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A B S T R A C T   

Self-healing and healable Fibre Reinforced Polymer composites (FRPs) have tremendous potential in reducing the 
weight and increasing the lifetime of aerospace structures. While several strategies have been developed to add 
healing functionality to composites, there is no generally accepted method for the evaluation of their healing 
efficiency. Most testing approaches are based on interlaminar fracture toughness evaluation which revolves 
around three widely recognised methods: double-cantilever beam (DCB), three-point end-notch flexure (3-ENF), 
and four-point end notch flexure (4-ENF) testing. Alternative tests also employed in literature are low-impact 
velocity, micro-cutting, and short-beam shear (SBS) testing. This paper introduces the advantages and disad
vantages of each test method when applied to healing FRPs while highlighting and explaining the large in
consistencies found among investigations. Ultimately, this review provides the necessary tools in choosing the 
most adequate test method for the characterization of a novel mendable FRP.   

1. Introduction 

The application of fibre-reinforced polymer (FRPs) composites is 
now commonplace in almost every field of engineering, ranging from 
aerospace and naval structures to the civil and automotive industry. As a 
result, considerable progress is being made on the technological ad
vancements in the manufacturing and material properties of composites 
may benefit a countless number of applications, and thus considerable 
achievements are being made [1–3]. For instance, investigations are 
being conducted to develop manufacturing techniques for the rein
forcement and matrix phases of composites, along with their respective 
combinations, in order to improve mechanical properties. Novel 
research is also being conducted to implement a number of functional
ities to FRPs, such as the development of composites with shape memory 
[4,5], energy storage [6], morphing and multi-stability [7–9], piezo
electric [10,11], reprocessing [12], or sensing capability [13–16] and 
damage healing [17,18]. The latter comprises FRPs with a standard 
reinforcement phase, i.e., carbon or glass fibres, combined with a self- 
healing or healable polymeric matrix phase. This mending capability 
would potentially increase the lifetime of the composite, while main
taining the excellent properties of fibre composites, namely the low 
density and tensile strength along the fibres’ direction. The growing 

scientific interest in this family of multifunctional materials is demon
strated in Fig. 1, where the evolution of the volume of literature studies 
focused on FRPs and healing composites is compared. Here, the incre
ment in the yearly publications of the two sets since 2010 to today shows 
that healable composites have drawn considerably more resources and 
focus. 

All of the healing polymers used in the studies presented in Fig. 1 
may be classified depending on the chemical or physical route used to 
repair the micro-cracks present in the material. Mimicking biological 
systems is one approach to repairing defects and is achieved through one 
of two referenced methods: extrinsic or intrinsic healing [19–21]. The 
former involves the integration of microcapsules carrying the healing 
agent in the matrix phase [22]. When cracked, these capsules release the 
chemical into the damage site, activating the reaction to reform the 
broken covalent bonds. Alternatively, microchannels connected to a 
reservoir of the healing agent can be inserted in the matrix phase and 
repair damage with a similar working principle [23,24]. Other re
searchers, such as Azcune and Odriozola [25] and Grande et al. [26] 
have implemented polymers with reversible dynamic covalent bonds 
that restore the original material’s integrity by activating this reversible 
capability. This is known as intrinsic self-healing since the healing agent 
is not embedded in the material as a secondary phase, but as part of the 
molecular network through reversible bonds. A unique family of 

* Corresponding author. 
E-mail address: antoniomattia.grande@polimi.it (A.M. Grande).  

Contents lists available at ScienceDirect 

Composites Part A 

journal homepage: www.elsevier.com/locate/compositesa 

https://doi.org/10.1016/j.compositesa.2023.107450 
Received 20 September 2022; Received in revised form 11 January 2023; Accepted 13 January 2023   

mailto:antoniomattia.grande@polimi.it
www.sciencedirect.com/science/journal/1359835X
https://www.elsevier.com/locate/compositesa
https://doi.org/10.1016/j.compositesa.2023.107450
https://doi.org/10.1016/j.compositesa.2023.107450
https://doi.org/10.1016/j.compositesa.2023.107450
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2023.107450&domain=pdf


Composites Part A 167 (2023) 107450

2

intrinsically healed matrices are thermoplastic polymers, which tend to 
be embedded in the interlaminar region [27,28], and heal matrix 
damage through thermo-reversible secondary bonds, such as hydrogen- 
bonds [29]. 

Composites with healable matrices may become an optimal alter
native to traditional FRP matrices due to their potential to lower safety 
factors, since small damages and cracks that are predicted to degrade the 
material properties can be repaired. In fields of engineering where 
weight is crucial, such as the aerospace industry, lower safety factors 
lead to considerable cost savings [30–32] and depending on the confi
dence and the reproducibility of the repair mechanism mendable ma
terials may be in service for several more loading cycles than similar 
composites due to the slower or theoretically inexistent degradation. 

Given the increasing interest in these promising capabilities of multi- 
function materials, a common and internationally recognized testing 
method is required to adequately compare the healing performance of 
this novel FRP family. Despite a recent study [33] demonstrating a 
considerable degree of healing at the fibre–matrix interface, the healing 

functionality is generally related to the matrix phase. Thus, the tests 
employed to evaluate the healing efficiency of novel FRPs must measure 
the strength of the matrix phase before and after being subjected to both 
damage and its unique healing process. In addition, the deterioration 
created during the test must be controlled and monitored in order to 
replicate the failure mode that these multifunctional materials attempt 
to tackle, commonly delamination and microcracking. More substantial 
damage would indeed be impossible to mend with the majority of 
extrinsic and intrinsic healing systems And if large deformations occur in 
specimens showing fibre bridging, the fibres’ new position and 
misalignment after reparation may hinder healing functionality entirely. 

Bearing these aspects in mind, the most appropriate mechanical 
property to compare virgin and healed FRP specimens is delamination, 
which involves the controlled cracking of the matrix phase. The quan
titative measure for delamination is interlaminar fracture toughness, 
also known as the energy necessary to propagate an interlaminar crack 
in a composite. Several mechanical tests, including double cantilever 
beam (DCB) and end notch flexure (ENF), can measure fracture tough
ness. However, the differences in the apparatus and specimens 
employed in these tests do not allow for the comparison of results be
tween testing methods. As a result, the principal difficulty encountered 
while comparing recent studies and comprehensive review papers 
[34,35] on the mechanical characterization of healable and self-healing 
FRPs was the lack of a standard method to determine the ability to 
restore delamination resistance of these systems. Therefore, the fore
most objective of this review is to provide the reader with an under
standing of the benefits and drawbacks of the test methods used in the 
investigations. A secondary objective is to establish the foundations to 
create a common set of testing procedures for self-healing and healable 
FRPs that will enable to confidently compare their mending abilities and 
evaluate the performances of the healing matrix phase. 

