
 
 

Delft University of Technology

A new interpretation of mode I interlaminar fracture in layered materials

Adamos, Lucas; Alderliesten, René; Loutas, Theodoros

DOI
10.1016/j.engfracmech.2024.110400
Publication date
2024
Document Version
Final published version
Published in
Engineering Fracture Mechanics

Citation (APA)
Adamos, L., Alderliesten, R., & Loutas, T. (2024). A new interpretation of mode I interlaminar fracture in
layered materials. Engineering Fracture Mechanics, 309, Article 110400.
https://doi.org/10.1016/j.engfracmech.2024.110400

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engfracmech.2024.110400
https://doi.org/10.1016/j.engfracmech.2024.110400


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Engineering Fracture Mechanics 309 (2024) 110400

Available online 14 August 2024
0013-7944/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

A new interpretation of mode I interlaminar fracture in
layered materials
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A B S T R A C T

Interlaminar crack propagation in layered materials, such as composites, is still a not fully un-
derstood phenomenon in fracture mechanics. Experimental observations reveal a broad spectrum
of crack propagation velocities during the interlaminar fracture of layered materials under
varying loading conditions and rates. While there have been numerous studies examining inter-
laminar crack propagation under quasi-static, fatigue, and more recently, high-speed loading,
there has been a notable lack of endeavors to present and interpret crack growth data within a
unified framework. To this direction, we present a new interpretation of interlaminar crack
propagation data acquired from a broad test campaign under various mode-I loading conditions
(quasi-static, fatigue and high-speed). We connect the crack tip velocity to the rate of change of
the SERR to propose a new equation/model that shows potential in presenting and explaining the
variety of experimental crack growth data. This correlation arises from a simple mathematical
analysis of the rate of change of the SERR using the chain differentiation rule. Subsequently, it is
further substantiated by experimental evidence, in an effort to accommodate results from various
experiments under a unified description. A robust correlation of the test data is established
through a range of slopes which are proven -experimentally- to be characteristic constants of the
mode-I interlaminar fracture of a specific material system.

1. Introduction

Structures that are designed and operated following the damage tolerance philosophy e.g. aerospace structures, acknowledge to an
extent the presence and potential evolution of flaws. The application of fracture mechanics principles aims to predict the propagation
of cracks in materials and structures. In general, cracks evolve and propagate under a diverse possible spectrum of loading rates,
encompassing both monotonic and alternating loading conditions. Until the present day, the engineering community relies on the
Paris-Erdogan empirical equation [1,2] originally proposed in the early 1960s to assess the crack propagation in metals. To predict the
behavior of delaminated composites under repetitive loading, Paris-like equations [3–10] have been employed that, instead of the
stress intensity factor (SIF), K, utilize the strain energy release rate (SERR), G. Paris’ and Paris-like approaches use fitting of datapoints
and normalization of parameters [6–8,11–14] that lack physical explanation, as criticized in the literature [9,15–17]. Although this
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relationship successfully describes the experimental data under specific loading rate, due to its empirical nature it fails to provide a
unifying framework that diminishes effects discussed extensively in literature [18–25] such as the stress ratio influence. The Hartman-
Schijve variation of the Paris relation is considerably more successful in dealing with the stress ratio effect [4,5,19] however it involves
the fitting of one more parameter and also asks for the determination of a threshold value of the SERR, a value that is inconsistent in
cases where the stress ratio or bridging effect is present. Undoubtedly the Paris relation and its variations are purely phenomenological,
an attempt to conditionally explain experimental evidence, rather than a physical law. In the field of interlaminar fracture mechanics,
there is a notable absence of equations derived directly from physical principles that predict the velocity of the crack tip of a given
material. There is also an ongoing discussion on the appropriate parameter utilized for applying similitude. The Paris-like relation for
layered materials, shown in its basic form as

da
dN

= Bf(G)m (1)

tries to associate the rate of crack growth da/dN under cyclic loading with a function of the SERR. B,m values are determined after least
squares regression. The f(G) notation corresponds to the utilization of either Gmax, ΔG or Δ

̅̅̅̅
G

√
as similitude parameter which is

currently open to the researcher’s preference. Alderliesten [16] took a step towards this direction proposing as a similitude parameter
the physical strain energy dissipation or applied work, and revealed strong linear correlations between the energy dissipation per cycle
and the crack growth rate in mode-I interlaminar fatigue tests. This correlation has been mainly explored under fatigue loading with
few notable exceptions [26,27]. Towards a better understanding of this correlation we employ similar analysis expanding the out-
comes of previous findings [16,17,26–33].
The hypothesis of the present study posits that interlaminar fracture behavior of materials under various loading conditions (i.e.

