects that can be critical in 
hydrogen environments.
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