Considering these intents, the structure of the paper is as follows. 
Section 1.1 considers fracture toughness tests in their application to 
studies concerning healing materials. Section 2 includes detailed de
scriptions of the methods and procedures of the mechanical tests and 
incorporates evaluations on the appropriateness of the tests to the cur
rent studies on healing composites. Three widely used tests that measure 
interlaminar fracture toughness have been discussed: DCB, 3-point end 
notch flexure (3-ENF), and 4-point end notch flexure (4-ENF). Testing 
methods such as short-beam shear (SBS), low-velocity impact testing 
and micro-cutting testing, which have also been incorporated in some 
studies to characterize self-healing and healable composites, are also 
summarized. Finally, sections 3 and 4 compare these testing methods in 
discussions strictly related to healable FRPs. 

1.1. Interlaminar fracture toughness tests with healable FRPs 

Several research studies on healable composites, reported in Table 1, 
adopted fracture toughness tests to evaluate healing performance, but 
their conclusions on the degree of repair of each healing approach may 
not be properly compared before a thorough analysis of the main 
characteristics that distinguish fracture toughness tests from other more 
common mechanical tests is performed. In general, delamination tests 
observe cracks’ development along the interlaminar layer during the 
loading of the specimens. Interlaminar cracks are achieved by either 
introducing opposing stresses in adjacent layers – ENF tests rely on the 
contemporary compression of the top layers and tension of the bottom 
layers – or tearing apart of the layers – DCB tests involve the vertical 
deformation of the top and bottom halves in opposite directions. The 
difficulty in controlling the location and manner of interlaminar fracture 
onset requires the implementation of inserts to act as crack initiators. 

The materials, healing method, and test method of each investigation 
listed in Table 1, along with the detailed evaluation of the aspects of the 
specific tests, provide essential tools for an adequate comparison be
tween healing efficiencies. The comparison of these aspects that follows 
in the next sections demonstrates how a unique testing procedure is 

Nomenclature 

3-ENF 3-point end notch flexure 
4-ENF 4-point end notch flexure 
5%/Max 5% offset/maximum load 
DCB double cantilever beam 
DDS diamino-diphenyl sulfone 
DMP-30 2,4,6-Tris (dimethylaminomethyl) phenol 
DGEBA Bisphenol A diglycidyl ether 
EMAA poly(ethylene-co- methacrylic acid) 
EPA Ethyl phenylacetate 
FRP fibre-reinforced polymer composite 
G, GI, GII, GIII, GC energy release rate (for mode I, II, and III) and 

the critical energy release rate 
MWCNTs Multi-Wall Carbon Nanotubes 
NL non-linear 
PCL polycaprolactone 
PET polyethylene terephthalate 
PETMP pentaerythritol tetrakis(3-mercaptopropionate) 
PIPS polymerisation-induced phase separation 
PLA polylactic acid 
SBS short-beam shear 
VIS visual observation  

Fig. 1. Number of published articles on a three-year average that focused on 
FRPs and healable composite materials, presented in blue and orange respec
tively (data gathered from Scopus search). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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necessary to adequately pick the most efficient healing system. Indeed, 
the large number of possible combinations of materials, testing methods 
and data reduction approaches lead to substantial differences between 
the healing efficiencies considered, which will be further explored in 
Sections 3 and 4 of this review. 

A series of general remarks can be drawn from the data in Table 1. 
First, it may be noted that Kessler and White [36], who produced the 
earliest investigation on this topic, implemented an extrinsic healing 
system with a microencapsulated repair agent in a glass fibre composite, 
and thus several more studies with a similar repair mechanism were 
conducted in the following decades. Extensive characterization was also 
performed on poly(ethylene-co-methacrylic acid) (EMAA) adhesive 
strips placed between the central layers of the laminate. These ther
moplastic strips could be thermally repaired and were shown to provide 
very high healing efficiencies – up to 411% [37]. Extrinsic healing 
through a microvascular network also resulted in reported efficiencies 
greater than 100%. Other studies attempted to implement both healing 
and improved mechanical properties, such as Bekas et al. [38] by suc
cessfully injecting a self-healing agent with Multi-Wall Carbon Nano
tubes (MWCNTs). 

The notable high efficiencies reported in many investigations would 
mean that the material performed better after being damaged and 
consequently repaired, which is surprising since one would opt to begin 
the lifespan of a component with its strongest configuration, rather than 
await its degradation and healing to benefit from the enhanced damage 
resistance. A reasonable explanation is that through the healing process, 

the thermoplastic polymers, which have been observed to exhibit these 
high healing efficiencies, flowed through the cracked matrix and bonded 
the cracked interface. Thus, a distinction must be made when consid
ering the 1st healing efficiency of these types of healable FRPs and that 
of healable composites that do not undergo such radical modifications in 
their microscopic composition during the mending cycles. Nonetheless, 
this distinction should not undermine thermoplastic mendable systems 
in the ranking of their performance. For instance, the study from Snyder 
et al. [29] presented a novel material architecture involving in-situ 
heating and 3D printing of thermoplastic polymer networks, that 
allowed for continuously repeatable healing, up to 100 cycles. Such 
material characteristics should certainly be taken into count by the 
metric that would classify the healing ability of mendable FRPs. 

Another element to notice in Table 1, is that the most common 
testing method was DCB loading, even though 3-ENF tests were also 
reasonably popular. A series of studies offered comparisons between 
self-healing systems tested under both methods and permitted to eval
uate the advantages and disadvantages of each approach directly. These 
comparisons showed that deductions on the results obtained from the 
two tests were often inconsistent with each other. For instance, Kos
topolous et al. [39] found a larger efficiency with DCB testing compared 
to 3-ENF, while in an ensuing study Kotrotsos and Kostopoulos [40] 
showed that 3-ENF testing exhibited efficiencies almost 16 times larger 
than those calculated from mode I testing. These inconsistencies were 
attributed to the kind of particles dispersed in the matrix phase. 

Finally, it can be noticed that most of the healing methods employed 

Table 1 
Fracture toughness tests with self-healing materials.  