quasi-static, fatigue, high-speed) may hold shared characteristics, which, as of now, remain undiscovered. The limitation arises from
our current approach to examining and plotting results, guided by phenomenological relations -variations of the Paris law- that fall
short of revealing a unified interpretation of the interlaminar fracture behavior in layered materials. We find that the method of

Nomenclature

a propagated crack length after the first step of the DCB experiment (mm)
A crack surface (mm2)
B fitting parameter of Paris relationship
b specimen width (mm)
C compliance (mm/N)
c* stress terms related to fracture behavior (N/mm2)
Di bending stiffness of sub-laminate i, i=1, 2 (1/Nmm)
da/dN fatigue crack growth rate (mm/cycle)
da/dt, ȧ velocity of the crack tip (mm/s)
dG/dt, Ġ rate of change of the SERR (N/mms)
G total SERR (N/mm)
Gmax maximum SERR recorded in each cycle (N/mm)
Gmin minimum SERR recorded in each cycle (N/mm)
ΔG difference between maximum and minimum SERR recorded in each cycle (N/mm)
Δ

̅̅̅̅
G

√
= (

̅̅̅̅̅̅̅̅̅̅
Gmax

√
−

̅̅̅̅̅̅̅̅̅̅
Gmin

√
)
2

G* physical SERR or resistance to crack growth (N/mm)
hi thickness of the sub-laminate i, i=1, 2 (mm)
m fitting parameter of Paris relationship
N number of cycles
R stress ratio
U potential elastic strain energy stored in the system (J, Nmm)
v, δ̇ loading rate (mm/s)
δmax maximum deflection at each cycle (mm)
δcrit critical deflection at each crack length (mm)

Abbreviations
AOR alternating opening rate(s)
COR constant opening rate(s)
CFRP carbon fiber reinforced plastic
DCB double cantilever beam
GFRP glass fiber reinforced plastic
SERR strain energy release rate(s)
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applying loading rate is a crucial parameter governing the interlaminar fracture of materials. Consequently, we assert that the velocity
of the crack tip in a given material is not arbitrary; instead, interlaminar cracks propagate within a specific range of velocities strongly
correlated with the imposition of the loading rate. Initially, this correlation arises from a simple mathematical analysis of the rate of
change of the SERR using the chain differentiation rule. However, it is subsequently supported with strong experimental evidence.
Specimens from Carbon Fiber Reinforced Polymers (CFRP) are tested under the entire spectrum of loading conditions i.e. quasi-static,
high-speed and fatigue, utilizing a wide variety of experimental conditions i.e. loading rate (δ̇), frequency (f) and stress ratio (R)
combinations. Also, data from Glass Fiber Reinforced Polymers (GFRP) specimens tested under quasi-static and high-speed loading are
utilized from the relevant literature [26,34] to verify our proposition in another material system.

2. Materials and methods

2.1. Materials

Two types of materials specimens are utilized for the present study, i.e. CFRP and GFRP composite laminates. The CFRP laminates
were produced by hand-lay-up of 32 unidirectional carbon/epoxy prepreg layers of M30SC/DT120, a high strength and modulus
carbon fiber/toughed thermosetting epoxy, achieving a nominal cured thickness of 4.8 mm. A 12.7 mm Teflon film was inserted in the
middle plane of the composite laminates to act as an initial delamination. The laminates were cured in vacuum in an autoclave at a
pressure of 6 bars and curing temperature of 120◦ C for 90 min. The plate was cut by a diamond saw into 25 mm width beams with
250 mm length which fulfill the ASTM D5528 requirements. From the plate, specimens were cut and then tabs were bonded on them.
The GFRP composite laminates were produced by hand-lay-up of 24 unidirectional layers of E-glass fibers and a bisphenol A/

epichlorohydrin derived liquid epoxy resin with the commercial name of Razeen® LR 1100 hardened with Epikure 3234 by 100:13 wt
ratio. A 20 μm Teflon film was inserted in the middle plane of the composite laminates to act as an initial delamination. The laminates
were cured at room temperature for 2 days followed by a post-cure scheme of 1 h at 80◦C and 2 h at 110◦C. The plates were cut by a
diamond saw into 25 mm width beams with 250 mm length which fulfill the ASTM D5528 requirements. A pair of Aluminum blocks,
25 mm width by 20 mm length with 6 mm thickness, was adhesively bonded to all specimen’s ends to enable the load introduction.

