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ARTICLE INFO ABSTRACT

Keywords: This study presents a numerical analysis framework of multidirectional (MD) composite lami-
Delamination growth nate under mode I fatigue loading, with calibration to account for fiber bridging. Both local and
Fatigue global methods for calculating the energy release rate are compared. Seven unidirectional (UD)
Fiber bridging

and MD layups were tested, revealing differences in fatigue resistance based on fiber orientation
and initial delamination length. Fiber bridging, where fibers stretch across separating plies,
was found to enhance toughness. The results show that fiber bridging intensity varies with
fiber orientation, with minimal stiffening for the 0°//0° interface and significant stiffening for
90°//90°, 0°//45°, and 0°//90° interfaces.

Finite elements
Multi-directional laminate

1. Introduction

Composite materials are often desired for their better mechanical properties and performance. In the aviation industry, where
weight and manufacturing costs play a major role in design considerations, research of laminate composites is a great challenge
that requires massive testing and complex analyses to evaluate the structural integrity of every new layup or design. Laminated
composites are assembled from stacked unidirectional (UD) or woven plies. Often, the plies within a laminate layup differ in
orientation in order to reach specific engineering properties. Such laminates are referred to as Multi-Directional (MD) laminates.

One of the leading mechanisms of failure in composite laminates is delamination. Delaminations are caused by high interlaminar
stresses in conjunction with the typically low through-thickness strength. The phenomenon arises because fibers lying in the plane of
a laminate do not reinforce the thickness. So, the composite relies on the relatively weak matrix to carry loads in that direction [2].
Delaminations may be initiated due to stress singularities caused by material or structural discontinuities, impact, or external loads.
Although composite materials are relatively resistant to fatigue [3], undetected damage may result in catastrophic failure sooner
than predicted.

It is common that for UD and MD composite laminates, the resistance energy release rate values in mode I, mode II, or mixed
mode I/II deformations, G, g, G; g and G,y g, respectively, measured during delamination propagation, will be higher than the
fracture toughness or critical energy release rate (ERR) values, measured at initiation [4-7]. This phenomenon may be modeled
with a resistance curve or an R-curve. The R-curve represents the energy released as the delamination propagates G. It begins
at the critical delamination initiation value G, and increases until reaching a steady state value . Investigations of delamination
propagation under quasi-static loading [7-15], indicate that the R-curve behavior depends on the fiber orientation which influences

* Corresponding author.
E-mail address: Royam@ariel.ac.il (R. Amkies).

https://doi.org/10.1016/j.engfracmech.2025.111289
Received 26 December 2024; Received in revised form 23 April 2025; Accepted 27 May 2025

Available online 11 June 2025
0013-7944/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.elsevier.com/locate/engfracmech
https://www.elsevier.com/locate/engfracmech
https://orcid.org/0009-0008-0885-3055
https://orcid.org/0000-0003-2771-8285
https://orcid.org/0000-0001-6440-8601
mailto:Royam@ariel.ac.il
https://doi.org/10.1016/j.engfracmech.2025.111289
https://doi.org/10.1016/j.engfracmech.2025.111289
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engfracmech.2025.111289&domain=pdf

R. Amkies et al.

Engineering Fracture Mechanics 325 (2025) 111289

Nomenclature

a
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app(i=1,2,3,4)

D,(i=12,3)

Dy(i,j = 1,2,6)
EA
ET
GA

gc

G,,(m = LILTII)
Or

e

Gpe (m = LILIIT)
Gg (m = LILIIT)

The current delamination length measured from the load-line

The final delamination length in a fatigue test obtained from measurements

Delamination length values assigned in the DCB FE model

The initial delamination length of each specimen, measured from the load-line

Delamination length ¢ normalized by the initial delamination length q

Width of a DCB specimen illustrated in Fig. 1

Total DCB specimen height illustrated in Fig. 1

Percent change of a material property within a predefined range

Total length of a DCB specimen illustrated in Fig. 1

Length parameter in the RBF kernel function

Slope of the line relating the compliance C, measured from the test, and the cubed delamination length
a® in Eq. (9) used to determine a continuous function of a

A fitting parameter in Paris relation Eq. (1)

The coordinate oriented towards the delamination propagation direction

The coordinate along the specimen height or thickness

The coordinate along the delamination front through the specimen width

Close input points in the RBF kernel function

The slope of the delamination length normalized by the thickness a/2h with respect to the third root of
the compliance C!/3 in Eq. (13) from the ASTM D5528 standard [1].

Fitting parameters in Eq. (11) relating the delamination length « and the cycle number N

The ratio between bending stiffness components in the D matrix

Specimen compliance

The compliance obtained from the FE model with the original material properties from the literature
The compliance obtained from the FE model with a k% increase in a single material property
Intercept of the line relating the compliance C,,,,, measured from the test, and the cubed delamination
length a3 in Eq. (9) used to determine a continuous function of a

Fitting parameters in Eq. (11) relating the delamination length @ and the cycle number N
Compliance obtained from the FE DCB model

Compliance obtained from a DCB test using Eq. (8)

The inverse ratio of the plane stress to plane strain rigidities

Fitting parameters in Eq. (16) relating the width averaged mode I ERR from FEA G, with the
normalized delamination length 4

Components of the D matrix

Young’s modulus in the axial fiber direction

Young’s modulus in the transverse fiber direction

Shear modulus in the axial fiber direction

Shear modulus in the transverse fiber direction

The RBF kernel function used in the MLR model

Fatigue test cycle number

Maximal load in a cycle

Minimal load in a cycle

Displacement ratio calculated from Eq. (6)

Load ratio calculated from Eq. (7)

The integrated average mode I ERR with respect to the specimen width x; obtained from FEA.
Energy release rate

Critical initiation energy release rate

Energy release rate related to the pure deformation mode m

Fracture resistance energy release rate

Critical initiation energy release rate or fracture toughness

Mode [, II or III critical initiation energy release rate

Mode [, II or III fracture resistance energy release rate
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ASTM
BD
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FE
FEA
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LEFM
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MBT
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Fracture resistance energy release rate

Steady state energy release rate

Energy release rate at the delamination tip excluding fiber-bridging tractions

Energy release rate calculated at a given delamination extension length a — a, where q is the current
delamination length and g is the initial delamination length

Mode I fracture toughness at no delamination growth

Maximal mode I energy release rate in a cycle

Maximal energy release rate in a cycle

Measured load

The load employed in the FEAs for each specimen

Delamination length increment

Percent difference between the measured compliance from testing CT¢’ and the compliance obtained
from FEA CFE, shown in Eq. (19)

Percent difference between the compliance from FEA with a k% increase in a material property C[ £ and
the compliance from FEA with the original material properties COF £ shown in Eq. (18)

The minimal percent difference between the measured compliance from testing C7¢" and the compliance
obtained from FEA Cf¥ predicted by the GPR model

The minimal percent difference between the measured compliance from testing C”** and the compliance
obtained from FEA CF¥ for a given set of material properties

Amplitude of the stress intensity factors

Mode I opening displacement

Maximal displacement

Minimal displacement

Poisson’s ratio in the axial fiber direction

Poisson’s ratio in the transverse fiber direction

Variance parameter in the GPR

Ply orientation angle

Function of the mode I energy release rate

J-integral results for the energy release rate obtained from Abaqus (2017)

American Society for Testing and Materials

Brazilian disk

Carbon fiber reinforced polymer

Cohesive zone model

Double cantilever beam

Energy release rate

Finite element

Finite element analysis

Gaussian process

Gaussian process regression

Hyper-parameters grid search combined with cross validation

International organization for standardization

K-nearest neighbors regression

Linear elastic fracture mechanics

Large-scale fiber bridging

Modified beam theory

Modified compliance calibration

Multidirectional

Machine learning

Machine learning regression

the energy dissipating mechanisms occurring during propagation. These include crack migrations, oscillations, and large-scale fiber
bridging (LSB), which may result in specimen toughening.

Failure properties related to delaminations in laminated composites may be determined using either local or global methods. With
local methods, the ERR is calculated at discrete locations along the delamination front, based on the local stress and displacement
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MMELS Mixed mode end loaded split
RBF Radial based function

RFR Random forest regression

SP Specimen

UD Unidirectional

VCCT Virtual crack closure technique

fields within a defined region of the specimen. In contrast, global methods determine a single representative ERR value for the entire
specimen, often using global force and displacement measurements. Often, these failure properties are assessed using a combination
of experimental data and numerical simulations [16-18]. The crack driving force or ERR may be determined through simulations
employing local techniques like the J-integral [19] or the virtual crack closure technique (VCCT) [20]. In the context of finite
element analysis (FEA), the J-integral calculation relies on stress and displacement fields, while VCCT is based on the calculated
displacements and nodal point forces. Three-dimensional simulations offer several advantages. They enable the determination of
stress and displacement fields, as well as nodal point forces, for intricate designs, allowing for the computation of ERR in complex
scenarios. Additionally, three-dimensional simulations facilitate the assessment of ERR along the delamination front. Furthermore,
VCCT facilitates mode separation [18], which is essential for addressing the coupling effects between opening, in-plane sliding,
and out-of-plane tearing. This is particularly critical when delamination occurs along an interface between two dissimilar plies. One
approach to simulate delamination propagation under quasi-static or cyclic applied deformations for determining G involves creating
discrete models of the same specimen with consistent boundary conditions and an increasing delamination length, a [6,7,13,21].
Using this approach, a polynomial function is derived for each tested specimen to establish a correlation between G and a. This
function is then applied to experimental data by incorporating the delamination length and applied load at each test point. The
resulting data are used to construct an R-curve for quasi-static tests or to calculate the maximum ERR, G, for every fatigue test
cycle.

