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A B S T R A C T

Computational prediction of matrix-crack percolation and gas leakage in fibre-reinforced composites is critical 
for the design, certification, and safe operation of all-composite Type V pressure vessels under extreme tem
peratures. Existing approaches rely heavily on full-scale testing and empirical correlations, limiting certification 
by analysis. This study presents a novel multiscale modelling framework that delivers three key advances. First, a 
continuum damage mechanics (CDM) approach is enriched by a micromechanical damage model, enabling the 
determination of eleven ply-level strength and toughness parameters directly from microscale damage evolution 
within a representative volume element using a single set of matrix and fibre–matrix interface cohesive prop
erties. Second, the derived CDM parameters are then used to predict the evolution of through-thickness matrix- 
crack density with applied load, eliminating the need for experimental measurement of crack density. Third, a 
computationally efficient method is developed by integrating the crack density with a doubly periodic unit-cell 
model incorporating cohesive surfaces to predict crack-intersection openings and the corresponding throat areas 
governing gas transport. Coupling these features with an orifice-flow conductance model enables the determi
nation of through-thickness gas leakage under combined thermal and mechanical loading. The framework is 
validated against room-temperature experimental data and subsequently applied to predict the cryogenic leakage 
behaviour, thereby determining the threshold strains for matrix-crack percolation and allowable leak rates. For a 
representative cross-ply laminate, doubling the cryogenic matrix toughness increases the gas-percolation 
threshold strain at − 253 ◦C from 0.14% to 0.36%, demonstrating that matrix toughening can substantially 
delay crack percolation and enhance leakage resistance at cryogenic temperatures.

1. Introduction

Accurately determining the leakage-threshold condition, i.e. the 
pressure at which carbon fibre reinforced polymer (CFRP) vessels begin 
to exceed allowable gas leak rates, remains a major challenge for the 
design, certification, and continuing operation of composite vessels for 
cryogenic fuel storage [1]. While polymer liners in Type IV vessels can 
provide an effective gas barrier for compressed-gas storage, cryogenic 
liquid-hydrogen service introduces liner-related challenges, such as 
thermal-contraction mismatch, embrittlement, permeation, and inter
facial gas accumulation, causing liner delamination and wrinkling [2]. 
Linerless Type V vessels avoid these issues and require the CFRP wall to 

serve simultaneously as the load-bearing structure and gas barrier. The 
key challenge is therefore to predict when damage within the composite 
wall evolves into connected leakage pathways that compromise the 
vessel's gas barrier function. Under increasing thermomechanical 
loading, matrix-dominated damage can evolve progressively from 
fibre-matrix debonding to discrete microcracking, then to ply-splitting 
matrix cracks (i.e., transverse cracks that extend the ply thickness and 
span the laminate width [3]), and ultimately to interconnected, multi
layer crack networks throughout the entire laminate thickness, referred 
to as percolation. This multiscale damage evolution spans approxi
mately nine orders of magnitude (109) in length scale, ultimately giving 
rise to continuous pathways for gas leakage [4–6], as illustrated in Fig. 1. 
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The vast scale separation and inherent complexity of the matrix cracking 
process pose significant challenges to existing analytical and computa
tional approaches, which consequently tend to rely heavily on full-scale 
experimental testing.

The onset of percolation is typically marked by an abrupt increase in 
leak rate that is several orders of magnitude higher than diffusion 
through pristine laminates or laminates containing only isolated matrix 
cracks (typically < 10− 10 m3/m2/s for He and H2 at room temperature 
[7–9]). Existing qualification standards and design guidelines for CFRP 
hydrogen vessels [10–17] adopt a leak-before-burst (LBB) safety phi
losophy to prevent catastrophic rupture while enforcing explicit allow
able leak-rate limits. For example, an H2 allowable leak rate of 5.74×
10− 6 m3/m2/s is specified for cryogenic launch-vehicle tanks [17], with 
substantially stricter limits applied to on-road hydrogen storage systems 
in international standards [10–12].

While clear pass-or-fail certification criteria have thus been defined 
at a prescribed limit pressure [10–12,15,16], there remains a lack of 
physics-based tools to predict the leakage-threshold load or pressure at 
which these limits are exceeded. Consequently, current design practice 
for all-composite Type V pressure vessels remains largely empirical and 
ad hoc, relying on costly trial-and-error prototype and full-scale testing, 
which significantly increase development time and certification costs.

Kumazawa and co-workers [7,18,19] established systematic 
biaxial-tension experiments and a semi-analytical framework that links 
matrix-dominated damage in CFRP laminates to through-thickness gas 
leakage. In their approach, leakage was modelled as a network-flow 
problem in which gas transport through the thickness of a laminated 
composite was governed by the local conductance at intersections be
tween matrix cracks in adjacent plies, commonly idealized as 
orifice-type throats within a multilayer conductance model [7,20], as 
shown in Fig. 2(a). Subsequent work [7,18–21] identified two key pa
rameters for leakage rates: (a) the ply-wise matrix crack density, ρ, and 
(b) the throat areas, A, formed at the intersections of matrix cracks 
across the interface between adjacent plies, as depicted in Fig. 2. This 
throat area is basically the product of the two crack-tip opening dis
placements (CTODs or Δ) evaluated at the ply interface. The leak rate is 
conventionally related to the throat A through an empirically deter
mined constant [7,18–21].

To address the empirical calibration of the conductance constant, 
Kumazawa and Whitcomb [22] combined finite element analysis (FEA) 
with computational fluid dynamics (CFD) to predict leak rates. In their 
approach, FEA was performed on a unit cell with periodic boundary 
conditions representing a doubly periodic array of matrix cracks. 

However, the appropriate crack spacings corresponding to different 
applied load levels were taken directly from experimental measure
ments reported in Ref. [7], rather than predicted. The unit-cell model 
also incorporated interply delamination of varying lengths, with the 
appropriate length being determined via trial and error to match 
experimentally measured leak rates under purely thermal loading (i.e., 
in the absence of mechanical load) reported in Ref. [7]. The same cali
brated delamination length was then used for predicting leak rates under 
combined loading conditions [22]. For the CFD analysis, simplified 
analytical profiles were assumed for crack opening displacements 
(CODs), being linear in the outer plies and quadratic in the inner ply 
whilst retaining the crack tip openings obtained from FEA but neglecting 
delamination. The predicted leak rates exceeded experimental values by 
about 70%, a discrepancy attributed to surface-roughness effects in real 
laminates, whereas the CFD model assumed idealized smooth crack 
surfaces [22].

While the studies discussed above have considerably advanced the 
understanding of gas leakage mechanisms in CFRPs resulting from the 
percolation of matrix cracks and provided useful empirical estimation 
tools, significant gaps remain. First, existing gas-leakage models rely 
heavily on destructive or post-mortem experimental data, which are 
often unavailable under relevant service conditions, particularly at 
cryogenic temperatures where matrix cracking profiles are difficult to 
obtain. Second, there is a lack of an integrated multiscale modelling 
framework capable of predicting the initiation, growth, coalescence, and 
percolation of matrix cracks that govern gas leakage.

Existing cohesive-zone modelling (CZM) provides a physically sound 
approach for calculating crack-tip opening displacements (and thus 
throat areas) [23]. However, its implementation requires predefining 
potential crack paths to insert cohesive elements [24], which becomes 
impractical when the crack locations and spacings are not known a 
priori. In contrast, continuum damage mechanics (CDM) enables the 
efficient simulation of progressive matrix-dominated failure in full-scale 
laminates without explicit crack discretization [25,26]. Nevertheless, 
conventional CDM faces two major limitations: (a) it requires a large set 
of ply-level strength and fracture-energy parameters, many of which are 
difficult to measure or lack standardized characterisation methods [25]; 
and (b) it treats matrix cracking as a smeared band of damaged elements 
[27–29], which does not directly provide the crack openings needed to 
quantify crack-intersection throat areas. Recent advances in micro
mechanical damage models (MDM) have addressed the first limitation 
by reducing the number of model parameters to a small set of 
constituent-level material properties of the matrix and the fibre–matrix 

Fig. 1. Matrix-dominated damage progression in a cross-ply CFRP laminate under biaxial tension and its implication for leakage-controlled qualification. (a) 
Through-thickness growth of dispersed microcracks leading to matrix cracks that split plies. (b) Multiplication of matrix cracks with increasing load, forming a quasi- 
periodic crack array. (c) Linking of multilayer intersecting matrix cracks forms a through-thickness crack network causing gas-percolation leakage.
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interface [25]. However, direct full-field application of MDM at a 
laminate scale remains computationally prohibitive due to the 
micron-scale resolution required to resolve fibres and interfaces [25,30].