2.2. Experimental procedures

As outlined in Section 1, the method of applying the loading rate is a key parameter of the present study. The experimental
campaign presented in this work encompasses quasi-static, high-speed, and fatigue tests. These tests fall into two categories based on

Fig. 1. (a) Evolution of strain energy and SERR values throughout fatigue experiments, (b) determination of the slopes measured from the beginning
of the axes. fatigue hysteresis loops extracted from experiments conducted under the two R-ratios used.
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the method used to impose the loading rate on the specimens through the testing machine. Quasi-static and high-speed tests share a
constant value of opening (or displacement) rate. Therefore, we categorize these tests as Constant Opening Rate (COR) tests, describing
the monotonic nature of this loading approach. On the other hand, fatigue tests involve a cyclic or alternating loading rate. Therefore,
we categorize fatigue loading as Alternating Opening Rate (AOR) testing. Calculating the parameters under investigation involves time
differentiation, which in the case of COR testing is a straightforward procedure, as all data extracted from the machine correspond to
the same time derivative. The cyclic nature of fatigue testing influences the evolution of parameters like strain energy and SERR in an
oscillatory manner, as depicted in Fig. 1a. Here we calculate both strain energy dissipation and the change in rate of the SERR at the
maximum values achieved within the load cycles. Both these parameters are later correlated to the velocity of the crack tip as illus-
trated in Fig. 1b. This approach facilitates a straightforward comparison with the COR counterparts, where the maximum strain energy
is consistently attained.

2.2.1. Constant opening rate (COR) testing
Constant opening rate (COR) datasets of the CFRP and GFRP material systems were obtained from previous works [26,34–36]. DCB

tests were conducted following the ASTM D5528 standard on a 15 kN servo-hydraulic machine equipped with a high precision 1 kN
Load cell. CFRP tests were performed under displacement control with the applied displacement rate varying from 0.016 mm/s for
quasi-static up to 400 mm/s for high-speed testing. GFRP tests were also performed under displacement control with the applied
displacement rate varying from 0.016 mm/s up to 200 mm/s. The applied load and displacement were duly recorded. A digital camera
and computer system was used to monitor the crack evolution by automatically recording images of the specimen edge. For the quasi-
static rates of 0.016 mm/s, a 5MP digital camera with an 80 mm lens and maximum frequency of 200 Hz recording speed was used. For
the rates up to 100 mm/s to facilitate synchronization, the load and displacement signals are sent from the control unit of the test
machine as inputs to the camera control system. For the tests performed at 100 mm/s and 400 mm/s, a camera with 120 mm lens was
used at 1000 Hz and 2000 Hz respectively and the camera control system was triggered by the control unit of the test machine.

2.2.2. Alternating opening rate (AOR) testing
Alternating opening rate (AOR) testing was conducted using constant amplitude fatigue experiments specifically for the CFRP

material. In total 18 fatigue experiments were conducted on CFRP specimens, under two stress ratios, meaning the ratio between the
minimum and maximum displacement applied (R = δmin/δmax), i.e., 0.2 and 0.8. The frequency ranged from 1-5 Hz, such that with
corresponding stress ratios, loading rates could be correlated. Prior to the fatigue test, a quasi-static test was conducted for each
specimen where the maximum value of displacement δmax that marks the crack initiation point was defined. After completion of the
first fatigue test, the specimen was dismounted, and a second static load cycle was conducted to determine the next fatigue experi-
ment’s maximum deflection, δmax. Then, the next fatigue experiment started, with a different initial crack length. Each fatigue
experiment is terminated upon reaching a plateau in the crack length versus number of cycles graph. Prior to the tests, one side of each
specimen was painted white through-the-width, to enhance the visibility of the propagating crack during the tests. The crack length is
being monitored through a digital camera pointed at the specimen’s side. Every specific number of cycles the experiment pauses, the
specimen is loaded up to the maximum deflection, the camera captures the image, and the experiment resumes.

2.3. Theoretical framework

Interlaminar crack propagation under quasi-static or high-speed loading has been studied rather separately and without any
attempt to put the experimental findings under a unified framework -if possible- with those from fatigue tests. During fracture ex-
periments conducted under the three aforementioned cases, a broad spectrum of SERR values is obtained even when employing
identical specimens. On the other hand, literature has given limited attention to the rate of change of the SERR, Ġ [37,38]. Deter-
mination of Ġ can be achieved through fitting experimental SERR values over time, followed by differentiating the derived equation, so
it is necessary to first calculate the SERR itself. In the datasets collected for the present study, measurements of force P, deflection δ,
crack length a and time t, were available. We employ the Simple Beam Theory (SBT) formulation of the SERR, as represented by

