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A B S T R A C T

We combine welding process modelling with deformation–diffusion–fracture (embrittlement) simulations to
predict failures in hydrogen transport pipelines. The focus is on the structural integrity of seam welds,
as these are often the locations most susceptible to damage in gas transport infrastructure. Finite element
analyses are conducted to showcase the ability of the model to predict cracking in pipeline steels exposed
to hydrogen-containing environments. The validated model is then employed to quantify critical H2 fracture
pressures. The coupled, phase field-based simulations conducted provide insight into the role of existing defects,
microstructural heterogeneity, and residual stresses. We find that under a combination of deleterious yet
realistic conditions, the critical pressure at which fracture takes place can be as low as 15 MPa. These results
bring new mechanistic insight into the viability of using the existing natural gas pipeline network to transport
hydrogen, and the computational framework presented enables mapping the conditions under which this can
be achieved safely.
1. Introduction

Driven by the prominent role that hydrogen will play as a clean
energy vector, there is growing interest in assessing the suitability of
transporting gaseous hydrogen through the existing natural gas pipeline
network [1–4]. From a techno-economic point of view, the desire is
to be able to safely and reliably move large volumes of hydrogen
at the required gas purity and pressure [5,6]. However, hydrogen
is known to dramatically degrade metallic materials [7–9]. Recent
experimental studies have shown that exposing pipeline steels to hydro-
gen gas (or natural gas/hydrogen mixtures) leads to reduced fracture
resistance [10–13], accelerated fatigue crack growth rates [14,15], and
degraded tensile behaviour (e.g., reductions in breaking stress, notch
tensile strength, ductility) [16,17]. Consequently, quantifying the fac-
tors affecting performance within a robust engineering framework will
allow identifying the conditions under which hydrogen can be safely
transported in existing and new pipeline infrastructure. This capability
would have value for assessing the suitability of existing gas pipelines
and provide benefits to new systems. Real-scale trials are ongoing,
where pipeline integrity is assessed under a progressively increasing
gas pressure and/or hydrogen gas purity [18,19]; however, these tests
are inherently of a relatively short duration and arguably not a good
representation of long-term conditions due to a number of reasons,
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ranging from fatigue damage to the need to destabilise the existing
oxide film to enable hydrogen ingress into the pipeline steel. Moreover,
there are many different steel grades used in line pipe applications.
These are typically fabricated to API 5L Line Pipe specifications and
are classified according to tensile properties. Thus, it is impossible to
assess all the combinations of steels, welds and operating conditions
using physical tests. The goal of the present work is to utilise state-of-
the-art computational technologies to overcome these methodological
challenges and provide a mechanistic assessment of pipeline integrity
as a function of hydrogen pressure and content.

Coupled finite element models provide an avenue for predicting
hydrogen diffusion and its interplay with material deformation and
damage [20,21]. Typically, these models assume a given hydrogen
concentration at the exposed boundaries (although some models can
also quantify hydrogen uptake [22,23]), and predict the distribution
of hydrogen due to diffusion, driven by gradients of concentration and
of hydrostatic stress [24,25], and its sequestration at microstructural
traps [26–28]. Damage is often assumed to nucleate when a critical
combination of mechanical fields and hydrogen content is attained [29,
30], and multiple computational technologies have been used to sim-
ulate the growth of hydrogen-assisted cracks, including cohesive zone
elements [31–35], nodal release techniques [36], damage mechanics
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models [37–39], and phase field methods [40–45]. Recent years have
seen significant progress in modelling abilities and it is now possible to
deliver hydrogen embrittlement predictions for time and length scales
of technological importance [46], effectively launching a Virtual Test-
ing paradigm in hydrogen-containing environments. However, welded
joints are often the weakest link in structural components and the
aforementioned computational capabilities have yet to be applied to
welds. Existing modelling schemes need to be extended to account
for the particularities of welds (e.g., residual stresses, microstructural
variations, existing defects) to deliver accurate estimations of pipeline
integrity in hydrogen-containing environments.

In this work, we present a computational framework that couples
weld process simulations with deformation–diffusion–fracture mod-
elling of hydrogen-assisted cracking. The approach developed seeks to
minimise the number of assumptions required and thus the integrated
models perform calculations based on the engineering processes ap-
plied during fabrication and exposure. Our focus is on pipeline steels
containing seam welds manufactured using submerged arc welding, so
as to map safe regimes of operation in hydrogen transport pipelines.
Critical pressures are determined for a wide range of scenarios to
understand and quantify the role of key variables; namely: residual
stresses, microstructure, weld geometry and quality, porosity, existing
defects (internal and external), and hydrogen gas pressure. We find
that, in the worst (realistic) scenario, H2 pressures as low as 15 MPa
can compromise the structural integrity of pipelines.

The remainder of this manuscript is structured as follows. In Sec-
tion 2, the computational framework is presented, including the weld
process modelling stage and the subsequent deformation–diffusion–
fracture simulations, as well as their couplings. Then, the results are
presented in Section 3. Residual stress states, hydrogen distributions
and cracking patterns are obtained for two well-characterised seam
weld configurations under varying conditions. The quantitative nature
of these predictions is strengthened by the ability of the model to
predict crack growth resistance behaviour (R-curves) in pipeline steels
(X52 and X80), showing a very good match with experiments (see
Appendix). The manuscript ends with concluding remarks in Section 4.

2. Modelling framework

As sketched in Fig. 1, we present a framework that combines
weld process modelling and coupled deformation–diffusion–fracture
simulations. The focus is on pipelines containing seam welds manu-
factured using the submerged arc process and exposed to a hydrogen
gas pressure 𝑝. The weld domain can be divided into three distinct
regions: the base metal, the weld metal and the heat affect zone
(HAZ). Using established convention, the weld metal is considered the
region where complete melting and solidification have taken place,
the HAZ describes the extent of the base metal where the heat from
welding modifies the original microstructure, and the base metal is
the region being unaffected by the welding process carried out. As
depicted in Fig. 1, the first stage (weld process modelling) is needed to
determine the initial stress/strain state of the weld (residual stresses,
plastic strain distribution). Then, stage II simulations (embrittlement)
can be conducted and cracking can be predicted as a function of
the hydrogen gas pressure and relevant weld characteristics. In the
following, we describe the theory underlying the weld process mod-
elling (Section 2.1) and the coupled deformation–diffusion–fracture
simulations (Section 2.2), as well as provide details of the numerical
implementation (Section 2.3).

2.1. Weld model

We idealise the welding process as a thermo-mechanical problem.
On the weld domain 𝛺, the independent variables necessary for the
924

description of the model at each point 𝐱 and time 𝑡 are the temperature
Table 1
Model parameters for thermal problem.
ℎ𝑐 [W m−2 K−1] 𝜎0 [W m−2 K−4] 𝜀0 [–] 𝑇0 [◦C] 𝑇melt [◦C] 𝑇abs [◦C]

25 5.69 × 10−8 0.8 20 1500 −273

𝑇 (𝐱, 𝑡) and the displacement field describing the mechanical deforma-
tion of the solid 𝐮(𝐱, 𝑡). The thermal sub-problem is characterised by the
eat equation, which reads,