The present work addresses these challenges by developing a mul
tiscale framework to predict matrix-crack percolation and gas leak rate 
in carbon fibre composites. Central to this approach is a coupled 
MDM–CDM strategy [25] for predicting ply-wise crack density under 
biaxial loading. Under a given applied load, matrix-crack spacings 
within the plies throughout the laminate are obtained from the 
MDM–CDM model, while the corresponding crack-intersection throat 
areas are subsequently determined using a computationally efficient 
unit cell model. With the matrix crack densities and throat areas 
determined, the leak rate is computed following the network flow 
approach of [7], which requires a discharge coefficient. It is shown that a 
commonly employed value for micron-scale orifice flow [31–33] yields 
predictions in good agreement with the experimental data reported in 
Refs. [7,18,19], thereby providing a fully predictive, physics-based 
digital twin model for laminate leakage. Compared with existing ap
proaches, the proposed framework offers several advantages: (a) it 
provides a multiscale, physics-based prediction of crack density as a 
function of applied load, eliminating reliance on experimental 
crack-density data that may be unavailable (e.g., under cryogenic con
ditions); and (b) it employs a unit-cell model in which matrix crack 
planes and ply interfaces are modelled using a cohesive zone model 
(CZM) [23,34], enabling physically consistent predictions of the throat 
openings at matrix-crack intersections under coupled thermal and me
chanical load, rather than relying on empirically prescribed delamina
tion lengths.

The remainder of this paper is structured as follows.Section 2 details 
the multiscale methodology for determining matrix crack densities and 
crack-intersection throat areas. Section 3 verifies several key aspects of 
the proposed modelling and experimental methods. Section 4 reports the 
predicted evolution of matrix crack density and compares these results 
with experiments. These predicted damage states are then employed to 
parameterize the cohesive-network unit cell model for predicting the 
leak rates at various load levels in Section 5. These predictions are 
compared with allowable leak-rate limits in existing standards to 
determine the leakage-threshold load at both room temperature (RT) 
and cryogenic temperatures (CTs), which are representative of extreme- 
environment service conditions. The merits and limitations of the pre
sent approach are briefly discussed in Section 6, followed by concluding 
remarks in Section 7.

2. Multiscale modelling framework

The aim of the proposed framework is to predict the two critical 
damage-state parameters required for through-thickness gas leakage 
modelling: (a) the matrix crack density in each ply, as a function of 
applied load or strain, εapp, and (b) the CTODs at crack-intersection 
throats, as noted in Section 1 and in Fig. 2. For this purpose, the pre
sent modelling approach includes two novel features relative to prior 
leakage analyses [7,18–21]. First, the evolution of ply-wise crack den
sity under biaxial loading is explicitly predicted using a multiscale 
MDM–CDM strategy [25] in Sections 2.1–2.2. Second, based on the 
crack-density state obtained from the MDM–CDM model, the corre
sponding crack-intersection throat areas are determined using a 
computationally efficient unit cell model in Section 2.3. The resulting 
density and throat areas are then employed to predict leak-rate evolu
tion with applied load via a compressible-gas orifice model described in 
Section 2.4. The flowchart in Fig. S1 of Supplementary Material sche
matically describes the proposed modelling framework. To facilitate 
direct comparison of the present model with reported biaxial tension 
and gas leakage measurements in Refs. [7,18,19], predictions are ob
tained for the IM600/#101 carbon-fibre/epoxy system [7,18,19], 
employing properties for the IM600 fibres, the #101 epoxy, and the 
fibre-matrix interface [25,34], as summarized in Table S1 in Supple
mentary Material.

2.1. Micro-scale model for the ply-level traction-separation relationships

To significantly reduce the number of model parameters required by 
the continuum damage mechanics [25] to a small set of constituent 
properties for the matrix, fibre, and fibre-matrix interface, micro
mechanical modelling of a representative volume element (RVE) is 
employed, as shown in Fig. 3(a). The RVE dimensions, fibre distribution, 
and the minimum inter-fibre spacing are determined using a sensitivity 
method [25] to ensure statistically representative responses. Fibres are 
modelled as straight, transversely isotropic, linear-elastic solids. The 
matrix is described by a pressure-dependent elastic–plastic constitutive 
law with continuum damage and crack-band regularization [25], 
implemented in Abaqus/Explicit [35] via a user-defined VUMAT. The 
fibre–matrix interface is represented by zero-thickness cohesive ele
ments with a coupled bilinear traction–separation law [25]. Interface 
damage initiates according to a stress criterion and evolves according to 
a mode-independent fracture energy Gint , consistent with experimental 
evidence that interface toughness is a fraction of the bulk epoxy's 
toughness, i.e., Gint = βGc,ep [25]. The peak interface traction, Sint, is 

Fig. 2. Schematic of the multilayer conductance-based leakage model for cross-ply CFRP laminates. Ply indices are defined along the laminate thickness (Z-axis), 
increasing from bottom to top (i.e. in the positive Z-direction), such that the lower ply is denoted as kth ply, the adjacent upper ply as (k + 1)th ply. (a) Intersections of 
matrix cracks in adjacent plies, illustrating the formation of crack-intersection throats at ply interfaces. (b) Plan-view definition of the throat area at a crack 
intersection on the kth-(k + 1)th ply interface, denoted as Ak,k+1. This area is equal to the product of the CTODs of the intersecting matrix cracks in the kth ply and the 
(k + 1)th ply, denoted Δk,k+1 and Δk+1,k, respectively. Here, the first subscript identifies the ply containing the crack, while the second subscript indicates the adjacent 
ply with which the matrix crack intersects. The resulting throat area, Ak,k+1, governs the local conductance.
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taken as the matrix strength, as discussed in Ref. [25]. The scaling factor 
β = 0.1 is determined using the inverse approach reported in Ref. [25], 
where the MDM-predicted transverse ply strengths are calibrated 
against experimental measurements of a [90]8 carbon fibre/epoxy 
laminate initially at room temperature. The calibration results are 
summarized in Fig. S2(a and b) of the Supplementary Material. Unified 
periodic boundary conditions [25] are applied in all three principal di
rections to enable homogenization under general multi-axial loading. 
Thermal residual stresses due to the difference between curing tem
perature and operating temperature are included by an initial thermal 
step prior to mechanical loading.

Computational simulations are then performed by prescribing 
normal and shear separations, Δun and Δus, to the RVE along loading 
paths, each being characterised by a fixed mode-ratio λ = Δus/ Δun. All 
analyses are performed under quasi-static conditions using Abaqus/ 
Explicit [35] with energy balance checks to ensure negligible spurious 
kinetic or hourglass energy. The average stresses along the unit cell 
edges and separations across the opposing edges of the unit cell are then 
post-processed into size-independent traction–separation relations by 
decomposing the total separation into elastic and inelastic components; 
the latter defines the crack-band separations, as follows [25]: 

δn = Δun − σn/Kn, δs = Δus − σs/Ks, (1) 

where Kn and Ks denote the initial normal and shear stiffnesses of the 
RVE model, σn(δn) and σs(δs) represent the cohesive tractions. The 
fracture energy for a given mode is calculated as the area under the 
corresponding traction–separation curve. For example, the calculation 
of the matrix-cracking toughness Gmc under the pure normal loading is 
depicted in Fig. 3(b). For mixed-mode loading, equivalent separation 
and traction measures are introduced [36], 

δeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2
n + δ2

s

√

, σeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
n + σ2

s

√

, (2) 

so that each MDM simulation with a fixed λ gives an effective trac
tion–separation curve σeq

(
δeq; λ

)
. By varying the value of λ, the MDM 

generates strength and fracture-energy envelopes for matrix-dominated 
failure, as shown in Fig. 3(c and d), which are fitted with compact 

power-law relations, i.e., 
(

Gn
Gnc

)m
+

(
Gs
Gsc

)m
= 1, to determine the mode- 

mixity coefficient, m, where Gn and Gs denote the dissipated energy in 
the normal and shear directions; Gnc and Gsc the fracture energies for 
pure normal- and pure shear-mode failures, respectively. The complete 
traction–separation response is then described using a power-law soft
ening law parameterized by the cohesive strengths and fracture en
ergies, providing a unified description over the range of mode ratios. In 
this way, numerous ply-level strength/toughness quantities that would 
otherwise need to be determined experimentally or empirically for 
mesoscale ply-level modelling are instead derived directly from the 
MDM based on relatively few constituent properties as inputs.