G =
nPδ
2ba

(2)

where n = 3 for the Double Cantilever Beam (DCB) case, P the applied force, δ the deflection of the specimen’s arm, b the width of the
specimen and a the measured crack length that also includes Δ, the Williams correction factor accounting for the root rotation of the
crack tip [39–43]. Minor differences were observed in the results if a higher order theory such as First Order Shear Deformation theory
is utilized.
Nevertheless, the applied force P, and the deflection δ, are related by the specimen compliance, C = δ/P. In the framework of the

SBT, the compliance as a function of the crack length is expressed as:

C =
2a3

3D1
(3)

where Di =
Ei
11bh3i
12 , the bending stiffness, hi the thickness and Ei

11 the longitudinal Young’s modulus of the sub laminate i. By introducing
Eq. (3) into Eq. (2) the SERR is simply given as:

L. Adamos et al.
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G =
12P2a2

E11b2h3
(4)

The resulting SERR, as presented in Eq. (4), can be deconstructed as follows:

dG
dt

=
∂G
∂a

da
dt

+
∂G
∂P

dP
dt

⇒ Ġ =
∂G
∂a

ȧ+
∂G
∂P

Ṗ (5)

It is essential to note that the terms derived from this chain differentiation rely on the specific formulation of the SERR. The partial
derivatives of the SERR regarding the crack length a, and applied force P, can be extracted from Eq. (4) as follows:

∂G
∂a

=
24P2a
E11b2h3

=
2G
a

(6a)

∂G
∂P

=
24Pa2

E11b2h3
=
2G
P

(6b)

Consequently, by employing Eqs. (6a) and (6b), Eq. (5) transforms into:

Ġ =
2G
a

ȧ+
2G
P

Ṗ (7)

Eq. (7) offers an alternative method for determining the rate of change of the SERR. Instead of fitting the SERR itself over time and then
differentiating, this approach involves computing the right part of Eq. (7). For determining both the crack tip velocity (ȧ) and the
change in applied force over time (Ṗ), the procedure involves fitting the a and P values over time, followed by subsequent differen-
tiation of the derived equations.
In the present study, we revisit the energy dissipation methodology proposed by Pascoe et al. [44–46]. A key aim of our research is

to extend the linear correlations established for fatigue crack growth experiments, when the dissipated energy per cycle is plotted
against the crack growth rate. We aim to examine if this correlation applies not only to fatigue experiments but also in cases where
constant opening rates are imposed. In this method, we utilize the measured forces and displacements to compute the system’s total
strain energy, U, as Eq. (8) dictates:

U =
1
2

P(δ − δ0) (8)

where P is taken as the maximum resultant force on the specimen, δ is the displacement, δ0 is the displacement for zero force. This term
excludes any initial non-linearities observed, taking into account only the linear part of the P – δ curve. Linear elastic behavior of the
specimen is assumed. By measuring U at regular intervals during the experiment, the energy dissipation dU/dN can be determined
assuming that the reduction between two consecutively measured total energy (U) values equates to the dissipated energy. An
important feature of the energy dissipation approach is that it makes it possible to separately characterize the resistance to crack
growth, and the energy available for crack growth [46]. The resistance to crack growth, G*, was defined in [31], as:

G* =
1
b

dU/dN
da/dN

=
1
b

dU/dt
da/dt

(9)

2.4. Fitting procedures

To calculate both the velocity of the crack tip and the change of applied load over time, the parameters measurements a and P, were
plotted against timemeasurements, t. A two-term power equation of the form a = ktq +r provided the best results and was thus selected
for fitting the results. The velocity of the crack tip and change of applied load over time is acquired by differentiation of the fitted a(t)
equations as ȧ = kqtq− 1. For fatigue, cycles N, were converted to time through the loading frequency f i.e., t = N/f .

3. Results

3.1. Similitude via the applied work

Alderliesten in [16], advocates for the use of the dissipated energy per cycle as a key factor in drawing conclusive insights for
applying similitude in the context of fatigue crack growth. Employing this approach, visualized through Eq. (9), interesting linear
correlations are unveiled. These correlations emerge when the rate of change of the dissipated energy, dU/dt, is plotted against the
velocity of the crack tip, da/dt, with a focus on fatigue experiments (Fig. 2a). G*=dU/dA, emerges as the slope of this linear correlation,
passing through the origins of the axes, representing an average SERR value of the material tested. At this point it is noted here that
dU/dA or 1b

dU/dt
da/dt corresponds to a mean SERR value and is not related to either Δ

̅̅̅̅
G

√
, or ΔG for fatigue as discussed in [31]. The

maximum SERR value achieved inside a fatigue loading cycle, Gmax, commonly employed to communicate fatigue experiment

