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a b s t r a c t 

Toughening strategies are needed to design high performance secondary bonded joints. Although adhe- 

sively bonded joints present a promising solution for cost-saving assembly, they are however among the 

most vulnerable parts in composite structures. Due to the inherent heterogeneity of composite substrates 

and the infeasibility of ideal surface pretreatments, the bonding properties of composite joints feature 

a spatial variability that can result in a wide variety of debonding phenomenology, such as crack tip 

transfer, crack bifurcation or ligament bridging. In the present work, we apply a cohesive zone model 

with spatially stochastic interfacial properties to model the physical behaviors that take place during 

debonding of an adhesively bonded composite joint. The joint distribution of the two essential bond- 

ing properties, namely, the critical separating stress σ m and the strain energy release rate G c , follows a 

bivariate lognormal probability distribution. The proposed model captures the mechanisms of crack-tip 

transfer and the failure of bridging adhesive ligaments between the composite adherends, as well as the 

associated toughening of joints. We find that the extrinsic dissipation attributed to extra debonding ar- 

eas and plastic-damage mechanisms of ligaments may be one of the primary causes for the thickness 

effect of bondline on the fracture toughness, commonly observed for adhesively bonded joints. Through 

a parametric study, we discuss the effect of variability in interfacial properties on the enhancement of 

toughness of bonded composite joints. The outcomes of this work may provide insights into the funda- 

mental failure mechanisms of secondary bonded composite joints. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The performance of composite joints is a major limiting factor

n the structural integrity and potential wider applications of com-

osite structures. In general, there are two main approaches to as-

emble Fiber Reinforced Polymer (FRP) composites: adhesive bond-

ng and mechanical fastening. In contrast to bolted joints, adhe-

ively bonded joints (ABJs) feature more homogeneous stress dis-

ribution, enable the design of complex yet light structures, and are

eneficial for fatigue resistance and service lifetime. These positive

haracteristics make ABJs a promising approach for future compos-

te assembly ( Budhe et al., 2017; Katnam et al., 2013 ). However, the

elatively weak bonding properties of ABJs have impeded the de-

elopment of secondary bonding. Also, the failure of ABJs is some-

imes brittle, which limits the confidence of designers in using

uch technological solution. Crack arrest features are still needed
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o ensure the integrity of structure and a more progressive failure.

s a consequence, secondary bonding is rarely used alone today,

ut rather used jointly with bolted or riveted junctions. The chal-

enge now is to move to integral or almost integral (few rivets)

econdary bonding solutions. Such a move requires more advanced

trategies for improving the toughness of ABJs and conferring them

 more progressive damage behavior. 

Significant effort s have been made to improve the performance

f ABJs, either through advanced chemistry of the adhesive ma-

erials ( Moszner and Salz, 2007 ) or by tailoring the topology of

he adhesive layer ( Heide-Jrgensen et al., 2018; Garca-Guzmn et al.,

018; Maloney and Fleck, 2019 ) and substrates ( Maloney and Fleck,

018; Nguyen et al., 2016 ). Surface preparation ( Wingfield, 1993 )

s one of the most essential steps. Pretreatment of the adherend

urface is the most fundamental requirement to remove con-

aminants composed of low energy and friable materials, e.g .,

ould release agents, which often have adverse effects on adhe-

ion ( Tao et al., 2018 ). Pretreatment of the substrate surface to

e bonded can chemically fully reactivate the surface and thus

https://doi.org/10.1016/j.ijsolstr.2019.11.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijsolstr
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establish good adhesion. Different techniques are developed to

pretreat a substrate, such as peel-ply preparation, grit blasting,

etching, laser treatment, plasma treatment etc . Different trends in

the toughening effects for different surface treatments and differ-

ent enhanced performances of bonded FRP joints were demon-

strated ( Moyer and Wightman, 1991 ). Recently, the most com-

monly used pretreatment techniques, i.e ., the peel-ply pretreat-

ment, sandblasting and pulsed laser irradiation, were evaluated ex-

perimentally by Tao et al. (2018) , which showed that the mecha-

nisms that contribute to the toughening effects incurred by differ-

ent techniques of surface pretreatment are different. 