2.2. Meso-scale modelling of matrix crack densities

At the mesoscale, each ply is modelled as a homogeneous orthotropic 
solid. Matrix-dominated intralaminar damage (manifesting as matrix 
cracking under transverse tension) is represented using a crack-band 
CDM formulation, as shown in Fig. 4(a). Damage initiation at an 
element is governed by the MDM-derived strength envelope, evaluated 
using the element stresses σ22, σ23, σ12. Damage evolution follows the 
MDM-derived traction–separation law, mapped to an element-level 

equivalent separation, Δueq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Le〈ε22〉)2
+ (Leε23)

2
+ (Leε12)

2
√

, where 
Le is the characteristic element length. The corresponding equivalent 

elemental stress is defined by σeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
22 + σ2

12 + σ2
23

√

. A scalar damage 
variable D is introduced such that the degraded response satisfies σeq =

(1 − D)K Δueq, and D
(

Δueq
)

is selected to reproduce the MDM traction 
law while preserving the fracture energy through crack-band regulari
zation, as illustrated in Fig. 4(a). This gives [25]: 

D=1 −
Δu0

Δueq

(

1 −
Δueq − Δu0

Δuc − Δu0

)η

(3) 

where Δu0 denotes the equivalent separation at damage onset, Δuc the 
critical separation corresponding to complete loss of load-carrying ca
pacity, and η the softening exponent. The required CDM parameters (i.e., 
ply strengths, fracture energies, the mode-mixity coefficient, and soft

Fig. 3. MDM for matrix-dominated damage. (a) Micromechanical RVE of a CFRP ply under multiaxial loading states. (b) Computation of the traction-separation 
relationship of the matrix-dominated damage by fibre-matrix debonding and matrix degradation. (c) Strength envelope and (d) fracture energy envelope for plies 
obtained from the MDM model.
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ening exponents) are obtained from the MDM outputs, as summarized in 
Table S2 in Supplementary Material, and implemented in Abaqus/ 
Explicit [35] via a user-defined VUMAT. Other thermoelastic properties 
of the CFRP system are also derived from MDM and compared with 
experimentally measured values, as summarized in Table S3 in Sup
plementary Material.

The meso-scale CDM formulation is applied to a 3D FE model of a 
square laminate region representative of the interior region of a large 
symmetric cross-ply laminate [0/90/0/90]S with nominal ply thickness 
tply = 0.125 mm, consistent with experiments reported in Ref. [19]. Half 
the laminate is modelled using a symmetry boundary condition at the 
mid-plane, as shown in Fig. 4(b). To sufficiently capture the crack 
density evolution and minimize edge effects, the in-plane dimension of 
the region is taken as ten times the layer thickness, following the 
convergence study in Ref. [25], and periodic boundary conditions are 
applied on the four faces to enforce in-plane deformation. Each ply is 
discretized using 3D solid elements (C3D8R). Mesh sensitivity is 
assessed by varying the ratio of ply thickness to element size from 1 to 9 
(i.e., each ply is discretized by between 1 and 9 rows of elements in the 
thickness). Plies are linearly elastic prior to damage initiation. Inter
laminar delamination is captured by cohesive surface elements inserted 
at all the 0/90 interfaces, using the same MDM-informed trac
tion–separation and fracture parameters such that matrix cracking and 
delamination are governed by a consistent matrix-dominated fracture 
description. Cure-induced residual stresses are included by applying an 
initial uniform thermal step of ΔT = − 75 ∘C (from 100 ◦C to 25 ◦C) prior 
to mechanical loading.

In the present study, a matrix crack is identified as a contiguous band 
(in the Z-axis direction) of fully damaged elements (with damage vari
able D= 1.0) spanning the full thickness of the ply or blocked-ply layer. 
Biaxial loading is achieved through periodic boundary conditions that 
apply prescribed uniform displacements to the reference nodes tied to 
the specimen faces, producing equi-biaxial strain εX = εY = εapp for the 
laminate.

The matrix crack density, ρ, is defined as the number of matrix cracks 
in a transverse ply per unit length from the observing view plane. Fig. 4

(c and d) distinguish four crack density functions analysed in this study: 
ρblock and ρsingle for a block of two-ply layer and single ply in X-Z view 
plane; ρinner and ρouter for inner embedded and outer plies in Y-Z view 
plane. The resulting ρ

(
εapp
)

data are presented later in Section 4 to 
validate the equi-biaxial MDM–CDM predictions of matrix crack density 
evolution.

2.3. Meso-scale modelling of throat areas at crack intersections

The pattern of matrix cracking in a cross-ply laminate under equi- 
biaxial loading can be regarded as being periodic in two orthogonal 
directions (i.e. doubly periodic), as a reasonable approximation, as 
indicated in Fig. 5(a). The average crack spacing for a given applied load 
level is determined from the crack density derived through the 
MDM–CDM approach in Sections 2.1–2.2. Under the assumption of 
periodicity, a computationally efficient approach to determining throat 
areas at interply crack intersections is to employ a unit cell model with 
in-plane dimensions equal to the average crack spacing, as shown in 
Fig. 5(a). The approach reported in Ref. [22] relied on empirical cali
bration, whereby a range of arbitrary interfacial delamination lengths 
was introduced at the tips of through-thickness matrix cracks to generate 
finite CTODs at crack intersections; the delamination length that 
reproduced the experimentally measured leak rate was then selected. By 
contrast, the present study employs a CZM for the ply interfaces to 
directly predict the CTODs and consequently the associated throat areas 
under combined thermal and mechanical loading. As shown in Fig. 5(a), 
the unit-cell model represents a symmetric cross-ply laminate patch, 
constructed as a repeating unit cell consistent with the laminate archi
tecture described in Section 2.2, i.e., [0/90/0/90]S. Periodic boundary 
conditions are applied on the four faces. The composite plies are 
modelled as homogeneous orthotropic solids using 3D, 8-node, linear 
brick elements with reduced integration and hourglass control (i.e., 
C3D8R elements) and are assumed linearly elastic. Matrix cracks are 
assumed to occur in a uniformly distributed (i.e., periodically spaced) 
pattern within each layer. The unit-cell dimensions are then selected 

Fig. 4. Schematic of CDM and FE modelling of ply-wise matrix crack density under biaxial tension. (a) Crack-band approach used to embed the MDM-derived 
softening law into a CDM formulation at the element level. (b) 3D FE laminate CDM model subjected to biaxial loading to predict ply-wise matrix cracking evo
lution. (c,d) Schematic of Y–Z and X–Z plane views depicting the cross-ply layup and definitions of crack-density functions for four transverse-ply categories.
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such that the model contains one representative repeat segment of the 
periodic crack pattern in each cracked layer, as depicted in Fig. 5(a). 
Zero-thickness cohesive elements available in Abaqus [35] are 
pre-inserted along the intralaminar planes where matrix cracking is 
assumed to occur as well as the ply interfaces for interlaminar delami
nation. The CZM parameters follow those established in Sections 2.1–2.2 
and summarized in Table S2, ensuring a physically correct fracture 
description for both matrix cracking and interlaminar delamination. For 
each prescribed crack-density state, the unit cell is loaded in equi-biaxial 
in-plane tension up to the corresponding strain level, as determined in 
Section 2.2. A representative damage contour for cohesive elements at a 
crack intersection under εapp = 1% is shown in Fig. 5(b). The CTOD is 
then taken as the crack-opening displacement evaluated at the ply 
interface. As shown in Fig. 5(c), the throat created by the intersection of 
matrix cracks in adjacent plies is a rectangular opening, whose side 
lengths are given by the CTODs of the two intersecting matrix cracks. 
Thus, for an individual throat formed by two intersecting matrix cracks 
in the kth and (k + 1)th plies at their interface, the associated throat area 
is Ak,k+1 = Δk,k+1Δk+1,k, as shown in Figs. 2 and 5(c). Repeating this 
calculation for all intersections at ply interfaces within the unit cell 
yields the effective throat area (details are presented in Section 2.4, Eq. 
(6)) required by the compressible-gas orifice model described below.