L. Adamos et al.
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outcomes, has been observed to exhibit a linear correlation with G* in previous studies [29,31,32]. It is important to note, however,
that this correlation does not imply the equivalence or coincidence of G* and Gmax. Fig. 2a illustrates the revealed linear correlation
between the rate of change of the energy dissipated versus the crack tip velocity for the fatigue experiments using the CFRP material
system. Although the results show evidence of a strong linear correlation, previous studies [27,30] reported that the slope’s value is not
consistent throughout the entire test and may undergo slight changes. Increase of the bridging zone length moves curves to the right
part of the graph as also reported in [30]. Due to the release of strain energy as the crack length increases, the derivative of the strain
energy with respect to time is negative. However, the values are presented here in absolute terms. Τo further investigate the linear
correlation observed in fatigue results, the COR tests are represented in the same way in Fig. 2b. Evidently, a linear correlation also
holds for COR tests. However, it is noteworthy that a different line is obtained compared to that observed in fatigue experiments, along
with a notably higher R2 value. It has to be stressed that the experimental data are fitted in lines of the type y = ax with the slope
having a dimension of 1/G* (see Eq. (9)). Observing Fig. 2a and b we deduce that, depending on the load application method and
bridging zone, upper and lower limits exist for the velocity of the crack tip. These velocities are delineated by two lines, forming a
specific range of values within which the material can exhibit its average SERR or G* values. Apparently, deriving a single average
SERR value to describe the material’s delamination under an arbitrary mode-I loading is not appropriate. To illustrate this more
clearly, we plot both COR and AOR test results of the CFRP material system in Fig. 2c where a range of slopes representing average
SERR values is extracted depending on the load application method and bridging zone. Examining Fig. 2c, it can be deduced that the
two lines delineating the measured range could represent upper and lower average resistance limits of the material tested. For both
COR and AOR tests the velocity of the crack tip changes from higher values (low bridging zones) to lower ones (high bridging zones)
inversely proportional to the average SERR G*. It seems that under displacement control fatigue experiments conducted at greater
initial crack lengths and thus bridging zones, dU values decrease at a slower rate than dA values, signifying a greater resistance to crack

Fig. 2. Logarithmic scale. Comparison between the total dissipated energy per second with the velocity of the crack tip. (a) Results of the CFRP
fatigue experimental campaign representing AOR tests (ab: bridging zone length). (b) Results of the CFRP COR tests. (c) Comparison between CFRP
AOR and COR tests results. (d) Results of the GFRP COR tests.
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evolution. As a result, G*, serving as a measure of average resistance to crack propagation regardless of load application, increases. A
comparable pattern among data points was also reported in [27], where the analysis incorporates data from fatigue and quasi-static
loading. In that study, quasi-static data points align with a lower slope compared to fatigue data indicating G*Q.S. ≥ G*AOR. The effect of
the stress ratio was examined however, the extent to which multiple bridging zones affect the aforementioned relation was not
investigated. In our case, when all the results are plotted separately, a discernible distinction in slopes also emerges, however generally
indicating G*COR ≤ G*AOR and thus G*Q.S. ≤ G*AOR. The reasoning behind this inverse result is that all fatigue experiments that are con-
ducted for the present work feature a minimum bridging zone of at least 10 mm, determined from prior quasi-static tests. This means
that fatigue experiments commence at a minimum crack length of 60 mm (including a 10 mm bridging zone), while COR tests are
introduced for testing at an initial crack length of 50 mm (without a bridging zone initially). Nevertheless, even when we restrict the
comparison to only quasi-static and fatigue data in our case, there are datapoints (highlighted in pale blue in Figs. 2c and 3) that
replicate the observed in [27] behavior. To sum up we deduce that the quasi-static G* values can vary, being either greater or smaller
than the fatigue G* values, depending on the length of the bridging zone used in the fatigue experiment. In the present work, the
conversion of loading cycles to time allows for a straightforward comparison between various experiment types without making any
assumptions on the increments of damage evolution of COR tests. In [27], the authors developed a methodology to process quasi-static
data in terms of loading cycles, facilitating comparison between fatigue and quasi-static loading. In this context, we augment the
existing findings by incorporating data from high-speed loading, employing similar analysis. The results demonstrate that upper and
lower average resistance limits exist for the material tested, established when both COR and AOR tests are included in the same graph.
In the case of COR tests, increase of the loading rate leads to minor deviations of the slope’s value. This suggests that, up to that specific
rate, the average resistance of the material is almost irrespective of the loading rate employed in the experiment. It should be marked
that due to the way the axes are shown, the upper limit corresponds to lower G* values.
Fig. 2d illustrates the relationship between the crack tip velocity and the total dissipated energy per second for the GFRP material

Fig. 2. (continued).