𝑐 𝜕𝑇
𝜕𝑡

+ ∇ ⋅ (−𝑘∇𝑇 ) = 0 in 𝛺,

𝑇 = 𝑇 ∗ on 𝜕𝛺𝑇 , −𝑘∇𝑇 ⋅ 𝐧 = 𝑞𝑐 + 𝑞𝑟 on 𝜕𝛺𝑞 ,
(1)

where 𝜌, 𝑐, and 𝑘 are the mass density, specific heat, and heat con-
ductivity of the material, respectively. We consider convective and
radiative cooling of the weldment from all external surfaces 𝜕𝛺𝑞 which
ncludes the inner and outer surface of the pipe as well as the weld-
ase interfaces exposed to the air. The convective cooling is defined
sing Newton’s law 𝑞𝑐 = ℎ𝑐 (𝑇 − 𝑇0), with room temperature 𝑇0 and
eat transfer coefficient ℎ𝑐 . The radiative heat loss from all external
urfaces is modelled using 𝑞𝑟 = 𝜀0𝜎0

(

(𝑇 − 𝑇abs)4 − (𝑇0 − 𝑇abs)4
)

with
missivity 𝜀0, Stefan–Boltzmann constant 𝜎0 and absolute temperature
abs. Moreover, we consider the initial temperature of the weld beads
o be the melting point of the material i.e., 𝑇 (𝐱, 0) = 𝑇melt and that of
he base metal to be the room temperature 𝑇 (𝐱, 0) = 𝑇0. Considered
alues of these model parameters are listed in Table 1. Furthermore,
he welding process involves the addition of welding beads in stages
long with introducing suitable temperature boundary conditions 𝑇 =
∗(𝑡) at the weld cavity 𝜕𝛺𝑇 , these specific details are discussed in
ection 3.1.1.

Assuming a small strain formulation, the local deformation of the
olid is characterised by infinitesimal strain,

∶= ∇sym𝐮 = 1
2

(

∇𝐮 + (∇𝐮)𝑇
)

(2)

which is additively decomposed into thermal (𝜺𝑇 ), elastic (𝜺𝑒) and
plastic (𝜺𝑝) components; 𝜺 = 𝜺𝑒 + 𝜺𝑝 + 𝜺𝑇 . The thermal strain 𝜺𝑇 is
computed using the temperature distribution obtained from the thermal
sub-problem,

𝜺𝑇 (𝐱, 𝑡) ∶= 𝛼𝑰(𝑇 (𝐱, 𝑡) − 𝑇0(𝐱)), (3)

where 𝛼 is the coefficient of thermal expansion, 𝑇0 denotes the room
temperature, and 𝑰 is the second-order unit tensor. The kinematics
of plasticity are defined by the accumulated plastic strain 𝜀𝑝(𝐱, 𝑡) ∶=

𝑡 |𝜺̇𝑝(𝐱, 𝑡
′)|d𝑡′. Von-Mises plasticity with power law hardening is con-

idered and 𝜀𝑝 is computed using a conventional return mapping pro-
edure [47]. The elastic strain generates the Cauchy stress 𝝈 which sat-
sfies the global momentum balance. Thus, the mechanical sub-problem
f the elastoplastic solid is written as,

⋅ 𝝈 = 𝟎 in 𝛺, 𝝈 ⋅ 𝐧 = 𝟎 on 𝜕𝛺,

= E ∶
(

𝜺 − 𝜺𝑝 − 𝜺𝑇
)

, ‖𝝈dev‖ = 𝜎𝑦

(

1 +
𝐸𝜀𝑝
𝜎𝑦

)𝑛

if 𝜀̇𝑝 > 0,
(4)

ith deviatoric stress 𝝈dev ∶=
(

𝝈 − 1
3 tr𝝈𝑰

)

, fourth-order elasticity ten-

sor E, Young’s modulus 𝐸, yield strength 𝜎𝑦, and hardening exponent
𝑛.

We assume the considered thermo-mechanical problem is weakly
coupled where the temperature changes can cause volumetric defor-
mation whereas the thermal processes are unaffected by the deforma-
tion of the solid. Therefore, we have considered a sequential thermo-
mechanical procedure with two field variables, temperature 𝑇 and dis-
placement 𝐮. Accordingly, the temperature profile obtained by solving
the heat equation, Eq. (1), is transferred to the mechanical sub-problem,
Eq. (4), as an initial field, so as to calculate the thermal strain, Eq. (3).
The temperature dependence of the thermal and mechanical material
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Fig. 1. Schematic representation of the finite element modelling framework, aimed at predicting hydrogen-assisted failures of welded joints in pipelines subjected to an internal
hydrogen pressure 𝑝. The first stage of the modelling framework handles the simulation of the welding process, as illustrated here with one weld bead at initial melting temperature
𝑇melt . The second stage uses a coupled, multi-physics phase field formulation to represent the nucleation and growth of cracks, as assisted by hydrogen.
Fig. 2. Temperature-dependence of the material properties of carbon steel SA-516 Grade 70, as per ASME, Section 2, Part D [48]. The normalised mechanical properties are
presented in (a), where 𝐸 and 𝜎𝑦 denote Young’s modulus and yield strength at room temperature, respectively, and □̃ represents the corresponding temperature-dependent
parameter. The temperature dependence of the thermal properties (specific heat 𝑐, conductivity 𝑘, coefficient of thermal expansion 𝛼) is given in (b).
properties are given in Fig. 2, following the ASME standard (Section 2,
Part D) [48]. The data presented show a monotonic reduction of elastic
modulus and yield strength with temperature (Fig. 2a). In addition, see
Fig. 2b, the thermal conductivity reduces with increasing temperature,
whereas the opposite is true for the coefficient of thermal expansion.
The specific heat initially increases with temperature up to 700 ◦C and
then decreases rapidly to reach an almost constant value.

2.2. Coupled deformation–diffusion–fracture model

We idealise the hydrogen-assisted failure of the welded joint as
a coupled deformation–diffusion–fracture problem, where the evolv-
ing fracture surface is modelled using the phase field method. The
925
variational framework for phase field and its connection with the
thermodynamics of fracture are given in Section 2.2.1. The particu-
larisation of the model to elastic–plastic fracture is then provided in
Section 2.2.2, and its subsequent coupling with hydrogen transport is
described in Section 2.2.3. Finally, the model is enhanced with a phe-
nomenological degradation law for pipeline steels, which is provided
in Section 2.2.4.

2.2.1. Variational framework
The phase field fracture model is based on Griffith’s thermodynam-

ics framework [49], which states that crack growth will occur when a
critical strain energy release rate is attained. Considering a deformable
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solid with strain energy 𝛹 (𝜺), the variation of the total potential energy
E due to an incremental increase in the crack area d𝐴 is given by,

dE
d𝐴

=
d𝛹 (𝜺)
d𝐴

+
d𝑊𝑐 (𝐶)

d𝐴
= 0, (5)

here the strain tensor 𝜺 characterises the local deformation and 𝑊𝑐
s the work required to create new surfaces. The term d𝑊𝑐∕d𝐴 is also
nown as the critical energy release rate 𝐺𝑐 , a material property that
haracterises the fracture resistance. This fracture energy is known
o be dependent, and very sensitive, to the hydrogen concentration

[50]. Accordingly, Griffith’s energy balance can be formulated in a
ariational form as follows [51]

= ∫𝛺
𝜓(𝜺)d𝛺 + ∫𝛤

𝐺𝑐 (𝐶)d𝛤 , (6)

ith strain energy density 𝜓 and crack surface 𝛤 . Cracking phenomena
an then be predicted as an exchange of stored and fracture energies by
inimising Eq. (6). However, this requires tracking the crack surface
, which is computationally very challenging [52]. The phase field
aradigm provides the necessary framework to predict any arbitrary
volving fracture surface by regularising it using an order parameter 𝜙,

which provides a smooth interface between the damaged solid (𝜙 = 1)
nd intact solid (𝜙 = 0). Upon a suitable choice for the crack surface
ensity function 𝛾, the Griffith functional (Eq. (6)) can be approximated

by means of the following regularised functional [53,54],

E𝓁 = ∫𝛺
𝑔(𝜙)𝜓0(𝜺)d𝛺 + ∫𝛺

𝐺𝑐 (𝐶)𝛾(𝜙,𝓁)d𝛺,

𝛾(𝜙,𝓁) =
(

𝜙2

2𝓁
+ 𝓁

2
|∇𝜙|2

)

.
(7)

Here, 𝓁 is a length scale parameter that governs the size of the fracture
process zone, 𝜓0 denotes the strain energy density of the undamaged
olid, and 𝑔(𝜙) is a degradation function. It can be shown through
amma-convergence that E𝓁 converges to E when 𝓁 → 0 [55].