2.4. Compressible-gas orifice modelling of leak rate in laminates with 
percolated matrix cracks

Having determined both the crack density in all plies and the crack- 
tip openings (hence throat areas) at the ply interfaces, one can next 
calculate the leak rate per unit area, Q, across a damaged laminate by 
adopting the approach originally proposed by Kumazawa et al. [7] in 
which Q is proportional to the pressure drop across the laminate, as 
follows: 

Q=C
(Pu − Pd)

Pref

Tref

T
, (4) 

where C denotes the laminate conductance per unit area, Pu and Pd are 
the pressures on the two surfaces of the laminate, T is the gas temper
ature, and Pref ,Tref denote a reference pressure and temperature; unless 
otherwise specified, they are set to 1 atm and 25 ◦C. The laminate 
conductance per unit area can be calculated using a compressible-gas 
orifice model [37]: 

C=CdAeff
̅̅̅̅̅̅̅̅̅̅
γRsT

√
(

2
γ + 1

) γ+1
2(γ− 1)

, (5) 

where Cd denotes the discharge coefficient, Aeff the effective throat area 
per unit laminate area (defined below). Rs is the specific gas constant of 
the gas, while γ, the heat-capacity ratio, is temperature dependent. For 

the interface between the kth and (k + 1)th plies, the number of crack 
intersections per unit laminate area at a given load level is ρkρk+1. For a 
general laminate, the fibre directions of two adjacent plies, namely the 
kth ply and the (k + 1)th ply, intersect at an oblique angle, θk,k+1. 
Consequently, the throat area formed by the two intersecting cracks is 
Δk,k+1Δk+1,k/sin θk,k+1, following [8]. As indicated in the caption to 
Fig. 2, the first subscript (k or k+1) denotes the ply containing the split 
crack, while the second subscript (k+1 or k) denotes the adjacent ply 
that the split crack intersects. Considering the presence of multiple 
cracks in the two adjacent plies, the effective throat area fraction for this 
interface is ρkρk+1Δk,k+1Δk+1,k/sin θk,k+1, where ρk and ρk+1 denote the 
matrix crack densities for the two adjacent plies. For a laminate 
comprising multiple plies, the overall effective throat area can be 
determined using a reciprocal relation analogous to series conductance 
through successive throats across the thickness, given by 

Aeff =

(
∑

k

sin θk,k+1

ρkρk+1Δk,k+1Δk+1,k

)− 1

. (6) 

For the cross-ply laminates analysed in the sequel, θk,k+1 = 90◦. 
Combining Eqs. (4)–(6) yields the leak rate per unit area for a given load 
level.

For a specified gas and operating temperature, the values of γ and Rs 
can be obtained from standard references (e.g., Ref. [38]). In contrast, 
the discharge coefficient, Cd, should ideally be determined empirically 
for each laminate configuration and load level. Nevertheless, for regu
larly shaped sharp-edged orifices, Cd values in the range 0.60-0.63 are 
commonly reported in the literature [31–33,39] over a wide range of 
Reynolds numbers, Re. On this basis, a representative value of Cd =

0.615 is adopted in the present work. The implications and validity of 
this assumption are examined further in Section 6.

3. Verification of MDM–CDM–CZM model

3.1. Effect of mesh size on CDM predictions of matrix crack density

Mesh sensitivity of the MDM–CDM model was assessed under equi- 
biaxial tensile loading. Fig. 6(a) shows the predicted evolution of ma
trix crack density of the blocked ply layer, ρblock, as a function of the 
applied strain, εapp, for different element sizes, expressed as the ratio 
tply/Le. The stress (or strain) for the first matrix-cracking event is 
essentially mesh-independent, with all curves in Fig. 6(a) starting to rise 
within a narrow strain band centred around εapp ≈ 0.63%. This mesh- 
insensitive behaviour is attributed to the crack-band formulation, 
which enforces the correct fracture energy for a single localized damage 
band, making the onset of localization largely independent of element 
size. In contrast, the subsequent evolution of crack density is strongly 
mesh-dependent for coarse meshes. When only one or two elements are 

Fig. 5. Unit-cell model of doubly periodic matrix cracking for computation of crack-intersection CTOD and throat area. (a) Model configuration of the cohesive 
network. (b) An example damage contour plot showing intersecting matrix cracks and delamination around a crack intersection throat. (c) Plan-view definition of the 
crack-intersection throat geometry for the computation of throat area Ak,k+1 as the product of the CTODs, Δk,k+1 and Δk+1,k.
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used in the thickness of a ply, each element row acts as a wide smeared 
crack band; once damage localizes, any further increase in thermo
mechanical loading will cause the damage band to increase rather than 
form multiple distinct crack-band zones. This leads to step-like ρ− εapp 

curves. When the mesh is refined so that tply/Le ≥ 5, the ρ− εapp curves 
nearly coincide, indicating convergence and a smeared-crack represen
tation that more closely approximates a family of discrete matrix cracks. 
This convergence is also consistent with prior MDM-to-CDM compari
sons [25], which showed that around five solid elements per ply are 
sufficient for damaged-element bands to approach discrete cracks 
without incurring excessive computational cost. This indicates that the 
converged element length is commensurate with the effective 
fracture-process zone size at a matrix crack tip near the interface [40]. 
Accordingly, tply/Le = 5 (i.e., Le = 25 μm) is adopted in the remainder of 
this paper for the CDM as well as the cohesive-network unit cell 
modelling.

3.2. Comparison between equi-biaxial and sequential uniaxial tension

While biaxial tension is the most representative loading condition for 
interrogating leakage-relevant matrix cracking in CFRPs, it is experi
mentally demanding, and challenges may be further exacerbated in 
extreme environments, such as at cryogenic temperatures. To assess 
whether biaxial loading can be adequately simulated by sequential 
uniaxial loading, the following loading path is also investigated 
computationally: (a) Load 1: uniaxial loading in X direction to a pre
scribed strain εX = εapp with the Y direction traction free, followed by 
complete unloading; and then (b) Load 2: uniaxial loading in Y to the 
same εY = εapp with the X direction traction free. Predicted ply-wise 
matrix crack density evolutions for the four transverse-ply categories 
are compared in Fig. 6(b and c). It can be seen that matrix cracking 
initiates at a slightly lower εapp under the equi-biaxial loading, but the 
difference in onset stress remains modest (i.e., within 13%). More 
importantly, the subsequent evolution of matrix crack densities is nearly 
identical under equi-biaxial and sequential uniaxial loading. The dif
ference in crack densities at a given level of εapp remains below about 
10%. This indicates that, once matrix cracking has occurred, the pro
gression and final extent of matrix-cracking density are largely insen
sitive to whether the cross-ply laminate is loaded simultaneously or 
sequentially in the two in-plane directions.

This similarity arises for cross-ply laminates because matrix cracking 
is matrix-dominated and only weakly perturbs the laminate in-plane 
stiffness; hence, matrix damage accumulated during Load 1 has little 
influence on the stress redistribution during Load 2. This weak coupling 
is consistent with classical laminate theory [41] for symmetric cross-ply 
laminates, where the coupling stiffness A12 (and thus the effective 
laminate Poisson's ratio) is small, so that sequential uniaxial loading 

closely reproduces the biaxial damage state. These results indicate that 
sequential uniaxial testing represents a feasible and attractive experi
mental route for future validation of equi-biaxial matrix-cracking pre
dictions for cross-ply laminates, particularly where true biaxial testing at 
cryogenic temperatures is not readily achievable.

3.3. Matrix crack COD profiles and CTODs at crack intersections

Fig. 7 benchmarks the proposed cohesive-network unit-cell model 
(Section 2.3) as a practical route to compute the CTOD at crack in
tersections, as required for leakage modelling. Fig. 7(a) compares the 
through-thickness COD profile, COD(z), for a matrix crack in the 
blocked-ply layer under equi-biaxial tension at εapp = 1%. Using the 
converged discretization tply/Le = 5 as determined in Section 3.1, the 
cohesive-network prediction (red solid curve) is compared with a 2D 
sublaminate MDM result (dashed curve), which exhibits small fluctua
tions due to the random fibre distribution and the resulting heteroge
neous debonding/matrix cracking as shown in Fig. 7(a). In the CDM 
laminate model, the matrix crack is represented as a band of fully 
damaged elements (see Fig. 8) and therefore does not provide an explicit 
opening; an effective COD is instead reconstructed by interpreting this 
damaged band as an equivalent discontinuity and computing the in
crease in transverse nodal spacing across the band relative to the un
deformed element length (purple solid curve). The three COD profiles 
show good overall agreement in both shape and magnitude, indicating 
that the cohesive-network unit cell captures the through-thickness 
displacement field and stress redistribution induced by matrix 
cracking. Fig. 7(b) further highlights its computational advantage. On a 
56-core Intel Xeon (1.9 GHz), the cohesive-network analysis is approx
imately six times faster than the CDM laminate simulation and forty 
times faster than the 2D-MDM for obtaining the COD profiles shown in 
Fig. 7(a).

