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 A B S T R A C T

We combine state-of-the-art thermo-metallurgical welding process modeling with coupled diffusion-elastic–
plastic phase field fracture simulations to predict the failure states of hydrogen transport pipelines. This enables 
quantitatively resolving residual stress states and the role of brittle, hard regions of the weld such as the heat 
affected zone (HAZ). Failure pressures can be efficiently quantified as a function of asset state (existing defects), 
materials and weld procedures adopted, and hydrogen purity. Importantly, simulations spanning numerous 
relevant conditions (defect size and orientations) are used to build Virtual Failure Assessment Diagrams 
(FADs), enabling a straightforward uptake of this mechanistic approach in fitness-for-service assessment. Model 
predictions are in very good agreement with FAD approaches from the standards but show that the latter are 
not conservative when resolving the heterogeneous nature of the weld microstructure. Appropriate, mechanistic
FAD safety factors are established that account for the role of residual stresses and hard, brittle weld regions.
1. Introduction

A significant challenge preventing the widespread adoption of
hydrogen-based technologies stems from the difficulties of transporting 
and storing hydrogen. Steels are widely used in critical infrastruc-
tures, such as pipeline networks. However, when exposed to hydrogen, 
steels typically display severely degraded material properties, including 
reduced ductility and reduced fracture toughness [1,2]. This phe-
nomenon, known as hydrogen embrittlement, results from hydrogen 
atoms entering and diffusing throughout the material [3,4].

In addition to the development of dedicated hydrogen energy in-
frastructure, there is growing interest in repurposing parts of the exist-
ing gas pipeline network to transport hydrogen [5–8]. This approach 
can significantly accelerate the transition to a hydrogen-based energy 
economy by substantially reducing costs and implementation times. 
However, determining safe operating conditions for hydrogen pipelines 
poses a significant challenge, involving multiple aspects. First, the me-
chanical performance of pipeline steels in hydrogen-rich environments 
must be quantified. Therefore, a substantial amount of experimental 
research has been dedicated to investigating the mechanical properties 
of such steels when exposed to hydrogen [9–13]. Moreover, pipeline 
failure typically occurs in welded regions [14]. During the welding 
process of a pipeline, the material close to the weld metal (WM), known 
as the heat affected zone (HAZ), undergoes multiple thermal cycles. 
This can significantly alter the microstructure and consequently the 
mechanical properties of the material; e.g., due to the formation of 
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harder phases [15]. Hard HAZs are more brittle and exhibit a higher 
susceptibility to hydrogen embrittlement. In addition, residual stresses 
and imperfections can be introduced as a result of the welding process. 
This makes the WM and HAZ the most susceptible regions to failure in a 
pipeline network. For this reason, the effect of hydrogen on the proper-
ties of HAZ and WM microstructures has been investigated in numerous 
studies [16–21]. Finally, imperfections and defects can compromise the 
structural integrity of pipeline networks. Such imperfections can be 
introduced during the manufacturing, welding, or in-service time of 
pipelines. Therefore, the assessment of defects in pipeline welds and 
HAZs exposed to hydrogen is crucial to ensure the safe and reliable 
operation of hydrogen pipelines. However, the complex interplay of 
the abovementioned factors makes this a complicated task. Among 
others, it is difficult to adequately characterize residual stresses and 
the fracture resistance of the HAZ, due to its small size. Moreover, 
when considering the retrofitting of natural gas pipelines to transport 
hydrogen, there are vast combinations of pipe and weld materials, 
weld procedures, H2 conditions (purity and pressure), and pre-existing 
defects. Physical testing of all of these conditions while resolving the 
role of residual stresses and (small) hard, brittle weld regions is a 
remarkable task. For this reason, computational methods have become 
an essential tool for assessing defects, gaining insights, and guiding 
design [22].

Recent advances in computational fracture mechanics, combined 
with significant increases in computer power, have enabled the de-
velopment of numerical frameworks capable of accurately predicting 
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the fracture behavior of full-scale components (Virtual Testing) [23]. 
Particularly critical to this milestone has been the development of phase 
field fracture methods, which have shown to be capable of tackling 
complex fracture mechanics problems, handling arbitrary geometries 
and crack paths, as well as predicting crack initiation, propagation, coa-
lescence, and branching [24–27]. This success has been extended to the 
prediction of hydrogen-assisted failures, by accounting for hydrogen 
uptake [28,29], diffusion [30,31] and suitable toughness degradation 
laws [32,33]. Phase field-based predictions of hydrogen embrittlement 
have provided new physical insight and shown to be in good agreement 
with experiments [34–36].

Recently, a computational framework based on the phase field frac-
ture paradigm has been developed to assess the structural integrity of 
welds in hydrogen transport pipelines [37,38]. Mandal et al. [37] com-
bined a welding process model, capable of predicting residual stress dis-
tributions, with a coupled deformation-diffusion-fracture model to pre-
dict critical pressures of hydrogen transport pipelines. Wijnen et al. [38]
included phase transformations into the welding process to predict 
heterogeneous property distribution maps in the weld metal and HAZ, 
which can subsequently be used in microstructurally-informed fracture 
simulation. Although these advanced models are excellent tools to 
assess defects in hydrogen pipelines, as they can account for hetero-
geneous properties in susceptible weld and HAZ regions, conducting 
detailed fracture mechanics simulations for each defect in a pipeline 
network can be a computationally intensive and time-consuming task. 
Therefore, in practice, so-called fitness-for-service (FFS) assessments of 
pipeline networks are conducted following industrial standards, such as 
the BS7910 standard [39] or the API 579-1/ASME FFS-1 standard [40]. 
Typical FFS assessments of a flawed structure are based on failure 
assessment diagrams (FADs). In a FAD, the structural integrity of 
a structure is evaluated based on its proximity to the two extreme 
failure modes: brittle crack propagation, governed by linear elastic 
fracture mechanics (LEFM), and ultimate plastic collapse. In an FAD, 
the normalized driving forces of both failure mechanisms are used 
as axes of the FAD. A failure assessment line (FAL) is constructed 
which represents the failure envelope resulting from the interaction of 
both driving forces. The FAL demarcates the safe and unsafe operating 
regimes of the FAD. A flawed structure under a given load can be 
plotted as an assessment point in the FAD. This point should be located 
in the safe region of the FAD.