The inherent heterogeneity of FRP composites leads to a non-

uniform topology of substrate surfaces. Different pretreatment

techniques may enhance or mitigate this non-uniformity to some

extent ( Prolongo et al., 2010; Tzetzis, 2008 ), thus giving FRP joints

with different bonding performances. Moreover, in industrial set-

tings, it is impossible to perfectly control the quality of surface

pretreatment, e.g ., the irradiation energy of laser ablation, and thus

the morphology of the bonding surface cannot be guaranteed to be

ideally homogeneous and mechanically sound. Overall, imperfec-

tions ultimately lead to variability in interfacial properties around

the nominal values, namely, the stochastic characteristics in adhe-

sion of FRP joints. This may be the essential cause of the phe-

nomenon whereby, in some scenarios, debonding transfers ran-

domly from one interface to the other, thus building up adhesive

ligaments that span the crack and bridge the adherends ( Tenchev

and Falzon, 2007; Sills and Thouless, 2015 ). Of course, variability in

bonding properties might also be attributed to inherent surface de-

fects in pregreg due to the fabrication process. Several studies have

focused on the overall mechanical response of materials ( Dimas

et al., 2016, 2015, 2014 ) or interface ( Taleb Ali et al., 2018; Xu et al.,

2014; Motamedi et al., 2013; Khokhar et al., 2009, 2013; Jumel,

2017 ) subjected to propertys heterogeneity induced by cracks, de-

fects, or other types of flaws, and it was found that the material or

bonding strengths are sensitive to randomly distributed properties.

Particularly, a toughening of material attributed to the spatial het-

erogeneity in material properties has been observed ( Dimas et al.,

2016 ). Tao et al. (2019) carried out an in-situ analysis on debonding

of FRP ABJs. Diverse failure mechanisms were observed from the

specimens after different pretreatment techniques, e.g ., ligament

stretching for laser ablation and adhesive nesting for sandblasting.

The in-situ observations revealed that the heterogeneous bonding

surface induced by the randomly distributed exposed fibers is pos-

sibly the main trigger of adhesive fabrications and adhesive liga-

ments. This study confirms that the variability in substrates mor-

phology may have an effect on the debonding behaviors and, in

some cases, may significantly enhance the bonding performance of

composite joints. 

The adhesive ligament is a phenomenon that is analogous to

the fiber bridging regularly observed in laminate delamination.

Fiber bridging is a typical mechanism due to variability in the

material properties induced by micro effects, e.g ., weak bond-

ing and fiber misalignments ( Kaute et al., 1993 ). Canal et al.

(2017, 2016) applied connector elements with randomly distributed

strong and weak strengths along the crack path to reproduce mi-

croscale imperfections and explore the mechanisms of fiber bridg-

ing. They found that the property randomness eases the formation

of large bridging zones, which decreases the stress level at the

crack tip and considerably improves the crack growth resistance,

thus giving rise to the enhancement of fracture toughness ob-

served in many experimental works ( Mirzaei et al., 2016; Manshadi

et al., 2014 ). Similarly, the stretched ligaments alter the structural

response by exerting a closure force and thus easing the stress

field around the crack-tip area. Moreover, the extrinsic dissipation,

such as the dissipation from plastic deformation and failure of lig-

aments, may enhance the joints resistance to cracks. All such com-
rehensive failure mechanisms due to property randomness and

he associated toughening effect for composite joints are of partic-

lar interest. Currently, an in-depth understanding of these mech-

nisms is still challenging due to the lack of an effective computa-

ional tool and successful experimental means. 

The objective of this work is to thoroughly clarify the influ-

nce of variability in interfacial properties on the performance of

RP ABJs. We investigate the fundamental mechanisms of crack-

ip transfer and bridging adhesive ligaments, which can shed light

n the essence of the toughening effect arising from the variabil-

ties in interfacial properties. We demonstrate the potential of in-

erface patterning to trigger extrinsic dissipation. This paper is or-

anized as follows: firstly, we propose a modeling strategy based

n Cohesive Zone Model (CZM) with spatially stochastic interfacial

roperties, for the purpose of capturing the various physical mech-

nisms that occur during damage of the secondary bonded com-

osite joints. After validating the model, we apply the model as an

xploration tool to elucidate the role of the bondline thickness on

he global toughening effects in FRP joints. Finally, we perform a

ensitivity study of the bonding performance of the FRP joint to

he statistical characteristics of properties. 