The key motivation for using the cohesive-network model, however, 
is to obtain a reliable local CTOD for calculating the crack-intersection 
throat area in a computationally efficient way, as discussed in Section 
2. Although the overall COD profiles are comparable among different 
approaches, Fig. 7(c) shows that CTOD values determined using the 
CDM laminate model are strongly mesh dependent over the investigated 
range, even though the matrix crack density prediction has already 
converged. This highlights the major limitation of extracting the local 
crack-intersection opening from a smeared damage-band representa
tion. By contrast, the cohesive-network CTOD converges for tply/Le ≥ 5, 
consistent with established CZM mesh-objectivity guidance [42], and 
the converged CTOD value is within 10% of the MDM reference value at 
a substantially lower computational cost. Accordingly, coupling the 
MDM–CDM's crack-density prediction with the cohesive-network uni
t-cell model provides an efficient and robust route to CTOD and throat 

Fig. 6. Verification of the MDM–CDM modelling of matrix crack density. (a) Effect of FE mesh size Le on the predicted ρblock versus εapp under equi-biaxial loading. 
Comparison of predicted crack density evolution, ρ

(
εapp
)

curves, for various transverse ply categories under equi-biaxial loading (solid lines) with sequential uniaxial 
“Load 1” in (b) and with “Load 2” in (c).
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area evaluation while retaining consistency with the laminate-scale 
damage response.

4. Predicted matrix cracking under equi-biaxial load

4.1. Matrix crack densities at room temperature and comparison with 
experiments

A comparison presented in Fig. 9 shows an excellent agreement be
tween the MDM–CDM predictions of matrix crack density, ρ, and the 
equi-biaxial tension measurements reported by Kumazawa et al. [19] at 
room temperature (RT). The model predictions at RT are shown as solid 

curves for the four transverse-ply categories defined in Section 2.2 (see 
insets of Fig. 9). Here, ρ is reported in mm− 1 as a function of the applied 
laminate strain, εapp. The intersection of each ρ − εapp curve with ρ = 0 
provides the predicted onset strain for matrix cracking in the corre
sponding ply. Symbols in Fig. 9 represent measured crack densities from 
C-scan radiography observations [19], which indicate that matrix cracks 
always span the specimen width, thereby resulting in ply splitting.

Overall, the MDM–CDM accurately captures both the onset strains 
and the subsequent crack-multiplication trends with increasing εapp. The 
predicted sequence of matrix cracking is also consistent with observa
tions: under equi-biaxial loading, matrix cracking initiates first in the 
outer ply, followed by the middle block layer. At higher applied strains, 

Fig. 7. Predictions of matrix crack opening and computational efficiency for the cohesive-network unit-cell model. (a) Through-thickness COD profiles by the 
cohesive-network unit-cell model, CDM laminate model, and 2D MDM sublaminate model (shown as inset) at εapp = 1%. (b) Computation time for the three ap
proaches. (c) Mesh sensitivity of CTOD predictions showing convergence of the cohesive-network prediction relative to the MDM reference and persistent mesh 
dependence for CDM.

Fig. 8. Through-thickness matrix damage patterns predicted by the FE laminate model under equi-biaxial tension at various levels of εapp. Cross-sectional views in (a) 
X-Z plane and (b) Y-Z plane.

Fig. 9. Comparison of predicted ρ − εapp results with experimental measurements [19] for (a) ρblock and ρsingle; (b) ρinner and ρouter . Predictions for cryogenic matrix 
cracking are shown by dashed curves, for which the matrix toughness, Gc,ep, is assumed to be 50% of that at room temperature.
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however, the inner and single transverse plies develop systematically 
higher crack densities than the outer and block plies, typically by a 
factor of around 1.5, reflecting the layer-dependent stress redistribution 
and constraint within the cross-ply architecture. Collectively, these re
sults validate the MDM–CDM framework for predicting the ply-wise 
matrix crack density in cross-ply laminates under biaxial loading at 
RT, providing the basis for extending the same modelling strategy to 
cryogenic temperatures in Section 4.2.

4.2. Matrix crack densities at cryogenic temperature

Also given in Fig. 9 are the resulting CT predictions, shown as the 
dashed ρ − εapp curves. Cooling a CFRP laminate to cryogenic tempera
tures (CT) introduces relatively higher thermal residual stresses at two 
interconnected length scales [34]. At the intra-ply scale, residual stresses 
arise between the fibres and matrix because of their mismatched co
efficients of thermal expansion (CTEs). At the inter-ply scale, residual 
stresses arise between plies of different orientations within a laminate, 
due to the variation in the homogenized CTE relative to the fibre 
orientation. To reflect a representative cryogenic tank scenario, the 
simulations in this section apply a temperature drop of ΔT = − 353 ∘C, 
corresponding to cooling from the curing, stress-free temperature of 
100 ∘C to liquid-hydrogen temperature of − 253 ∘C. This thermal step is 
applied consistently in both the MDM (in Section 2.1) and the 
laminate-scale CDM model (in Section 2.2), so that the subsequent 
equi-biaxial loading is superposed on the thermal residual stress field.

In addition to the residual stresses, temperature-dependent fracture 
properties, particularly the epoxy matrix fracture toughness, are ex
pected to strongly influence matrix-dominated damage at cryogenic 
temperatures. In contrast, no statistically significant variation in epoxy 
matrix strength was observed in our prior experimental measurements 
[43] and this observation is also supported by other studies [44,45]. 
However, the epoxy modulus, Eep, typically increases at cryogenic 
temperature, for example by 40% at CT relative to RT in Ref. [43]. 
Notwithstanding, this increase in the matrix modulus was found to have 
only a very minor influence on matrix-crack onset and crack-density 
evolution, as shown in Fig. S3(a) in the Supplementary Material. This 
weak sensitivity to the matrix modulus is consistent with the crack-band 
CDM formulation, in which the critical separation of an element corre
sponding to complete failure is governed primarily by the fracture en
ergy and strength rather than by the stiffness [46]. Accordingly, the 
cryogenic simulations retain the RT matrix modulus and strength, while 
explicitly accounting for thermal residual stresses and reduced fracture 
toughness. The epoxy matrix's toughness is therefore assumed to reduce 
from its RT value of Gc,ep = 300 J/m2 to a CT value of Gc,ep = 150 J/ m2, 
i.e. a 50% reduction consistent with our prior experimental measure
ments [45,47,48] and modelling investigations [49,50]. The 
fibre–matrix interface toughness is scaled consistently as Gint = βGc,ep at 
CT. Also, following the inverse approach in Section 2.1, in the present 
study the term β was calibrated against transverse ply-strength mea
surements at − 196 ∘C. As shown in Figs. S2 (c,d) in the Supplementary 
Material, considering the relatively large experimental scatter at CT, 
β = 0.11 ± 0.02. Thus β = 0.1 remains a reasonable and consistent 
choice for the CT modelling. The assumption that the interface tough
ness remains a small fraction of matrix toughness at CT is further sup
ported by microscopic evidence as indicated in Fig. S4 of Supplementary 
Material and by extensive observations in the literature [43,45,51,52], 
which all show that fibre-matrix interfacial debonding is the prevailing 
initial damage mechanism at CT.

The resulting CT predictions are shown as the dashed ρ− εapp curves 
in Fig. 9. Compared to RT, the onset of matrix cracking occurs at a 
significantly lower applied strain, and crack densities grow earlier with 
increasing εapp. This shift of the matrix cracking response directly re
flects the fact that the laminate enters mechanical loading with sub
stantial inter-ply residual strain, which is independent of internal 

pressure and therefore represents an intrinsic challenge for cryogenic 
CFRP vessels.

5. Predicted through-thickness gas leak rate

5.1. Helium leak rate at RT and comparison with experiments

To validate the proposed through-thickness leakage modelling 
framework, it is benchmarked against the helium leak-rate measure
ments of Kumazawa et al. [7,18,19]. For direct comparison, the material 
system, laminate configuration, and biaxial loading conditions are set to 
follow Kumazawa et al. [7]. The pressure difference in Eq. (4) is set to 
Pu − Pd = 1 × 105 Pa to match the experimental conditions in Refs. [7,
18,19]. Specifically, the laminate is an IM600/epoxy cross-ply [02/902]S 
composite, as shown in Fig. 10(a), and an initial thermal step from 
100 ◦C to 25 ◦C prior to mechanical loading is set for consistency with 
the experiments conducted at RT. The present modelling replicates the 
same two-step “damage-then-leak” procedure as reported in Refs. [7,18,
19]: the laminate is first loaded under equi-biaxial tension to εX = εY =

0.61% to generate matrix cracks (with ρ = 0.1 mm− 1 determined from 
the MDM–CDM being subsequently employed in the unit-cell model 
shown in Fig. 10(a) to calculate throat areas), fully unloaded, and then 
reloaded to εX,reload = 0.25% at biaxiality ratios εY,reload/εX,reload = − 0.2,
0.31 and 1, during which the leak rate was measured in Refs. [7,18] and 
is modelled here for comparison. Because in-situ leak-rate measurements 
during progressive damage accumulation under true biaxial loading are 
experimentally challenging and remain lacking in the literature, avail
able data are typically obtained either after unloading from a prescribed 
maximum load or during a low-level reloading stage where no addi
tional damage develops. Accordingly, we compare the predicted leak 
rate during reloading directly with the available experimental mea
surements across various biaxiality ratios, aiming to provide a stringent 
validation of the present damage-to-leakage modelling approach. For 
additional benchmarking against existing leakage analyses, Fig. 10(d) 
also includes the conventional semi-empirical model reported in Ref. [7] 
for reloading biaxiality ratios of εY,reload/εX,reload = − 0.2 and 1, shown 
as dotted curves.