Numerous studies in the literature can be found in which an FAD 
is used to investigate defects in pipelines [41–46]. In addition, several 
studies have extended the use of FADs to hydrogen pipelines. Arroyo 
et al. [47] suggested accounting for the fracture toughness reduction 
in the calculation of the LEFM driving force, while the plastic collapse 
driving force remained unchanged. This approach was also adopted 
by Pluvinage et al. [48]. Boukortt et al. [49] also took into account 
the slightly reduced yield stress due to hydrogen when determining 
the locations of FAD assessment points for a defect in an X52 pipeline 
steel. Furthermore, Kim et al. [50] studied the effect of temperature 
on the properties that are used to construct FADs for a hydrogen-
embrittled material. These material properties were predicted using 
a damage model that accounts for temperature and hydrogen. Their 
results showed that temperature had only a minor influence on the 
positions of assessment points in the FAD. Although FFS assessments 
based on FADs are widely adopted, there are inherent limitations. 
Multiple simplifications and assumptions have to be made in the con-
struction of an FAD. Specifically, local hard spots and spatially varying 
properties in weld and HAZ regions can compromise the reliability of 
FFS assessments. In other words, existing FAD approaches are only 
valid to assess the integrity of the base metal and not the pipeline’s 
weakest link. Furthermore, the validity of FADs when components are 
exposed to hydrogen-rich environments is still an open question.

In this study, we combine thermo-metallurgical weld process mod-
eling with phase field-based deformation-diffusion-fracture simulations 
of weld integrity to study the failure of hydrogen transmission pipelines,
 

2 
building upon the work by Mandal et al. [37] and Wijnen et al. [38]. 
For the first time, this mechanistic framework is used to build Vir-
tual Failure Assessment Diagrams (FADs), which account for residual 
stresses and weld microstructural heterogeneity, the two key unknowns 
in current procedures. A new class of hydrogen Failure Assessment 
Lines (FALs) are developed, which resolve detailed property distribu-
tions, residual stresses and the role of HAZs, as well as the interplay 
of these key elements with hydrogen. This allows us to shed new light 
into the validity and limitations of the assumptions commonly made in 
the fitness-for-service assessment of hydrogen transmission pipelines, 
quantifying errors and providing appropriate safety factors. Moreover, 
the resulting virtual failure envelopes provide a straightforward way of 
incorporating advanced, detailed simulations into engineering practice.

This paper is structured as follows. In Section 2, fundamental as-
pects of FADs will be discussed. The fracture model will be briefly 
explained in Section 3. In Section 4, a comparison between model pre-
dictions and standardized FADs will be performed for a simple single-
edge notched tensile (SENT) specimen with homogeneous properties, 
establishing a connection between the two methods. These results 
showcase the potential of phase field fracture in delivering virtual 
FADs in agreement with well-established fracture mechanics theory. 
Furthermore, the influence of hydrogen on the FAD will be examined. 
In Section 5, a more complex and realistic scenario, involving a range 
of defects in a pipeline weld exhibiting heterogeneous properties, is 
considered. Here, the model serves as a reference to assess the validity 
of FAD assessment under relevant assumptions, providing a better 
understanding of the limitations and uncertainties.

2. Failure assessment diagrams (FADs)

Defect assessment codes provide detailed guidelines on how to 
construct and use FADs. In this paper, we follow the British Standard 
BS7910:2019 [39]. The key aspects of FAD assessments are briefly 
summarized in this section.

2.1. Principle failure criteria

An FAD is an interaction diagram based on the two principal failure 
criteria of a flawed structure, namely, ultimate plastic collapse and 
linear elastic fracture mechanics (LEFM). Plastic collapse occurs when a 
substantial part of a structure undergoes significant plastic straining, re-
sulting in unstable deformation. In this situation, failure is not governed 
by crack propagation.

Failure due to the propagation of an existing defect in a linear elastic 
material can be predicted by LEFM. A crack will propagate when the 
applied stress intensity factor (SIF), 𝐾, describing the amplitude of 
the 1∕√𝑟 stress singularity in the vicinity of the crack tip, reaches a 
critical value 𝐾𝑐 . For common geometries, SIF solutions are available 
in handbooks or textbooks. These SIF solutions are of the form 
𝐾 = 𝑃

𝐵
√

𝑊
𝑓
( 𝑎
𝑊

)

, (1)

where 𝑃  is the applied load, 𝑎 is the crack length, 𝑊  is the width of the 
geometry, 𝐵 is the thickness, and 𝑓 (𝑎∕𝑊 ) is a geometry-dependent di-
mensionless function. The SIF, 𝐾, varies linearly with the applied load, 
𝑃 . This is depicted in Fig.  1(a) as the blue dashed line. Additionally, 
the load, 𝑃𝑢, at which ultimate plastic collapse occurs is shown as the 
brown dotted line.

For plastically deforming materials such as metals, a plastic zone 
develops around the crack tip. The elastic SIF is still a valid description 
of the crack tip state when the plastic zone is small. In this case, a 
𝐾-dominated region in which the stress varies as 1∕√𝑟 is still present 
around the crack tip. When the plastic zone becomes larger at higher 
loads, a 𝐾-dominated zone is no longer present. However, the state 
at the crack tip is still uniquely described by the 𝐽 -integral, with a 
𝐽 -dominated zone being present around the crack tip. Although 𝐾 is 
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Fig. 1. Representations of crack driving forces. (a) Elastic stress intensity factor 𝐾 and effective stress intensity factor as function of applied load. (b) A failure assessment diagram 
(FAD), indicating safe and unsafe operating regimes.
strictly speaking not a valid crack tip parameter anymore, an effective 
SIF can be calculated by using the relation between 𝐽 and 𝐾 for linear 
elastic materials: 
𝐾𝑒𝑓𝑓 =

√

𝐸′𝐽 , (2)

where 𝐸′ is the equivalent Young’s modulus given as 𝐸′ = 𝐸∕(1 − 𝜈2)
for plane strain conditions. Fig.  1(a) schematically depicts 𝐾𝑒𝑓𝑓  as a 
function of the applied load. At small loads, where there still exists a 𝐾-
dominated region, 𝐾𝑒𝑓𝑓  is equal to 𝐾. At higher loads, plasticity starts 
to play a role, increasing 𝐾𝑒𝑓𝑓  with respect to 𝐾.