.2.2. Elastoplastic fracture
Similar to our weld model (Section 2.1), we consider a small strain

ormulation where the local deformation is characterised by the in-
initesimal strain 𝜺 ∶= ∇sym𝐮, and it is additively decomposed into the
lastic (𝜺𝑒) and plastic (𝜺𝑝) components, as 𝜺 = 𝜺𝑒 + 𝜺𝑝. We define the
train energy density of the elastoplastic solid as,

∶= 𝑔(𝜙)𝜓+
𝑒
(

𝜺𝑒
)

+ 𝜓−
𝑒
(

𝜺𝑒
)

+ 𝑔̄(𝜙)𝜓𝑝(𝜀𝑝),

𝜓+
𝑒 = 

2
⟨tr𝜺𝑒⟩2 + 𝜺dev𝑒 ∶ 𝜺dev𝑒 , 𝜓−

𝑒 = 
2
⟨−tr𝜺𝑒⟩2,

𝜓𝑝 =
𝜎2𝑦

𝐸(𝑛 + 1)

(

1 +
𝐸𝜀𝑝
𝜎𝑦

)(𝑛+1)

,

(8)

where  is the bulk modulus,  denotes the shear modulus, and the
strain energy density is divided into its elastic (𝜓𝑒) and plastic (𝜓𝑝)
parts, which are degraded using distinct degradation functions: 𝑔(𝜙)
and 𝑔̄(𝜙), respectively. Quadratic degradation functions are employed,
such that

𝑔(𝜙) = (1 − 𝜙)2, 𝑔̄(𝜙) ∶= 𝛽𝑔(𝜙) + (1 − 𝛽), 0 ≤ 𝛽 ≤ 1, (9)

where 𝛽 is a parameter that quantifies the amount of plastic work
that is stored in the material. Following the seminal work by Taylor
and Quinney [56], we adopt a value of 𝛽 = 0.1, as only 10% of
the plastic work does not dissipate as heat and is therefore available
to create new fracture surfaces. Hence, the model remains consistent
with the thermodynamics of fracture while accounting for the role of
plasticity in dissipation and in driving crack growth. Also, the definition
of 𝑔̄(𝜙) adopted ensures variational consistency. In addition, we adopt
the so-called volumetric–deviatoric split [57] to decompose the elastic
strain energy so as to prevent cracking from nucleating in regions of
compressive stress states. As in the welding process modelling stage,
926

we assume elastic–plastic behaviour described by Von Mises plasticity
with power law hardening. Considering also an isotropic degradation
of the stress [58], the variation of the energy functional E𝓁 with respect
to the displacement 𝛿𝐮 renders

∇ ⋅ 𝝈 = 𝟎, 𝝈 = 𝑔(𝜙)E ∶
(

𝜺 − 𝜺𝑝
)

,

𝝈dev‖ = 𝑔̄(𝜙)𝜎𝑓 (𝜀𝑝) if 𝜀̇𝑝 > 0, 𝜎𝑓 (𝜀𝑝) ∶= 𝜎𝑦

(

1 +
𝐸𝜀𝑝
𝜎𝑦

)𝑛

.
(10)

hile by taking the variation of the energy functional E𝓁 with respect
o the phase field 𝛿𝜙 one reaches

2𝜙 =
(

𝜙
𝓁2

+ 𝑔′(𝜙) 
𝓁𝐺𝑐

)

,  ∶= max
(

max
(

𝜓+
𝑒 , 𝜓

+
𝑒(𝑡)

)

+ 𝛽𝜓𝑝
)

, (11)

here damage irreversibility has been enforced by adopting a non-
ecreasing crack driving energy  [59]. It is also worth noting that
he phase field length scale parameter is directly related to the fracture
trength 𝜎̂ as [60],

= 27
256

𝐸𝐺𝑐
𝜎̂2

. (12)

.2.3. Hydrogen transport
We describe the diffusion of hydrogen through the crystal lattice by

mploying the usual Fickian model for the hydrogen flux 𝐉, such that
𝜕𝐶
𝜕𝑡

= −∇ ⋅ 𝐉, with 𝐉 = −𝐷𝐶
𝑅𝑇

∇𝜇, (13)

ith (apparent) hydrogen diffusion coefficient 𝐷, ideal gas constant
= 8.314 J/(mol K), and absolute temperature 𝑇 . We define the

hemical potential 𝜇 assuming that the hydrogen resides in interstitial
lattice sites of steel as a diluted species,

𝜇 = 𝜇0 + 𝑅𝑇 ln
(

𝜃𝐿
1 − 𝜃𝐿

)

− 𝑉𝐻𝜎ℎ, (14)

here 𝜇0 is the reference chemical potential, 𝜎ℎ ∶= tr𝝈∕3 is the
ydrostatic stress, and 𝑉𝐻 is the partial molar volume of hydrogen
n solid solution, which takes a value of 2000 mm3∕mol in iron-based
aterials. Also, 𝜃𝐿 = 𝐶∕𝑁𝐿 is the lattice occupancy, a function of the

attice hydrogen concentration and the lattice site density 𝑁𝐿. The role
f traps is here accounted for by taking 𝐷 to be the effective diffusion
oefficient, but the model can readily be extended to explicitly consider
ultiple trap types (see Ref. [28]).

It is also necessary to handle the interplay between hydrogen trans-
ort and crack growth. It is expected that the hydrogen gas will very
romptly occupy the space created by crack advance, exposing the
ewly created crack surfaces to the environmental hydrogen concen-
ration. Accordingly, the diffusivity of material points in the damaged
egion is enhanced by making use of an amplification coefficient 𝑘𝑑 ≫ 1
nd a damage threshold, 𝜙th, above which the hydrogen environment
s assumed to expand. Then, the hydrogen diffusion coefficient can be
xpressed as,

= 𝐷0
(

1 + 𝑘𝑑⟨𝜙 − 𝜙th⟩
)

(15)

here 𝐷0 is the hydrogen diffusivity of the undamaged material and
□⟩ are Macaulay brackets. In this regard, it should be noted that
th denotes the damage threshold above which an interconnected
etwork of cracks is assumed to exist, such that the hydrogen can
ind its way from the environment. Exploiting the analogy between
hase field and damage mechanics, we assume 𝜙th ≈ 0.8 to be a
ensible choice (microcracks occupy 80% of the surface plane). On
he other side, 𝑘𝑑 is a numerical parameter that should be taken
o be as large as possible. We find that 𝑘𝑑 ≈ 104 delivers a ro-
ust model and is sufficient to achieve the desired effect. The reader
s referred to Ref. [61] for further details of this approach and its
umerical implementation, and to Ref. [62] for a discussion on al-
ernative approaches such as penalty-based moving chemical boundary
onditions.
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Table 2
Material parameters characterising the behaviour of pipeline steels (X52, X80) in
the presence of hydrogen. 𝐽𝐼𝑐 (0) denotes the measured value of 𝐽𝐼𝑐 in the absence
of hydrogen, 𝐽min