L. Adamos et al.
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system. However, in this case, data from the literature [35] were exclusively available for COR tests, and as such, the comparison will
be limited to the corresponding COR tests of the CFRP material system. The presence of a linear correlation is verified for the GFRP
material system as well. The slope value at which the data points converge is lower than that observed in the CFRP material system,
indicating that interlaminar crack propagation may occur at a faster rate in the CFRP specimens compared to the GFRP specimens.

3.2. A new approach to apply similitude

3.2.1. Paris-like description
The preceding section focused on revisiting the methodology initially introduced in [31], but trying to put both COR and AOR tests

results under the same framework, in an attempt to characterize the mode-I crack growth independently of the loading rate/type. Τhe
correlation presented above was established between the velocity of the crack tip and the energy dissipation per second whereas the
relevant literature tries persistently to connect the velocity of the crack tip with the SERR usually through variations of the Paris law. In
this section, we will employ a similar analysis utilizing the SERR instead of the strain energy, towards a unifying description of mode-I
interlaminar fracture in layered materials. First, we emphasize the known limitation to describe all the available experimental data
utilizing a conventional Paris-like description which relates a form of SERR, e.g. Gmax, with the crack growth rate, da/dN. The Paris
relation as described in Eq. (1) is applied utilizing da/dt instead of da/dN to accommodate under the same description the COR tests as
well, to investigate if all mode-I interlaminar fracture tests can be described in a unique -material dependent- manner.
Fig. 3 presents all the available experimental data (from two material systems) in terms of crack tip velocity versus Gmax in the Paris

law framework. Utilization of the maximum SERR, Gmax, in the case of AOR tests, allows for a straightforward comparison with the
COR counterparts. Evidently, the data are uncorrelated and there is no uniform description. If either ΔG or Δ

̅̅̅̅
G

√
are utilized in the

Paris law insignificant changes arise. A large scatter of the data from fatigue tests is observed since the stress-ratio, fiber bridging and/
or frequency effects expose the inability of Paris relation to provide a unifying description of the experimental data. The crack tip
velocity increases proportionally with the rising loading rate, a relationship that aligns with what is intuitively expected. However, for
COR tests, it remains nearly constant under a given loading rate. Towards the end of each COR experiment, a small decrease in the
velocity of the crack tip is observed when the bridging zone is extended. In the case of AOR tests, deducing a singular initiation or
threshold SERR value for the specific material through the Paris’ framework proves challenging, as stress-ratio and fiber bridging
significantly influence these values. Furthermore, for the COR test campaign, it is evident that the SERR generally decreases with a
rising loading rate, visualized through an increasing velocity of the crack tip. This observation aligns with the findings of previous
studies [26,34].

3.2.2. Rate of change of the SERR as a similitude parameter
Inspired by Eq. (7) we utilize the rate of change of the SERR as a candidate similitude parameter. Fig. 4a illustrates the correlation

between the velocity of the crack tip and the rate of change of the SERR, for the AOR test campaign of CFRP specimens. Notably, a
strong linear correlation is evident in this case, displaying a higher R2 value compared to the value obtained in Fig. 2a, where the
velocity of the crack tip is plotted against the rate of change of the dissipated energy. The effect of the bridging zone, observed in

Fig. 3. Results of the experimental campaign when data from all experiments act as inputs in Paris’ equation (Eq. (1)). In the case of fatigue testing
Gmax is utilized as the appropriate parameter for comparison.

L. Adamos et al.
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Fig. 2a, appears to have no influence within the current description. Remarkably, the main factors affecting the Paris-like description of
interlaminar fracture as demonstrated in Fig. 3 -such as stress ratio, frequency, and the bridging zone- do not show a significant in-
fluence with the new description. The authors acknowledge that experimental conditions can indeed impact fatigue delamination tests.
However, utilizing equations misaligned with physics principles does not allow a unifying interpretation of test data. Specifically, the
authors believe that frequency and stress ratio have a significant impact on fatigue delamination tests. The stress ratio dictates the
amplitude of the oscillation, while the stress ratio, along with the frequency, determines the velocity of the oscillation and, conse-
quently, the loading rate. The influence of these parameters on the loading rate gives rise to discrepancies in terms of both the SERR, as
loading rate affects its values, and velocity of the crack tip, especially during the initial loading cycles. In Fig. 4b, the results of COR
tests for the CFRP material system are presented. A strong linear correlation exists as well, with a similar R2 value to the corresponding
one in Fig. 2b. We have to stress the fact that all data shown in Fig. 4 are fitted to a y = ax type of line since, intuitively for Ġ = 0 the
crack tip velocity has to be zero. The data points align along a different line of higher slope compared to that of the AOR tests. We
support that these two slope values delineate the velocity boundaries which an interlaminar crack is allowed to achieve under any
mode-I loading in the specific material, as illustrated in Fig. 4c. Moreover, it is apparent that, when testing under CORs, the extracted
slope value is higher than that obtained from AORs. The collapsing of the data points into two separate slopes is due to the fitting
procedures, which smooth out fluctuations observed in the raw data. If someone measured the differentials as finite differences (e.g.
Δa/Δt) the entire range would be covered with datapoints instead of the boundaries of the range. The nearly perfect alignment of the
COR tests datapoints, while using a power equation for the fitting procedure, is rational, due to the nature of constant/monotonic load
application. However, concerning AOR tests, it is the authors’ perspective that, in reality, the positioning of data points, particularly