2.2. Failure assessment

An FAD is an interaction diagram in which the driving forces for 
plastic collapse and LEFM are represented on the axes. This is depicted 
in Fig.  1(b). On the 𝑥-axis a load ratio, 𝐿𝑟, is represented that indicates 
the proximity to plastic collapse; 𝐿𝑟 = 𝑃∕𝑃𝑦, where 𝑃𝑦 is the plastic 
yielding load. The 𝑦-coordinate represents the fracture ratio, given by 

𝐾𝑟 =
𝐾
𝐾𝑐

, (3)

in which 𝐾𝑐 is the toughness of the material.
A failure assessment line (FAL) that governs the interaction between 

both principle failure criteria is plotted in the FAD of Fig.  1(b), de-
noted as 𝑓 (𝐿𝑟). This curve represents the function 𝑓 = 𝐾𝑒𝑓𝑓∕𝐾 as 
a function of the applied load. Consequently, the FAD is a way to 
visualize the effective fracture driving force, 𝐾𝑒𝑓𝑓 . To assess whether 
a certain geometry with pre-existing crack fails under a certain load, 
an assessment point is plotted in the FAD by determining 𝐿𝑟 and 𝐾𝑟. 
Consider point 𝐵 in Fig.  1(b), which lies on the FAL 𝑓 (𝐿𝑟). In this case, 
𝐾𝑟 = 𝐾𝐼∕𝐾𝑐 = 𝑓 = 𝐾𝐼∕𝐾𝑒𝑓𝑓 , which implies that 𝐾𝑒𝑓𝑓 = 𝐾𝑐 , i.e. the 
effective stress intensity factor is equal to the material toughness and 
crack propagation occurs. Hence, a geometry and loading condition 
resulting in an assessment point lying on or outside of the FAL is unsafe. 
An assessment point lying within the FAL, such as point 𝐴 in Fig.  1(b), 
is considered safe. A safety factor for this assessment point can be 
calculated as 𝑆𝐹 = 𝑂𝐵∕𝑂𝐴, where 𝑂 is the (0,0) origin.

If the FAL is known, an FAD provides an easy-to-implement failure 
assessment method since only two parameters are involved; one based 
on plastic collapse and the other based on LEFM.

2.3. Construction of the failure assessment line

Current defect assessment codes provide three hierarchical op-
tions to determine the failure assessment  line (FAL), which vary in
3 
complexity and accuracy [39]. In Option 3, the more general one, 
detailed elastic–plastic finite element analysis is conducted to calculate 

𝑓3(𝐿𝑟) =
√

𝐽
𝐽𝑒
, (4)

over a range of 𝐿𝑟 values. Here, 𝐽 is the 𝐽 -integral value obtained 
with an elastic–plastic analysis, while 𝐽𝑒 is the value of a purely elastic 
analysis. The obtained FAL depends on the material properties, geom-
etry, and loading type, making it unsuitable for general application. 
Furthermore, the extensive finite element computations required make 
it a rarely adopted option in practical engineering applications.

In Option 2, approximate solutions of 𝐽 for materials obeying the 
Ramberg–Osgood relation are used [51]. By adopting a reference stress 
approach with an appropriate normalizing load, the dependence of 
these solutions on the geometry and material properties is reduced [52,
53]. The normalizing load is given by 

𝐿𝑟 =
𝑃
𝑃𝑦
, (5)

where 𝑃𝑦 is the plastic yield load of the flawed structure. The reference 
stress for a given load is then calculated as 

𝜎ref = 𝐿𝑟𝜎𝑦0, (6)

where 𝜎𝑦0 is the initial yield stress of the material. The FAL of Option 
2, approximating Eq.  (4), is given by 

𝑓2(𝐿𝑟) =

(

𝐸𝜀ref
𝜎ref

+
𝐿2
𝑟𝜎ref

2𝐸𝜀ref

)−0.5

, (7)

where 𝜀ref is the reference strain corresponding to the reference stress, 
𝜎ref. The construction of the Option 2 FAL only requires the stress–
strain curve of the material, which defines the relationship between 
𝜀ref and 𝜎ref. Consequently, Option 2 is much easier to use in practice 
than Option 3. Since Eq.  (7) is derived based on the Ramberg–Osgood 
stress–strain relation, this equation is commonly fit to experimental 
data.

The actual sensitivity of Eq.  (7) to material behavior is limited. 
Therefore, defect assessment codes provide an Option 1, which is a 
conservative fit of Eq.  (7) based on data from various materials: 

𝑓1(𝐿𝑟) =
(

1 + 0.5𝐿2
𝑟
)−0.5 (0.3 + 0.7 exp(−𝜇𝐿6

𝑟 )
)

, (8)

where 

𝜇 = min
(

0.001 𝐸 , 0.6
)

. (9)

𝜎𝑦0
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The FAL of Option 1 is geometry and material independent, making it 
a popular approach.

The FALs are cut off at the point when plastic collapse structure 
would be expected, as shown in Fig.  1(b). The cut-off load is given by 

𝐿𝑟,max =
𝜎𝑦0 + 𝜎𝑢
2𝜎𝑦0

, (10)

where 𝜎𝑢 is the ultimate strength of the material.

2.3.1. Evaluation of 𝐿𝑟 and 𝐾𝑟
To calculate the ratios 𝐿𝑟 and 𝐾𝑟, it is necessary to determine the 

stress intensity factor 𝐾, as a function of the applied load, and the 
global yield load 𝑃𝑦. For simple geometries, solutions to 𝐾 and 𝑃𝑦 can 
be found in handbooks or codes. For more complex geometries, finite 
element analysis is required.

The stress intensity factor can be obtained through a linear elastic 
finite element calculation. The global yield load is the point at which 
yielding starts to affect the global load–displacement behavior of the 
structure. This value can be determined by conducting a limit load 
analysis using perfectly plastic material behavior. In such an analysis, 
the maximum load is reached when the uncracked ligament of the 
specimen is fully plastic. It is important to note that 𝑃𝑦 must take 
into account the location and size of the defects and cannot simply be 
calculated as the load at which the nominally applied stress reaches the 
yield stress.

3. Elastic–plastic phase field fracture for hydrogen embrittlement

An elastic–plastic phase field fracture model is employed for this 
analysis, coupled with a hydrogen transport formulation. The model 
is described in detail in Mandal et al. [37] and Wijnen et al. [38], and 
hence only key information is provided here, for the sake of brevity. Ad-
ditional details are provided in the supplementary material, where the 
capabilities and behavior of the model are explored further. Phase field 
fracture models build upon the thermodynamics of fracture, the energy 
balance first proposed by Griffith [54] and later extended to elastic–
plastic materials by Orowan [55], and its predictions have been shown 
to agree with those of fracture mechanics theory. These aspects are 
not presented here, as they have been extensively discussed elsewhere 
(see, e.g., [25,56,57] and Refs. therein). Nevertheless, Section 3.2 
demonstrates, for the first time, that an elastic–plastic fracture model 
can naturally capture the role of elasticity, plasticity and crack length, 
revealing a good agreement with well-established fracture mechanics 
concepts (transition flaw size, FAD) and the ability to accurately predict 
fracture for any choice of crack length and material ductility.