. A modeling strategy for adhesively bonded FRP joints 

Based on CZM, several stochastic models have been developed

o analyze the mechanical response of ABJs subjected to spacial

ariations ( Xu et al., 2014; Jumel, 2017; Ashcroft et al., 2012 ) and

emporal variations ( Meng and Thouless, 2019 ) in bonding proper-

ies. However, most of those works only consider the randomness

f the Strain Energy Release Rate (SERR) G c . To characterize the

ebonding behavior of ABJs, an accurate determination of the two

roperties, separating stress σ m 

and SERR G c , is crucial. Moreover,

ll the existing models deploy a single layer of cohesive elements,

hich do not discriminate between cohesive failure and interfacial

ailure. This simplified description of the adhesive layer also im-

edes the proper description of some key mechanisms, including

igament creation and subsequent bridging. Thus a detailed com-

rehension of local failure mechanisms is then compromised. It is

enerally believed that σ m 

and G c are statistically dependent vari-

bles. ( Xu et al., 2014 ) considered σ m 

to be proportional to the

quare root of the random G c , implying a perfect positive correla-

ion between σ m 

and G c . With a measurement of crack-tip opening

nd an analytical solution in the framework of J-integral, one can

xperimentally extract the traction-separation law and thus obtain

m 

and G c ( Gowrishankar et al., 2012; Wu et al., 2016; Sarrado

t al., 2016; Blaysat et al., 2015 ). But such approaches are heavily

nfluenced by the difficulty of measuring local crack-tip opening

 Monsef et al., 2019 ). Recently, Wu et al. (2019) proposed an ap-

roach to simultaneously extract mixed mode traction-separation

aws with the remotely applied load and displacement and rota-

ion of load points, which facilitates the measurement of traction-

eparation laws. Here, we propose a practical modeling strategy,

hich deploys two layers of cohesive elements with the stochas-

ic ( σ m 

, G c ) following a joint probability distribution, to model FRP

oints in detail, thus elucidating the role of variability of interfacial

roperties on the ABJs performance. 

.1. Joint probability distribution function (PDF) of ( σ m , G c) 

The first step is to choose an appropriate representation of the

DF. Gaussian distribution, with a simple mathematical form, is

ommonly employed to describe the randomness of material prop-

rties. However, the Gaussian distribution has a left tail that ex-

ends to negative infinity, and thus is not suitable in this case as no

onding properties can be negative. Therefore, the bonding prop-

rties should statistically follow a non-negative skewed distribu-
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Fig. 1. Statistical results of a site-specific sample of G c comparing to the corresponding distribution fits estimated by MLE. (a) Cumulative probability distribution and 

(b) Probability density distribution. The data are extracted from a previous work in which double cantilever tests have been performed using laser-treated M21/T700 FRP 

laminates as substrates and Araldite® 420 epoxy as adhesives and refer to the publication ( Tao et al., 2018 ) for more details. 
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ion. By using a joint lognormal distribution of the stiffness and

trength, Dimas et al. (2016) analytically demonstrated the tough-

ning mechanism for materials with spatially random material het-

rogeneities. For lognormal distribution, the Napierian logarithm is

egarded as the random variable and is considered to be be nor-

ally distributed. This ensures that the real variables (here the in-

erface properties) take only positive real values. Fig. 1 a shows the

umulative probability of an available sample of G c compared to a

tted lognormal distribution based on the same sample via Max-

mum Likelihood Estimation (MLE). The sample includes 54 raw

aboratory measurements of G c from the composite joint speci-

en whose substrate surfaces are pretreated with laser ablation.

ig. 1 b compares the probability density distribution of the sam-

le and the classical lognormal distribution whose parameters are

stimated by MLE. It is evident that the lognormal distribution

dequately describes the statistical characteristics of the bonding

roperties of FRP joints. 