In FEAs conducted for composite materials, effective material properties characterize each ply in the model. For example, a UD
ply may be described as a transversely isotropic material with five material constants. A plain woven ply may be characterized as
a tetragonal material with six material constants. It is crucial to acknowledge that in such intricate material systems, variations
in material properties within each ply may occur between batches due to differences in fiber volume fractions or variances in
the vacuum applied during manufacturing. These variations may impact the stiffness of the specimen, as well as the stress and
displacement fields obtained in the FEAs, resulting in discrepancies in the calculated ERR values. For instance, in Refs. [13,22], the
same material, specifically EPR-L20 EPH-960 with T300 carbon fibers, was employed in mode I double cantilever beam (DCB) tests
and mixed-mode Brazilian disk (BD) tests, respectively. Despite using the same material, the material properties applied in the FEAs
for identical plies in the two investigations differed due to different measured fiber volume fractions.

In previous studies, it was shown that delamination resistance increased as delamination propagated in the context of LSB [23—
25]. When numerically analyzing propagating delamination prone to LSB, applying tested material properties or material properties
from the literature may not be enough for accurate simulations due to added stiffness as a result of the LSB. Hence, the presence of
LSB needs to be accounted for in the analysis [26]. In Ref. [27], FEAs were performed, and the J-integral and cohesive zone model
(CZM) were employed to determine the ERR. Based on the results, the fiber bridging reactions under quasi-static delamination
propagation within mode I DCB specimens were analyzed. The investigation encompassed various layup configurations, namely
[0,,/6//0,,]1 where the double slash indicates the artificial delamination and 6 = 0°, 30°, 45°, 90°. The research revealed that the
extent of the bridging phenomenon varies based on the orientation of the interface. Similarly, in Ref. [28], it was demonstrated
that the ply layup sequence influenced the R-curve and bridging tractions. This suggests that specific interfaces might display more
pronounced and severe fiber-bridging effects than others.

One of the significant challenges in testing UD or MD composite laminates for delamination propagation in fatigue is the vast
number of parameters influencing toughness alongside considerable testing noise. These factors complicate the definition of a
similitude parameter for determination of failure properties or criteria. A composite laminate is typically affected by changes in
the delamination length, load and displacement ratios, lay-up sequence, pre-crack length, etc. [12,29,30]. These parameters may
alter the specimen compliance or fatigue resistance. Therefore, when considering the lack of standardized methods for mode I fatigue
delamination propagation, it is of great interest to determine which methods are independent of variance and use those to develop
failure criteria for design.

In mode I fatigue delamination propagation of composite laminates, the relationship between the rate of delamination
propagation da/d N and a function of the mode I ERR f(G;) is commonly expressed using the Paris relation [31-33]:

da

— =C . 1

IN F(Gp) @
In this equation, « represents the delamination length during the test, N is the cycle number, and C and » are fitting parameters.
Note that this relation was initially proposed for metals, utilizing the amplitude of the stress intensity factors AK as the similitude

parameter. For composites, it is common and recommended [34] to use

f(gl) = glmax (@3]
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as the similitude parameter. However, additional functions of this parameter may be found in the literature.

In previous investigations, normalization of the fatigue similitude parameter was performed using the quasi-static resistance
curve [35-37] to dismiss the influence of the LSB. However, In Ref. [38], a distinction between quasi-static and fatigue-induced
LSB was presented. It was shown that the two parameters are different and that the quasi-static resistance curves should not be
employed for fatigue data normalization.

In Ref. [30], normalization of the effects of LSB was proposed by deriving a fatigue resistance curve and obtaining the fatigue
fracture toughness at no delamination growth G, . This was preformed on data from a sequence of fatigue tests performed following
the test protocol in Refs. [39,40] for a DCB specimen with increasing pre-crack lengths. Based on the obtained curve, a normalized
similitude parameter may be calculated as

44/G,, = [ﬂm@] ®3)
gl C(a—agp)

where G, is the ERR at the delamination tip excluding tractions from LSB and G ¢(,—q,) is the fatigue fracture toughness for a given

delamination extension a — a;, where the delamination extension is defined as the difference between the delamination length a

and the initial delamination length a,. The obtained normalized similitude parameter may then be employed in the Paris relation

in Eq. (1).

Another approach focuses on setting an upper limit for design. In Ref. [41], fatigue delamination propagation tests were
performed on DCB specimens of seven distinct lay-ups, both UD and MD. It was observed that delamination at a 0°//0° interface
exhibited the fastest propagation, or similarly, the least resistance to fatigue delamination, suggesting a potential upper bound for
design. Furthermore, in Ref. [42], data from fatigue crack growth tests were experimentally obtained for different load ratios. The
study then proposed the Hartman-Schijve equation as a similitude parameter to account for scatter in da/d N vs. G;,,... plots due to
varying displacement ratios. In Ref. [43], it was proposed to use the master curve derived by the Hartman-Schijve relation to set an
upper bound for design. This was achieved by setting the limit three standard deviations below the parameters obtained from the
master curve. The proposed methods may be employed for various cases. However, the definitive correlation between ply layup,
bridging tractions, and their collective impact on the ERR has yet to be established.

To validate the accuracy of a FEA, parameters obtained in the analysis, such as load, displacement, compliance, etc., should be
compared with those measured in tests. However, suppose the properties used in the analysis do not yield the expected results. In
that case, it raises questions about the feasibility of the FEA model used. The influence of inaccurate material properties on the
numerically calculated specimen compliance is a critical consideration. This leads to the overarching question: are the material
properties from the literature able to model toughening phenomena as LSB sufficiently? Moreover, how much are the ERR values
evaluated with J-integral or VCCT influenced by the toughening of the specimens? In order to model the effects of LSB in the finite
element (FE) model, one approach may be to model the stiffening caused by LSB as an increase in material stiffness. This may be
obtained by calibrating the optimal material properties to match the compliance of the tested specimen. However, this may be a
cumbersome process consuming computational time and data.

Use of machine learning (ML) may reduce the need for excessive time-consuming FEAs, as well as complex multidimensional
data reduction. In the field of composite laminates, previous works showed great use of ML models for failure prediction [44-48].
For example, in Ref. [49], failure criteria of composite brittle bonded joints were predicted based on VCCT failure parameters. Using
a combination of FE VCCT computations and machine learning regression (MLR), the optimal failure parameters were obtained.

In this study, a machine learning method is introduced to calibrate the material properties of each ply in an MD specimen
based on the compliance measured in a test. The calibrated properties are then utilized in analyses to determine ERR values from
simulations using the local J-integral method. Ultimately, the calibrated properties do not represent the intrinsic properties of the
CFRP material system but rather a phenomenological increase in laminate stiffness due to LSB. To showcase the effectiveness of
the proposed method, seven different MD layups with initial delamination between two specific plies, oriented either similarly
or dissimilarly, and subjected to mode I fatigue testing [29] are considered. Notably, each specimen underwent testing with two
initial delamination lengths, potentially influenced differently by LSB [23-25]. Initially, a sensitivity study was conducted to identify
the material properties most affecting specimen compliance. Subsequently, three of the most critical properties were selected for
calibration. Through automated FEAs and MLR, the specimen compliance obtained from the FE model was calibrated to match the
compliance measured in the test. With this approach, the influence of LSB may be quantified and examined as a function of the
initial delamination length in the test.

This study aims to suggest a method for obtaining ERR values for delamination propagation within UD or MD laminates due to
fatigue loading, given that existing test standards and analytical methods are available only for quasi-static delamination propagation
of UD laminates. The results demonstrate that ERR values obtained using the local J-integral [19], along with results from the
calibrated simulations, closely align with those calculated using the global modified compliance calibration (MCC) method [1].
Additionally, a comparison between properties calculated for short and long initial delamination lengths shows that the calibrated
properties may effectively account for specimen stiffening or changes in material properties between batches.

The manuscript is structured as follows: Section 2 describes the MD specimens tested, including the experimental procedure,
setup, and material properties. Section 3 presents the local J-integral and global MCC analysis methods used for evaluating
delamination behavior. Section 4 introduces the parametric FE model employed throughout the remainder of the study. In Section 5,
a compliance sensitivity analysis is conducted to examine the influence of variations in material properties. Based on this analysis, the
three most dominant material parameters are identified. Section 6 then proposes a MLR algorithm for calibrating these mechanical
properties in the FE simulation, accounting for stiffness increases due to LSB. Section 7 presents the calibration results, evaluates
stiffness variation across different MD interfaces, and compares Paris law curves obtained using both calibrated and uncalibrated
properties with results from the global MCC method. Finally, Section 8 summarizes the main findings and contributions of the study.
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Table 1
Seven lay-up configurations and interfaces considered with their D, and B, parameters [29].

Interface Layup B, D,

0°//0° [05,//0%1 0 4.1073
45°//45° [(+45°/05,/ F45°)/ /(£45° 07,/ F 45°)] 6-1073 8-1072
90°//90° [03,/90°)/ /(90° /05.)] 0 4.1073
0°//45° [(035)//(45° /03] 3.107° 4.107°
0°//90° [(03,)//(90° /0] 0 4107
45°// —45° [(+45°/05,/ F45°)/ /(¥45° 07,/ £ 45°)] 0 8-1072
30°// - 60° [(05,/30°)/ /(=60° /03,)] 2.1073 4.1073

X2

Fig. 1. An illustration of a DCB specimen.

2. Experimental method and materials

In Section 2.1, the material system and layups used, as well as a geometrical description of the specimens, are discussed. Then,
a summary of the mode I fatigue test protocol from Ref. [39] is outlined in Section 2.2.