Reinforcement Healing material Healing method Healing 
approach 

Test 
method 

Heling 
efficiency 

Reference 

Glass fibre DCPD monomer with Grubb’s catalyst microcapsules Extrinsic DCB 20% [36] 
Carbon fibre DCPD monomer with Grubb’s catalyst microcapsules Extrinsic DCB 73% [41] 
Glass fibre DGEBA with CuBr2(2-MeIm)4 catalyst microcapsules Extrinsic DCB 79% [42] 
Glass fibre EMAA copolymer healing adhesive Intrinsic DCB 88% [43] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB/3ENF 411%/100% [37] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB 310% [44] 
Glass fibre EPA and DGEBA with Sc(OTf)3 catalyst microvascular Extrinsic DCB 352% [45] 
Glass fibre EPA and DGEBA with Sc(OTf)3 catalyst microcapsules Extrinsic DCB/3ENF 0%/10% [46] 
Carbon fibre Monomer 400/401 healing adhesive Intrinsic DCB 0% [47] 
Glass fibre NM 275A with NM275B hardener microvascular Extrinsic 3ENF 40% [48] 
Carbon fibre C1.5DA1T and C2DA1H resins dynamic bonds Intrinsic SBS 85% [49] 
Carbon fibre SPSH01 healing adhesive Intrinsic 3ENF >100% [50] 
Carbon fibre SPSH01 healing adhesive Intrinsic DCB 59% [51] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB 60% [52] 
Carbon fibre PETMP and DMP30 in DGEBA microcapsules Extrinsic DCB 80% [53] 
Carbon fibre BMI based polymer dynamic bonds Intrinsic DCB 30% [54] 
Carbon fibre Sc(OTf)3 microcapsules Extrinsic DCB 44% [55] 
Carbon fibre MWCNT’s in DGEBA and EPA matrix microvascular Extrinsic DCB 192% [38] 
Carbon fibre PETMP and DMP30 healing agents in DGEBA resin microcapsules Extrinsic 3ENF 57% [56] 
Glass fibre PCL healing agent in DGEBA and DDS hardener dynamic bonds Intrinsic DCB 60% [57] 
Carbon fibre poly(lactic acid) film healing adhesive Intrinsic DCB/4ENF N/A [58] 
Carbon fibre DGEBF and TDI with ISOX dynamic bonds Intrinsic SBS 85% [59] 
Carbon fibre L/EPH 161 resin with copolymer nylon Griltex D 1330A as 

MWCNT 
dynamic bonds Intrinsic DCB/3ENF 96%/86% [39] 

Carbon fibre PCL healing agent with SMA dispersion dynamic bonds Intrinsic DCB 73% [60] 
Glass fibre CNT and EMAA healing adhesive Intrinsic DCB 129% [61] 
Carbon fibre PCL healing agent in DGEBA and aliphatic amine hardener dynamic bonds Intrinsic DCB 146% [62] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB 76% [63] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB 185% [27] 
Carbon fibre EMAA copolymer healing adhesive Intrinsic DCB 143% [64] 
Carbon fibre L/EPH 161 resin with copolymer PET as MWCNT dynamic bonds Intrinsic DCB/3ENF 9%/140% [40] 
Carbon fibre L/EPH 161 with DGEBA with Sc(OTf)3 as healing agent microcapsules Extrinsic 3ENF 84% [65] 
Carbon fibre Loctite 480 healing agent microvascular Extrinsic DCB/4ENF 240% [66] 
Carbon fibre PCL healing agent in DGEBA and aliphatic amine hardener dynamic bonds Intrinsic 3ENF 96% [67] 
Glass fibre poly(borosiloxane) layers healing adhesive Intrinsic DCB 100% [68] 
Glass fibre SIROPOL 8330 polyester resin syringe delivered 

agent 
Extrinsic DCB 101% [69] 

Carbon fibre CF-PA6 thermoplastic sheets healing adhesive Intrinsic DCB 91% [70] 
Glass fibre DGEBA with vitrimer resin 4-AFD dynamic bonds Intrinsic 4ENF 95% [71] 
Carbon & glass 

fibre 
EMAA copolymer healing adhesive Intrinsic DCB 82% [29]  
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are intrinsic, because of the challenging integration of extrinsic systems 
in the matrix phase and their complex manufacturing procedures. For 
example, microcapsule-based systems require the preparation of several 
components: the microencapsulated healing agent, the microcapsules’ 
shell, the microcapsules-filled solution, and the matrix phase. These are 
drawbacks that affect cost, time, and applicability of such composites to 
industry. 

2. Test methods 

As previously stated, fracture tests aim to determine the energy 
release rate (G) during delamination. The loading method with which 
this quantity is measured influences its value and is specified using a 
subscript following the property’s symbol. DCB evaluates mode I failure, 
which involves the tearing of the layers of the composite apart, and thus 
measures GI. ENF tests evaluate mode II failure (GII) and involve the 
sliding of one layer on the other by flexure [72]. Meanwhile, mode III 
failure (GIII) consists in the lateral sliding of the composite’s layers and is 
rarely explored due to the very high complexity of the testing apparatus 
and procedure. The following sections enumerate the several differences 
between the mechanical tests included in Table 1 and provide crucial 
insights into choosing the appropriate method to characterise healable 
composites. Certain aspects of the test, such as the stress fields and ge
ometry of the specimens, are briefly summarized in this section and 
compared in greater detail in Section 3 with the focus shifted to their 
application to mendable FRPs. 

2.1. Double cantilever beam 

DCB testing is the most commonly used approach to measure resis
tance to delamination. Similarly to other fracture toughness tests it re
quires FRP specimens to incorporate layers stacked on the horizontal 
plane and separated by an insert, generally made out of a thin sheet of 
non-adhesive materials, that acts as a crack initiator as described in 
ASTM standard D5528. Rectangular specimens are also attached to 
hinges or blocks to transfer the load in a constant vertical direction 
(Fig. 2) to tear the two halves apart. 

Results from DCB tests can be processed relatively quickly and with 
ease thanks to the readily identifiable stress fields and deformations that 
occur. The vertical loads determine uniform stress at the crack tip, which 
leads to the steady propagation of the crack, thus allowing for the cre
ation of an R-curve to represent the relationship between fracture 
toughness and crack length [73,74]. In addition, the test permits the 
identification of multiple critical fracture toughness values (GIC): the 
non-linear (NL) point, the visual observation (VIS) point, and the 5% 
offset/maximum load (5%/Max), which allow for additional statistical 
analysis and data comparison, as performed by Jony et al. [75]. For an 
analytical evaluation of DCB testing, the mode I fracture toughness 
derivation in polar coordinates by Irwin [76] provides the following 

integral expression: 

GI = lim
Δa→0

1
2Δa

∫ Δa

0
σy(Δa − r)v(r, π)dr (1)  

where the infinitesimally small crack propagation is denoted by Δa, r 
and π indicate the polar coordinates, σy is the normal stress at the origin, 
and υ is the displacement of the two central layers. 