The stress state in the material is governed by the linear momentum 
balance, given by 

∇ ⋅ 𝝈 = 𝟎. (11)

A small strain formulation is adopted in which the strain is additively 
decomposed into an elastic and plastic part: 
𝜺 = 𝜺𝑒 + 𝜺𝑝, (12)

The stress response of the material is given by 

𝝈 = 𝜅
[

𝑔(𝜙)
⟨

𝜀𝑒vol
⟩

−
⟨

−𝜀𝑒vol
⟩]

𝐈 + 2𝑔(𝜙)𝐺𝜺𝑒dev (13)

where 𝜀𝑒vol = trace(𝜺𝑒) is the volumetric elastic strain, 𝜺𝑒dev = 𝜺𝑒− 1
3 𝜀

𝑒
vol𝑰

is the deviatoric elastic strain tensor, 𝜅 is the bulk modulus, 𝐺 is 
the shear modulus, ⟨□⟩ represent Macaulay brackets, and 𝑔(𝜙) is a 
degradation function. This degradation function is dependent on the 
order parameter 𝜙, which can be regarded as a damage indicator in 
the phase field fracture model. Eq.  (13) is defined such that only the 
tensile hydrostatic and deviatoric parts of the stress are degraded, while 
the compressive hydrostatic part is not degraded [58].
4 
The evolution of the plastic strain is given by the normality flow 
rule: 
𝜺̇𝑝 = 𝜀̇𝑝eq

𝜕𝑓
𝜕𝝈
, (14)

where a yield surface with power-law hardening is adopted: 

𝑓 = 𝜎eq − 𝑔𝑝(𝜙)𝜎𝑦0

(

1 +
𝐸𝜀𝑝eq
𝜎𝑦0

)𝑛

, (15)

subjected to the constraints 

𝜀̇𝑝eq ≥ 0, 𝑓 ≤ 0, 𝜀̇𝑝eq𝑓 = 0. (16)

In Eq.  (15), 𝑔𝑝(𝜙) is used to degrade the plastic yield surface as a 
function of the order parameter. Furthermore, 𝜀𝑝eq =

√

2
3 𝜺

𝑝
dev ∶ 𝜺𝑝dev

denotes the equivalent plastic strain.
A crack is represented by an order parameter 𝜙. A value of 𝜙 = 0

represents intact material, while a value of 𝜙 = 1 represents a fully 
damaged material. The evolution of the order parameter is governed 
by the following partial differential equation 
𝐺H𝑐 (𝐶)

𝓁

(

𝜙 − 𝓁2∇2𝜙
)

= −
𝑑𝑔
𝑑𝜙

( + 𝛽𝜓𝑝), (17)

in which 𝐺𝑐 (𝐶)H is a (hydrogen-dependent) critical energy release 
rate, also known as material toughness, and 𝓁 is a length scale which 
regularizes the order parameter. The right side of Eq.  (17) represents 
the crack driving force. Here,  is the irreversible elastic crack driving 
force, given by 

 = max
𝜏∈[0,𝑡]

(𝜅
2
⟨

𝜀𝑒vol
⟩2 + 𝐺𝜺𝑒dev ∶ 𝜺𝑒dev

)

. (18)

In addition, the plastic dissipated energy can be calculated through 

𝜓𝑝 =
𝜎2𝑦0

𝐸(𝑛 + 1)

(

1 +
𝐸𝜀𝑝eq
𝜎𝑦0

)𝑛+1

−
𝜎2𝑦0

𝐸(𝑛 + 1)
. (19)

A parameter 𝛽 is adopted in Eq.  (17) such that only a part of the plastic 
dissipation contributes to damage. This parameter is taken equal to 
𝛽 = 0.1 as experiments show that 90% of the plastic work is dissipated 
into heat [59], and thus not available to drive crack growth.

Finally, the elastic and plastic degradation functions are respectively 
given by 

𝑔(𝜙) = (1 − 𝜙)2 (20)

and 
𝑔𝑝(𝜙) = 𝛽𝑔(𝜙) − 𝛽 + 1, (21)

where the latter is adopted to ensure thermodynamic consistency with 
Eq.  (17) [37].

3.1. Hydrogen diffusion

The diffusion of atomic hydrogen through the material is described 
by 
𝜕𝐶
𝜕𝑡

= ∇ ⋅
(

𝐷∇𝐶 − 𝐷𝐶
𝑅𝑇

𝑉ℎ∇𝜎ℎ
)

, (22)

where 𝐶 is the diffusible hydrogen concentration, 𝐷 is the apparent 
diffusivity coefficient, 𝑉ℎ is the partial molar volume of hydrogen, 
and 𝜎ℎ = trace(𝝈)∕3 is the hydrostatic stress. The local hydrogen 
concentration degrades the local critical energy release rate through 
a phenomenological degradation law [37]: 

𝐺H𝑐 (𝐶) = 𝑓 (𝐶)𝐺𝑐 =
[

𝑓min +
(

1 − 𝑓min
)

exp(−𝑞1𝐶𝑞2 )
]

𝐺𝑐 , (23)

where 𝐺𝑐 is the critical energy release rate of the material in air 
and 𝑓min, 𝑞1, and 𝑞2 are other material parameters that are calibrated 
against toughness versus hydrogen content data, as elaborated below.
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Fig. 2. Transition flaw size analysis. (a) Failure stress for different crack lengths. (b) Interaction diagram for different crack lengths.
 

3.2. Model performance: transition flaw analysis

Here, we demonstrate that the adopted elastic–plastic fracture model
can naturally capture the role of crack length and the competition 
and interaction between toughness and strength driven failures. This 
competition becomes evident in a transition flaw analysis [60,61]. 
For a uniform stress state, a material fails at a critical nominal stress 
𝜎𝑢, while for large pre-existing cracks, material failure is driven by 
crack propagation, which is governed by the energy release rate. For 
intermediate crack sizes, a mediation between the two limiting failure 
criteria occurs, with plasticity playing a role.

Tanne et al. [25] and Kristensen et al. [57] demonstrated that phase 
field fracture models capture both failure modes and the transition 
between them for elastically brittle materials. Here, we extend this 
analysis to ductile materials. The SENT specimen depicted as inset in 
Fig.  2(a) is modeled with varying initial crack lengths, 𝑎0, while the 
material properties are kept constant. The model parameters are chosen 
such that the ductility ratio has a value of 𝑟𝑦 = 1.5, representing a 
ductile material. Under a uniform stress state, the material fails due to 
plastic collapse at an ultimate stress, 𝜎𝑢. In contrast to brittle materials, 
as discussed in the supplementary material, no analytical expression for 
𝜎𝑢 is available. Therefore, 𝜎𝑢 is determined as the maximum attained 
stress in the one-dimensional stress–strain curve (see supplementary 
material).