2.1. Material systems and specimen description

In this investigation, DCB specimens composed of an epoxy carbon fiber reinforced polymer (CFRP) material system, namely,
M30SC/DT120 (Delta-Preg S.p.A.) were tested for mode I fatigue delamination propagation, and analyzed numerically, as well as
with the local J-integral. The numerical results were compared with the tested values, as well as with values obtained with global
calculations. The specimens comprised seven different layups, as shown in Table 1. The plies along the delaminated interface are
specified in the second column of the table. Note that the double slash indicates the location of the initial artificial delamination.

In laminate theory, the ABD matrix is a fundamental concept that characterizes the effective stiffness of a composite lami-
nate [50]. This matrix comprises three 3 x 3 sub-matrices: A, which represents the in-plane extensional stiffness; B, which describes
the coupling between in-plane and out-of-plane (bending) deformations; and D, which captures the bending stiffness of the laminate.
When designing a new laminate, two key parameters, D, and B,, are often used. These are computed from the D;; components of
the D matrix as follows:

2
Dy, ) Dig
. = . B =—-2 (©)]
Dy Dy Dy
Here, the indices i = 1,2,6 refer to the longitudinal, transverse, and in-plane shear directions, respectively. In this paper, the

longitudinal, transverse, and in-plane shear directions are x;, x,, and x,xs, respectively, as shown in Fig. 1.

It is desired to maintain D, < 0.25 and B, ~ 0 to minimize the non-uniform distribution of the energy release rate along the
delamination front and reduce bending—twisting coupling [51]. The specific values of B, and D, calculated for each layup are
provided in the third and fourth columns in Table 1.

For each layup, two DCB specimens were tested. Each specimen was tested twice. First, with a short delamination of length
between 40 and 70 mm and then with a long propagated delamination between 70 and 120 mm. The fatigue tests are named in the
form of SP 6,°//6,°.i.a, b, where 0,°//0,° represents the interface layup, as listed in Table 1, i = 1,2 represents the specimen number,
and the parameters a, and b represent the first and second fatigue runs, respectively. For example, SP 45°//45° 1.b represents the
first specimen of the 45°//45° layup on the second fatigue run. A total of 28 tests were conducted, namely, seven interfaces with
two specimens examined for each interface, and two initial delamination lengths tested for each specimen. Due to data acquisition
issues for SP 0°//0° 1.a, the results from this test were dismissed. Hence, only 27 fatigue tests are presented in this study.

A three-dimensional illustration of a DCB specimen is presented in Fig. 1. All specimens had approximate dimensions of
[ = 200 mm in length, 242 = 5.2 mm in thickness, and b = 25 mm in width, as presented in the figure. An artificial delamination
with length a4, ~ 50 mm, measured from the load line, was intentionally introduced between the specified plies in each layup.
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Table 2
Material properties of M120SC/DT120 [52].
. E, E; G,
Properties (GPa) (GPa) Vg vr (GPa)
M120SC/DT120 155 7.8 0.27  0.022 5.5
Quasi-static test: Disp. Control fatigue test: Test stops when no delamination
- - growth is observed
O max is obtained Omax, Rg=0.1 10~%m
" (a) " (b) (da/dN~"350) (o)
Quasi-static test #2: Disp. Control fatigue test #2: Test stops when no delamination
- - growth is observed
8:max is obtained Smax Rg=0.1 _107%m
e (d) e (e) (da/dN~"5) |

Fig. 2. A flow chart illustrating the stages of testing conducted for each specimen in accordance with Ref. [39].

A homogenized UD composite ply may be considered transversely isotropic. Therefore, it may be described by five independent
material properties: E,, Er, vy, vy, and G4, where the indices A and T represent the axial and transverse fiber direction. Here, E
is Young’s modulus, v is Poisson’s ratio, and G is the shear modulus. Note that the sixth mechanical property G is a function of
the other parameters and may be calculated as:

Gp=—2T
2(1+ vp)

The material properties initially used in the FEAs were obtained from Ref. [52] and are presented in Table 2. The transverse
shear modulus G was corrected and calculated according to the transversely isotropic relation in Eq. (5). The value obtained for
this parameter is G; = 3.81 GPa.

(5)

2.2. Test protocol

The specimens of the seven layups in Table 1 underwent mode I fatigue testing following the protocol outlined in Ref. [39].
Additional test details are available in Refs. [29,41]. For clarity, a concise description of the test protocol is provided here, and the
procedural steps are illustrated in Fig. 2.

According to Ref. [39], the length /, thickness 2h, width b, and the initial delamination length g, of each DCB specimen were
measured. Each specimen underwent four loading stages. In the first stage (Fig. 2.a), quasi-static deformation following Ref. [53]
was performed to initiate a precrack from the artificial delamination. From this test stage, the maximum displacement § which
is the final mode I opening value measured before delamination propagation was observed, was determined.

The second stage (Fig. 2.b) included tensile mode I cyclic fatigue opening displacements. The displacement ratio R, defined as

5
Rd — min (‘6)

5”’[1)(

max>

where §,,, and §,,,, are the minimum and maximum displacements, respectively, was chosen to be 0.1. Note that this ratio and
the test frequency remained constant throughout the test. During the test, the minimum and maximum loads P,;, and P,,, were
measured for each cycle. Note that the load ratio Rp, defined as

Pmin
. Y]

max

in

Rp =

is required to remain within an error of 10% of R, throughout the entire test.

When the propagation rate fell below 10-8 m/cycle, the second stage of the test was halted (Fig. 2.c). The process was repeated
by generating a new pre-crack through quasi-static loading (Fig. 2.d). Subsequently, the following step (Fig. 2.e) included cyclic
fatigue deformations again with a displacement ratio R, = 0.1. Again, the fatigue test was completed once delamination propagation
rate reached a value of approximately da/d N 10~% m/cycle (Fig. 2.f). Consequently, each specimen underwent two fatigue tests:
first, with a short delamination of length between 40 and 70 mm and then with a long propagated delamination between 70 and
120 mm.

Additionally, during the test, each specimen was photographed from both sides and after completion, the delamination lengths
a were measured from the load line, shown in Fig. 1, to the delamination front. The delamination lengths were measured with
correspondence to the cycle number.



R. Amkies et al. Engineering Fracture Mechanics 325 (2025) 111289

a measured from images

QS & Fatigue Cvsa?

mode | tests

03 ¢ v/mm)

: 3

o

a3 x 10° (mm))

Calculation of &4

(h)

MCC

(8)

g

* calcvlateda

——fiteda
a=C(N+B)P+C, e

J-integral

FEA:

four discrete a
values

(f)
[da/dN = B,C, (N + B,)P=1]

3p2ca3
Grmax = 24,b2h

Prest

2
—) (D1@ + Dpa + D3)
Prg

Gimax = (

Fig. 3. Flow chart of the analysis methodology.

3. Analysis methods

In this Section, the analysis methods used in this study are described. In Sections 3.1 and 3.2, the computational analysis
performed to determine the required values of da/d N and Gy, are described, respectively. The obtained delamination propagation
rate da/dN and Gy, values are plotted on a log-log scale, as demonstrated in Fig. 3.i based on the Paris relation in Eq. (1). In Fig.
3, a flow chart illustrating the analysis procedure for determining the Paris plot for each tested specimen is presented. The right side
of the figure refers to the method employed to determine the delamination propagation rate da/d N, as described in Section 3.1.
The left side is related to the computation of G;,,,. using the MCC method or the J-integral in conjunction with FEA results, as
explained in Section 3.2.

3.1. Delamination propagation rate

The fatigue DCB specimens tested in Ref. [29] were photographed during each test. An example of an image used for delamination
length measurements « is presented in Fig. 3.b. These measurements were taken at predefined intervals. Through machine readings,
the cycle number N, maximum and minimum applied loads P,,., and P,;,, respectively, and maximum and minimum displacements
Smax and 6, respectively, are also obtained.

The compliance value at each cycle was calculated as

12

C = max 8
P ®

max

Then, incremental compliance values C were plotted against the corresponding cycle number N as demonstrated in Fig. 3.c. The
compliance values C at specific intervals N, where the delamination lengths a were measured, were plotted against the measured
a values, as demonstrated in Fig. 3.d. A linear curve of the form

C=ma’+ Cy )

was fit through the data to determine the slope and intercept, m and C,, respectively. Note that Eq. (9) may also be expressed as

a= f/ﬂ (10)
m

to enable continuous evaluation of a as a function of the compliance C throughout the entire test duration.
The calculated a values are plotted against the cycle numbers N, as shown in Fig. 3.e, and a relation of the form
a=C/(N+B)&+c, an
may be applied to the resulting curve. In Eq. (11), C; and B; (i = 1,2) are fitting parameters. The delamination propagation rate is
then determined by taking the derivative of Eq. (11) with respect to N to obtain
j—]‘\’/ = B,C\(N + B)™! . 12)
as depicted in Fig. 3.f. This equation provides the delamination extension rate da/d N for every cycle N.
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3.2. Mode I energy release rate

The energy release rate G;,,, values may be obtained using various methods. Among these are standardized global calculation
methods, such as the MCC or modified beam theory (MBT) from the mode I quasi-static test standards [1,53]. Or local calculation
methods such as the J-integral or VCCT which are often used with numerical FEA results. Note that with the local methods,
when using three-dimensional models, mode separation is enabled, and the behavior of G;,,, along the delamination front may
be evaluated. However, for validation of the material properties used in the simulations is of great importance.