As a result of the aforementioned advantages, a variety of healable 
composite investigations make use of this testing method. For example, 
in their multiple studies on self-healing composites, Cohades et al. 
[57,77] have gathered data through this test method, and their earliest 
work will be analysed here in detail to present key aspects of mode I 
delamination. In the investigation, the healable material is an epoxy 
resin with three components: the pre-polymer as bisphenol A diglycidyl 
ether (DGEBA) resin, the hardener as 4,40-diamino-diphenyl sulfone 
(DDS), and the healing agent as polycaprolactone (PCL), which is a 
thermoplastic polymer that can be mixed with the epoxy resin. Under 
specific conditions, PCL can be embedded in the matrix phase through a 
polymerisation-induced phase separation (PIPS) process and, being a 
thermoplastic material, PCL can repair composites with the correct 
thermal process, hence repairing matrix damage. 

In this study, two types of healable systems, with different concen
trations of thermoplastic polymer (PCL (25) and (37)), were tested 
under DCB procedure to obtain load–displacement plots as shown in 
Fig. 3(a). After subjecting the matrix to the healing cycle, which con
sisted of a heat cycle at 150 ◦C for 30 min and subsequent cooling to 
room temperature, the specimens were mechanically tested in the same 
manner as the virgin state. The GIC values calculated with the Modified 
Beam Theory prior to healing and post-repair conditions were then 
compared. At this stage, the healing efficiency was determined with two 
methods: by the ratio of the stiffness of the specimens calculated from 
the slopes of the load–displacement linear curves, and by the ratio of the 
healed GIC to the virgin GIC. In total, three healing cycles were performed 
and the data from the healing efficiency based on fracture toughness 
populated the bar graph in Fig. 3(b), where the maximum healing effi
ciency of 60% was recorded at the 3rd healing cycle. Unlike many other 
healing materials, epoxy resins containing PCL appeared to heal best 
after a few healing cycles due to the expansive bleeding mechanism in 
which PCL is distributed in the FRP during thermally activated healing. 
Equivalently to EMAA [37], an even distribution of PCL through the 
matrix’ voids may require multiple fractures and healing cycles, 
reflecting the continuous increase in efficiency over the first few cycles. 
In the paper, investigators had to attempt different data reduction 
strategies to determine the healing efficiency, which ultimately yielded 
differing results. This confirms the need for a single performance metric 
for healable FRPs, which, in the case of this study, should also account 
for the thermally induced flow behaviour of the healing agent. 

Fig. 2. Example of specimens used for DCB tests with (a) hinges and (b) blocks.  
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2.2. End notch flexure at three points 

3-ENF tests involve bending composite specimens until the crack 
propagates from the insert’s tip to the top loading nose (Fig. 4). This 
occurs due to the shear stress between the top and bottom layers, caused 
by opposing compression and tension on the two halves respectively. 
One aspect of 3-ENF tests that is advantageous to DCB is the simplicity of 
the specimen’s preparation: so long as the rectangular specimen is 
within the size parameters set by ASTM D7905, it does not require any 
further modifications, such as the addition of loading blocks or hinges. 
This failure mode is also more resemblant to the loading that composites 
in aerospace applications undergo, and thus offers insights into the 
repair ability of mendable FRPs in real-life conditions. However, the 
load applied at a single central location of the specimen may determine 
surface damage on the top layer of some brittle composites, which may 
require sacrificial layers of rubber, aluminium, or Teflon strips [78–80] 
to be laid on the surface of the laminate. Finally, a noteworthy aspect of 
this test is that the bending stress generated in the two halves is non- 
uniform between the loading pins, causing abrupt advancements of 
the crack from the insert to the top loading pin and making any obser
vations on the crack propagation behaviour difficult. 

The method, presented in ASTM standard D7905 and described 
during its application in a NASA report by O’Brien et al. [81], is not 
particularly difficult to perform and takes into account the unstable 
crack growth by neglecting crack length measurements. The analytical 

expression for GII (Eq. (2)) is also similar to Eq. (1) [76], yet differs from 
the latter in the stress (τxy) acting on the laminate. This shear stress 
implies that frictional effects influence tests results [82] and may only be 
mitigated using calibration procedures explained in the ASTM standard. 
Thus, careful consideration is required when comparing mode II fracture 
toughness results between dissimilar fibre–matrix combinations. 

GII = lim
Δa→0

1
2Δa

∫ Δa

0
τxy(Δa − r)u(r, π)dr (2) 

The above equation employs the same abbreviations as Eq. (1), yet 
replaces the layers’ vertical displacement with their lateral displacement 
ū. 

As a result of its benefits, 3-ENF testing is used in a series of in
vestigations, and, with respect to self-healing FRPs, it was most notably 
employed by Ghazali et al. [56]. In this study, an epoxy resin matrix 
phase composed of DGEBA and Araldite-F was healed by a micro
encapsulated healing agent formed by pentaerythritol tetrakis(3- 
mercaptopropionate) (PETMP) and 2,4,6-Tris(dimethylaminomethyl) 
phenol (DMP-30) in a 24-hour healing cycle at 4 Bar and 70 ◦C. The 
virgin FRP specimens were tested according to the standard, employing 
the apparatus shown in Fig. 5(a), and repaired through the healing 
process to be repeatedly mechanically tested. The pre- and post-heling 
fracture toughness were compared to determine a healing efficiency of 
57%, which was attributed to the non-uniform distribution of healing 
agent in the cracks formed during the fracture test. However, no 

Fig. 3. (a) Load-displacement plot for DCB test and (b) healing efficiency of 3 healing cycles calculated by comparing fracture toughness [57]. Reproduced with 
permission from Elsevier. 

Fig. 4. 3-ENF test set-up according to ASTM standard.  
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conclusions could be drawn on the rate or behaviour of propagation of 
the crack between virgin and healed specimens due to the unstable crack 
motion in these ENF tests. 

2.3. End notch flexure at four points 

Despite several similarities in apparatus between 4 and 3-point ENF 
tests (Fig. 4 and Fig. 6) the stress distribution and crack propagation in 
the two are not alike, as inferred from multiple studies [83–85] that 
compare the two methods. These differences are especially noticeable at 
the data acquisition and analysis stages of the test procedure. 