Fig.  2(a) presents the predicted remote failure stresses, 𝜎𝑓 , nor-
malized by 𝜎𝑐 , for the SENT specimen for different crack sizes. In 
addition, the elastic Griffith’s criterion (𝐾 = 𝐾𝑐) and the plastic collapse 
criterion (𝜎 = 𝜎𝑢) are depicted in Fig.  2(a). For short cracks, the values 
of the failure stress obtained are close to those associated with the 
plastic collapse criterion (strength-controlled failure). For longer initial 
cracks, a good agreement is obtained with Griffith’s criterion for brittle 
materials. In between, a transition region is present where the material 
fails earlier than predicted by both failure criteria. In this region, failure 
is driven by an interaction between Griffith’s criterion and plasticity.

The same data can be visualized in an interaction diagram, where 
the driving forces for both failure criteria are represented along an 
axis, which is shown in Fig.  2(b). On the horizontal axis, the load 
ratio 𝐿𝑐 = 𝑃∕𝑃𝑢 = 𝜎∕𝜎𝑢 represents the proximity to plastic collapse, 
while on the vertical axis the fracture ratio 𝐾𝑟 = 𝐾∕𝐾𝑐 represents the 
proximity to brittle crack propagation. The effects of plasticity on crack 
propagation become evident by considering the failure envelope of the 
simulation failure points. When even larger 𝑎0∕𝑊  ratios than the ones 
in Fig.  2 are considered, failure occurs later than predicted by Griffith’s 
theory. In these situations, the initial crack size is too large with respect 
to the geometry dimensions and edge effects dominate.
5 
4. Virtual FAD of a SENT specimen

In this section, a single-edge notched tension (SENT) specimen with 
homogeneous properties is considered. This relatively simple geometry 
allows us to demonstrate how the adopted phase field fracture method 
compares with traditional FAD assessment, validating capabilities of 
the phase field fracture method to accurately predict elastic–plastic 
fracture (Section 4.1). Furthermore, the SENT specimen will be used 
to study the effect of hydrogen on the shape of the FAD (Section 4.2).

4.1. FAD and model comparison

The SENT specimen considered is depicted in Fig.  3 and has a width 
𝑊  of 5 mm, a length (height) 𝐿 of 50 mm, and an initial crack length 
𝑎0 of 1.5 mm. These dimensions comply with the standards for fracture 
toughness testing [62]. The 𝑎∕𝑊  ratio is chosen such that failure is 
driven by crack propagation and a 𝐽 -dominant field is present around 
the crack tip. For large ratios 𝑎∕𝑊 , large plastic deformations occur in 
the entire remaining ligament, resulting in the absence of a 𝐾 or 𝐽 field. 
On the other hand, for very small values of 𝑎∕𝑊  failure is governed by 
the material strength. A discussion on crack lengths and corresponding 
transition in failure modes is presented in 3.2, in which a connection 
between FADs and transition flaw analysis is established.

Solutions for the stress intensity factor and limit load are available 
for a SENT specimen [63,64]. The stress intensity factor is calculated by 
equation Eq.  (1), with the geometry-dependent function given as [63] 

𝑓
( 𝑎
𝑊

)

=

√

2 tan[𝜋𝑎∕(2 𝑊 )]
cos[𝜋𝑎∕(2 𝑊 )]

[

0.752 + 2.02
( 𝑎
𝑊

)

+ 0.37
(

1 − sin 𝜋𝑎
2𝑊

)3
]

.

(24)

The yield load of the specimen, used to calculate the normalized load 
through Eq.  (5), is given by [64] 
𝑃𝑦 = 1.155𝐵𝑊 𝜎𝑦0

(

1 − 𝑎
𝑊

)

. (25)

The validity of Eqs.  (24) and (25) are verified through finite element 
calculations, as described in Section 2.3.1.

The fracture toughness 𝐾𝑐 (required to calculate the fracture ratio, 
see Eq.  (3)) is related to the critical energy release rate 𝐺𝑐 (key input 
to the phase field fracture model) through 
𝐾𝑐 =

√

𝐸′𝐺𝑐 . (26)

To span multiple regions of the failure assessment diagram, simulations 
with varying 𝐺  were conducted. The elastic and plastic properties were 
𝑐
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Fig. 3. Failure assessment diagram for a SENT specimen. (a) Sketch of the SENT geometry. (b) Comparison between a virtual failure assessment line (FAL), obtained by model 
predictions with different fracture toughness values, with traditional FALs according to standards.
kept constant and are presented in Table  1. The value of 𝓁 in each 
simulation is chosen such that the ductility ratio remains constant at 
𝑟𝑦 = 1.5 (see supplementary material). Each simulation represents a 
different loading path in the FAD. These loading paths are straight 
lines starting at the origin of the FAD. In Fig.  3(b), the loading paths 
associated with 𝐺𝑐 = 5 kJ/m2 and 𝐺𝑐 = 88 kJ/m2 are shown. As the 
applied load increases, the simulations progress along these paths. The 
load at which the crack propagates is marked with an orange circle. For 
each simulation, this failure point is plotted in Fig.  3(b). The contour 
that is obtained by the simulation failure points can be regarded as a
virtual failure assessment line.

In addition, FAL options 1 and 2 are displayed in Fig.  3(b), where 
a Ramberg–Osgood relation between 𝜀ref and 𝜎ref is assumed for the 
construction of the Option 2 FAL. It can be seen that the failure points 
of the simulations correspond nearly exactly with the Option 2 FAL, 
meaning that the failure load predicted by both methods is in excellent 
agreement. Simulation failure points that lie beyond the standard FALs 
would mean that the model predicts failure later than with the FAD 
methods. On the other hand, simulation failure points that lie inside 
the standard FALs would mean that the model predicts failure earlier 
than the FAD methods. The excellent agreement between the virtual 
FAL and the Option 2 FAL, for the simple case of a homogeneous 
SENT, demonstrates that the adopted elastic–plastic phase field fracture 
method is in good agreement with the traditional fracture mechanics 
theory upon which the FAD assessment is based.

One can also see that the plastic collapse cut-off load of the standard 
FALs is lower than that of the virtual FAL. The standard plastic collapse 
load, given by Eq.  (10), is based on the flow stress of the material, 
𝜎𝑓 = 0.5(𝜎𝑦0 + 𝜎𝑢). However, since a small strain approximation is 
adopted in the material, the load in a simulation where no crack growth 
occurs keeps increasing and saturates towards a load ratio of 𝜎𝑢∕𝜎𝑦0. 
It is expected that finite deformation effects would reduce the plastic 
collapse load obtained with the simulations, but play a negligible role 
in the other regimes of the FAD [65].