In this study, both the global MCC method and the local J-integral were employed and compared. In Section 3.2.1, the MCC
method is presented. The methodology used for the determination of G;,,, with the J-integral in conjunction with FEA results is
described in Section 3.2.2.

3.2.1. Modified Compliance Calibration (MCC) — global analysis method
The MCC is a standard global method [1,53] used for calculation of the ERR values for DCB mode I quasi-static tests using the
expression

_ 3P2C2/3

' 2Aen 4

In Eq. (13), P is the applied load, C is the compliance of the specimen, b is the specimen width, and 24 is the specimen thickness,
illustrated in Fig. 1. The parameter A, represents the slope between the delamination length ¢ normalized by the specimen thickness
2h, as demonstrated in Fig. 3.h.

The MCC method may also be used to determine the maximum ERR values in every fatigue cycle in a mode I DCB fatigue test.
In the case of a fatigue test, the compliance C in Eq. (13) is obtained from Eq. (8) for a specific cycle N.

Values of G, are then obtained from Eq. (13) by substituting the load P with the maximum load P,
and with values of a calculated from Eq. (11) for every cycle.

ax Measured in every cycle

3.2.2. Numerical J-integral — local analysis method

The J-integral is a path-independent contour integral used to determine the energy release rate value. It was demonstrated in
Ref. [19] that under small scale yielding conditions, the value of the J-integral is equal to the energy release rate, namely, G = J.
This study follows local analysis methodologies employed in Refs. [6,7,13]. These analysis methods, incorporating the J-integral,
were demonstrated for nearly mode I fatigue analyses, as well as for nearly mode II, and mixed-mode to obtain the quasi-static
resistance curves for MD composites. For completeness, the analysis stages are summarized here.

Finite element simulations were conducted at four different delamination length values, namely a, z g, ayp g, a3rp, and aypg. The
span of the analyzed a values must meet the condition

aypp<ay ; ay <aypg a1

where g, and a, are the initial and final delamination lengths during the experiments, as measured from the load line. By doing
so, the analyses cover the range of delamination lengths in the test. For all four analyses, the load assigned in the FE model was
constant at P =20 N.

The stress and displacement fields were obtained for each analysis and used to calculate the maximum ERR in every cycle. Results
of G;pg were calculated using the J-integral Abaqus calculation [54]. Values were obtained through the width of each modeled
delamination length for each specimen. To obtain a single ERR value, the integrated average was calculated as

b
g_IFE=Il_7 /0 Crre(x3)dx; (15)

where x5 is the direction aligned with the width b, shown in Fig. 1. Based on the results obtained for each specimen, a polynomial
fit of the form

C1rE(@) = D&% + Dya + Dy (16)

was fit through the numerical data. In Eq. (16), G, r£(4) is the continuous integrated mean ERR value related to the load Pry which
was employed in the FE simulations, as a function of the normalized delamination length 4 calculated as 4 = a/a, where q; is the
artificial delamination length measured from the load line. The parameters D;, i = 1,2,3 in Eq. (16) are fitting parameters. Next, a
calculation of the form

Pes\* = .
Cltest = (PF}:‘) Crre(d) a7

was performed to obtain values of G;,,, throughout the test by substituting P,,,, values, namely, the maximum loads measured in
each cycle throughout the test. The parameter Py is the load employed in the FE simulations, and G, ;(4) was obtained from
Eq. (16).
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Fig. 4. Example of an FE DCB model, with an initial delamination between two UD plies with fibers oriented in the 45°-direction. (a) Overall view of the DCB
FE model, the applied load is marked with black arrows, and the orange and blue triangles represent constraints in the x, and x; directions, respectively. (b) A
two-dimensional focused view of the delamination tip: Plies oriented in the 45° and —45° directions are in green and gray, respectively; plies in the 0°-direction
are in red.

4. Finite element model

A three-dimensional parametric anisotropic FE DCB model was designed in Abaqus [54]. The model was programmed with
Abaqus Python scripting to enable parametric flexibility in geometric specimen dimensions, material properties, as well as applied
boundary conditions. The parametric design included the specimen length L, thickness 2k, width b, and delamination length a,
illustrated in Fig. 1. The material properties are defined as engineering constants in the FE model. Nine parameters are employed
in the Python code, namely, E,|, E,, E3, v 5, V;3, V23, G2, G3, and G,3, where the notations 1,2, and 3 represent the x;,x,, and x5
directions shown in Fig. 4. In addition, the layup of the model, including the number of plies, as well as the thickness and orientation
of each ply, are determined using specified parameters in the Python code. This enables automatic FE model building for varying
layups and specimen dimensions. Additionally, the load applied in each simulation Py is also parameterized. Finally, a delamination
of length « is introduced as a crack on the midplane.

The mesh density is also defined through the Python code, with the number of mesh elements generated accordingly. The
elements adjacent to the delamination tip are configured as quarter-point elements. The elements in the delamination tip region are
designed to have an aspect ratio of 1 x 1 in the x; and x, directions. In addition, the mesh density is biased both in the x, and in
the x, towards the delamination tip. This was done so that the number of elements is reduced without compromising computational
accuracy, consequently reducing computation time. Such a parametric three-dimensional model enables numerous simulations with
varying parameters for each simulation.

In this study, the parameters used in the model were defined based on the specimens tested in Ref. [29]. These specimens
included 32 plies, modeled as 32 cells. Each ply was set as a homogeneous elastic solid. Since all plies used in the current study
are UD, each ply is considered transversely isotropic and characterized using the five required material properties out of the nine
used in the general case of an orthotropic material. The properties were defined in the axial and transverse directions with respect
to the fiber orientation. The global orientation of each modeled ply, shown in Fig. 1, was set in the model script, and the material
properties used in the axial and transverse directions of the ply were rotated accordingly by Abaqus [54].

In Fig. 4.a, an example of a three-dimensional DCB model is shown. It may be noted that half of the load block, close to the free
specimen edge, is omitted in the FE model. Hence, in the figure, the model starts at the load line, marked in Fig. 1. In Fig. 4.b, a
close-up view of a specimen with a crack along the 45°//45° interface is presented. The layup for this interface is described in Table
1. In the figure, plies oriented in the 45° and —45° directions are in green and gray, respectively, and plies in the 0° direction are in
red. The load is applied to the upper DCB arm, as shown in Fig. 4.a. To obtain a constant load along the load line, the lower arm
is held in the x, and x; directions as represented in Fig. 4.a by the blue and orange triangles. Note that the load was distributed as
recommended in Ref. [13].

A convergence study based on the calculated ERR was performed to find the optimal element number and size. Based on the
results from this study, the chosen model mesh included 351,900 20-node brick elements with 1,486,727 nodes. Through the width
direction of the model (x; in Fig. 4), there were fifty elements, resulting in a width of B = 0.5 mm for each element. Note that
the length of each element in the x; and x, directions in Fig. 4, near the delamination front, was a = 0.1625 mm, resulting in a
width-to-length ratio of B/a =~ 3. This ratio was found to be sufficient and convergence was achieved.

Additionally, to validate the calculations made, path independence of the J-integral was examined across six contours. the
contours used are illustrated in Fig. 5, where each domain includes an added strip of elements surrounding the delamination. The
results showed that the differences among the third to sixth contours were less than 0.001%. Based on these findings, the fourth
contour was selected and used for the remaining analyses.
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Fig. 5. Integration contours for the J-integral, with the red line indicating the delamination.
Source: Reproduced from [55].

5. Compliance sensitivity

In this study, the stress and displacement fields obtained from numerical FEAs were used with the J-integral local approach to
determine G;,,,.. In such a case or in any case that FEA results are used for the evaluation of physical constants, it is crucial to verify
the accuracy of the FEA model. One way to do this is to examine the differences between the compliance obtained from a test with
those calculated from the FEA. In this study, the FE model described in Section 4 was validated using this compliance comparison
approach. First, a compliance sensitivity study was performed to get a sense of the significance of each mechanical property defined
in the FE model on the compliance of the specimen. As explained in Section 2.1, a UD ply may be homogenized and described with
five independent material properties, namely E,, E;, v4, vy, and G 4. The sixth material property, G, is calculated using Eq. (5).
The relationship between these five material constants in a DCB specimen and the numerical compliance obtained was examined
with a variable significance test. Based on the obtained results, in this section, the material properties with the most effect on
compliance are discussed.

An FE DCB model was designed for the significance test using the parametric model described in Section 4 with a delamination
length of ¢ = 50 mm and a load of P = 50 N. Each material property in the axial and transverse orientations of the fibers within
the ply was independently changed in each FEA in a range of k = [-30%, —15%, 0%, 15%,30%] of the original property, which was
obtained from the literature [52] and given in Table 2. To account for the various fiber orientations, this test was repeated for three
different interfaces, namely, 0°//0°, 45°//45°, and 0°//90°, with the layups given in Table 1.

For each FEA with each material property within the examined range, the compliance was computed. To estimate the significance
of each material property on the compliance, the relative difference between the compliance values obtained from the model with
the original literature properties and that obtained from an FE model with a changed property was calculated as

FE _ oFE
ACTE = kCTO - 100% (18)
0

where C(f £ is the compliance obtained from the base FE model with the material properties from the literature, given in Table
2, and C]f E is the compliance obtained for the same model with a change of k% for a single property. A total of 63 FEAs were
performed, with 21 conducted for each of the three interfaces examined. Five properties were analyzed for each interface, with four
different values tested for each property and a single run with properties form the literature for each interface. In Fig. 6, the relation
between the change in compliance ACFF as a function of the change of each material property is presented for each layup. From
the obtained plots, a polynomial relation between each property and the compliance was observed.