The instrumentation of the two methods diverges in that 4-point 
flexure requires a freely rotating top loading block that uniformly dis
tributes the load under two pins [86–88]. This is necessary due to the 
asymmetrical variation in compliance in the specimen as the crack 
propagates. With a non-rotating loading block, the vertical displacement 
of the two top pins would be equal, causing the stiffer side (the one 
without insert) to undertake most of the load as the stress increases and 
possibly fail before the desired crack propagation has even begun. The 
more compliant half indeed requires a larger critical energy for crack 
initiation and, following the same energy approach explained in section 
2.1, this critical energy may only be achieved by vertically deforming it 
more than the insert-free side. The rotating block ensures a flexible 
loading distribution on the specimen, and thus a uniform stress in the 
section of the specimen between the two top pins. As previously 
explained for the DCB procedure, this uniform bending stress corre
sponds to the desirable steady crack propagation. 

A further consideration that differentiates the ENF tests involves the 
larger volume of specimen that is under stress in 4-ENF compared to 3- 

ENF. This aspect implies that there is a greater likelihood of finding 
flaws and defects in the material and, according to Weibull statistics, the 
probabilistic certainty of the results is more accurate. Finally, the same 
considerations as in 3-ENF tests with the existing frictional forces must 
be noted to indicate the accuracy of the results [83,89]. 

Despite the advantages of this test method over 3-ENF testing, 4-ENF 
is not as common as the latter, especially with regard to self-heling FRPs. 
However, one investigation from Narducci et al. [58] employs this 
method to characterise the use of polylactic acid (PLA) adhesives in 
composite specimens. This investigation does not directly evaluate the 
healing efficiency of the material, but the methodology employed could 
just as easily be applied to the characterization of repairable FRPs. In 
their work, Narducci et al. laser cut patches into a carbon/epoxy prepreg 
(SkyflexTM USN020A), and filled these with PLA, similarly to the inte
gration of EMAA adhesives in other FRPs. Different concentrations of 
PLA were compared not only quantitatively by calculating mode I and II 
fracture toughness, but also by observing the load–displacement curves, 
shown in Fig. 7(a). The crack propagation was also observed in the R- 
curves shown in Fig. 7(b), ultimately proving that PLA patches would 
not cause large reductions in fracture toughness, supporting the 
employment of laser-cut technology to include self-healing thermo
plastic materials in FRPs. 

2.4. Other methods 

One other approach to characterize healable composites is low- 
velocity impact testing, which has been employed in several research 
papers [90–98] to substantiate the results of one of the previously 
described fracture toughness tests. In these tests specimens are generally 

Fig. 5. (a) 3-ENF testing apparatus and (b) load–displacement plot for 3-ENF tests [56]. Reproduced with permission from Elsevier.  

Fig. 6. 4-ENF set-up with pivoting loading point.  
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plain rectangular laminates held in front of a ballistic target and hit with 
metallic spheres. The data gathered during the procedure can be ana
lysed to provide the energy absorbed by the material during the impact. 
However, not all the damage of the collision results in pure delamination 
and is difficult to link the ability of a material to absorb impact energy 
with the interlaminar fracture toughness of the matrix phase. This test is 
a practical tool during early material characterization to visually prove 
that the healing ability of a resin is effective, although one of the pre
viously mentioned fracture tests would be necessary to quantitatively 
determine the effectiveness of the healing response for a complete ma
terial characterization. 

Another novel method to evaluate fracture toughness is micro- 
cutting testing [99], which employs the use of a sharp cutting edge 
with an adjustable tool height to apply a force on the composite and, 
along with parameters regarding the tool’s size and cutting angle, the 
toughness is calculated. The advantages of this test include the ease of 
production of the specimens and the rapidity of the testing procedure. 
However, the test requires specific and very accurate machinery and 
suffers from several inaccuracies attributed to non-perfectly sharp tools 
or to microscopic defects in the specimen that will determine accidental 
errors. More importantly, the lack of research performed with this test 
does not provide the necessary confidence to confirm the repeatability 
and reliability of the results. 

Finally, a similar testing method to 3-ENF called short-beam shear 
(SBS) testing is relatively common in the literature [49,59,100,101] and 
involves much smaller, but proportionally thicker specimens aimed at 
determining the resistance to sliding between layers in composites, 
rather than the resistance to crack propagation. The test method offers 
the advantage of requiring smaller specimens, yet the failure mode of 
the specimen can vary depending on the thickness and brittleness of the 
composite system. If too thin or ductile, the fibres on the bottom surface 
will tear, which will cause errors in the evaluation of matrix healing 
performance. In the optimal failure mode, the interface between layers 
fails under excessive shear strength and corresponds to a large drop in 
the load caused by the decreasing stiffness of the material, indicating 
matrix failure. The test measures strength to failure rather than energy, 
thus the results cannot be directly compared to DCB or ENF data. 

3. Comparison of test methods for healing characterization 

This next section aims to summarize and contrast side-by-side the 
advantages and disadvantages of each test, to provide sufficient infor
mation to make an informed decision on the mechanical test to choose in 
the evaluation of the healing potential of mendable FRPs. 

3.1. Dimensions and preparation of specimen 

The specimens for the three main testing methods are all rectangular 
laminates that differ only in dimensions, as per ASTM standards. 
Notably, the thickness of DCB specimens can significantly vary as the 
laminate may be much thinner than suggested by ASTM standard and 
metal plates can be implemented on the top and bottom surfaces to 
compensate [63,102]. Due to the high cost and complexity of 
manufacturing most healing matrices, a smaller specimen may be pref
erable in many investigations. Employing metal plates will systemati
cally affect the results, but, if the objective is to compare the change in 
fracture toughness before and after a healing cycle to obtain a percent 
mending efficiency, this modification would be suitable as all mea
surements are equally affected. Instead, ENF standards require thicker 
specimens, which correspond to larger quantities of the healing agent. 
The thickness is directly related to the stiffness, and specimens that are 
too compliant will not fail under shear during bending, but rather 
fracture due to concentrated stress applied on the surface. Thin speci
mens also face excessive flexibility, leading to non-linear behaviours 
that result in inconclusive outcomes. However, the solution of metal 
plates is not applicable to ENF tests due to the differences in deformation 
under bending loads between the composite and the metal, which lead 
to debonding at the metal-FRP interface. Nonetheless, it is noted that the 
length of 4-ENF specimens tends to vary more, ranging from 140 [83] to 
200 mm [85], and yet still provide comparable results. 