𝐼𝑐 is the lowest value of 𝐽𝐼𝑐 measured for that material in a
ydrogen-containing environment, and 𝑞1 and 𝑞2 are fitting parameters in Eq. (17).
Steel 𝜎𝑦 [MPa] 𝐽𝐼𝑐 (0) [N/mm] 𝐽min

𝐼𝑐 [N/mm] 𝑞1 [–] 𝑞2 [–]

X80 660 289 20 9 0.8
X52 430 400 50 25 2

2.2.4. Hydrogen degradation function
It remains to define the dependency of the fracture energy upon the

hydrogen content. To this end, a hydrogen degradation function 𝑓 (𝐶)
as to be defined, such that,

𝑐 (𝐶) = 𝑓 (𝐶)𝐺𝑐 (0) (16)

here 𝐺𝑐 (0) is the critical energy release in a hydrogen-free environ-
ent. Several approaches can be adopted here, including mechanistic

nes (e.g., using atomistic predictions of surface energy reduction
ith hydrogen coverage [40]) and phenomenological ones. Since the

elationship between fracture energy and hydrogen content is well
haracterised in pipeline steels, we choose to adopt a phenomenological
pproach. To this end, an analogy can be established between the 𝐽
ntegral and the energy release rate 𝐺 under the assumption of small
cale yielding conditions, with 𝐺𝑐 being the value of 𝐽 at which crack
rowth initiates (see Appendix for details). Experimental data exists
haracterising the drop of fracture energy with hydrogen content for
ipeline steels - Fig. 3 shows a collection of published data for X52
nd X80 pipeline steels. The data is provided for the critical value of 𝐽
nder mode I fracture conditions (𝐽𝐼𝑐), which is measured for a crack
xtension of 0.2 mm. As shown by the curves in Fig. 3, the data can be
itted through the following exponential function,

𝐼𝑐 (𝐶) = 𝑓 (𝐶)𝐽𝐼𝑐 (0) =

[

𝐽min
𝐼𝑐

𝐽𝐼𝑐 (0)
+

(

1 −
𝐽min
𝐼𝑐

𝐽𝐼𝑐 (0)

)

exp
(

−𝑞1𝐶𝑞2
)

]

𝐽𝐼𝑐 (0)

(17)

here 𝑞1 and 𝑞2 are fitting parameters, and 𝐽min
𝐼𝑐 is the saturation mag-

itude, the lowest value of 𝐽𝐼𝑐 in hydrogen-containing environments.
he values of 𝑞1 and 𝑞2 that provided the best fit to the experimental
ata are given in Table 2, together with the measured values of 𝐽𝐼𝑐 ,
min
𝐼𝑐 , and yield strength 𝜎𝑦. As shown in Appendix, these choices are
ound to accurately reproduce the crack growth resistance of pipeline
teels in the presence of hydrogen. Appendix also discusses the role
f fracture strength 𝜎̂ in influencing the degree of plastic dissipation
ith crack growth. It should be noted that the fracture energy versus
ydrogen content data available for pipeline steels refers mostly to
he base metal. Some data exists for weld metal suggesting a similar
ehaviour [63] and thus the same degradation law, Eq. (17), is here
dopted to describe the hydrogen degradation of material points in
he weld, base and HAZ regions, albeit with different coefficients.
evertheless, a more detailed experimental quantification would be
ery helpful in reducing modelling uncertainties.

.3. Numerical implementation

We numerically implement the thermo-mechanical model of the
elding process (Section 2.1) and the coupled deformation–diffusion–

racture model for welded joints (Section 2.2) using the commercial
inite element package Abaqus. Several user subroutines were de-
eloped. For the welding process modelling, a user material (UMAT)

subroutine is used to implement power law temperature-dependent
elastoplasticity, extending the code provided in Ref. [71]. The welding
sequence is modelled by removing all the elements in the weld region
at the beginning of the simulation and then progressively adding (or
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activating) the elements corresponding to each weld bead. This is
achieved using the ‘*Model Change’ feature in Abaqus. Moreover, the
required temperature boundary conditions corresponding to each weld
pass are automated using a welding interface plugin [72]. The residual
stresses and strains computed in the weld process modelling stage
are provided as input to the coupled deformation–diffusion–fracture
simulations using a SDVINI subroutine. Specifically, we transfer the
accumulated plastic strain, and the elastic and plastic parts of the
strain tensor (𝜀𝑝, 𝜺𝑒, 𝜺𝑝) as the initial values. In regards to the hydrogen-
assisted fracture simulations, a UMAT subroutine is developed to couple
elastic–plastic constitutive behaviour and phase field fracture. The
implementation exploits the analogy between the heat equation and the
phase field evolution equation, extending to elastic–plastic solids the
work by Navidtehrani et al. [73,74]. Hydrogen transport is simulated
using a user element (UEL) subroutine, where the gradient of hydro-
static stress is computed by an extrapolation-based method [75,76].
The UMAT and UEL subroutines are coupled using Fortran modules.
The codes developed and pre-/post-processing Python scripts with
examples are available for download at https://www.empaneda.com/
codes/.

3. Results

As shown in Appendix, the coupled deformation–diffusion–fracture
model presented in Section 2.2 can accurately capture the crack growth
resistance of X52 and X80 pipeline steels in air and hydrogen-
containing environments. This validated model is now coupled with
welding process simulations and used to gain insight into the structural
integrity of seam (i.e., longitudinal) welds in a representative pipeline
with an inner radius of 110 mm and thickness of 7.5 mm. As shown
in Fig. 4, the pipeline contains a seam weld that is symmetrically
positioned at the top of the pipeline section. We shall consider two
weld configurations, based on images of seam welds from gas transport
pipelines taken out of service. The two welds, shown in Fig. 4, are
representative of submerged arc welded joints typical of pipelines
considered for hydrogen transport and span a relevant range of seam
weld configurations and geometries. The first weld to be considered is
a two-pass seam weld (Section 3.1), while the second one is a three-
pass weld. Detailed microstructure (hardness) information is available
(see Fig. 4), allowing us to investigate the influence of spatially-varying
properties (Section 3.2). These two realistic weld configurations are
used to quantify the critical pressures at which hydrogen-assisted
fractures compromise the structural integrity of the pipeline and to in-
vestigate the role of weld geometry, existing defects, porosity, residual
stresses, weld/base metal mismatch, weld process (number of passes),
and microstructural heterogeneity. In both cases, simulations were
conducted for two pipeline steels: X52 and X80. The material properties
employed for each steel are given in Table 3.

The material properties have been chosen based on experimental
measurements from the literature and current understanding of weld
region characterisation. The Young’s modulus of the weld is usually
higher than that of the base metal [77], and accordingly is here taken to
be 5% higher than that of the base metal. The weld is usually stronger
and comparatively brittle compared to the base metal due to the ther-
mal loading history; therefore we have considered the yield strength
of the weld to be 10% higher than that of the base metal, whereas
the fracture energy is 10% lower. In regards to the work hardening
capacity, studies on pipeline steels report a higher magnitude for the
base metal relative to the weld material [63], and accordingly, this
is accounted for by using a lower hardening exponent 𝑛 for the weld
(𝑛 = 0.1 vs. 𝑛 = 0.05). The diffusivity values of hydrogen in pipeline
steel for both weld and base metal are taken from Ref. [78]. The
fracture energy and fracture strength parameters, and their sensitivity
to hydrogen concentration, are introduced following the experimental
data and simulations presented in Section 2.2.4 and Appendix. Plane

strain conditions are assumed.