The results for each property change of k = +30% are presented in Table 3 for each layup. It may be observed that the most
effect on compliance, namely the largest values for ACTE, ranged between 19% to 20% for E, + 30%. The next most significant
difference in compliance was related to G4 + 30% and ranged between 2.2% through 4%. Then, influence of E; + 30% was almost
negligible and ranged between 0.59% for the 0°//0° interface to 1.1% for the 45°//45° interface. It may be noted that a negligible
difference in the compliance was obtained for v, +30% and for v; + 30% and ranged between 0.08% through 0.15% for the former
and between 0.001% through 0.003% for the latter. From the sensitivity study performed, it may be concluded that E,, G, and
Ey, in decreasing order of impact, are the material properties that exert the most influence on specimen compliance tested in mode
I. From a physical standpoint, this conclusion is expected since data was obtained from mode I testing, which is mostly governed
by properties in the axial direction (x; in Fig. 1).
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Fig. 6. The change in compliance AC"* % with respect to a change in the material properties from the literature for (a) 0°//0° layup, (b) 45°//45° layup, and
(c) 0°//90° layup.

Table 3

The change in the compliance obtained from FEA ACFE given in Eq. (18) due to a 30% increase of each MP.
Interface ACTE %

0°//0° 45°//45° 0°//90°

E,+30% 20.0 19.0 20.0
G ,+30% 2.4 4.0 2.2
E;+30% 0.59 1.10 0.80
v, +30% 0.15 0.08 0.18
vr+30% 0.001 0.004 0.003

6. Compliance calibration algorithm

The FE model described in Section 4 was validated against test data using the material properties from the literature shown in
Table 2. The validation of the 0°//0° layup FE model yielded good consistency with the test specimen with a relative difference
of 3.7% between the compliance measured in the test and that calculated in the FEA. This result suggests that the FE model is
valid. However, for the additional layups tested, this validation test resulted in large disparities of more than 52.2% between the
compliance of the FE models and the compliance of the test specimen. These differences may be related to LSB, which are known
to be more pronounced in 0°//45°, 0°//90°, 45°// —45° or 90°//90° interfaces compared to a 0°//0° interface [27,28]. To account
for LSB, it is necessary to incorporate this toughening mechanism, which influences the model stiffness differently depending on
the ply orientations, into the FE model. Additionally, note that variations in material properties across different batches may also
occur due to manufacturing-related differences and should also be considered in the material properties used in the FE models.

To account for LSB and calibrate the FE models for all seven layups, the approach employed in this study was to minimize the
disparities between the compliance of the tested specimens and that of the FE model by calibrating the material properties that
were found in Section 5 to most influence the compliance. Calibration is achieved by accounting for the stiffening effect caused by
LSB an increase in the mechanical properties of the sample [26].

The calibration of material properties is expressed as an optimization challenge and follows a structured process involving
iterative automated FEAs coupled with predictions from an MLR model. A flowchart of the calibration algorithm is presented in
Fig. 7. The process begins by defining the lower and upper limits of three material properties that were found to have the most
influence on compliance in Section 5, namely, E4, Ey, and G,. This step is shown in Fig. 7.a. The boundaries were chosen to be
within +30% of the original values obtained from the literature and shown in Table 2. For each examined material property, within
the chosen boundaries, five values were used. Then, these fifteen values, namely, five values for each material property with three
material properties, are sorted into all possible combinations, resulting in 125 different sets of material properties.

For each tested specimen, 125 FEAs were performed; one for every set of properties from the 125 combinations (Fig. 7.b). For
this task, the FE model described in Section 4 was used with the load P and the related delamination length a values chosen from
the results of the fatigue tests.
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Fig. 7. A flowchart describing the material property calibration process.

Table 4
The difference in compliance AC (%) calculated with Eq. (8) between the compliance obtained from the test and the compliance obtained from the FEA using
the calibrated properties for four different interfaces with short delamination length for various cycles N.

Specimen N =100 N =500 N = 1000 N = 9000 N = 28000 N = 248000
SP 0//0 2.a -3.5% 1.2% -1.2% 3.5% 5.3% 1.2%

SP 0//90 l.a -4.1% -3.5% —-0.9% 6.5% -4.2% -2.2%

SP 30//-60 1.a 1.8% -1.6 % -2.7% 6.2% 2.3% -3.3%

SP 0//45 l.a 0.8% -1.8% 1.0% -7.6% -3.7% —5.4%

To choose a uniform reference point for all properties calibration for all specimens, the degree of LSB-induced stiffening
increase during a fatigue test was examined. Notably, reports in the literature indicate that LSB is primarily generated under
quasi-static delamination propagation [38]. To evaluate the changes in stiffness throughout the test, the difference between
the compliance measured from the test data was compared with that evaluated with the FE model using Eq. (19) at N =
100, 500, 1000, 9000, 28 000, 248 000 cycles. In Table 4, results are presented for four specimens with short initial delaminations, each
corresponding to a distinct interface layup, namely 0°//0°, 0°//90°, 30°// — 60°, and 0°//45°. The results show small fluctuations,
with less than a 10% difference between the measured and simulated stiffness at various points throughout the test. Given the
relatively small magnitude of these fluctuations, any consistent reference point could, in principle, be used for calibration. However,
during the initial loading cycles — prior to the onset of stable Stage II delamination propagation — extreme values of da/d N and
irregular machine load readings may occur, potentially compromising calibration accuracy, as illustrated in Fig. 3.i. To avoid these
transient effects and ensure consistency, N = 1000 cycles was selected as the standard reference point for all calibrations across all
specimens and tests.
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Additionally, all geometric features in the FE model are specified with respect to the examined specimen. From the analyses, the
compliance obtained from the FE model, namely, Cf£, is calculated using Eq. (8) with P taken as the load applied in the FE model,
namely the load at N = 1000 from the test, and § as the related opening mode I displacement obtained in the FEA (Fig. 7.c). The
relative difference between the compliance of the specimen from the fatigue test results and that from the FEA was then calculated
as

CTesr _ CFE

AC = - 100 % (19)

(CTest

where AC is the difference in % and CT¢¥ is the compliance calculated with Eq. (8) for P and é obtained from the test data for
N = 1000 (Fig. 7.d).

The model is trained to fit a three-dimensional manifold through the obtained AC values with respect to the corresponding sets
of the significant material properties, namely, E,, E;, and G4. Then, using the obtained relations, the difference in compliance
AC may be predicted for any given set of material properties (Fig. 7.e). Based on this regression, the combination of the material
properties corresponding to the minimal difference in compliance AC,,;, is obtained (Fig. 7.f). The value of the best result obtained
from the regression model is then examined so that it would meet the requirement of AC,’n‘{.nLR < 5% (Fig. 7.g). If not, the algorithm
is repeated with updated upper and lower bounds of +15% from the predicted material properties in the current iteration. This
step is performed in order to increase the search resolution around the current optimum, increasing the probability of satisfying
the required stopping criterion. If the requirement is met, the calibrated material properties are then validated in the FE model
by performing analysis with the calibrated material properties predicted from the regression model (Fig. 7.h). If the compliance
obtained from the FEA satisfies the requirement of AC,,,, < 5% (Fig. 7.i), the calibrated material properties are determined.

Several MLR models available in scikit-learn [56] were investigated for this task, namely Gaussian process regression
(GPR), random forest regression (RFR), and K-nearest neighbors regression (KNNR). To determine which algorithm is most suitable,
predictions for SP 0°//0° 2.a and SP 45°//45° 1.a were examined following the procedure presented here. Each MLR model was
then trained to find the relationship between the material properties and the compliance difference, eventually predicting AC,%ILR.
For this, 80% of the data, namely, input material properties and obtained AC values, was used for training and the remaining 20%
for testing.

It was found that the RFR model did not generate a continuous surface, as the predicted points were staggered in clusters with
relatively poor accuracy. In contrast, the KNNR and GPR models both generated continuous surfaces that could characterize the
physical relationship between material properties and compliance. Nevertheless, the GPR model proved to be the most efficient in
terms of computational time and complexity. For this reason, the GPR model was selected for the calibration algorithm in this study.

The GPR model is a non-parametric and probabilistic machine learning technique used for regression tasks [57]. The GPR defines
the relations between the different inputs based on a covariance function, also known as the kernel. The kernel used in this model
is the radial basis function (RBF), which assumes that two points with close inputs will yield close outputs. The RBF may be given
as

||x,- - xj||2

K(x;,x;)= 62 exp(— (20)

% 2P
where ¢ is the variance, x; and x; are close input points, and [ is the length parameter controlling the amplitude of the relation
between adjacent points.

In all subsequent applications of the GPR, an 80/20% train-test split was employed. Additionally, a grid search combined with
a cross-validation (GridSearchCV) framework was utilized to fine-tune the hyperparameters of the model, thereby ensuring an
optimal fit to the data.

To reduce computational time, several measures were implemented. First, after calibrating a specimen of a certain layup and
delamination length, when calibrating the second specimen of the same layup, it is expected that they will show similar behavior
since they share the same layup and approximately similar delamination lengths. Based on that notion, the number of FEA runs
performed was reduced. This reduction was achieved by setting the initial point of the searching boundaries for each property as
the calibrated properties obtained for the already calibrated specimen of the same layup, then the probability of being closer to
the optimum is higher, reducing the number of required iterations. Moreover, the search span was reduced to +15% of the initial
point with three linearly spaced values, instead of 125 required FEAs as was done for the first specimen calibration. This search
span reduction resulted in 27 required FEAs.