For simplicity, we consider that both the variables σ m 

and G c 

ollow lognormal PDFs: 

( σm 

) ∼ Lognormal ( μσ , d σ ) 
( G c ) ∼ Lognormal ( μG , d G ) 

(1) 

n which μσ and μG are the expectations of the logarithms of ran-

om variables, d σ and d G are the standard deviations of (ln( σ m 

),

n( G c )). These parameters can be obtained if the arithmetic mean

[ x ] and the arithmetic variance Var[ x ] of random variables are

nown ( Balakrishnan and Lai, 2009 ): 

σ = ln 

(
E [ σm ] 

2 √ 

Var [ σm ] +E [ σm ] 
2 

)
, ( d σ ) 

2 = ln 

(
1 + 

Var [ σm ] 

E [ σm ] 
2 

)
G = ln 

(
E [ G c ] 

2 √ 

Var [ G c ] +E [ G c ] 
2 

)
, ( d G ) 

2 = ln 

(
1 + 

Var [ G c ] 

E [ G c ] 
2 

) (2) 

As mentioned previously, σ m 

and G c are dependent variables.

onsidering the distribution for σ m 

and G c shown in Eq. (1) , the

ependent variables ( σ m 

, G c ) can be described by a bivariate log-

ormal PDF. The correlation coefficient ρ quantifies the strength of

he statistical relevance between σ m 

and G c . The joint PDF of ( σ m 

,

 c ) has the following form expressed with the parameters μσ , μG ,

 σ , d G , and ρ: 

 b ( σm 

, G c ) = 

1 

2 πd σ d G σm 

G c 

√ 

1 − ρ2 
exp 

( 

−A 

2 + B 

2 + 2 ρAB 

2 

(
1 − ρ2 

)
) 

, 

σm 

, G c ∈ (0 , + ∞ ) (3) 
n which 

 = 

ln ( σm 

) − μσ

d σ
and B = 

ln ( G c ) − μG 

d G 
(4) 

To estimate the parameters in the joint PDF, MLE can be per-

ormed once a joint sampling of the bivariate variable ( σ m 

, G c )

ncluding n observations is drawn. The likelihood function of the

ivariate lognormal distribution is as follow: 

 ( μσ , μG , d σ , d G , ρ; data ) = 

n ∏ 

i =1 

P b 
(
μσ , μG , d σ , d G , ρ; data ( σm, G c ) 

i 
)

(5) 

The parameters to be estimated can be straightforwardly ob-

ained by maximizing the above likelihood function based on the

ample ( Cheng, 1986 ): 

ˆ σ = 

∑ n 
i =1 ln 

(
σ i 

m 

)
n 

, 

(
ˆ d σ

)2 

= 

∑ n 
i =1 

(
ln 

(
σ i 

m 

)
− ˆ μσ

)2 

n − 1 

(6) 

ˆ G = 

∑ n 
i =1 ln 

(
G 

i 
c 

)
n 

, 

(
ˆ d G 

)2 

= 

∑ n 
i =1 

(
ln 

(
G 

i 
c 

)
− ˆ μG 

)2 

n − 1 

(7) 

= 

∑ n 
i =1 

(
ln 

(
σ i 

m 

)
− ˆ μσ

)(
ln 

(
G 

i 
c 

)
− ˆ μG 

)
(n − 1) ̂  d G ˆ d σ

(8) 

.2. Modeling strategy using stochastic CZM 

The two-dimensional CZM is used for modeling the interfacial

ailure during debonding of ABJs, the constitutive relationship of

hich is expressed as: 

 i ( δi ) = 

⎧ ⎨ 

⎩ 

Kδ, δi < δ0 
i 

(1 − d) Kδ, δ0 
i 

< δ < δ f 
i 

0 , δ f 
i 

< δ

(9) 

here K is the stiffness of the interface, d is the damage variable

o drive the interface degradation, δi is the separation between

wo bonded surfaces, and subscript i indicates the crack mode. The

lassic quadratic stress criterion and the mode-independent evolu-

ion criterion are used to determine the initiation of the interfacial

ailure and crack propagation. The two criteria read: 

σ 1 

σ 1 
m 

)2 

+ 

(
σ 2 

σ 2 
m 

)2 

= 1 (10) 

G dissipated 

G 

= 1 (11) 

c 
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Fig. 2. A schematic illustration of the proposed strategy for modeling ABJs with variability in interfacial properties. (a) A FRP joint, (b) The mophology of cross-section of 

the joint and (c) The proposed modeling scheme. 
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The damage variable d for a bilinear constitutive relationship

read: 

d = 

δ f 
e 

(
δe − δ0 

e 

)
δe 

(
δ f 

e − δ0 
e 

) (12)

in which, δ0 
e and δ f 

e are the equivalent separations corresponding

to the onset and completion of interfacial failure. The equivalent

separation is calculated by δe = 

√ 

δ2 
1 

+ δ2 
2 

. The final separation δ f 
e 

is determined through: ∫ δ f 
e 

0 

t e d δe = G c (13)

in which the equivalent traction is calculated as t e = 

√ 

t 2 
1 

+ t 2 
2 

. In

the present model, 
(
σ 1 

m 

= σ 2 
m 

, G c 

)
are the spatially stochastic vari-

ables that are designed to follow the bivariate lognormal distribu-

tion expressed in Eq. (3) . 