https://www.empaneda.com/codes/
https://www.empaneda.com/codes/
https://www.empaneda.com/codes/
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Fig. 3. Hydrogen-dependent critical fracture energy for API steels: X52 [64,65], X80 [66–69]. The fitted curves are obtained using Eq. (17) with fitting parameters listed in
Table 2. For convenience, the corresponding critical stress intensity factor 𝐾𝐼𝑐 is added on the right and it is related to 𝐽𝐼𝑐 , as 𝐾𝐼𝑐 =

√

𝐸′𝐽𝐼𝑐 with 𝐸′ = 𝐸∕(1 − 𝜈2) for plane strain
conditions. Also the corresponding hydrogen pressure 𝑝 is added on top; lattice hydrogen concentration 𝐶 and hydrogen pressure 𝑝 are related via Sievert’s law 𝐶 = 𝑆

√

𝑝, with
the solubility of steel taken to be 𝑆 = 0.077 wppm MPa−0.5 [70].
Fig. 4. Schematic representation of the boundary value problem considered, a pipeline containing a longitudinal weld. Two weld configurations were employed based on images of
ex-service welds from natural gas pipelines: (a) a two-pass weld of dimensions 17 × 14 mm, and (b) a three-pass weld of dimensions 21 × 13 mm. The microstructural heterogeneity
of the second weld was characterised using a Vickers Hardness (VH) mapping approach. The associated chemical boundary conditions, including the internal exposure to a hydrogen
concentration 𝐶∗, are also displayed.
3.1. Case study 1: two-pass seam weld

We begin our analysis by describing the weld process simulation in
the two-pass weld (Section 3.1.1), and then proceed to predict the criti-
cal pressure at which hydrogen compromises the structural integrity of
928
the weld, considering the role of residual stresses, weld porosity, and
the presence of internal and external defects (Section 3.1.2).

3.1.1. Welding residual stress
The simulation steps of the two-pass welding process are sketched

in Fig. 5a. This involves applying temperature boundary conditions at
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Table 3
Material parameters adopted for the weld and base metal regions of the X52 and X80 pipeline steels used in the analyses.

𝐸 (MPa) 𝜈 (–) 𝜎𝑦 (MPa) 𝑛 (–) 𝐺𝑐 (0) (N/mm) 𝐺min
𝑐 (N/mm) 𝓁 (mm) 𝐷 (mm2/s)

X80 Base 187 000 0.3 660 0.10 60 7 0.17 4.5 × 10−4

Weld 196 350 0.3 726 0.05 54 6.3 0.13 3 × 10−4

X52 Base 187 000 0.3 430 0.10 60 16 0.40 4.5 × 10−4

Weld 196 350 0.3 473 0.05 54 14.4 0.31 3 × 10−4
Fig. 5. Two-pass weld welding process modelling: (a) schematic representation of the temperature boundary conditions for a two-pass weld; and (b) thermal loading history and
corresponding accumulated plastic strain at point ‘X’ near the weld. Only the first 150 s are shown but the simulation is continued until reaching room temperature (20 ◦C).
the weld cavity, followed by adding molten weld bead (at 1500 ◦C), and
allowing it to cool down for 10 s before applying temperature boundary
conditions at the weld cavity for the next weld pass. This is imple-
mented as a sequential thermal–mechanical simulation in Abaqus (see
Section 2).

A typical material point close to the weld experiences changes in
mechanical fields as a result of the thermal load cycles. This is shown
in Fig. 5b for a representative material point near the weld. As it
can be observed, each weld pass brings a peak in temperature and
the associated thermal expansions and contractions generate thermal
residual stresses. This, together with the temperature dependence of
the mechanical properties (Fig. 2a), results in material yielding and in
a monotonic increase in accumulated plastic strain until the room tem-
perature plateau is reached. The spatial variation of residual stresses
and strains at different stages of the welding process is presented in
Fig. 6. During the application of the welding torch and the addition
of molten weld metal for the first pass (Fig. 6a–b), the temperature
increases significantly over a region wider than the weld domain, which
results in thermal expansion and corresponding compression in the
circumferential direction. This is accompanied by the accumulation of
plasticity near the weld cavity (i.e., near the location of the torch)
due to the thermal gradient and the corresponding reduction of yield
strength with increasing temperature (see Fig. 6a–b). The pipeline
section then experiences circumferential tensile stretching at the pe-
riphery due to the cooling of the weld bead for the first pass (Fig. 6c).
The application of the torch at the weld cavity and the addition of
molten weld metal for pass 2 reverses the circumferential stress state
in the pipeline section (see Fig. 6d–e) and brings as well a significant
accumulation of plasticity along the HAZ. The plastic region is further
expanded due to the thermal contraction that takes place during the
final cooling stage (Fig. 6f). This results in tensile and compressive
circumferential stresses at, respectively, the inner and outer faces of
the pipeline, following the curvature of the pipeline geometry. The
heterogeneous nature of the weld is thus characterised in this first case
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study through the different properties of base and weld metals, as listed
in Table 3, and through the initial residual stress/strain distribution
resulting from the welding process. This is unlike the second case
study, where a hardness map is available that enables assessing the
role of microstructural heterogeneities such as the influence of varying
properties along the HAZ region.

3.1.2. Hydrogen embrittlement predictions
The embrittlement and fracture resistance of the welded pipeline are

characterised by subjecting the welded pipeline section to a monotoni-
cally increasing hydrogen pressure 𝑝. This was simulated by applying,
as Dirichlet boundary conditions, an incremental hydrogen concentra-
tion 𝐶∗ and radial displacement 𝑢∗𝑟 at the inner face of the pipe. The
former is determined by making use of Sievert’s law, such that,

𝐶∗ = 𝑆
√

𝑝, (18)

where the solubility of hydrogen in steel is 𝑆 = 0.077 wppm MPa−0.5

[70]. While the radial displacement is defined by exploiting the linear
elastic relation between pressure and radial displacement of a thin
cylinder [79],

𝑢∗𝑟 =
𝑝𝑅2

𝑏𝐸

(

1 − 𝜈
2

)

, (19)

where 𝑅 is the inner radius of the pipeline and 𝑏 is the pipeline
thickness. A very slow loading rate of 21 Pa/s was adopted to be on
the conservative side and suppress rate effects. At the outer surface,
a boundary condition of 𝐶 = 0 was adopted, as the outer surface of
transport pipelines is typically exposed to environments with negligible
hydrogen content. As gas transport pipelines are designed to carry out
pressures below the plastic yielding of the material, we consider two
potential outcomes: failure due to plastic yielding or failure due to
cracking. The yielding pressure can be estimated analytically from the
pipeline dimensions as,

𝑝 =
𝜎𝑦𝑏 (20)
𝑦 𝑅
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Fig. 6. Evolution of temperature, residual stress and plastic strain in the two-pass welding process. This set of representative results has been obtained for X52 pipeline steel.
which results in yielding pressures of 45 MPa for the X80 pipeline
and of 29 MPa for the X52 steel. Despite its intrinsic assumptions,
this analytical estimate is not far from the finite element predictions
and similar values of yielding pressures are obtained in the numerical
calculations if a global yielding criterion such as 𝜀𝑝 ≥ 0.02 in the
base metal is adopted. Calculations were arrested if cracking had not
taken place before the aforementioned critical yielding pressures were
reached, ensuring the validity of Eq. (19).