Fig. 4. Logarithmic scale. Comparison between the change rate of the SERR with the velocity of the crack tip. (a) Results of the CFRP fatigue
experimental campaign representing AOR tests (ab: bridging zone length). (b) Results of the CFRP COR tests. (c) Comparison between CFRP AOR
and COR tests results. (d) Results of all the available data including both CFRP and GFRP material systems.
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those corresponding to the initial cycles of loading, is highly dependent on how the loading rate is applied. As mentioned in previous
sections, the AOR tests are conducted through displacement control fatigue experiments and thus load application is determined by the
maximum displacement value, δmax, imposed. However, for each crack increase, there exists a corresponding δcrit value, signifying the
initiation of the crack. Consequently, we categorize fatigue loading into two distinct scenarios within the framework of Fig. 4c:

i. δmax ≥ δcrit: If the value of δmax applied is equal to or greater than the δcrit value corresponding to a given crack length, then the
initial cycle of AOR loading will mimic the COR fracture behavior. Consequently, the first cycle data points will align with the slope
of the COR tests. Depending on the extent of the difference between the value of δmax and δcrit, we obtain data points with higher
velocities and change rates of SERR, while still following the same COR-determined slope. Potential acceleration effects might
affect initial values. Data points extracted from the analysis of later cycles of loading will gradually converge toward the slope
extracted from AOR tests.

ii. δmax < δcrit: If the value of δmax applied is lower than the δcrit value corresponding to a given crack length, the initial cycle data points
will fall within the range created by the slopes of COR and AOR tests. Data points extracted from the analysis of later cycles of
loading will, once again, gradually converge toward the slope extracted from AOR tests.

From the above statements, we conclude that the upper boundary as marked from the COR tests can serve as an initiation slope from
which value and above the specimen always initiates and propagates cracks and the lower boundary extracted from AOR tests that
could serve as a threshold slope from which value and below the specimen never initiates and propagates cracks. Thus, during
interlaminar fracture, the velocity of a crack tip is constrained depending on the material/interface through which it propagates. This
is mathematically described as:

C*AORĠ ≤ ȧ ≤ C*CORĠ (10a)

Fig. 4. (continued).

L. Adamos et al.



Engineering Fracture Mechanics 309 (2024) 110400

11

c*CORȧ ≤ Ġ ≤ c*AORȧ (10b)

Where C*COR and C*AOR are the values of the corresponding slopes and c* = 1/C*. The slopes extracted in Fig. 2 represent average SERR
values as the units of measurement dictate. When examining Fig. 4, a pertinent question emerges: What do these slopes signify?
According to Eqs. (10a) and (10b) the constants c*COR and c*AOR have units of J

m3 or
N

mm2 i.e.МPa similar to the ∂G
∂a term presented in Eq. (5),

and thus, they could be physically understood as stresses representing initiation and threshold values, potentially suggesting a more
representative fracture toughness property rather than G or K or an additional property of fracture that remained unexplored. The
proposed new interpretation of mode-I interlaminar fracture in layered materials suggests a consistent combination of both average
SERR and stress values, unaffected by the loading rate, stress ratio, and bridging zone effects. It seems that the only parameter affecting
the constants of Eqs. (10a) and (10b) is the way the mode-I loading is applied. In Fig. 4c, AOR datapoints collapse on a lower slope,
representing higher stress values than the COR datapoints (c*AOR > c*COR). However, as mentioned above, equality of these terms is
possible. Fig. 4d mirrors Fig. 4c but also incorporates data points from the COR tests of GFRP specimens. Clearly, GFRP COR tests data
points align at a slope of lower value compared to the collapse of CFRP COR tests data points meaning that the GFRP material system
demonstrates increased fracture toughness when compared to the CFRP material system. This is clearly observable through the cor-
responding average SERR, G*, or SERR, G, values presented in Figs. 2 and 3 respectively.