It follows that to minimize the volume of healing matrix, the optimal 
test method would be DCB, Even though this testing procedure is limited 
by the need for loading hinges and blocks that may hinder the feasibility 
of the healing process or prevent it altogether from happening. For 
instance, if the mending cycle requires a uniform pressure on the lami
nate, it becomes necessary to remove and attach these components to 
the specimen before and after each healing cycle, which may cause 
damage to the composite. Furthermore, the bonded interface between 
the hinges and the specimen is an additional variable in the mechanical 
test that could lead to inadequate comparisons between results or even 
become a failure point, rendering test campaigns unsuccessful. 

3.2. Test procedures 

Mechanical tests’ procedures greatly influence the time and re
sources required to perform testing campaigns, which becomes a sig
nificant factor when characterizing novel composites. The correct 
evaluation of the healing efficiency requires a statistically substantial 
number of specimens and healing cycles, thus favouring more rapid 
tests. DCB tests involve a pre-cracking procedure that aims at advancing 

Fig. 7. (a) Load-displacement plot for 4-ENF tests and (b) R-curve determined during 4-ENF test [58]. Reproduced with permission from Elsevier.  
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the crack from the insert to generate a pure edge crack in the matrix 
phase. The crack’s new location is visually determined, and the full 
fracture test can be conducted immediately after pre-cracking. Instead, 
end notch flexure tests involve a set of multiple calibrations at varying 
crack lengths to determine the compliance coefficients employed in the 
data analysis. Notably, 4-ENF tests may involve a combination of both 
pre-cracking and calibration that will slow down the testing process. 
Again, DCB tests are preferable. 

Furthermore, if the investigation is focused on observing the crack 
propagation through digital imaging of the fracture, it is generally easier 
to analyse the recordings from DCB tests rather than ENF tests. This is 
because the fracture of DCB specimens occurs along a constant hori
zontal line that can be directly analysed with digital image correlation 
software to monitor the crack’s advancement. Instead, ENF tests involve 
the bending of the majority of the specimen, meaning that the crack 
becomes a curved line and a more complex software or measuring 
technique is required to determine the length of the crack. Additionally, 
the crack tip during DCB testing is effortlessly identified with proper 
contrast between the specimen and the background. Instead, the sliding 
of the two halves of the laminate in ENF tests implies that the crack can 
only be observed where a sufficient gap between the two halves is 
present. 

3.3. Analysis of the stress 

Evaluating the stress distribution during each test is crucial to 
complete a thorough comparison of the testing methods. In DCB the 
vertical load on the two halves causes a stress concentration at the crack 
tip, which can be easily modelled as an edge crack [103] propagating 
when the load reaches the critical value. During the crack’s growth the 
specimen becomes more compliant and, as such, requires a decreasing 
critical load to propagate the crack, as substantiated by Fig. 3(a), which 
exhibits a downward sloping curve after the initial peak. Since work 
performed is equal to half the product of applied load to vertical 
deformation, to perform more work on the specimen the vertical 
displacement must be increased. In summary, by continuously deform
ing the specimen in the vertical direction, the energy increases and 
reaches a limit at which it is sufficient to propagate the crack in discrete 
steps, all while the stiffness of the composite decreases due to the ever- 
larger crack present. Ideally, this process would be continuous with 
infinitesimally small steps of crack propagation and increase in critical 
energy Gc, yet imperfections in the material cause a more discrete 
propagation. 

In 3-ENF tests, the force application causes bending stresses that 
determine the compression of the top half and tension in the bottom 
half. The uneven deformation of the two parts causes a large stress 
differential that is maximum in the interface between the middle layers 
and results in a shear stress. However, there is also a large concentrated 
axial stress at the centre of the specimen and a bending stress between 
the two bottom loading pins. This stress distribution means that the 
critical stress or energy required to propagate the crack is not constant 
nor increasing as we move farther away from the crack tip. This results 
in a sudden jump of the crack from the insert tip to its maximum length, 
which corresponds to the point where the top-loading nose makes con
tact with the specimen. 

In 4-ENF testing the whole volume between the two top pins is under 
a uniform bending stress, as demonstrated in the work of Lagunegrand 
et al. [104]. However, the outermost portions of the specimen present 
stress distributions that are equivalent to 3-ENF loading. The central 
portion remains under a steady bending stress caused by symmetrical 
moments at both ends, similar to single halves of DCB specimens. This 
mixed loading leads to a steady crack propagation only in the central 
section of the specimen and allows the creation of an R-curve from the 
test data [84]. Such a crack propagation may be optimal for multi
functional healing composites, as presented by Benazzo et al. [71], 
where 4-ENF testing allowed to evaluate variations in the crack 

development of virgin and healed specimens through embedded optical 
fibres. 

The formulation of the measured G in the three main fracture tests 
also substantiates the behaviour of the crack evolution described above. 
Equations 3–5 present the relationship between fracture toughness and 
crack propagation, as derived through the Modified Beam Theory 
[83,85,89,105]. Since both DCB and ENF tests are regarded as quasi- 
static mechanical tests, if Equations 3–5 exhibit a right-hand side less 
than or equal to zero, the crack growth is stable [105]. 

dGDCB

da
=

− 9δ2E1I
ba3 (3)  

dG3ENF

da
=

− 9δ2s2

8E1b2h3C2

[

1 −
9a3

2L3 + 3a2

]

(4)  

G4ENF =
9δ2s2

16E1b2h3C2

[

1 −
8μh
3s

+
16μ2h2

9s2

]

(5)  

a ≥ L/
̅̅̅
33

√
≈ 0.7L (6) 

In the above formulas, a is the crack length, b is the width of the 
specimen, h is its thickness, L is the half-length, and s the distance be
tween the first and second loading noses from the left in the 4-ENF 
apparatus. The geometry and stiffness of the specimens are included 
in the longitudinal elastic modulus E1, the moment of inertia about the 
same axis I, and the material’s compliance C. An additional constant 
term in the 4-ENF equation is µ, which accounts for the frictional effects 
between the composite layers. 