The computed COD profiles across the thickness of the middle block 
of 90◦ plies are shown in Fig. 10(b) for the fully unloaded state and for 
the subsequent equi-biaxial reloading. The intersections of curves with 
the vertical axis indicate the value of the CTOD, Δ2,3, at the crack- 
intersection throat. Notably, without any applied load, i.e., εX,reload =

0, the CTOD is non-zero when the effect of curing is ignored by setting 
ΔT = 0 (as shown by the dashed curve in Fig. 10(b)), indicating that the 
residual crack opening can be attributed to thermal residual stresses. 
The resulting CTODs for the intersecting 90◦ and 0◦ plies are plotted in 
Fig. 10(c), showing approximately linear increases with the re-applied 
strain. Consequently, their product, representing the crack-intersection 
throat area, shows a quadratic dependence on strain. Using Eqs. (4)– 
(6) in Section 2.4, the predicted helium leak rate is presented in Fig. 10
(d) for εY,reload/εX,reload = 1, and for additional biaxiality ratios of 0.31 
and − 0.2 (the latter value corresponding to uniaxial tensile reloading). 
Across all biaxiality ratios, the model predictions are in excellent 
agreement with the measured helium leak rate through the matrix- 
cracked laminates. The present predictive multiscale model shows 
good overall agreement with both the experimental measurements and 
the conventional semi-empirical model [7] but now computing the crack 
density and throat-area inputs directly from the MDM-CDM and 
cohesive-network unit-cell models rather than by prescribing them 
empirically.

5.2. Hydrogen leak rate under biaxial load at room temperature and 
cryogenic temperatures

Building on the validation in Sections 4 and 5.1, the framework is 
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next applied to predict the in-situ hydrogen leak rate under increasing 
load for the [0/90/0/90]S cross-ply laminate, for which experimental 
measurements are currently unavailable. While hydrogen can be stored 
in liquid form at cryogenic temperatures (< − 253 ∘C) in the vessel, the 
state of the leaking fluid is governed by the local conditions within the 

crack network. Since the leakage path is subjected to strong pressure 
reduction and thermal interaction with the surrounding structure, local 
flashing and gas-phase flow occur as the fluid traverses the crack path 
and approaches the outer surface [2,53]. Accordingly, following Ped
diraju et al. [53], the use of gaseous properties in Eq. (5) is adopted in 

Fig. 10. Validation of the leak-rate modelling by comparing model predictions with helium leakage measurements for [02/902]S laminates reported in Ref. [7]. (a) 
Cross-ply laminate unit cell highlighting the cohesive-network modelling and illustration of the crack intersection. (b) Predicted COD profile by cohesive-network 
modelling, through the thickness of the middle 90◦ ply, at complete unload and during equi-biaxial reloading. (c) Predicted CTODs of the intersecting matrix cracks in 
the 3rd ply (0◦) and 2nd ply (90◦), Δ3,2 and Δ2,3, respectively, evaluated at the 2nd/3rd ply interface, and the resulting intersection throat area A2,3 at the 2nd/3rd 
ply interface, as functions of re-applied strain. (d) Predicted helium leak rate for various reloading biaxiality ratios, compared with experimental measurements and 
the conventional semi-empirical model reported in Ref. [7].

Fig. 11. Predicted in-situ hydrogen leak rate under equi-biaxial load for [0/90/0/90]S cross-ply laminates at RT and CT. (a) Linear scale Q–εapp response compared 
with the allowable leak-rate limit from AIAA guideline [17]. (b) Zoomed plot on a logarithmic Q scale showing the diffusion-controlled leakage baseline measured in 
Refs. [7–9] and comparisons with representative allowable leak-rate limits from existing standards [11–14].
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this study as a practical and physically reasonable first-order approxi
mation for cryogenic leakage modelling, while detailed two-phase 
leakage analysis is beyond the scope of the present work. Fig. 11(a) 
plots the predicted Q − εapp response for three cases: (a) the RT baseline; 
(b) at − 253 ∘C with the matrix exhibiting a 50% reduced fracture energy 
from the RT value reported in Refs. [45,47,48], i.e., Gc,ep = 150 J/ m2; 
and (c) at − 253 ∘C with a toughened matrix having Gc,ep = 300 J/ m2. 
The remaining cryogenic modelling assumptions follow Section 4.2. In 
particular, the increased matrix modulus at CT is not included in the 
leakage predictions here, since the results in Fig. S3(b) of the Supple
mentary Material again show a negligible effect of matrix stiffening at 
CT on the predicted leak-rate response. The logarithmic plot in Fig. 11
(b) also includes the diffusion-controlled permeation baseline, Qdiff , 
measured for pristine laminates and for laminates containing only iso
lated matrix cracks [7–9]. Once a through-thickness crack network 
forms, the leak rate increases abruptly by several orders of magnitude 
relative to the diffusion baseline, consistent with observations in the 
literature and marking the onset of gas percolation [7,8]. Such a step 
change in Q represents a transition in gas-transport mechanism from 
diffusion-controlled permeation to mass flow through an interconnected 
crack network. Accordingly, the gas-percolation threshold strain, εcp, is 
taken as when this abrupt rise above Qdiff occurs, giving εcp = 0.98% at 
RT, and a markedly lower value of εcp = 0.14% at − 253 ∘C for case (b). 
This shift at cryogenic temperature is consistent with the earlier onset 
and accelerated accumulation of matrix cracking predicted in Section 
4.2 due to the combined effects of thermal residual stresses and reduced 
matrix toughness. The results for case (c) show that a tougher matrix 
with Gc,ep = 300 J/m2 yields a significantly higher gas percolation 
threshold of εcp = 0.36% at − 253 ∘C, indicating the potential benefits of 
matrix nano-toughening techniques for improving the gas percolation 
threshold at CT [45,47,48].

Also presented in Fig. 11 is a comparison between the leakage- 
threshold strain, εlt, defined by the intersection of the predicted 
Q
(
εapp
)

curve, with the allowable leak-rate limit, Qlim. Considering the 
AIAA guideline limit for launch-vehicle LH2 tanks [17], shown in Fig. 11
(a), the predicted thresholds are εlt = 1.14% at RT, decreasing to εlt =

0.19% at − 253 ∘C for a matrix with reduced toughness, but increasing 
the matrix's fracture energy raises the leakage threshold strain to εlt =

0.51%. Meeting the more stringent on-road limits [12–14] by ISO15869 
and ISO 19881 shown in Fig. 11(b) means that the composite vessels 
need to operate at lower loads.

To further examine the temperature dependence of leakage resis

tance, the present modelling framework is used to predict the hydrogen 
Q − εapp response at a series of progressively lower temperatures down 
to − 253 ∘C. For simplicity, the epoxy matrix's fracture energy is 
assumed here to decrease linearly with temperature, with the value at −
253 ∘C taken as 50% of its RT value. The remaining cryogenic modelling 
assumptions follow Section 4.2. Fig. 12(a) shows the predicted Q − εapp 

response at 25, − 50, − 196, and − 253 ∘C. A clear progressive left-shift 
of the curves is observed as temperature decreases, indicating reduced 
leakage resistance at lower temperatures. Accordingly, both the gas- 
percolation threshold strain, εcp, and the leakage-threshold strain, εlt 

(with respect to the AIAA allowable leak-rate limit [17], for example), 
decrease monotonically with decreasing temperature. As shown in 
Fig. 12(b), this reduction becomes increasingly pronounced at lower 
temperatures, with both threshold strains dropping rapidly between 
− 196 and − 253 ◦C, highlighting the strong sensitivity of the CFRPs' 
leakage performance in the cryogenic temperature regime (i.e. below 
− 150 ◦C [47]).