Secondly, for the calibration of the same specimen during the second stage of testing, which involves a longer delamination
length, the relative difference between the compliance values measured in the first and second stages of the test at cycle N = 1000
was calculated. The material properties from the first stage were then adjusted linearly by a factor of this relative difference in
compliance to provide a rough estimate for the optimal properties in the second stage. Subsequently, a regression of E,, G, and
E; was generated using GPR with three linearly spaced values within the span of +15% about the adjusted properties. This approach
also resulted in 27 FEAs instead of 125.

7. Results and discussion
In this section, all results are presented. In Section 7.1, the resulting calibrated material properties for the layups in Table 1
are presented. Note that the calibrated values were obtained according to the procedure described in Section 6. Furthermore, all

material properties were obtained in the local ply orientation, namely, in the fiber axial and transverse orientations.
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Table 5
Material properties E,, E; and G, calibrated using the procedure in Section 6 with respect to cycle N = 1000. The parameter
AC is calculated using Eq. (19).

Layup a (N =1000) E, E; G, Gy AC,,,
(N =1000)
(mm) (GPa) (GPa) (GPa) (GPa) (%)
0//0 1.b 110.3 198.2 8.2 5.4 4.0 -1.9
0//0 2.a 52.5 161.6 7.8 6.9 3.8 -1.2
0//0 2.b 118.5 189.7 9.1 5.1 3.8 2.3
45//45 l.a 48.3 181.8 7.8 4.6 3.8 3.2
45//45 1.b 99.8 196.4 8.7 5.6 3.9 -0.1
45//45 2.a 48.7 190.7 8.3 5.0 4.1 -0.2
45//45 2.b 78.0 198.4 8.7 5.7 4.3 0.5
90//90 1.a 61.2 306.6 11.9 10.5 5.8 -0.6
90//90 1.b 102.7 291.8 11.4 10.0 5.6 1.5
90//90 2.a 63.0 243.2 9.5 8.3 4.6 1.1
90//90 2.b 82.7 260.1 10.1 8.9 5.0 -1.0
0//45 1.a 50.3 242.6 9.5 8.7 4.6 1.0
0//45 1.b 81.3 254.7 9.5 8.9 4.6 -3.9
0//45 2.a 50.3 171.6 7.7 7.0 3.8 1.9
0//45 2.b 78.0 218.4 9.7 9.3 4.8 -2.0
0//90 1.a 59.1 211.5 10.1 6.1 4.6 -0.9
0//90 1.b 88.9 247.9 12.1 7.7 10.0 -1.8
0//790 2.a 59.7 236.9 11.0 7.3 5.4 -2.4
0//90 2.b 78.8 251.4 13.8 7.8 10.1 -3.5
45//-45 l.a 63.1 210.8 8.2 7.2 4.0 0.4
45//-45 1.b 73.3 210.9 8.6 7.5 4.2 -0.7
45//-45 2.a 64.4 210.9 8.1 7.2 4.0 1.2
45//-45 2.b 84.5 213.0 9.0 7.6 4.4 -1.6
30//-60 1.a 67.7 211.5 8.2 7.3 4.0 -2.8
30//-60 1.b 93.0 228.4 9.1 7.8 4.4 1.4
30//-60 2.a 65.7 207.2 8.2 7.4 4.0 -1.8
30//-60 2.b 82.5 211.5 8.2 7.3 4.0 0.8

For each chosen set of properties, values of G;,,. were calculated via local FEA J-integral computations following the
methodology described in Section 3.2.2. In Section 7.2, the resulting Paris plots obtained for each interface, specimen, and initial
delamination length, using the local J-integral approach with calibrated and literature properties are presented and compared with
the Paris plots obtained with the global MCC method.

7.1. Calibrated material properties

The procedure described in Section 6 was employed for each tested specimen for the short and long delamination lengths for all
interfaces. Calibration was performed with respect to the N = 1000 cycle of the fatigue test. The calibrated properties E,, E;, and
G, were chosen from the calibration algorithm for the smallest ACF£, which indicates the best compliance match to that obtained
in the test. The parameter G was calculated for the chosen properties according to Eq. (5).

The obtained calibrated properties for each specimen are presented in Table 5. Note that some values fall outside the expected
physical boundaries for this material. This is due to the fact that the obtained properties are a combination of the material’s stiffness
and the additional stiffness introduced by the LSB. In the first column, the interface, specimen, and test details are specified. The
second column provides the initial delamination length for each specimen. Columns three through five list the values obtained for
E,, Ey, and G,. Column six presents the values for Gy, which were calculated using Eq. (5) based on the calibrated E; values.
Finally, the last column shows the percent difference between the FE compliance and the compliance measured in the test, calculated
using Eq. (19).

To visualize the obtained calibrated properties, stacked column plots of E,, E;, and G, are presented in Figs. 8 through 10,
respectively. In the figures, the calibrated properties for each interface are presented. Two specimens were tested for each interface,
denoted in blue and orange, and labeled as 6,°//6,°.i.a,b, where 6,° and 6,° represent the fiber orientations in the upper and
lower plies, respectively, relative to the x,-axis shown in Fig. 4. The index i is used to indicate the specimen number, with i = 1
or 2 as shown in the figure legend. Parameters a and b represent the first and second fatigure runs, respectively. Properties for
specimens with a short initial delamination (1.a and 2.a) are shown in light blue and light orange, respectively. Darker shades
indicate specimens with longer initial delaminations (1.b and 2.b). Recall that the calibrated material properties for SP 0°//0° 1.a
are dismissed since data acquisition was not performed properly and some values were missing. It can be observed from the figures
that an increase in the calibrated material properties occurs with longer delamination lengths for all specimens and interfaces, except
for the 90°//90° interface. This is discussed in the sequel.

To better understand the influence of LSB on specimen stiffness and LSB relation to the initial delamination length, namely,
short and long test stages for all interfaces and layups tested from the obtained calibrated properties shown in Table 5 and Figs.
8 through 10, two comparisons were made considering the calibrated material properties E,, E;, and G, given in Table 5. The
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Table 6

Material properties difference in absolute percent value for all seven interfaces. In the first two rows related to each property, a comparison between two
specimens of the same interface in the same test stage is presented. In the two latter rows for each property, a comparison of the change between the first and
second stage of a fatigue test for the same specimen is shown. Data regarding 0°//0° SP 1.a is not available due to an error in data acquisition.

Specimen 0°//0° 45°//45° 90°//90° 0°//45° 0°//90° 45°// —45° 30°// - 60°
E,

SP l.a vs. SP 2.a N.A 4.7 26.1 41.4 10.7 0.1 2.0
SP 1.b vs. SP 2.b 4.5 1.0 12.2 16.6 1.4 1.0 8.0
SP l.avs. SP 1.b N.A 7.4 5.1 4.8 14.7 0.1 7.4
SP 2.a vs. SP 2.b 14.8 3.9 6.5 21.4 5.8 1.0 2.0
Er

SP l.a vs. SP 2.a N.A 5.3 26.1 23.1 8.5 1.0 1.0
SP 1.b vs. SP 2.b 10.3 0.0 12.2 2.8 12.3 3.8 10.0
SP l.avs. SP 1.b N.A 9.2 5.1 0.0 16.8 4.5 9.1
SP 2.a vs. SP 2.b 14.2 4.1 6.5 21.1 20.2 9.1 1.0
G,y

SP l.a vs. SP 2.a N.A 4.7 26.1 24.1 10.8 0.4 1.9
SP 1.b vs. SP 2.b 10.8 1.0 12.2 5.2 1.4 1.4 8.0
SP l.avs. SP 1.b N.A 15.5 5.1 1.5 14.7 3.4 7.4
SP 2.a vs. SP 2.b 14.6 12.3 6.5 24.8 5.7 5.2 1.9

first comparison evaluated the differences between two specimens of the same interface at the same test stage. The specimens are
referred as 1 or 2 for the first and second specimens, respectively. The second comparison examined the change of the calibrated
material properties between the first and second stage of a fatigue test for the same specimen, referred to as ‘a’ or ‘b’, respectively.
Results for the former comparison are shown in Table 6 in the first two rows, related to each material property, namely, SP 1.a
vs. SP 2.a and SP 1.b vs. SP 2.b. The results are displayed as absolute percentage values. The results for the latter comparison are
shown in the third and fourth rows of Table 6, namely, SP i.a vs. SP i.b with i = 1 in the third row and i = 2 in the fourth.

From Figs. 8 through 10, and the values in Table 6, it can be observed that the 45°//45°, 0°//0°, 30°// — 60°, and 45°// — 45°
interfaces, where specimens with the same layup in the same test stage are compared, exhibit relatively similar mechanical
properties, with a maximum difference of 10.8% between SP 0°//0°.1.b and SP 0°//0°.2.b. In contrast, for the 90°//90°, 0°//45°,
and 0°//90° interfaces, more significant differences were observed: up to 41.4% between SP 0°//45°.1.a and SP 0°//45°.2.a, and
26.1% between SP 90°//90°.1.a and SP 90°//90°.2.a for the short delamination test stage specimens. These differences decreased
to a maximum of 16.6% and 12.2% for SP 0°//45°.1.b vs. SP 0°//45°.2.b and for SP 90°//90°.1.b vs. SP 0°//45°.2.b, respectively,
in the long delamination test stage.

These results suggest that certain interfaces show minimal scatter in mechanical properties between specimens with the same
layup and similar short or long initial delamination lengths, consistent with the progressive nature of LSB as the delamination length
increases. However, for interfaces such as 90°//90°, 0°//45°, and 0°//90°, higher variation and less consistent results were observed
for specimens tested in the short delamination test stage, when LSB was not fully developed. Once the steady state was reached, the
scatter between these specimens decreased. It is noteworthy that these interfaces are more susceptible to extensive LSB [27,28],
which may explain the observed variability. Furthermore, the reduction in discrepancies between the calibrated properties of
specimens with long delaminations compared to those with short ones may indicate a convergence trend, potentially attributed
to fiber bridging saturation.