Focusing on the sign of these expressions, one may notice that for 
DCB toughness the right-hand side is always negative, while further 
simplifications of the 3-ENF equation is necessary to determine the sign 
of dG/da. This leads to equation (6), which combined with the technical 
drawings of 3-ENF specimens in the standard, leads to a dG/da always 
greater than zero. For 4-point flexure, the calculated GII is independent 
of crack length, which follows a null dG/da. These observations ulti
mately concur with the previous claims of a stable crack propagation 
only in DCB and 4-ENF methods. The recording of this damage propa
gation is crucial in gaining more insight into the type and extent of 
interlaminar healing. 

The ability to observe the slow progress of the crack also provides 
better accuracy of the test results. In 3-ENF, the sudden crack motion 
leads to the conclusion that the maximum load, which is used in the data 
analysis to determine the fracture toughness, is dependent on the ma
terial present just in front of the crack tip, while the response of the 
matrix between the crack tip and the top loading pin is ignored. This 
would have not been optimal in the work of Kessler et al. [41], where, 
thanks to the use of DCB tests, it was deduced that clusters of healing 
agent filled microcapsules were present in the interlaminar phase. 
Indeed, the unstable crack growth, which is abnormal for DCB tests, led 
to believe the presence of a non-homogenous matrix phase that could 
cause the sudden jumps in crack lengths. Due to the morphology of the 
studied matrix, this crack growth behaviour was attributed to the 
inconsistent distribution of the microcapsules [83,106]. 

3.4. Variation of specimen’s geometry and material composition during 
the healing process 

The healing process may also vary the geometry and the microscopic 
composition of the FRP, consequently diminishing the accuracy of the 
comparisons between virgin and healed specimens. For example, it was 
observed by White et al. [22] that the polymerization reaction during 
the self-healing process could determine the excessive shrinkage of the 
matrix phase. Alternatively, Manfredi et al. [46] explained that one key 
factor in the healing process of ethyl phenylacetate (EPA) is the differ
ence in the coefficient of thermal expansion between the healing agent 
and resin. This resulted in the expansive bleeding mechanism, also 
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observed with PCL by Cohades and Michaud [57], which distributed the 
substance in the cracks caused by the delamination process. This 
swelling and shrinking of the matrix phase may cause the formation of 
flaws and, in the worst-case scenario, interfacial and surface defects. 
These phenomena determine difficulties for ENF tests which require flat 
surfaces for the loading pins to properly transfer the loads. Otherwise, 
the specimens might slip under the large compression and cause inac
curacies in the results during the comparison of healed and virgin 
samples. Furthermore, the creation of unrepairable defects in the matrix 
before or after healing could determine a more compliant path for crack 
propagation, which may hinder the maximum theoretical healing per
formance [71]. 

Microcapsules can also greatly affect the microscopic composition of 
the matrix phase. As observed by Bolimowski et al. [55] the rapture of 
the microcapsules may lower the fracture toughness due to the increase 
in porosity corresponding to the emptying of the capsules. However, it 
was also observed by Ghazali et al. [56] that the decreased density 
resulting from the increase in voids causes an rise in compliance. Larger 
compliance generally determines an increase in fracture toughness as 
the material requires more energy to have the crack propagate. Finally, 
the leftover debris from the brittle walls of the microcapsules that may 
remain on the crack interface results in a larger energy to overcome 
when attempting to develop the crack. As hypothesised and observed by 
Manfredi et al. [46], this will determine a larger fracture toughness. 
These factors that arise from the employment of microcapsules equally 
affect all testing methods, even though ENF tests could present more 
inaccuracies in the results due to residual debris with respect to DCB 
testing. Indeed, the debris may cause unwanted frictional forces that 
were not present in the virgin specimens and influence the fracture 
toughness of the healed specimens. It has to be noted that the effects of 
this debris may be detrimental to the delamination resistance of the FRP 
and, thus, a test method that is capable of observing such influence could 
be beneficial for a more detailed material characterization. 

Other healing approaches could also influence the mechanical 
properties of the matrix or reinforcement phase after the mending pro
cess. This was observed by the work of Brown et al. [106], where the 
healing agent reacted with the cured polymer in one of the tested mix
tures. As a result, the curing agent did not take part in the chemical 
process intended to repair the damaged matrix, but rather contributed to 
the formation of inhomogeneities in the material and nullified the 
healing ability of the polymer. 

Finally, many healing processes determine an increase in the thick
ness of the interface between the composite layers where delamination 
occurred. For example, PCL and EMAA-based healing takes place 
through the expansive bleeding mechanism, while extrinsic healing 
methods, such as microvascular networks, involve the filling of those 
same gaps by a healing agent. The resulting increase in thickness has 
been observed by Kessler et al. [41] to cause a considerable decrease in 
mode I fracture toughness, thus affecting the comparison before and 
after the healing process. Similar difficulties can be found in intrinsically 
healed FRPs where the healing moieties are part of the polymer chains 
that make up the matrix phase. As observed by Heo and Sodano [49], the 
elevated temperatures of the healing process may determine the acti
vation of undesirable chemical reactions that will form more crosslinks 
and thus modify the interface or matrix phase. Alternatively, the re
actions’ by-products may be gaseous and form bubbles in the composite. 
Both occurrences may affect the thickness and the properties of the 
central interface ultimately influencing the fracture toughness. 

3.5. Fibre bridging 

Fibre bridging occurs when fibres of adjacent layers remain con
nected and cause additional resistance when the two halves of the 
specimen are being separated. It has been observed in normal FRPs by 
Gentile [107] and also in healable FRPs by Kessler and White [36], Yin 
et al. [42], and Kato et al. [66]. Fibre bridging greatly affects the fracture 

toughness of the laminate and it generally only takes place in the virgin 
specimen. In the healed samples the crack normally propagates through 
the same region as in the virgin specimens, and, as the fibres that caused 
bridging in those locations are already broken or dislocated, there is a 
lower resistance to damage propagation. As presented by Elhadary et al. 
[69], where a 12.4% average difference in healing efficiency between 
non-bridging and bridging specimens was calculated, this phenomenon 
mainly affects DCB tests where the separation between layers is larger 
than ENF tests and thus bridging fibres are pulled further apart, suffering 
more damage. 

3.6. Application to real-life conditions 

As stated in the introduction, the testing methods measure different 
fracture toughness, namely mode I through DCB and mode II through 
ENF, which correspond to alternative types of separation of the com
posite’s layers. These modes of interlaminar damage are representative 
of ways in which composite materials implemented in engineering sys
tems may fail under load. Therefore, it is useful to understand the most 
frequent loading modes in the application where composites are more 
likely to be utilized. Due to the vast number of fields where this class of 
materials is employed, this evaluation focuses on one industry where 
composites have been a technological turning point, the aerospace 
industry. 