It is instructive to examine whether this simulated temperature 
dependence can be represented in a compact predictive form. An 
Arrhenius-type form [54] is adopted here as an empirical representation 
of the strong, nonlinear temperature sensitivity of the threshold strains, 
since such relations are widely used to describe thermally-activated 
changes in reactions and diffusion in polymer-based materials [1,54]. 
To this end, the threshold strain, εth, is fitted using the Arrhenius-type 
relation [54], 

εth = εth0⋅exp
(
− Ea

RmT

)

, (7) 

where εth denotes either εcp or εlt, T the absolute temperature, Rm the 
universal gas constant, and εth0 and Ea are fitting parameters. Although 
Eq. (7) is introduced here only as an empirical regression law rather than 
a mechanistic derivation, the results in Fig. 12(b) show that both 
threshold strains are captured well by this Arrhenius-type form. Given 
that direct leak testing at low and cryogenic temperatures remains 
technically difficult and rarely reported, this observation is valuable: 
once the threshold strains are validated at a limited number of bench
mark temperatures, the present framework, together with the relation in 
Eq. (7), could provide a practical route for estimating leakage-threshold 
behaviour over a wider temperature range.

Fig. 12. Predicted temperature dependence of hydrogen leakage resistance for [0/90/0/90]S cross-ply laminates under equi-biaxial load. (a) Predicted in-situ 
hydrogen leak rate, Q, as a function of εapp at various temperatures, compared with representative allowable leak-rate limits. (b) Predicted gas-percolation 
threshold strain, εcp, and leakage-threshold strain, εlt , with respect to the AIAA allowable limit, plotted as a function of temperature; solid curves show 
Arrhenius-type regressions using Eq. (7).
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5.3. Predicted leakage behaviour for other cryogenic propellant storage 
conditions

To further illustrate the broader applicability of the present frame
work to cryogenic propellant tanks, Fig. 13 compares the predicted 
leakage response for two additional cryogens that are increasingly 
relevant to rocket propulsion, namely oxygen at − 183 ∘C and methane at 
− 160 ∘C [2], alongside hydrogen at − 253 ∘C discussed previously in 
Section 5.2. These temperatures correspond approximately to the 
boiling points of the three cryogens under practical storage conditions. 
In all three cases, the same damage-to-leakage modelling framework is 
employed, while the gas-specific parameters, Rs and γ, and temperature 
T in the leakage model, i.e., Eq. (5), are specialized to the corresponding 
gaseous cryogen, as noted in Section 5.2. The temperature-dependent 
matrix fracture energies are treated consistently with the assumptions 
introduced in Section 5.2.

As shown in Fig. 13, the predicted leakage responses for cryogenic 
oxygen- and methane-storage conditions are shifted to substantially 
higher applied strains than that for hydrogen, indicating higher leakage 
resistance and gas-percolation thresholds. This trend is attributed to the 
reduced thermal residual stresses and the higher assumed matrix frac
ture toughness at the less severe cryogenic temperatures associated with 
oxygen and methane storage. By contrast, the predicted curves for ox
ygen and methane are relatively close to each other, with oxygen 
showing a slightly lower rate of increase with applied load after 
percolation. This difference reflects the influence of the gas properties 
entering Eq. (5), given that the storage temperatures and thus the 
laminate damage states are comparable for cases of oxygen and 
methane. Thus, the onset of gas percolation is governed primarily by the 
fracture resistance and thermal stress state of the composite, whereas 
the choice of cryogen mainly affects the post-percolation leak-rate 
magnitude. These results further demonstrate the potential of the pre
sent modelling approach as a general virtual-testing tool for leakage- 
controlled design of cryogenic all-composite Type V vessels.

6. Discussion

6.1. Key modelling advances and predictive capability

The present work establishes a novel multiscale framework for 
simulating gas percolation through an interconnected network of matrix 
cracks in fibre-reinforced polymeric composites. It introduces several 
innovations that lead to a predictive, mechanics-based framework 
without recourse to empirical calibration. First, a multiscale micro
mechanical damage model (MDM) enriched continuum damage model 

(CDM) is developed to determine matrix crack densities in individual 
plies as a function of the multiaxial load (see Fig. 9), rather than relying 
on post-mortem observations. Second, a scale-bridging strategy is 
introduced using a hierarchical homogenization strategy to quantify the 
crack-intersection CTODs and resulting throat geometry required by the 
multilayer orifice gas flow calculation. This is resolved directly using a 
doubly periodic cohesive-network unit cell (see Fig. 10), rather than 
relying on a trial-and-error approach for determining an appropriate 
delamination size based on only one load case (the zero applied load 
case). The employed MDM-CDM approach reduces reliance on many 
independently measured ply-level strength and fracture energy inputs, 
an issue that becomes particularly acute in extreme environments, such 
as at cryogenic temperatures, where diverse failure modes interact 
nonlinearly and standardized coupon testing methods are lacking [25]. 
In parallel, the mesh-refinement study (see Fig. 6) establishes a practical 
element-size guideline under which the CDM crack-band representation 
converges to a reliable surrogate for discrete matrix cracks, addressing a 
common concern with smeared continuum damage formulation in rep
resenting explicit cracks in CFRP laminates. Compared with discrete 
damage modelling (DDM) that typically requires prescribed crack paths 
and heavy enrichment of the FE mesh [28], the present MDM-CDM 
strategy provides a computationally efficient approach for calculating 
ply-wise crack density. This is achieved via a full-field laminate simu
lation, coupled with a computationally efficient cohesive-network unit 
cell model for calculating the throat areas at matrix crack intersections 
that are required for leakage rate prediction (see Fig. 7).

These improvements for calculating the throat areas are coupled in 
the present work with the discharge coefficient Cd in the throat 
conductance model originally proposed by Kumazawa et al. [7], given 
by Eq. (5), thereby providing a fully autonomous prediction of gas leak 
rates that does not require any empirical calibration. Thus, the present 
modelling approach can be considered to constitute a virtual testing 
capability that should prove valuable for reducing the design iteration 
and certification costs for all-composite Type V pressure vessels, 
particularly those that are required to operate at cryogenic temperatures 
[2]. Future work will extend the framework to more representative 
CFRP pressure-vessel layups and loading states, including the biaxial 
stress ratios characteristic of cylindrical vessels (e.g. with the axial:hoop 
ratio of 1:2), so that the methodology can be applied more directly to 
structural laminates used in practice.

6.2. Justification and limitation of the discharge coefficient in the orifice- 
flow modelling

The current choice of Cd = 0.615 falls within the range Cd ≈ 0.6 −

0.7 that has been shown to predict measured micro-orifice flow rates 
within a few percent error over a wide range of Reynolds number, Re, 
including separated- and reattached-flow regimes [32,33]. In the spe
cific context of cracked CFRP laminates, Kumazawa and Whitcomb [22] 
reported that CFD simulations assuming perfectly smooth crack faces 
overestimated experimental leak rates by 70%. Interpreted through the 
orifice framework, this discrepancy corresponds to an effective 
discharge coefficient of 0.59, which aligns closely with commonly re
ported engineering values (i.e., 0.60–0.63 [31,39,55]). Furthermore, 
varying Cd within 0.59-0.68 alters the prediction results by only about 

±6.5% (see Eq. (5)). Thus, the adopted value Cd = 0.615 can be 
considered a pragmatic choice vindicated by the good agreement with 
measured helium leak rates under various biaxial loading ratios (see 
Fig. 10). Nevertheless, it is noted that Re is of the order of unity [53] in 
the present context, falling far below the range investigated in Ref. [32] 
(i.e., Re = 1000 to 7000), where a constant Cd of 0.68 was reported. 
Accordingly, further work is warranted to establish a rigorous theoret
ical basis for the adoption of Cd = 0.615 in predicting leak rate through 
extremely narrow cracks in composite laminates at low Reynolds 
numbers.

Fig. 13. Predicted leak rate response of [0/90/0/90]S cross-ply laminates under 
equi-biaxial loading for three cryogenic propellant storage conditions: (i) 
hydrogen at − 253 ∘C (Rs = 4124 J /(kg ⋅K), γ = 1.66), (ii) oxygen at − 183 ∘C 
(Rs = 260 J /(kg ⋅K), γ = 1.40), and (iii) methane at − 160 ∘C (Rs =

518 J /(kg ⋅K), γ = 1.33) [38].
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6.3. Significance of determined threshold strains

To illustrate the potential use of the current modelling capability, we 
have extended the validated room-temperature predictions of biaxial 
matrix-crack density and helium leakage (see Figs. 9 and 10) to 
hydrogen leakage at − 253∘C, explicitly accounting for multiscale 
thermal residual stresses and incorporating degraded matrix and inter
face fracture properties at this temperature. The framework enables the 
determination of two leakage-relevant threshold strains: (a) the gas- 
percolation threshold strain, εcp, and (b) the leakage-threshold strain, 
εlt. The significance of εcp is that it marks the transition from molecular 
diffusion or isolated-crack-controlled permeation (Q < 10− 10 m3/ m2/ s 
[7–9]) to crack-network-dominated gas leakage (Q > 10− 7 m3/m2/s 
[10–12,17]), thereby indicating when the CFRP ceases to function as an 
effective gas barrier. By contrast, εlt marks the strain at which the leak 
rate reaches a specified allowable leak rate limit, such as Q =

5.74 × 10− 6 m3/m2/s defined for cryogenic launch-vehicle tanks [17] 
and introduced in Section 1. It thus links the multiscale damage state, 
crack-intersection throat geometry, gas properties and qualification 
criterion into a practical design quantity, such as the leakage-critical 
pressure limit for Type V CFRP vessels.