Overall, this investigation suggests that specimens with interfaces more prone to increased LSB, such as 90°//90°, 0°//90°, and
0°//45°, tend to exhibit less consistent and more scattered calibrated material properties between specimens, with more pronounced
stiffening between short and long delamination lengths. This observation implies that the scatter associated with delamination
propagation in MD laminates may be related to the presence of LSB.

When investigating the results of the change in material properties between short and long delamination, specifically the latter
two rows for every material property shown in Table 6, namely, rows (SP i.a vs. SP i.b with i = 1,2), one may observe that, as
expected, material stiffness increased with delamination length. This finding aligns with the hypothesis that the observed increase
in fatigue resistance during delamination propagation testing of MD composites is directly linked to an increase in LSB [41,58].
Notably, the maximum increases in E4, Ey, and G, between the first and second test stages were observed in SP 0°//45°.2, with
values of 21.4%, 21.1%, and 24.8%, respectively. In contrast, SP 0°//45°.1 exhibited much smaller increases, ranging from 0% to
4.8%. This discrepancy may indicate significant scatter associated with the development of LSB. Although the difference between
the two specimens during the short delamination stage was 41.4%, this difference decreased to 16.4% during the long delamination
stage, suggesting that LSB saturation has been reached.

In contrast to this general trend of increasing material properties with delamination length, for SP 90°//90° 1.b (depicted in dark
blue) compared to SP 90°//90° 1.a (depicted in light blue), a decrease in E,, G,, and E; was observed for the long delamination
test stage compared to the short one. Hence, the dark blue column appears hidden. This finding diverges from the trend observed for
all other specimens and interfaces related to increase of specimen toughening with delamination growth due to increasing LSB [58].

A plausible explanation for this behavior may be related to the complex delamination propagation observed for this interface, as
seen in the images obtained during the test. These images revealed delamination oscillations and splitting. For example, in Fig. 11,
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Delamination migration

Delamination
Oscillation

Fig. 11. Example of the delamination front image of SP 90°//90° 1.a. The image illustrates delamination front migration as well as the oscillatory behavior of
the delamination front.

an image captured at cycle N = 9000 in the first test stage for SP 90°//90°.2 is presented, where the oscillations and splitting are
evident. It is important to note that such behavior was not observed for the other interfaces. It may be assumed that the specimens
with a 90°//90° interface were influenced by these multiple failure mechanisms, including LSB, occurring simultaneously. The
pronounced oscillations and splitting at the delamination tip for this specimen could potentially complicate the application of linear
elastic fracture mechanics (LEFM), which was used in the applied numerical modeling. Since LEFM typically assumes self-similar
crack propagation with a single, well-defined crack tip, these complex behaviors may not align perfectly with its assumptions. To
more accurately capture the delamination propagation in such cases, it might be beneficial to explore more advanced modeling
strategies.

Another observation based on the compliance calibrated material properties obtained and shown in Figs. 8 through 10 and in
Table 5, is that on average, the 90°//90°, 0°//45°, and 0°//90° interfaces exhibited the highest stiffness, with average E, values
for SP 1.b and SP 2.b of 275 GPa, 236.5 GPa, and 250 GPa, respectively. These average values represent a 77%, 52.5%, and 61%
increase compared to the literature E, value of 155 GPa, as shown in Table 2. In contrast, the 0°//0°, 45°//45°, and 30°// — 60°
interfaces, with average E, values of 194 GPa, 197 GPa, and 212 GPa, respectively, showed an increase of 25%, 27%, and 36.7%
over the literature E, value.

These findings indicate that the 90°//90°, 0°//90°, and 0°//45° interfaces are most prone to LSB and, therefore, become the
stiffest, while the 0°//0° interface is least influenced by LSB and, as a result, is the least stiff. This finding aligns with literature that
demonstrates increased traction forces for the 0°//90° and 0°//45° interfaces compared to the 0°//0° interface [27]. Additionally,
in Ref. [28], it was reported that MD interfaces exhibit higher fracture toughness than UD interfaces, with the 90°//90° interface
being the toughest, followed closely by the 0°//45°, 0°//90°, and —45°//+45° interfaces, which displayed relatively similar traction
values.

7.2. Paris plots comparison — Calibrated J-integral versus MCC

In this section, the resulting Paris plots of da/dN versus G;,,,. are presented. The values of G;,,. were obtained using the
global MCC method described in Section 3.2.1 and the local J-integral from Section 3.2.2 with FEAs employing the calibrated
material properties from Table 5, as well as with the properties from the literature in Table 2. The obtained results are examined
and compared. Additionally, a power fit of the form in Eq. (1) was applied to the results. The fitting parameters C and », and the
R? values for each fit are detailed in Table A.1.

In Fig. 12, Paris plots are presented for the specimens with an initial delamination between two similar plies, namely, 0°//0°,
45°//45°, and 90°//90°. Paris plots related to specimens with an initial delamination along an interface between two dissimilar
materials, namely, 0°//45°, 0°//90°, 45°// —45°, and 30°// — 60° are shown in Fig. 13. Recall that the results for SP 0°//0° 1.a are
not shown in the figures due to faulty data acquisition. In the figures, results obtained using the MCC method are shown in blue and
the values obtained using the J-integral and related to the material properties from the literature, namely the properties in Table 2
are in orange. The ERR values obtained from the J-integral with the calibrated material properties in Table 5 are presented in green.
Recall that for each layup, two specimens were tested. In Figs. 12 and 13, the first tested specimen, for each interface, is marked
with a triangle, and the second with a circle. Markers for tests with a short initial delamination length are filled, whereas those
for representing a long initial delamination lengths are unfilled. For each test, the initial delamination length, which significantly
influences the results, is specified in the plot.
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Fig. 12. The delamination propagation rate da/dN plotted against the maximal mode I ERR G, in a fatigue cycle on a log-log scale. This is shown for
all UD interfaces: (a) 0//0, (b) 45//45, and (c) 90//90. The results using MCC are depicted in blue; the J-integral with calibrated properties is in green, and
the J-integral with properties from the literature is in orange. Data for the first and second specimens are represented by triangles and circles, respectively.
Additionally, a, denotes the delamination length at the start of the fatigue test.

Upon examining the results in Figs. 12 and 13, it is evident that all specimens exhibit a noticeable rightward shift in their
respective Paris plots as the delamination extended. A rightward shift in the Paris plots corresponds to an increase in fatigue
resistance, as indicated by the increase in G;,,,, values [23-25]. This shifting phenomenon is widely documented in the literature
and is commonly attributed to the development of fiber bridging mostly during the quasi-static propagation of delamination across
each testing stage [30,41,43].

Furthermore, Figs. 12 and 13 demonstrate that Paris plots derived from the J-integral using literature-based material properties
are shifted to the right compared to those based on calibrated material properties. Moreover, the calibrated material properties are
consistently higher than those from the literature, as shown in Table 5. This means that the FE model with literature-based properties
exhibits greater displacement and compliance than the one with calibrated properties. Consequently, for the same applied load, the
higher compliance of the literature-based model results in greater strains, stresses, and a higher calculated ERR compared to the
less compliant calibrated model.

By extending this conclusion, one would anticipate that specimens exhibiting substantial differences between calibrated and
literature properties would display a more pronounced rightward shift in the Paris plots. Indeed, this expectation holds. To quantify
the rightward shift, the average relative difference in G;,,,, between the calibrated and literature J-integral properties was calculated
as

N
AG 1 zf: gcal(i) - glit(i) 100(%) 1)
= — . . %)
I'max Nf P gcal(i)

where 4G, represents the average percentage relative difference throughout the whole fatigue test, N, is the total number of
cycles in a fatigue test, and G.,; and G;,;, are the maximum mode I ERR in cycle i calculated using the J-integral with calibrated
and literature properties, respectively.

The resulting relative ERR average differences AG,,,,.. between the literature and calibrated properties are plotted in Fig. 14 as a
function of the relative increase in E, (denoted as AE ) with respect to the literature properties. A linear fit with an R? of 0.77, is
presented in the figure indicating a strong linear correlation between the increase in fatigue resistance and the increase in specimen
stiffness. The former is evident from the shift in Paris plots, and the latter from the calibrated properties related to the compliance
of the specimen.
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Fig. 13. The delamination propagation rate da/dN plotted against the maximal mode I ERR G,,,. in a fatigue cycle on a log-log scale. This is shown for all
MD interfaces: (a) 0//45, (b) 0//90, (c) 45//—45, and (d) 30//-60. The results using MCC are depicted in blue, the J-integral with calibrated properties is
in green, and the J-integral with properties from the literature is in orange. Data for the first and second specimens are represented by triangles and circles,
respectively. Additionally, g, denotes the delamination length at the start of the fatigue test.
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Fig. 14. The relative percent increase in E,, denoted as AE,, between the J-integral values calculated using the calibrated and literature material properties,
is compared with the relative average ERR difference, AG, , which is calculated according to Eq. (21) for the calibrated and literature material properties. The

dashed line represents a linear trend line.