The evolution of stress, plasticity, hydrogen concentration, and
phase field fracture are shown in Fig. 7 for the representative case of
the X80 welded joint. The initial state (Fig. 7a) is hydrogen-free and
shows no damage, but welding residual stresses and plastic strains are
present. As the applied pressure increases (Fig. 7b), we observe an in-
crease in circumferential stresses and hydrogen content. The hydrogen
distribution varies monotonically from the inner concentration to the
𝐶 = 0 magnitude of the outer surface. The different diffusivities of
weld and base material do not appear to have a significant impact
on the hydrogen distributions, given the slow loading rate adopted.
In this regard, it is worth noting that the magnitude of the residual
930
tensile hydrostatic stress resulting from the welding process is not high
enough to accumulate hydrogen within the heat-affected zone (HAZ)
under the conditions considered here. As the pressure keeps rising
(Fig. 7c), higher stresses and hydrogen concentrations are predicted
and this eventually leads to the nucleation of a crack near the weld-
base metal junction that goes on to propagate until reaching the outer
surface, degrading the load carrying capacity of the pipeline. This crack
nucleates at the inner surface of the pipeline section, where the hydro-
gen content is higher and thus the material toughness is lower. For this
weld configuration and material (X80 pipeline steel), cracking takes
place at an applied pressure of 31 MPa (i.e., much before yielding).
However, X52 is comparatively more ductile and yields before cracking
is predicted.

We shall now proceed to investigate the influence of residual
stresses, so as to determine the importance of optimising the welding
process. Fig. 8 shows the failure predictions obtained for the X80
pipeline steel case for simulations accounting for and neglecting resid-
ual stresses. It can be seen that in the absence of residual stresses,
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Fig. 7. Predictions of circumferential stress (𝜎𝜃𝜃), accumulated plastic strain (𝜀𝑝), lattice hydrogen concentration (𝐶), and phase field fracture (𝜙) as a function of the pipeline
pressure: (a) initial state (𝑝 = 0), (b) 𝑝 = 21 MPa, and (c) 𝑝 = 31 MPa. Results obtained for the two-pass weld considering X80 pipeline steel as the base and weld materials.
Fig. 8. Investigating the role of welding residual stresses on the failure of hydrogen transport pipelines: in the absence of residual stresses plastic failure occurs (left, 𝜀𝑝 contours),
while when residual stresses are accounted for cracking is observed (right, 𝜙 contours). Results obtained for the two-pass weld considering X80 pipeline steel as the base and weld
materials.
the weld pipeline section fails due to yielding, at 𝑝 ≈ 45 MPa, while
incorporating residual stresses results in cracking at lower pressures
(𝑝 ≈ 31 MPa). Hence, the results suggest that weld quality can be of
significant importance and that structural integrity predictions must
account for the role of welding residual stresses.

Another aspect to consider is the potential presence of voids (pores)
that can result from the welding process due to gas trapping. Typical
diameters for pores resulting from welding gas trapping are within
the range of 4 to 10 μm. Hence, we introduce a random distribution
of voids with an approximate size of 7 μm and vary their number to
consider various volume fractions, ranging from 0 to 0.5%. The voids
are introduced by defining an initial condition of 𝜙 = 1 on randomly
selected nodes. The results obtained are presented in Fig. 9, showing
both the sensitivity of the critical failure pressure to the void volume
fraction and the phase field contours, so as to observe cracking patterns
and initial void distributions. The results show a change in cracking
pattern, with cracks still originating near the inner surface (where
the hydrogen content is higher) and next to the weld-base material
junction, but with the crack trajectory being influenced by the presence
of voids. The critical failure pressure appears to be sensitive to the
volume fraction of microvoids, with this trend accelerating for high
microvoid volume fractions such that the critical pressure drops from
31 MPa to 24 MPa for a void volume fraction of 0.005. In the case
of the X52 pipeline steel case, the presence of voids of 7 μm diameter
with volume fractions of 0.005 or smaller does not change the failure
mode; the X52 pipeline fails by yielding independently of the presence
of voids. This outcome is similar to the fact that the X52 behaviour was
not sensitive to welding residual stress.

An important concern when assessing the viability of using the ex-
isting natural gas pipeline network to transport hydrogen is the possible
presence of existing defects and the role that they can play in lowering
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the admissible pressures. Internal and near-surface cracks of up to 3–
5 mm in length are expected to be present in existing infrastructure.
Therefore, we conducted simulations for different pre-existing defect
scenarios to assess their impact on performance. As with the pores,
these defects were introduced by defining as initial condition 𝜙 = 1 on
selected nodes. First, the evaluation was carried out on the X80 pipeline
steel case. Fig. 10 shows the results obtained in the presence of three
5 mm long internal flaws oriented at 60◦ relative to the horizontal axis.
Two scenarios were considered, one where the flaws were located in the
centre region of the weld — roughly equidistant to the inner and outer
surfaces (Fig. 10a), and another where the flaws were still internal (not
exposed to the surface) but much closer to the inner surface (Fig. 10b).
In the former scenario, crack growth occurs from both the top and
bottom of the flaw closest to the HAZ resulting in a brittle fracture
at a hydrogen pressure of 𝑝max = 23 MPa. Cracking was predicted at
a pressure of 𝑝max = 22 MPa, for the case of the near-surface flaws.
The results suggest that the location of the flaw relative to the HAZ is
a key factor, more critical than the distance between the flaw and the
inner surface, and that the presence of internal defects can reduce the
maximum admissible pressure by 20%–30% relative to the defect-free
scenario (where 𝑝max = 31 MPa, see Fig. 7).

Next, we studied the role of the crack orientation and length on
performance. For this, we estimated the critical failure pressure for an
existing flaw that was located near the HAZ, at the weld-base material
junction, and which was inclined at 60◦, 30◦ and 0◦ from the horizontal
axis. Two crack lengths were considered: 3 and 7 mm. As shown in
Fig. 11, the horizontal flaw exhibited a very different cracking pattern
relative to the other two scenarios. Although no significant reduction
in admissible pressure was predicted (𝑝max = 28 MPa, relative to a
defect-free estimate of 𝑝max = 31 MPa). However, the 3 mm cracks
aligned closer to the HAZ appear to have a very significant impact on

the pressure-carrying capacity. We find that pipeline failure occurs at
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Fig. 9. Investigating the role of porosity on the failure of hydrogen transport pipelines: (a) sensitivity of the critical failure pressure to the void volume fraction, and (b) cracking
pattern (phase field contours) observed for a volume fraction of 0.5%, which corresponds to a critical pressure of 𝑝max = 24 MPa. Results obtained for the two-pass weld considering
X80 pipeline steel as the base and weld materials.
Fig. 10. Investigating the role of internal pre-existing defects on the failure of hydrogen transport pipelines. Phase field contours for three internal flaws aligned 60◦ relative to
the horizontal direction under two scenarios: (a) located near the centre of the pipeline section (𝑝max = 23 MPa), and (b) located near the inner surface (𝑝max = 22 MPa). Results
obtained for the two-pass weld considering X80 pipeline steel as the base and weld materials.
Fig. 11. Investigating the role of external pre-existing defects on the failure of hydrogen transport pipelines. An initial flaw is assumed to be present at the weld-base material
junction, near the HAZ region, and the influence of crack length and orientation (relative to the horizontal axis) is assessed by considering: (a) a 3 mm flaw with 60◦ orientation
(𝑝max = 15 MPa), (b) a 3 mm flaw with 30◦ orientation (𝑝max = 19 MPa), and (c) a 7 mm flaw with 0◦ orientation (𝑝max = 28 MPa). Results obtained for the two-pass weld considering
X80 pipeline steel as the base and weld materials.
𝑝max = 19 MPa, for the 30◦ orientation, and at 𝑝max = 15 MPa, for the
60◦ orientation.