There are two physical interfaces for the bondline of ABJs, as

highlighted by the dashed lines in Fig. 2 . A variety of failure modes,

e.g ., adhesive failure, cohesive failure and hybrid failure, can oc-

cur in ABJs ( Zotti et al., 2016 ). As mentioned previously, the bond-

line is conventionally modeled by a single layer of cohesive ele-

ments, with which the apparent debonding performance and the

overall response of joints can be studied. Nonetheless, this model-

ing scheme of the bondline may fail to capture the different failure

modes and to elaborate on the local debonding mechanisms. The

focus of this paper is on the essence of crack-tip transfer and liga-

ment bridging during debonding, which is a mechanism attributed

to the interaction of the two physical interfaces. Therefore, in the

proposed modeling strategy, double layers of cohesive elements are

modeled to characterize the bondline of a joint. Adhesive materials,

such as epoxies, typically show an elastic-plastic-damage behavior

( Haider et al., 2011 ); thus, the physically existing adhesive layer is

modeled as an isotropic elastic-plastic-damage material. The mod-

eling scheme is illustrated in Fig. 2 c, in which different colors refer

to the random interfacial properties. A script program was devel-

oped in the commercial software Matlab to complete the genera-

tion and assignation of stochastic interfacial properties. 

3. Model validation 

We simulated the Double Cantilever Beam (DCB) test, which

is a standard test to measure mode-I SERR, to investigate the ef-
ect of variability in interfacial properties on bridging. The uni-

irectional laminated FRP substrate is stacked with Carbon/Epoxy

21/T700, whose properties are provided by the manufacturer and

ummarized in Table 1 . The epoxy adhesive layer, whose thick-

ess is t a = 0 . 10 mm, is modeled as a classic elastic-plastic-damage

edium, whose properties are also listed in Table 1 . The config-

ration and geometrical parameters of the model are as shown

n Fig. 3 . The bonded region is discretized densely while a coarse

esh is adopted in other regions. 

The parameters, μG , and d G were estimated through MLE, as ex-

ressed in Eq. (7) , based on the available sample of G c . Then using

q. (2) the estimations of the mean E( G c ) and the standard devi-

tion 

√ 

Var ( G c ) of G c were obtained. The mean E( σ m 

) of σ m 

was

stimated by trial and error based on the authors’ previous exper-

mental investigations ( Tao et al., 2018, 2019 ). Because the sam-

ling of σ m 

was not available, for simplicity, the standard deviation
 

Var ( σm 

) of σ m 

was initially estimated based on the following as-

umption: 

σm 

E ( σm 

) 
= 

√ 

G c 

E ( G c ) 
(14)

Applying the above relationship, we generated a sample of G c ,

ncluding 10 0,0 0 0 data. We performed the MLE to estimate d G 
ased on the generated sample, and then using Eq. (2) we found

he 
√ 

Var ( σm 

) . The statistical properties of the interface used in

he initial model can be found in Table 1 . A perfect positive corre-

ation between σ m 

and G c was assumed, i.e ., ρ= 1. 

For each layer of the interfaces, the length of the cohesive ele-

ent was controlled at 0.20 mm. In total, 706 cohesive elements

ere included in the model, with each layer including 353 co-

esive elements. Correspondingly, 706 pairs of random ( σ m 

, G c )

ere generated following the joint lognormal PDF in Eq. (3) and

ssigned to the cohesive elements. To demonstrate the models ro-

ustness, we performed thirty simulations subjected to the same

tochastic characteristics of interfacial properties. Fig. 4 shows ex-

mples of the generated data of the stochastic bonding properties,

ith perfect positive correlations. Fig. 5 shows the differences be-

ween the cohesive elements of the top interface and the bottom

nterface, which are stochastic but oscillate around 0 ( x = 0 corre-

ponds to the original crack-tip). Under the current stochastic char-

cteristics, we expect that the difference in bonding properties will

ontribute to triggering the crack tip transfer and the resultant lig-

ment bridging. 
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Table 1 

The material properties adopted in modeling the debonding of the adhesively bonded FRP DCB specimen. 