From Fig. 12.a, it is apparent that SP 0°//0° 2.a exhibits a small shift between the Paris curve related to calibrated (green)
and literature (orange) properties. An average difference of 4.1% between calibrated and literature properties was quantified using
Eq. (21). A similar pattern is observed for SP 0°//45° SP 2.a in Fig. 13.a, where the green and orange circles are rather close to
each other, with an average difference of 13.7% calculated using Eq. (21). For these configurations, E 4 increased from the literature
value of 155 GPa to 161.6 GPa and 171.6 GPa for 0°//0° 2.a and 0°//45° SP 2.a, respectively, representing increases of 4.25% and
10.7%, respectively. Conversely, for SP 90°//90° 1.a and 2.a in Fig. 12.c, the average differences are significantly higher, at 54.7%
and 41.2%, respectively, corresponding to increases in E, of 136.1% and 87.6%.

In Fig. 15, Paris plots of da/d N versus Gy, are shown for all layups. This plot enables examination of the relation between the
fatigue resistance and the specimen interface layup. Note that since the calibrated J-integral results are consistent with the MCC
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Fig. 15. The delamination propagation rate da/dN plotted against the maximal mode I ERR G,,,. in a fatigue cycle on a log-log scale. This is shown for all
layups using the J-integral with the calibrated properties. data for the first and second specimens are represented by triangles and circles, respectively. Also,
solid symbols represent the first testing stage with a short delamination while unfilled symbols represent the second testing stage with a long delamination.

analysis, only the G;,,.. values obtained with the calibrated J-integral based on the FEA simulations with calibrated properties for
all specimens and interfaces are shown.

From the data related to the second stage of testing (SP 1,2.b) in Fig. 15, it is evident that the 0°//0° layup marked in blue
unfilled triangles for SP 1.b and blue unfilled circles for SP 2.b, exhibited the least resistance to fatigue delamination. Whereas the
90°//90° layup marked in green unfilled triangles for SP 1.b and green unfilled circles for SP 2.b demonstrates the highest resistance.
This conclusion is drawn from the relative positions of the Paris plots, where the SP 0°//0° i.b (i = 1,2) plots are positioned furthest
to the left, and the SP 90°//90° i.b (i = 1,2) plots are located furthest to the right. For the short delamination Paris plots, although
the plot for SP 90°//90° 2.a is positioned furthest to the right, this trend does not hold for SP 90°//90° 1.a. Additionally, unlike the
long delamination plots, SP 0°//0° 2.a is not positioned furthest to the left.

Overall, it appears that in the long delamination plots, there is greater separation between different interface layups, along with
better grouping of specimens with the same layup configuration. From the long delamination plots, a fatigue resistance sequence
among the different interfaces may be observed, ranging from least to most resistant as follows: 0°//0°, 30°// — 60°, 45°// — 45°,
45°//45°,0°//90°, 0°//45°, and 90° / /90°. This observation aligns with the calibrated stiffness values presented in Figs. 8 through 10,
as SP 0°//0° i.b (i = 1,2) shows the lowest average E, of 193 GPa, while SP 90°//90° i.b (i = 1,2) displays the highest average E,
of 275 GPa. Conversely, in the first stage of testing (SP 1,2.a), no discernible trends in fatigue delamination resistance are observed.

Another observation to be pointed is that the second stage data plots of both specimens of the same layup are closer to each
other in comparison to the first stage data plots. This may imply that the specimens with the propagated delamination are reaching
fiber bridging saturation to some degree which results in less scatter in the measured ERRs for different specimens. This is especially
visible in SP 90°//90° 1,2.b and SP 45°// —45° 1,2.b marked in green and dark gray, respectively.

8. Conclusions

When evaluating the fatigue delamination propagation behavior of composite laminates subjected to cyclic fatigue loading, it
is crucial to consider the additional toughness provided by LSB, which results in crack tip shielding due to the bridging fibers. In
this study, it was shown that for MD specimens and MD interfaces, the effect of LSB on general compliance, as well as the ERR
required for propagation, differs and is increased compared to that of UD specimens. Therefore, a method is proposed to account
for this additional toughness by augmenting the material stiffness of the specimens. The results in Figs. 12 and 13 demonstrate that
this method yields good agreement between the MCC global computations for all seven layups tested, as well as for the two initial
delamination lengths used in each specimen. This further validates the approach of incorporating the added tractions from LSB as
a boost in material stiffness.

Additionally, upon examining Figs. 8 and 10, it may be seen how the specimens stiffness increases as the delamination propagates.
This trend includes all analyzed specimens with the exception of SP 90°//90° 1, where unusual behavior contrary to the general trend
was observed. Moreover, it is also evident that the 0°//0° interface specimens exhibited the least significant increase in stiffness
compared to the literature material properties, while on average, the 90°//90°, 0°//45°, and the 0°//90° interface specimens showed
the largest increase in stiffness relative to the literature material properties. These observations are supported by findings from the
literature [27,28].

The lack of standardized fatigue test protocols and analysis methods for MD laminated composite laminates highlights the
need for validated approaches to characterize their complex behavior. The variability in stiffness across different interfaces, as
demonstrated in this study, underscores the importance of incorporating LSB into simulations, which can be achieved by accounting
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for stiffening effects in the mechanical properties. Additionally, a potential relationship between fiber orientation along the interface
and the amplitude of LSB stiffening was observed, although an attempt to quantify this stiffening requires further data for conclusive
findings. Overall, the proposed method provides a validated numerical framework for both UD and MD DCB specimens when
compared to the global MCC method. Future research could involve using this method in conjunction with a multi-stage fatigue test
that incorporates more than two initial delamination lengths. The toughening observed during the material properties calibration
process could then be used to establish a fatigue resistance curve, offering a tangible representation of the additional toughness
attributed to LSB and contributing to a deeper understanding of this phenomenon.
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Appendix. Paris plots coefficients

In this section, the coefficients of the Paris plots obtained in Section 7.2 are presented in Table A.1, with the corresponding R?
values.

Table A.1
Paris relation C and n coefficients from the power fit with corresponding R? values. Presented for all tested specimens analyzed via MCC, calibrated material
properties J-integral and literature material properties J-integral.

C n R? C n R? C n RrR? C n R?

0°//0° SP 1.a SP 1.b SP 2.2 SP 2.b

Calibrated J 3.30E-31 10.66 0.86 1.01E-19 6.93 0.91 1.30E-37 13.42 0.89
Literature J Not available 1.87E-32 10.68 0.86 7.54E-20 6.91 0.91 7.96E-39 13.45 0.89
MCC 1.62E-31 10.71 0.87 4.28E-20 7.09 0.91 2.17E-35 12.70 0.90
45°/ /45° SP l.a SP 1.b SP 2.a SP 2.b

Calibrated J 6.06E-30 9.50 0.80 1.08E-29 11.41 0.88 6.19E-28 9.05 0.96 2.11E-31 12.23 0.82
Literature J 3.37E-26 10.34 0.80 3.50E-25 8.00 0.88 8.83E-30 11.50 0.96 3.43E-29 9.30 0.82
MCC 4.17E-27 10.36 0.80 3.19E-26 8.02 0.88 3.47E-32 12.36 0.96 4.72E-30 9.31 0.82
90°//90° SP 1.a SP 1.b SP 2.2 SP 2.b

Calibrated J 4.80E-30 8.54 0.91 4.07E-40 13.71 0.82 5.11E-27 8.38 0.83 1.16E-35 12.15 0.94
Literature J 1.86E-29 8.86 0.91 2.31E-33 12.83 0.82 2.66E-26 8.49 0.83 1.05E-30 11.23 0.94
MCC 4.63E-36 13.69 0.90 3.72E-24 7.24 0.82 2.75E-33 12.13 0.82 4.69E-28 8.52 0.93
0°//45° SP l.a SP 1.b SP 2.a SP 2.b

Calibrated J 3.71E-28 10.94 0.91 5.31E-26 7.89 0.84 8.67E-34 13.30 0.96 1.87E-27 8.40 0.90
Literature J 8.11E-29 10.48 0.90 1.07E-27 7.89 0.84 3.59E-34 13.21 0.95 1.06E-28 8.38 0.90
MCC 1.26E-27 10.72 0.90 1.12E-26 8.08 0.84 2.06E-32 12.80 0.96 1.81E-28 8.66 0.90
0°//90° SP l.a SP 1.b SP 2.a SP 2.b

Calibrated J 4.98E-35 13.44 0.87 1.88E-23 7.14 0.86 6.68E—32 12.44 0.79 6.05E-30 9.86 0.96
Literature J 7.47E-37 13.47 0.87 6.27E-25 7.14 0.86 2.03E-34 12.92 0.78 4.89E-32 9.86 0.96
MCC 1.79E-35 13.55 0.87 3.00E-24 7.34 0.86 1.89E-33 13.03 0.78 1.09E-31 10.35 0.96
45°)) —45° SP 1.a SP 1.b SP 2.2 SP 2.b

Calibrated J 1.41E-20 5.99 0.94 6.69E-33 12.71 0.88 2.84E-25 8.01 0.87 1.06E-29 10.79 0.84
Literature J 7.76E-35 13.39 0.94 6.80E-26 8.38 0.88 5.26E-32 11.68 0.87 1.65E-19 5.67 0.84
MCC 1.22E-36 13.40 0.95 5.11E-27 8.38 0.88 1.44E-33 11.71 0.87 6.58E-20 5.46 0.83
30°// —60° SP l.a SP 1.b SP 2.a SP 2.b

Calibrated J 5.25E-29 9.20 0.92 4.26E-25 9.06 0.88 4.89E-32 9.86 0.91 3.48E-28 10.41 0.88
Literature J 5.16E-29 9.61 0.92 3.09E-24 9.14 0.88 1.09E-31 10.35 0.91 3.68E-27 10.49 0.88
MCC 6.98E-24 9.05 0.92 4.76E-30 9.71 0.88 8.80E-27 10.40 0.91 8.79E-29 9.60 0.89
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Data availability

Data will be made available on request.
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