4. Discussion

While interlaminar fatigue fracture has for over three decades been studied with the empirical approach of Paris law-like models, a
fresh unified perspective verified on vast experimental evidence from twomaterial systems suggests that the velocity of the crack tip, ȧ,
is linearly correlated, through a material specific range of slopes to both the energy dissipation per second, i.e., the U̇, and the rate of
change of the SERR, i.e., the Ġ, unaffected by parameters such as loading rate or type, stress ratio, bridging zone and frequency. These
linear correlations are characterized by slopes that signify average SERR and novel average stress values respectively. Within the
framework of this new interpretation of mode-I interlaminar crack propagation, it seems that the only parameter influencing the
fracture behavior of the specimens tested is the method of load application, adjusting the response of the specimen in terms of crack
velocity, within a material/interface dependent specific range.
The robust linear correlation observed for COR tests holds significant implications. If this correlation remains consistent and is

verified by other researchers as well, it could allow us to extrapolate crack tip velocities in experiments with different loading rates
using data from a single loading rate test. This has the potential to reduce the number of overall experiments required to characterize
the mode-I delamination of a layered material reducing associated costs. This physically consistent new equation successfully describes
data from several fracture tests under quasi-static, dynamic, low or high loading rates, since the fracture behavior of a material seems
to be governed by a material specific range of slopes. Integrating laboratory data under a variety of test conditions into the simple and
unifying formulation presented above reveals a strong correlation and enables a new understanding of the mode-I interlaminar fracture
without the problems induced by the state-of-the-art empirical models.
Another crucial aspect of the present findings is the novelty of the stress term ‘c*’ in Eq.(10b) extracted from the above analysis. The

authors believe that this discovery charts a course beyond existing literature and underscores the importance of continually reeval-
uating established frameworks. Unlike previous works that focus on fatigue initiation and threshold values of the SERR, and initiation
and propagation values of the SERR for COR tests, this finding provides initiation and threshold values that are not contingent on
experimental conditions but are instead specific to the material, expressed in terms of both SERR and stress. This unified perspective
gives a new interpretation of experimental evidence opening new avenues in the understanding of interlaminar fracture related
phenomena not only in layered composite materials but potentially in other material classes as well.

5. Conclusions

In this study, we have presented a comprehensive analysis of the fracture phenomenon, supported by vast experimental evidence
extracted from various fatigue, quasi-static, and high-speed mode-I fracture tests. The conversion of loading cycles, N, into time, s,
facilitated a direct comparison of mode-I crack extensions under the whole spectrum of loading conditions. A physically meaningful
SERR can be consistently derived from a plot of crack velocity versus rate of change of dissipated energy, confirming and expanding
upon previous literature findings. The average SERR, G*, calculated through energy balance principles, serves to characterize both
AOR and COR crack extensions. The velocity of the crack tip for both COR and AOR tests gradually shifts from high (low bridging zone)
to low (high bridging zone), inversely proportional to the average SERR or material resistance. The exploration of potential linear
correlations governing the tested materials involved utilizing the chain differentiation of the SERR. This approach suggested a new
linear correlation between the rate of change of the SERR and the velocity of the crack tip. The introduction of novel stress terms has
allowed us to unravel previously unexplored facets of the fracture process, suggesting a potentially more appropriate description of a
material’s fracture toughness or an additional property of fracture. The lower limit, established once again by AOR testing under
fatigue loading, concerns the lowest crack velocity values, while the upper limit for the velocity, determined by COR testing
encompassing quasi-static and high-speed loading, held true regardless of the loading rate imposed. It becomes evident that the load
application governs the fracture response of the tested specimens, providing insights into the materials themselves, as distinct slopes
emerged for the twomaterials under examination. Consequently, these robust linear correlations suggest that the maximum/minimum

L. Adamos et al.



Engineering Fracture Mechanics 309 (2024) 110400

12

velocity of a developing crack within a material is contingent on the material’s intrinsic properties. These correlations identify
initiation, propagation and threshold values that are independent of experimental conditions and specific to the material, expressed in
terms of both SERR and stress. Within the tested rates, a material’s fracture toughness does not appear to be significantly influenced by
the loading rate imposed, stress ratio or frequency chosen and existing bridging zone but is strongly linked to the method of load
application, shaping the fracture behavior of the material in between AOR and COR testing.
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Appendix A. . Supplementary Figure

In response to the reviewer’s request, Fig. A1 illustrates the complete loading history obtained from experiments conducted under
the two different stress ratios used in this study. To avoid overwhelming the reader, we’ve included one representative hysteresis loop
for each case, rather than presenting the full load histories for all 18 fatigue experiments. Fatigue data will be provided upon request.

Fig. A1. Fatigue hysteresis loops extracted from experiments conducted under the two stress ratios used.
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