Thus, defect location appears to play a critical role in fracture
behaviour. Failure pressures of 15 MPa are of significant technological
importance as they lie within the ranges considered for hydrogen trans-
port. Furthermore, while this drop in load-carrying capacity is attained
under specific conditions, these scenarios were selected to be relevant
to existing pipelines. Indeed, defects of similar size and location have
been reported on seam welds of gas transport pipelines and is expected
that defects will originate near the inner surface and along the harder
and more brittle HAZ region. When a similar analysis was conducted
on the more ductile X52 pipeline steel, a change in failure mode from
global yielding to cracking was observed. The predicted critical failure
pressure dropped to 𝑝max = 18 MPa when a 3 mm flaw was present
along the HAZ — see Fig. 12.

3.2. Case study 2: three-pass seam weld

A second seam weld configuration is investigated to assess the role
of weld quality and geometry on performance. The second weld also
facilitated the investigation of the influence of weld microstructural
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heterogeneity. As shown in Fig. 4b, we considered a seam weld fab-
ricated using three-passes. The overall weld dimensions were 21 ×
13 mm. Microhardness mapping had been performed on this ex-service
weld. This weld configuration is representative of seam welds that
require a third, repair weld pass. The material properties adopted are
largely those reported in Table 3 but some changes are introduced to
incorporate the information provided by the microstructural hardness
map. Namely, the ASTM-A370 relationship is adopted to quantitatively
relate the HV measurements with yield strength, with 𝜎𝑦 varying be-
tween 660 and 990 MPa for the X80 pipeline steel and between 430
and 645 MPa for the X52 pipeline steel (see Fig. 13). The fracture-
to-yield strength ratio was maintained at the previous level, and this
brings a variation in the fracture strength (𝜎̂) distribution, as shown
in Fig. 13. Also, since a higher strength typically corresponds to a
lower toughness, the analysis performed considered that the fracture
energy varied inversely to the microhardness. Finally, and consistent
with experimental observations [78], the diffusivity was assumed to
be lower in hard regions. The other parameters were kept the same as
in Table 3, with Poisson’s ratio and strain hardening exponent being
uniform across the section (𝜈 = 0.3 and 𝑛 = 0.1, respectively). As
observed in Fig. 13, this microstructural mapping allows the variations
in strength and toughness of the HAZ regions to be displayed.
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Fig. 12. Investigating the role of an external pre-existing flaw that is located near the inner surface and aligned with the HAZ. Results obtained for the two-pass weld considering
X52 pipeline steel as the base and weld materials. The finite element analysis reveals: a global yielding type of failure at 𝑝max ≈ 29 MPa) in the absence of flaws (a), yet a brittle
fracture event at a pressure of 𝑝max = 19 MPa in the presence of a 3 mm flaw along the HAZ (b).
Fig. 13. Spatial distribution of relevant material properties (yield stress, toughness, strength and diffusivity) as inferred from the microhardness map of the three-pass weld (see
Fig. 4). The results shown correspond to the X52 pipeline steel case.
Fig. 14. Computational predictions of weld structural integrity in hydrogen transport pipelines: (a) brittle fracture in an X80 pipeline at a critical pressure of 𝑝max = 24 MPa, (b)
failure by global plastic yielding in an X52 pipeline.
Fig. 15. Investigating the role of accounting for the microstructural heterogeneity of seam welds. Cracking (phase field) contours for: (a) the case where material properties are
considered to be homogeneous in the weld and base metal regions, and (b) the case where material properties are varied according to the microstructural hardness map (see
Figs. 4 and 13). Failure takes place due to cracking at critical pressures of 𝑝max = 42 MPa and 𝑝max = 24 MPa, respectively.
As in the previous case study, a two-step analysis was conducted.
This started with a welding process simulation to obtain the associ-
ated residual stresses, and was followed by a coupled deformation–
diffusion–fracture analysis to determine the maximum admissible pres-
sure. The evolution of the stress fields, the equivalent plastic distribu-
tion and the phase field fracture variability in this welded joint was
qualitatively similar to that of the previous weld geometry despite the
differences in the welding process and the heterogeneous distribution
of material properties. However, interesting differences were found
when inspecting the critical failure pressures and the cracking patterns.
First, as shown in Fig. 14, the X80 pipeline was predicted to fail
due to cracking at a pressure of 𝑝max = 24 MPa, a lower magnitude
than that reported for the two-pass weld in the absence of defects
(31 MPa). The cracking pattern was also slightly different, with the
crack nucleating at the intersection between the HAZ and the inner
surface but growing mostly through the base metal. In contrast, the X52
933
pipeline was predicted to fail due to global plastic yielding, as observed
in the two-pass weld.

Calculations were also conducted with homogeneous material prop-
erties, as in the two-pass weld case study, to quantify the influence of
the inherent microstructural heterogeneity of welded components. The
results, shown in Fig. 15, reveal a notable influence of the material
microstructure. When the material properties were taken to be homo-
geneous in the base metal and the weld, then failure was predicted
to take place at a pressure of 𝑝max = 42 MPa. However, when the
microstructural heterogeneity of the material was accounted for, the
predicted fracture pressure was reduced by approximately 50%, to
𝑝max = 24 MPa. Interestingly, the failure pressure obtained for the
homogeneous case study is significantly higher than that reported
for the 17 × 14 mm two-pass weld under the same conditions (31
MPa). This suggests that the three-pass weld with dimensions 21 ×
13 mm is more resistant to hydrogen-assisted fractures. This also
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suggests that the lower bound of 𝑝max = 15 MPa obtained for the
wo-pass weld in the presence of a HAZ-aligned 3 mm flaw could
e further reduced if microstructural heterogeneities are accounted
or.

. Conclusions

We have presented a computational framework for predicting the
aximum admissible pressure in hydrogen transport pipelines. The

ramework combines welding process modelling, to determine the
esidual stress state, with coupled deformation–diffusion–fracture (em-
rittlement) simulations, to quantify critical fracture pressures. The
ocus is on maximising simplicity and predictive abilities. As such, the
odel relies only on parameters with a clear physical interpretation,

hat can be independently measured. Virtual experiments were con-
ucted on pipelines containing two types of seam welds. These were
elected to represent real welds in gas transport pipelines: a two-pass
eld of dimensions 17 × 14 mm, and a three-pass weld of dimensions
1 × 13 mm, for which a microstructural hardness map exists. The
odel was first benchmarked against crack growth resistance curves on
52 and X80 pipeline steels. Then the model was used to investigate

he influence of residual stresses, welding quality and geometry, mi-
rostructure, internal and external defects, and hydrogen gas pressure.
ey findings include:

• An accurate characterisation of residual stresses can be decisive
in determining the failure mode. In the absence of pre-existing
defects, X80 pipeline steels were predicted to fail by global plastic
yielding (at 𝑝max ≈ 45 MPa) if residual stresses are neglected. How-
ever, cracks are found to nucleate and grow across the pipeline
cross-section at 31 MPa H2 pressures when the impact of residual
stresses arising from the welding process was taken into account.

• The presence of micrometer pores with volume fractions below
0.005 can reduce the admissible pressure in X80 pipelines to
𝑝max = 24 MPa. The presence of pores was not predicted to play a
role in the performance of the more ductile X52 pipelines, which
fail by global plastic yielding (in the absence of other defects).

• The maximum admissible pressure was found to be very sensitive
to the size, location and orientation of pre-existing defects. Those
closer to the inner surface of the pipeline (where the hydrogen
content is greater) and aligned with and near to the HAZ being
the most harmful.

• The presence of 3 mm long surface flaws which are aligned with
the HAZ can significantly reduce the pressure-carrying capacity
of hydrogen transport pipelines. This realistic scenario results in
a maximum admissible pressure of 𝑝max = 15 MPa for the X80
pipelines and of 𝑝max = 19 MPa for the X52 pipeline.

• The weld geometry and quality were found to be important.
This highlights the need to characterise the welds of the existing
natural gas pipeline infrastructure and to ensure that best practice
is used when manufacturing new welds.