4.2. Hydrogen-affected FAD

To study the effect of hydrogen on the shape of the FALs, the 
simulations are repeated for a SENT specimen exposed to hydrogen. 
On both the left and right faces of the geometry in Fig.  3(a) a hydrogen 
concentration of 𝐶 = 0.17 wppm is considered. According to Sievert’s 
law, this level of hydrogen corresponds to a hydrogen pressure of 
approximately 5 MPa. The adopted hydrogen degradation parameters 
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Table 1
Model parameters adopted for the SENT specimen.
 𝐸 [GPa] 𝜈 [-] 𝜎𝑦0 [MPa] 𝑛 [-] 𝐷 [mm2/s] 𝑓𝑚𝑖𝑛 [-] 𝑞1 [-] 𝑞2 [-] 
 200 0.3 800 0.1 4.5 ⋅ 10−4 0.65 30 1  

(Eq.  (23)) are given in Table  1. A slow loading rate was adopted such 
that steady state conditions were approached when the crack was not 
propagating.

The results of this analysis are presented in Fig.  4. In Fig.  4(a), the 
failure points in hydrogen are plotted on the same FAD as the failure 
points in air. This means that the fracture ratio, 𝐾air

𝑟 , for all data points 
is calculated by normalizing with respect to the critical stress intensity 
factor of the material in air, 𝐾air

𝑐 . The results show that hydrogen 
reduces the failure load of the specimen. This effect is most pronounced 
in the brittle regime, corresponding to the upper-left region of the FAD. 
For points failing in the ductile regime, i.e. those with a load ratio close 
to or above 1, the reduction in load is less pronounced. In cases where 
failure occurs due to plastic collapse, the effect of hydrogen is nearly 
negligible. 

To evaluate the safety of a flawed structure exposed to hydrogen, 
the fracture properties of the material in a hydrogen environment need 
to be known. In this case, a simple adaption to the FAD method can be 
made by calculating the fracture ratio, 𝐾H

𝑟 , by normalizing with respect 
to the fracture toughness in hydrogen, 𝐾H

𝑐  [47,48]. For the SENT spec-
imen considered here, this fracture toughness is based on the degraded 
critical energy release rate (Eq.  (23)) at the hydrogen concentration 
that is applied to the faces of the specimen (𝐶 = 0.17 wppm). Fig.  4(b) 
presents the resulting FAD, incorporating hydrogen degradation effects. 
A reasonable agreement between the virtual FAL and standard FALs is 
observed. At both extremes of the FAD, representing purely brittle or 
ductile failure, the virtual FAL aligns closely with the Option 1 FAL. 
However, in the transition regime between brittle to ductile failure 
(0.6 < 𝐿𝑟 < 0.9), the virtual FAL shows a small dip, resulting in a 
slightly different shape compared to the standard FALs and the virtual 
FAL in air. Within this regime, the simulation failure points roughly 
coincide with the more conservative Option 2 FAL. This indicates that 
adopting Option 2 would still adequately identify safe operating loads 
in this scenario.
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Fig. 4. FADs for a SENT specimen exposed to hydrogen. (a) FAD constructed using the fracture toughness of the material in air to determine the fracture ratio. (b) FAD constructed 
using the fracture toughness of the material in hydrogen to determine the fracture ratio.
5. FADs of pipeline welds

In this section, multiple defects around a pipeline weld are simu-
lated, taking into account heterogeneous material properties that are 
obtained from a welding simulation. FADs are constructed based on 
global material behavior. Therefore, by accounting for local material 
properties, the model serves as a reference for realistic pipeline welds. 
This approach allows for the assessment of assumptions used in defect 
assessment with FADs by comparing them with simulation results.

5.1. Welding model results and material data

An X60 pipeline is considered in the welding model. The geometry 
of the weld was reconstructed based on available macrographs. The 
pipeline had an outer diameter of 762 mm, with a wall thickness of 
12.7 mm. A welding simulation was conducted, which predicted the 
phase and property distributions and the residual stresses within the 
weld. For details of this welding simulation, the reader is referred 
to Wijnen et al. [38]. Fig.  5 presents a selection of results obtained 
with the welding simulation, including yield stress, equivalent plastic 
strain, and residual circumferential stress. Figs.  5(a) and 5(b) show, 
respectively, the experimental and predicted hardness maps, which are 
in good agreement. The weld metal and narrow zones adjacent to the 
weld metal, which are termed heat affected zones (HAZ), exhibit a 
significantly higher hardness than the base metal. Such hard regions 
are typically more susceptible to failure. In Fig.  5(c), the bainite phase 
fraction of the underlying microstructure is shown. The microstructure 
in the weld metal and the HAZ consists of a percentage of bainite 
ranging from 30% to 100%. In contrast, the base metal is composed of 
a mixture of ferrite and pearlite. The bainite present in the weld metal 
and HAZ microstructures is the primary reason for the high hardness 
in these regions.

The parameters of the fracture model are based on experimental 
crack growth resistance curves (𝐽 -curves), obtained by Ronevich and 
coworkers [18,66]. The behavior of ferrite and pearlite is based on 
data of the base metal of an X65 steel, which has a ferritic-pearlitic mi-
crostructure and is expected to exhibit similar mechanical properties as 
an X60 grade steel. The fracture behavior of the bainite phase is based 
on data of an X100 pipeline steel, which has a bainitic microstructure. 
The 𝐽 -curves of both materials are presented in Fig.  6(a), together with 
the predicted 𝐽 -curves obtained through boundary layer simulations. 
The 𝐽 -curves of both materials start at a similar toughness. However, 
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the X65 steel has a significantly higher slope than the X100 steel. The 
model is able to accurately capture the experimental 𝐽 -curves.

Fig.  6(b) depicts the adopted toughness degradation laws (Eq.  (23)). 
For the X100 grade, a sufficient number of data points is available to 
obtain a unique fit. In contrast, only a single data point is available for 
the X65 steel. Therefore, this data is complemented with an X60 steel 
with a similar microstructure [67]. It can be seen that bainite undergoes 
more severe fracture toughness degradation when exposed to hydrogen.

5.2. FAD assessment of a pipeline in air

Initial defects in various locations were considered, which are de-
picted in Fig.  7, and are denoted by the characters A to F. These 
represent typical locations where defects in pipelines are commonly 
observed. For each defect location, two defect lengths were examined, 
namely, 2 mm and 4 mm. Each simulation took only a single defect 
into account, with no simulations involving multiple defects.