Carbon/Epoxy lamina (M21/T700) 

E 11 (MPa) E 22 (MPa) E 33 (MPa) ν12 = ν13 = ν23 G 12 (MPa) 

125000 7800 7800 0.33 5100 

Epoxy adhesive (Araldite® 420) ( Haider et al., 2011 ) 

E (MPa) ν Yield stress (MPa) Ultimate stress (Mpa) Fracture energy (KJ/m 

2 ) 

1500 0.33 27 37 0.22 

Stochastic interface 

E( σ m ) (MPa) E( G c ) (KJ/m 

2 ) 
√ 

Var ( σm ) 
√ 

Var ( G c ) ρ

24 0.72 3.03 0.19 1.0 

Fig. 3. Finite element model with geometrical parameters and boundary conditions. The loading points are fixed in x direction and imposed displacement-controlled loading 

P in y direction. 

Fig. 4. Scatter plot of the generated sample pairs of σ m and G c . 
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Fig. 6 a presents a series of experimentally observed events dur-

ng debonding of the FRP DCB specimen ( Tao et al., 2018 ). The

urfaces of bonded substrates were uniformly pre-treated along

he direction of crack propagating via pulsed CO 2 laser irradia-

ion. During debonding, the crack stopped advancing along its orig-

nal interface and nucleated in the parallel interface below the ini-
ial one. This process is the so-called crack-tip transfer. Shortly af-

er, an adhesive ligament, which spanned the crack, waked at a

hallow angle. The adhesive ligament trapped between the two

roken interfaces first deformed like a short beam, causing a

trengthening of the beam arm stiffness, and eased the stress field

round the crack tip. Afterward, the adhesive ligaments resulted

rom the crack-tip transfer experienced stretching and failure. For

he in − situ observations of failure ligament, readers can refer to

 Tao et al., 2018 ). Note that in the second image of Fig. 6 a, crack-

ip transfer occurred again, and multiple ligaments were built up.

he numerical model also captured similar behaviors, as shown

n Fig. 6 b. Failure profiles of the DCB substrate after detachment

f the present segment showed multiple broken ligaments, and

nterphase or residues of the epoxy left on the FRP adherends,

hich undergoes plastic deformation, as shown in the last im-

ge of Fig. 6 b, similar with experimental observations. All the

bove comparisons indicate that numerical simulation has demon-

trated comparable debonding behaviors to these experiments,

hich prove the validity of the present model in capturing the

hysical mechanisms of crack-tip transfer and bridging adhesive

igaments. 

In the following, simulations of the model with determinis-

ic properties were also performed for comparison, referred to as

he reference model. Fig. 7 a shows the structural responses of

ve typical simulations with stochastic properties, as well as that

f the reference models. The SERR and the associated R-curves,

hown in Fig. 7 b, were extracted using data reduction techniques

 Berry, 1963 ). All five models behaves similarly. In contrast to the
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Fig. 5. Plot of the difference of (a) σ m and (b) G c for the corresponding cohesive elements of the top interface and bottom interface. 

Fig. 6. The crack-tip transfer and ligament bridging observed in (a) Experiment and (b) Simulation with the stochastic CZM model. From top to bottom: Crack-tip trans- 

fer, ligament bridging, and multiple ligaments. The highlighted regions with red circles are the regions where crack-tip transfer and ligament bridging happens (bondline 

thickness t a = 0 . 10 mm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. The structure responses obtained by the present model with the comparison 

to the reference model. (a) Applied load vs . crosshead opening curve and (b) R- 

curve. 
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eterministic system, the spatial heterogeneity of the interfacial