Three main situations where delamination may occur can be iden
tified in aerospace composite structures. Firstly, fuselages of commercial 
aviation planes are now made of composite panels or sections that un
dergo pressurization cycles during each flight. The circular cross-section 
of the fuselage leads to the generation of hoop stresses in the composite 
that, result in shear between the adjacent layers, analogous to mode II 
loading [108]. Secondly, due to the complexity of the shape of the air
craft’s components, parts are often fastened together with rivets or bolts. 
The integration of these fasteners implies the creation of defects through 
the composite that affect the reinforcement phase by introducing dis
continuities in the fibre weaves and increasing the chance of matrix 
delamination. Fasteners cause complex stresses in the composite 
[109,110], which tend to include a mixture of both mode I and II 
loading. Thirdly, both commercial and military aircraft are subjected to 
large thermal ranges due to the outside environment, aerodynamic drag, 
and the heat generated by internal components, such as the propulsion 
system. The differential thermal deformation between the layers of the 
skin of the aircraft may introduce shear stresses analogous to mode II 
delamination in the laminate. 

4. Remarks on large inconsistencies between healing 
efficiencies 

Table 1 presents large inconsistencies between the healing efficiency 
calculated from similar materials that were tested through different 
methods. As said earlier, the fracture toughness calculated through 
mode I and mode II fracture should be different, however, the healing 
efficiencies based on fracture toughness should not vary by large mar
gins. This is the case in the work by Kostopoulos et al. [39], in which the 
calculated efficiencies were 96% and 86% for DCB and 3-ENF testing 
respectively, even though others, such as Varley and Parn [37] and 
Kotrotsos and Kostopoulos [40], displayed a significant divergence from 
the latter reported values. 

These differences could be the result of the data reduction method. 
For instance, both Manfredi et al. [46] and Cohades and Michaud [57] 
have opted to determine the healing efficiency using the slopes of the 
linear portions of the load–displacement plots. With this method, the 
efficiency indicates the ability of the material to restore stiffness rather 
than fracture toughness and will cause discrepancies when compared to 
other repairable systems. An alternative approach was that of Aniske
vich et al.[48] who employed the flexural moduli calculated from 3-ENF 
tests to determine the healing efficiencies. Finally, Bekas et al. [38] 
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compared all their specimens with the results from one single virgin 
sample, despite the different manufacturing methods of the specimens. 

The healing mechanism itself may also cause large inconsistencies. 
For instance, microcapsule systems carry many difficulties with them 
and Kotrotsos and Kostopoulos [40] observed that polyethylene tere
phthalate (PET) particles decreased the fracture toughness of mode I 
fracture as they acted as stress concentrators and caused unsteady crack 
propagation. Instead, in 3-ENF testing, these particles caused continuous 
deviation of the crack which could not propagate through them. 
Therefore, the longer and more winding path of the crack determined a 
larger fracture toughness in 3-ENF tests than DCB tests. 

Similarly, EMAA-based matrices exhibit diverging behaviours in 
mode I and II fracture. As shown by Wang et al. [43] and Varley and Parn 
[37], EMAA is capable of filling voids associated with cracks and 
improving adhesion between the reinforcement and matrix phase, thus 
improving the mode I fracture toughness. However, this material has 
extremely low resistance to shear and, as a result, 3-ENF specimens show 
much lower healing efficiencies than DCB. 

Finally, the thickness of the delamination interface has opposite ef
fects on fracture toughness. As presented by Kessler et al. [41], the in
crease in the thickness of this interface, which can be caused by the 
processes described in section 3.5, determines a considerable degrada
tion in mode I fracture toughness. However, Ghazali et al. [56] have 
described that the same increase in the interface’s thickness causes an 
improvement in mode II fracture toughness. These opposite effects are 
caused by the different stresses and deformations taking place in the two 
tests and due to how the change in the volume of delamination affects 
the energy required to propagate the crack. 

5. Conclusions 

Despite the copious testing methods to characterize fracture tough
ness of composites, there are advantages and disadvantages to all such 
methods when it comes to self-healing and healable composites. 
Therefore, it can be difficult to choose one single test if the material 
investigated is novel, with erratic behaviour, and there is little to no 
research done to compare the results. 

The most popular approach, DCB testing, is straightforward in both 
the required setup and data analysis. However, these tests may not be 
the most feasible due to the loading hinges or blocks that must be fixed 
on the specimens. The addition of these components, which may not be 
properly attached, can also determine failure ahead of time. Yet, the 
steady progress of the crack provides crucial insights into the level of 
repair and healing efficiency of the materials. 

3-ENF testing is considerably simpler than DCB in terms of speci
mens’ requirements. Nevertheless, the mode II fracture taking place in 
the composite consists of bending, axial, and shear stresses that can be 
difficult to properly identify throughout the specimen. Consequently, 
the crack propagation is very unstable and does not permit the deter
mination of an R-curve, with the linked loss in information on the 
behaviour of the crack. Finally, the separation of layers due to sliding is 
affected by changes in the microscopic composition of some FRPs during 
their healing processes. 

The 4-ENF apparatus has the same advantages as 3-ENF and is also 
characterised by a more stable crack propagation, similar to DCB. 
Specimens in 4-ENF tests are not subjected to concentrated stresses at 
the central loading nose and are less likely to show surface cracks in that 
loading region prior to crack propagation. The loading mode is also 
representative of the most common stress distributions that occur in 
real-life applications, in particular when considering aerospace struc
tures. Nonetheless, the data is affected by interlaminar shearing phe
nomena and the testing apparatus is more complex than the other two 
tests. 

Of the additional testing methods, SBS tests do not adopt the energy 
approach and look at the interlaminar shear strength instead. This again 
neglects important insights that could be observed during the 

interlaminar crack development. However, the test procedure is rapid 
and relatively straightforward, making SBS testing an optimal tool to 
substantiate results from a principal testing campaign. Micro-cutting 
tests have great potential yet lack in literature and more thorough in
vestigations. Finally, impact tests can provide useful qualitative obser
vations on the level of repair, but the data gathered includes non-linear 
effects of the reinforcement phase, thus not permitting the character
ization of the self-healing matrix phase by itself. 

All these distinctions in the testing procedures are reflected in the 
inconsistencies between the healing efficiencies of many FRPs, even 
those manufactured with the same healing polymers. This is evidence 
that a common testing method or set of procedures, along with the 
relative data reduction analysis, is required to accurately compare self- 
healing and healable composites. 
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