First, we consider simulations that were conducted assuming ho-
mogeneous properties throughout the entire pipeline, corresponding 
to those of the base metal. The heterogeneity introduced during the 
welding process was not considered. For each crack, we use finite 
element calculations to determine the SIF, 𝐾, as a function of the 
pressure, and the global yield load, 𝑃𝑦, as detailed in Section 2.3.1. 
Cracks A and B experience Mode I loading, while the loading of cracks
C through F has a mixed-mode character. For mixed-mode conditions, 
𝐾 is calculated as the SIF associated with the maximum energy release 
rate criterion. The pressure in the pipeline was slowly increased by 
applying a radial displacement to its inner surface. The actual pressure 
in the pipeline was calculated using the hoop stress and the equation 
for thin-walled cylinders: 𝑝 = 2𝜎𝜃𝜃𝑡∕(2𝑟), where 𝑡 denotes thickness and 
𝑟 radius.

The failure loads for the different crack locations are plotted on 
the FAD in Fig.  8(a). The initial crack length is indicated within each 
marker in millimeters. All failure points lie relatively close to the 
standard Option 2 FAL, with several points below and above the line. 
The small scatter can be attributed to the more complex geometry 
compared to the SENT specimen considered in Section 4. Nevertheless, 
the Option 2 FAL gives a reasonable prediction of the failure load. In 
addition, all points lie above the more conservative Option 1 FAL. This 
indicates that the FAL adequately predicts safe operating conditions in 
this situation.

Next, simulations were performed by incorporating heterogeneous 
properties in the weld region, as obtained from the welding model (Fig. 
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Fig. 5. Welding model results. Hardness maps (a) obtained experimentally and (b) predicted by the model. (c) Bainite fraction predicted by the simulation. (c) Yield stress. (c) 
Equivalent plastic strain. (f) Residual circumferential stress.
Fig. 6. Fracture toughness data. (a) Experimental 𝐽 -curves and model fits obtained by boundary layer simulations. (b) Fit of the fracture toughness degradation laws through 
experimental data.
Fig. 7. Locations of all the defects considered in this study. Defects with a length of 2 mm are depicted.
5). In practice, however, the exact local material properties in the weld 
and heat affected zones are generally unknown. Testing specific regions 
in the weld and heat affected zones is challenging and thus, frequently 
only base metal properties are known. Therefore, we construct the FAD 
using driving forces normalized based on the base metal properties. The 
8 
fracture ratio, 𝐾𝑟, is calculated using the fracture toughness, 𝐾𝑐 , of the 
base metal. The evaluation of the load ratio, 𝐿𝑟, is conducted based 
on the value of 𝑃𝑦 obtained using the homogeneous properties of the 
base material. The failure data points for the simulations incorporating 
heterogeneity are shown in Fig.  8(b). Since the same 𝐾𝑐 and 𝑃𝑦 as 
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Fig. 8. FADs of the pipeline weld in air. (a) Predicted failure points for a weld with homogeneous properties equal to that of the base metal. (b) Failure points for a heterogeneous 
weld.
for the homogeneous case are used to normalize the FAD axes, the 
failure points lie on the same loading path. For most cracks, failure 
occurred slightly earlier in the heterogeneous case compared to the 
homogeneous case, so their failure point is located lower on the loading 
path. However, the differences are small. Although the yield strength 
of the material is higher in the weld, the initial fracture toughness in 
air is similar throughout the entire pipeline, resulting in only minor 
differences. The failure points of the 2 mm and 4 mm defects at location
C and the 4 mm defect at location D lie approximately on the Option 
1 FAL. The above results suggest that the assessment of defects using 
an FAD constructed using base metal properties is justified for this 
particular weld.

5.3. FAD assessment of a pipeline in hydrogen

The same simulations were performed but with the pipeline sub-
jected to hydrogen pressure. In this situation, the hydrogen diffuses 
through the metal, leading to a reduction in fracture toughness. A 
hydrogen concentration was applied to the inner surface of the pipeline, 
corresponding to the applied pressure through Sievert’s law, given by 
𝐶∗
inner = 𝑆

√

𝑝, where 𝑆 is the hydrogen solubility of the material, taken 
as 0.077 wppm⋅ MPa−0.5, as measured for pipeline steels. A zero hydro-
gen concentration was prescribed to the outer surface of the pipeline, 
resulting in a gradient in the hydrogen concentration. Furthermore, a 
very slow loading rate was adopted so that a steady-state condition was 
present when no crack propagation occurred.

Fig.  9(a) displays the hydrogen concentration at a pressure of 
approximately 10 MPa. The corresponding toughness distribution is 
shown in Fig.  9(b). The toughness in the weld metal and HAZ regions 
is substantially more degraded compared to the base metal region. 
Moreover, since the hydrogen concentration is higher close to the inner 
surface of the pipe, the toughness in this region of the weld is lower 
than in the weld region close to the outer surface.

First, the homogeneous pipeline, consisting entirely of base metal, is 
considered. In the same way as for the SENT specimen in Section 4.2, 
the FAD is adapted for hydrogen (i.e., the fracture ratio, 𝐾H

𝑟 , is nor-
malized using the degraded fracture toughness). For this reason, it is 
assumed that the fracture toughness is known for relevant hydrogen 
concentrations. For the considered base metal properties, the toughness 
degradation is represented by the curve labeled X65 in Fig.  6(b). The 
degraded 𝐾H

𝑐  is determined using the hydrogen concentration applied 
to the inner surface of the pipeline. Note that this can be considered 
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conservative, as the hydrogen concentration decreases towards the 
outer surface of the pipeline. The failure points of all the considered 
cracks for the pipeline subjected to hydrogen pressure are shown in 
Fig.  10(a). Since the hydrogen concentration at the inner surface is 
dependent on the pressure, 𝐾H

𝑐  also changes with increasing pressure. 
As a result, the load path in the FAD is no longer a straight line. All the 
failure points lie above the Option 2 FAL, indicating that no simulation 
failed at an operating pressure considered safe according to an FAD 
assessment.

Next, we consider the pipeline exhibiting heterogeneous properties. 
Similar to Section 5.2, we first construct the FAD assuming only the 
base metal properties are known. This means that the fracture ratios 
are determined using 𝐾H

𝑐 , which is degraded based on the degradation 
law of the base metal. The results are depicted in Fig.  10(b). Many 
of the simulations failed earlier than predicted by the standard FALs. 
Especially, defects at locations C, D, E, and F failed at pressures that 
are still considered safe by the FALs. This can be attributed to the much 
more severe toughness degradation in the bainitic weld metal, where 
these defects are located, compared to the ferritic-pearlitic base metal, 
as can be seen in Fig.  6(b). These results reveal the risks associated with 
assessing defects in welds using FADs constructed based on base metal 
properties.