• The microstructural heterogeneity of the weld region is found to
play a key role, potentially changing the critical failure pressure
by approximately 50% relative to the consideration of homoge-
neous weld and base materials.

These findings and the computational tools developed are expected
to be of significant importance to the potential deployment of a hydro-
gen transport pipeline network, given the challenges associated with
laboratory and field assessment.

Multiple avenues of future work can be envisaged. First, significant
work is ongoing in the weld process modelling community to develop
more sophisticated descriptions of residual stresses and microstructural
phases. One could build upon such modelling efforts not only to provide
a more detailed description but also to validate with experimental
testing (e.g., by comparing real and virtual hardness maps). In addition,
other aspects of the deformation–diffusion–fracture modelling could
be readily incorporated, if deemed relevant, from fatigue damage to
934

explicit consideration of trapping sites. p
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Appendix. Model verification: crack growth resistance curves

Here, we showcase the ability of the model to predict the crack
growth resistance of pipeline steels and rationalise the values of the
fracture parameters chosen in this study. For a set of given elastoplastic
material properties, the crack growth resistance (R-curve) behaviour is
primarily governed by the fracture energy 𝐺𝑐 and fracture strength 𝜎̂
of the material [80,81]. In the phase field model here adopted, the
former is explicitly provided, as 𝐺𝑐 is an input variable, while the
latter is defined through the choice of phase field length scale, as
per Eq. (12). It should be noted that for boundary value problems
with sufficiently large cracks (longer than the transition flaw size),
the fracture behaviour is toughness-dominated and crack growth is
therefore governed by 𝐺𝑐 and independent of the fracture strength.
However, 𝜎̂ does influence the amount of dissipation during subcritical
crack growth [80,81], and thus should be chosen appropriately. This R-
curve modelling exercise allows for this. Another aspect to note is that
while the 𝐺 ≡ 𝐽 analogy holds, the critical value of the energy release
rate in the phase field model, 𝐺𝑐 , does not correspond to 𝐽𝐼𝑐 , as the
latter is measured after 0.2 mm of crack extension while 𝐺𝑐 corresponds
to the onset of crack growth. As such, the measured 𝐽𝐼𝑐 value provides
only one data point and the entire R-curve is needed to ensure that the
model provides an accurate characterisation of crack growth resistance.
An appropriate set of (𝐺𝑐 , 𝜎̂) values has to be determined, through
appropriate choices of 𝐺𝑐 and 𝓁. In this regard, it should be noted
that measuring 𝐺𝑐 (also referred to as 𝐽0) is not straightforward, given
the challenges associated with capturing the onset of crack growth
(particularly in hydrogen-containing environments).

Crack growth resistance curves are obtained by making use of the
so-called boundary layer formulation, whereby William’s solution [82]
for a remote elastic 𝐾-field is used to prescribe the displacement of the
outer nodes (see Fig. A.1). Accordingly, the displacement field is given
by,

𝑢𝑖 =
𝐾𝐼
𝐸
𝑟1∕2𝑓𝑖(𝜃, 𝜈), (A.1)

here 𝑟 and 𝜃 are the coordinates of a polar coordinate system centred
t the crack tip and 𝐾𝐼 is the mode I stress intensity factor, which
nder small scale yielding conditions is related to the 𝐽 -integral as
𝐼 = 𝐾2

𝐼 (1−𝜈
2)∕𝐸. As per William’s solution [82], the function 𝑓𝑖 reads,

𝑥 = 1 + 𝜈
√

2𝜋

(

3−4𝜈−cos 𝜃
)

cos
( 𝜃
2

)

, 𝑓𝑦 =
1 + 𝜈
√

2𝜋

(

3−4𝜈−cos 𝜃
)

sin
( 𝜃
2

)

.

(A.2)

We take advantage of the reflective symmetry of the boundary value
roblem about the crack plane and simulate only half of the complete
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Fig. A.1. The boundary layer idealisation of a compact tension specimen under small-scale yield conditions. R-curves are obtained by applying a remote 𝐾 (𝐽 ) and measuring the
crack extension 𝛥𝑎.
Fig. A.2. Predicting the crack growth resistance behaviour of (a) X80 pipeline steel [66], and (b) X52 pipeline steel [63], in both air and hydrogen environments.
w

oundary layer, as shown in Fig. A.1. The outer radius is chosen to be
ufficiently large so as to not influence the results: 𝑅 ≫ 𝑅𝑝, with 𝑅𝑝

being Irwin’s estimate of the plastic zone length,

𝑅𝑝 ∶=
1
3𝜋

𝐾𝐼
𝜎2𝑦
. (A.3)

In all calculations, the characteristic element size is taken to be five
times smaller than the phase field length scale, so as to ensure mesh
objective results [83]. The material properties for X80 and X52 pipeline
steels are taken from the literature, and are consistent with the base
metal parameters reported in the main text. Namely, the elastic prop-
erties are taken to be 𝐸 = 187 GPa and 𝜈 = 0.3 [66], and the fit of the
ardening law adopted to the uniaxial stress–strain data from Ref. [84]
enders a hardening exponent of 𝑛 = 0.1. The values of yield stress are
𝑦 = 660 MPa and 𝜎𝑦 = 430 MPa for, respectively, X80 and X52 pipeline
teel (Table 2). The numerical experiments mimic the conditions of the
aboratory tests used as a benchmark (see Refs. [63,66]). The hydrogen
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oncentration corresponding to the reported H2 pressure is determined h
using Sievert’s law (Eq. (18)). Also, as in the experiments, a very slow
loading rate (𝐾̇𝐼 ∼ 0.05 MPa

√

m ∕s) is adopted. The results obtained
are shown in Fig. A.2.

As shown in Fig. A.2, for both X80 and X52 pipeline steels, the
chosen values 𝐺𝑐 (0) and 𝜎̂ deliver a very good agreement with exper-
imental measurements. These values are provided in Table A.1 and
are subsequently used to predict the behaviour of welded components
exposed to hydrogen environments (see Section 3). It is important to
note that hydrogen affects not only the load at which cracking initiates
but also the slope of the R-curve, diminishing the degree of plastic
dissipation. Hence, the hydrogen degradation law estimated from 𝐽𝐼𝑐
vs. 𝐶 (or 𝑝) data is not necessarily the same as that describing the
sensitivity of 𝐺𝑐 (or 𝐽0) to 𝐶; i.e.,
𝐺𝑐 (𝐶)
𝐽𝐼𝑐(𝐶)

= 𝑑(𝐶)
𝐺𝑐 (0)
𝐽𝐼𝑐 (0)

(A.4)

here 𝑑(𝐶) ≥ 1 is a variable that characterises the higher degree of
ydrogen degradation experienced by 𝐽 relative to 𝐺 (or 𝐽 ), as a
𝐼𝑐 𝑐 0
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Table A.1
Calibrated phase field model parameters for pipeline steels.

Steel 𝜎𝑦 [MPa] 𝐺𝑐 (0) [N/mm] 𝐺min
𝑐 [N/mm] 𝜎̂∕𝜎𝑦 [–]

X80 660 60 7 4
X52 430 60 16 4

result of the hindered plastic dissipation. Accordingly, Eq. (17) can be
re-written as,

𝐺𝑐 (𝐶) = 𝑓 (𝐶)𝑑(𝐶)𝐺𝑐 (0) =

[

𝐺min
𝑐

𝐺𝑐 (0)
+

(

1 −
𝐺min
𝑐

𝐺𝑐 (0)

)

exp
(

−𝑞1𝐶𝑞2
)

]

𝐺𝑐 (0).

(A.5)
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