The difference between these two thresholds, εlt − εcp, therefore 
provides a quantitative measure of the post-percolation leakage margin, 
i.e., the tolerance of the CFRP to connected matrix cracking before the 
leak rate becomes critical. In the limiting case, εlt may coincide with εcp, 
indicating that gas percolation immediately produces an unacceptable 
leak rate. Overall, these two determined thresholds will reduce the 
complex damage-to-leakage response into explicit design parameters 
that link mechanics, material design and practical qualification across 
temperatures and allowable leak-rate criteria.

6.4. Influence of temperature and cryogenic matrix toughness

Although systematic equi-biaxial datasets at − 253 ∘C are not yet 
available for direct validation [2], the modelling framework enables 
constituent-informed sensitivity studies that quantify how cryogenic 
matrix toughness governs gas-percolation onset and leakage-threshold 
strain. For example, doubling the cryogenic matrix toughness in
creases the gas-percolation threshold from εcp = 0.14% to εcp = 0.36% 
(see Fig. 11), indicating the scope for significantly improving the 
anti-leakage performance of CFRPs at cryogenic temperatures through 
matrix toughening. Notably, our previous nano-toughening studies [43,
45,47–49] have demonstrated that cryogenic epoxy fracture energy can 
be increased several-fold relative to an unmodified matrix, suggesting a 
practical route to extend the allowable operating window (i.e., the 
leakage-threshold pressure) of Type V CFRP LH2 vessels. The framework 
is further extended to a range of lower temperatures down to − 253 ∘C 
(see Fig. 12), showing that the threshold strains decrease monotonically 
with decreasing temperature, with the reduction becoming increasingly 
pronounced in the cryogenic regime. It is particularly noteworthy that 
these threshold strains are well represented by an Arrhenius-type rela
tion, suggesting a practical route for mapping leakage-relevant allow
ables continuously across the service-temperature range, rather than 
only at isolated temperatures. This is particularly relevant to the design 
and certification of Type V CFRP vessels for liquid-hydrogen, -oxygen, 
-methane and cryo-compressed storage, where leakage performance at 
cryogenic temperatures is a primary design constraint [2]. Furthermore, 
the present multiscale framework provides a pathway to future inte
gration with molecular-dynamics-informed constituent and interface 
properties [56], moving toward increasingly first-principles predictions 
of structural integrity and gas leak rates for cryogenic pressure vessels.

7. Conclusion

The present study develops a multiscale modelling framework to 

predict the percolation of matrix cracks and gas leak rate of carbon fibre 
reinforced composites under thermomechanical loading relevant to 
extreme environments, including biaxial tension at cryogenic tempera
tures where direct measurements are often very challenging. The key 
contributions include a multiscale model that uses constituent proper
ties and a scale bridging strategy to determine key damage-state vari
ables required for multilayer conductance leakage calculations. 
Specifically, we have demonstrated a new framework for determining 
(a) the ply-wise matrix crack density and (b) the crack-intersection 
opening and associated throat area that governs local conductance. By 
eliminating post-mortem or destructive experimental testing to quantify 
crack density and empirical calibration of an effective conductance used 
in prior analyses, the proposed framework provides a method to fully 
characterize the damage-to-leakage chain, enabling direct prediction of 
the leak-rate–load response and the leakage-threshold load for CFRP 
laminates at both room and cryogenic temperatures.

The matrix crack density evolution is predicted using a multiscale 
MDM–CDM approach. A micromechanical RVE derives matrix- 
dominated strengths, fracture energies, and mixed-mode softening 
laws that are directly upscaled to a 3D laminate CDM model under 
combined thermal and mechanical loading. This approach has been 
shown to reduce reliance on a large set of independently identified ply- 
level CDM parameters, many of which lack standardized test methods 
and become increasingly difficult to measure at cryogenic temperatures 
where multiple competing damage modes may interact in highly 
nonlinear ways. The resulting modelling capability is therefore well 
suited to quantify cryogenic effects, such as thermal residual stresses and 
temperature-dependent matrix toughness, on the onset and progression 
of matrix cracking. Furthermore, because true biaxial coupon testing, 
particularly at cryogenic temperatures, may not be readily accessible, 
the present simulations indicate that a more practical sequential uni
axial protocol can reproduce the key biaxial damage response of cross- 
ply laminates.

With the crack-density states predicted by the MDM–CDM at each 
load level, a computationally efficient and accurate doubly periodic 
unit-cell model with a prescribed cohesive network is then used to 
resolve local crack-intersection openings and the associated throat areas 
that govern gas conductance. These matrix cracking descriptors are then 
coupled to a compressible-gas orifice/multilayer conductance formula
tion to compute the through-thickness leak-rate response under com
bined thermal and mechanical loading. Excellent agreement with 
published helium leak-rate measurements obtained after biaxial loading 
at multiple biaxiality ratios demonstrates the predictive capability of the 
proposed framework. The validated model is subsequently applied to 
predict in-situ hydrogen leak rate under biaxial loading at both room 
temperature and − 253∘C, for which corresponding experimental data 
are not currently available. Leakage-threshold strains are identified by 
benchmarking against allowable limits in current qualification stan
dards, and the cryogenic predictions further quantify the benefit of 
matrix toughening in increasing the threshold leakage strain. Extension 
of the framework across a wider low-temperature range further shows 
that both the gas-percolation and leakage-threshold strains decrease 
monotonically with decreasing temperature and can be represented by 
an Arrhenius-type relation, providing a practical route to determine 
leakage-relevant allowables for any given temperature within the 
service-temperature range. Overall, the present modelling framework 
offers a physics-based virtual testing capability for CFRP composites 
operating in extreme environments, enabling earlier screening of ma
terial design options and reducing iteration prior to full-scale vessel 
proof tests, while informing future analysis-supported leakage criteria 
for all-composite Type V vessel standards.
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[54] Humpenöder J. Gas permeation of fibre reinforced plastics. Cryogenics 1998;38: 
143–7.

[55] Miller RW. Flow measurement engineering handbook. New York: U.S. Department 
of Energy; 1996. McGraw-Hill.

[56] Chowdhury SC, Gillespie Jr JW. Strain-rate dependent mixed-mode traction laws 
for glass fiber-epoxy interphase using molecular dynamics simulations. Compos B 
Eng 2024;275:111351.

W. Chang et al.                                                                                                                                                                                                                                  Composites Part B 326 (2026) 114036 

15 

http://refhub.elsevier.com/S1359-8368(26)00657-8/sref49
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref49
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref49
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref50
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref50
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref50
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref51
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref51
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref51
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref52
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref52
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref52
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref53
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref53
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref54
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref54
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref55
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref55
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref56
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref56
http://refhub.elsevier.com/S1359-8368(26)00657-8/sref56

	Multiscale modelling of matrix-crack percolation and gas leakage in fibre-reinforced composites at cryogenic temperatures
	1 Introduction
	2 Multiscale modelling framework
	2.1 Micro-scale model for the ply-level traction-separation relationships
	2.2 Meso-scale modelling of matrix crack densities
	2.3 Meso-scale modelling of throat areas at crack intersections
	2.4 Compressible-gas orifice modelling of leak rate in laminates with percolated matrix cracks

	3 Verification of MDM–CDM–CZM model
	3.1 Effect of mesh size on CDM predictions of matrix crack density
	3.2 Comparison between equi-biaxial and sequential uniaxial tension
	3.3 Matrix crack COD profiles and CTODs at crack intersections

	4 Predicted matrix cracking under equi-biaxial load
	4.1 Matrix crack densities at room temperature and comparison with experiments
	4.2 Matrix crack densities at cryogenic temperature

	5 Predicted through-thickness gas leak rate
	5.1 Helium leak rate at RT and comparison with experiments
	5.2 Hydrogen leak rate under biaxial load at room temperature and cryogenic temperatures
	5.3 Predicted leakage behaviour for other cryogenic propellant storage conditions

	6 Discussion
	6.1 Key modelling advances and predictive capability
	6.2 Justification and limitation of the discharge coefficient in the orifice-flow modelling
	6.3 Significance of determined threshold strains
	6.4 Influence of temperature and cryogenic matrix toughness

	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