A safety factor can be calculated, as explained in Section 2.2, for 
which all failure points lie above the FAL. Fig.  11(a) shows the FAD 
with a safety factor of 1.6 applied. Consequently, for this specific weld, 
a safety factor of a minimum safety factor of 1.6 is necessary to identify 
safe operating pressure limits.

The above results suggest that the specific properties of the weld 
and HAZs need to be known to safely apply FADs for defects in hy-
drogen environments. The narrowness of these regions, specifically the 
HAZ, makes obtaining these properties challenging. Nevertheless, sev-
eral experimental studies to quantify the hydrogen-dependent fracture 
toughness have been conducted [16–21].

According to the BS7910 standard [39], a conservative FAD can be 
constructed by calculating the load ratio assuming tensile properties 
that are the lowest of the base metal, weld metal, or HAZ. In addition, 
to have a conservative estimate of the fracture ratio, the fracture tough-
ness needs to represent the lowest toughness microstructure present in 
the component. As observed in Fig.  5(d), the lowest yield stress corre-
sponds to the base metal. The lowest toughness regions, in the presence 
of hydrogen, in the weld exhibit a fully bainitic microstructure, as can 
be seen in Figs.  5(c) and 9(b). This means that the conservative FAD 
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Fig. 9. The effect of hydrogen on fracture toughness in the weld. (a) Hydrogen distribution at a pressure of 10 MPa. (b) Fracture toughness distribution for the hydrogen distribution 
of (a).
Fig. 10. FADs of the pipeline weld subjected to hydrogen. The fracture ratio is determined by normalizing with the degraded fracture toughness of the base metal. (a) Predicted 
failure points for a weld with homogeneous properties equal to that of the base metal. (b) Failure points for a heterogeneous weld.
Fig. 11. FADs with safety factors of the pipeline subjected to hydrogen. (a) The fracture ratio is determined by normalizing with the degraded fracture toughness of the base 
metal. (b) The fracture ratio is determined by normalizing with the degraded fracture toughness of the weld metal.
needs to be constructed using the degraded 𝐾Hweld
𝑐  of a fully bainitic 

material (the curve labeled X100 in Fig.  6(b)), while the yield strength 
of the base metal to determine 𝑃𝑦. Fig.  11(b) displays the resulting 
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FAD. Compared to the FAD constructed using base metal properties 
(Fig.  10(b)), the failure points of the defects in the weld (C, D, E) are 
located closer to the FALs. However, those of locations C and D still 
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Fig. 12. Failure pressures for defects at the considered locations in the weld.

lie below both FALs. This indicates that the constructed FAD is still 
non-conservative for the considered weld, exhibiting heterogeneous 
properties and exposed to hydrogen. To ensure a safe assessment of 
the weld using the FAD, a safety factor needs to be taken into account. 
The dotted line in Fig.  11(b) displays the Option 1 FAL, using a safety 
factor of 𝑆𝐹 = 1.3. In this case, all failure points are located above the 
FAL. A safety factor of at least 1.3 is thus required for a safe assessment 
of the considered weld.

These findings highlight the importance of characterizing the ma-
terial properties in different regions of a weld. Ideally, FADs should 
be constructed using material properties specific to the region where 
the defect is located. To evaluate all defects, a conservative FAD can 
be constructed, requiring the properties of the most susceptible region. 
However, even in this scenario, applying a suitable safety factor is 
required.

5.4. Failure pressures

While FADs have been used to analyze flawed pipelines, they do 
not provide information on actual failure pressures. Therefore, the 
failure pressures of the defects in both air and hydrogen environments, 
obtained from simulations incorporating heterogeneous properties, are 
presented in Fig.  12. The results reveal a distinct trend in air, where the 
failure pressures decrease with increasing initial crack size. In contrast, 
this trend is less pronounced in hydrogen, indicating a reduced sensitiv-
ity to crack size. These findings suggest that in hydrogen environments, 
small defects can be nearly as critical as larger defects, highlighting 
that even minor defects can significantly compromise the structural 
integrity of pipelines.

Notable reductions in failure pressures are observed when hydrogen 
is used instead of air. For the 2 mm defects, the average decrease 
in failure pressures is 7.9 MPa. The most pronounced reduction of 
10.9 MPa occurs for the 2 mm defect at location D, whereas the least 
pronounced reduction of 6.0 MPa is observed for the defect at location
A. This indicates that cracks within the weld region are significantly 
more susceptible to hydrogen embrittlement compared to cracks in 
the base metal. For the 4 mm defects, the average decrease in failure 
pressures is 6.1 MPa.

6. Conclusions

We present the first generation of Virtual failure assessment di-
agrams (FADs), to address the challenges in fitness-for-service as-
sessments of hydrogen transport pipelines. In particular, we combine
11 
state-of-the-art weld process modeling and phase field-based elastic–
plastic deformation-diffusion-fracture simulations to predict weld in-
tegrity. The model delivered an excellent agreement with standardized 
failure assessment lines (FAL) for the case of an homogeneous material, 
with and without hydrogen exposure. This validated model was then 
used to incorporate the role of the two key uncertainties driving 
weld integrity: microstructural heterogeneity (hard, brittle HAZs) and 
residual stresses. The main findings are:

• Under the influence of hydrogen, an adequate assessment of base 
metal behavior can still be made using an FAD when the fracture 
toughness used for constructing the FAD is taken at the specific 
hydrogen concentration.

• For welds exhibiting homogeneous properties, an FAD accurately 
identifies safe operating pressures. This holds even under the 
influence of hydrogen, given that the fracture toughness of the 
material at relevant hydrogen concentrations is known and used 
in the FAD construction.

• For a heterogeneous weld that is not exposed to hydrogen, an 
adequate defect assessment can be performed using an FAD, even 
when the exact weld properties are not known.

• When a heterogeneous weld is exposed to hydrogen, a standard 
FAD assessment is non-conservative, even when the properties of 
the most susceptible region in the weld are used to construct the 
FAD. For the specific weld considered in this study, a safety factor 
of at least 1.3 was required to identify safe operating pressures 
using the FAD assessment when the FAD was constructed based 
on weld metal properties. If base metal properties are used to 
construct the FAD, a minimum safety factor of 1.6 is necessary.

The present work enables quantifying the uncertainties driving the 
failure of welds in hydrogen transmission and storage components, link-
ing state-of-the-art mechanistic models with simpler fitness-for-service 
tools, delivering appropriate safety factors and providing a pathway 
to safely design components for the hydrogen economy. Moreover, the 
framework is universal and also allows assessing the structural integrity 
of welded pipelines beyond hydrogen transmission applications.
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