roperties leads to oscillations in the structure responses, which

emonstrates an instability due to the spatially distributed het-

rogeneity of interface properties. For the DCB in the presence of

igaments, the force applied on the beam arm is generally higher

han that of the reference model with deterministic G c subjected

o the same crack opening. As the crack opening increases, the

igaments start stretching, and they provide a shielding effect by

xerting a substantial crack closure force, which features the re-

ponse of joint with overshoot compared to the response curve

rom the reference model with E( G c ), but lower than that of the

eference model with 2E( G c ). The adhesive ligaments significantly

inder crack propagation through elongation, giving rise to plas-

ic deformation of the adhesives and approaching to the rupture

train. Meanwhile, extra debonding surfaces may also be intro-

uced into the system during the stretching of ligaments. All these

echanisms contribute to increasing the amount of extrinsic dis-

ipation in terms of additional debonding areas and plastic and

racture energy of adhesives, which has been demonstrated by

he comparison of the obtained R-curves during the crack prop-

gating from �a = 0 mm to �a = 55 mm, as shown in Fig. 7 b.

his shows an enhancement of approximately 16% in toughness

ompared to the reference model. The oscillation of the numer-
cally measured SERR indicates the elongation and bulk fracture

f the adhesive ligaments. The close resemblance of the numeri-

al results from the five models with the same statistic parame-

ers suggests that the model robustly captures the essential fea-

ures of the phenomenon. A mismatch also occurs, which makes

ense because, in this problem, the statistic properties are based

n a large amount of data, and due to the limit of computa-

ional resources, only a limited number of simulations can be

erformed. 

. The effect of bondline thickness on the fracture toughness 

f FRP joints 

Many tests have demonstrated significant bondline thickness ef-

ects on the performance of bonded joints, whereby the bonding

oughness shows divergence as the bondline thickness is varied

 Carlberger and Stigh, 2010; Azari et al., 2011; Ji et al., 2010; Marzi

t al., 2011; Boutar et al., 2016; Ji et al., 2013 ). Considerable efforts

ave been made to interpret the reasons leading to this thickness

ffect ( Ji et al., 2010; Liao et al., 2013; Arenas et al., 2010; Noda

t al., 2007 ). A classic explanation is that the shape and size of

lasticity zone within adhesive layer change with bondline thick-

ess, and thus macroscopically joints demonstrate different tough-

ess ( Kinloch and Shaw, 1981 ). This can be the mechanism lead-

ng to the bondline thickness effect for cohesive fracture domi-

ated joints. For the joints dominated by interfacial fracture, no or

ittle plasticity is formed within adhesives. Crack-tip transfer and

ridging ligaments may increase the joints toughness according to

ur analysis in the previous section, and it is worth exploring the

rigin of the variations in fracture toughness based on the thick-

ess effect on the crack-tip transfer and bridging ligaments. This

ight be a key factor leading to the effect of bondline thickness on

he joints toughness. We performed six groups of simulations, the

ondline thicknesses of which were, respectively, t a = 0 . 10 , 0.12,

.15, 0.20, 0.30, 0.50 mm. The adopted stochastic interface prop-

rties are in line with those listed in Table 1 . Again, we generated

t least thirty models for each group of simulations to achieve sta-

istical convergence. 

Fig. 8 shows the typical predictions obtained from the models

ith different bondline thicknesses. Explicit differences can be ob-

erved from the load-opening curves shown in Fig. 8 a, as well as

he R-curves shown in Fig. 8 b. No ligaments were captured during

he debonding of the model with baseline thickness of 0.50 mm.

hus, both the structural response and R-curves of this model gen-

ly oscillate around the result from the reference model, see Fig. 8 a

nd b. The number of ligaments built up and the average G c dur-

ng the crack propagating from �a = 0 mm to �a = 55 mm are

lotted as a function of the bondline thickness in Fig. 8 c, where

e can see that the number of ligaments decreases monotoni-

ally with increasing bondline thickness, asymptotically approach-

ng zero, while the G c increases monotonically as the thickness of

he adhesive increases from 0.10 to about 0.20 mm. The model

ith t a = 0 . 20 mm features the maximum G c compared to the

ther cases, which is around 20.6% higher than the reference value.

t t a = 0 . 30 mm, the average G c is considerably lower than that

or the model with t a = 0 . 20 mm, indicating that, under the cur-

ent stochastic characteristics of interfacial properties, the fracture

oughness of the joint reaches a maximum with a bondline thick-

ess between 0.20 and 0.30 mm. It should be noted that, in the

cenario of interfacial debonding, no or very little plasticity was

eveloped within adhesive layer for our simulations. The above

rends of toughness with bondline thickness agree with those of

he existing experimental observations ( Carlberger and Stigh, 2010;

outar et al., 2016; Arenas et al., 2010 ). 
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Fig. 8. The structure responses obtained by the present model with different bond- 

line thickness t a with the comparison to the reference model. (a) Applied load vs . 

crosshead opening curve, (b) R-curve and (c) Scatter plot of ligament number and 

average SERR vs . bondine thickness. 

 

s  

t  

o  

a  

d  

t  

t  

t  

t  

l  

t  

i  

t  

p  

i  

t  

s  

a  

a  

t  

a  

d  

a  

t  

f  

l  

f  

f  

B  

m  

h  

T  

o  

t  

n  

(  

e

5

 

f  

t  

f  

s  

t  

r

5

 

fi  

w  

l  

t

 √
 

G  

m  √
 

t  

t  

T  

b  

i  
The reason for this established trend is that an increase in dis-

ipation due to the thickening of ductile ligaments and a reduc-

ion in the number of bridging ligaments compensate for each

ther. More specifically, when the bondline is relatively thin, the

dded dissipation in terms of the ligaments plasticity and fracture

ue to increasing bondline thickness contributes more to the to-

al energy release, thus establishing an increasing trend in frac-

ure toughness. However, once the bondline thickness exceeds a

hreshold value, the added dissipation from increasing bondline

hickness is no longer enough to compensate for the dissipation

oss due to the reduction of bridging ligaments; thus, the sys-

em features a decline in toughness at a decaying rate. Increas-

ng the adhesive thickness further leads to a pure interfacial frac-

ure without any crack-tip transfer, and the dissipation will be

urely from the interfacial fracture. Then the fracture toughness

s therefore not evidently changed, and approximately equals to

he SERR of the surface debonding between substrate and adhe-

ive. According to our analysis, the plasticity of adhesives plays

 significant role in the toughness of bonded joints, which is in

ccordance with Ji et al. (2010) , where the influence of the plas-

ic dissipation in the toughened adhesive interlayer was described

s the mechanism responsible for the bondline thickness depen-

ence. Liao et al. (2013) found that the toughness of ABJs increases

s the adhesive thickness increases for a ductile adhesive, but the

rend is opposite for a brittle adhesive. This is possibly due to the

act that, with the increase of the bondline thickness, the bridging

igaments will reduce, and the dissipation from ligaments brittle

ailure is also relatively low, which is not enough to compensate

or the decreased dissipation due to the reduction of ligaments.

ased on the above discussion, an optimum bondline thickness

ay be achieved depending on the stochastic characteristics, ad-

esive properties, geometrical parameters, and also loading types.

his analysis highlights the potential of maximizing toughness by

ptimizing the adhesive thickness in design process. Apart from

he interpretation we explored in this work, the bondline thick-

ess effect may also be attributed to other factors such as defects

 Arenas et al., 2010 ) and singular stress field ( Noda et al., 2007 ),

tc . 

. Parametric study on the stochastic interfacial properties 

Due to the variability in the quality of manufacture and sur-

ace pre-treatment, bonding interfaces may possess different statis-

ic characteristics, which is believed to endow FRP joints with dif-

erent enhanced toughness. For the purpose of thoroughly under-

tanding the sensitivity of bonding performance of FRP joints to

he parameters of interfacial variability, we carried out a paramet-

ic study. 

.1. Effect of standard deviation 
√ 

Var ( σm 

) 

Keeping G c deterministic without any variance, we performed

ve groups of simulations with different standard deviations of σ m 

,

hich were 
√ 

Var ( σm 

) = 0 . 60 , 1.20, 1.80, 2.40, and 3.03. In the fol-

owing simulations, the means of ( σ m 

,G c ) are in accordance with

he values in Table 1 . 

Fig. 9 presents the statistical results. The model subjected to
 

Var ( σm 

) = 0.60 debonded without any ligament, the obtained

 c was close to that of the reference model. We observe an al-

ost linear relationship between the number of ligaments and
 

Var ( σm 

) . Crack-tip is more likely to transfer from one interface

o another for the model subjected to larger 
√ 

VAR ( σm 

) during

he debonding process, and thus more ligaments tend to be built.

he toughening of ABJs has been proven by the improved capa-

ility of debonding resistance for all the tested cases with bridg-

ng ligaments. A monotonous increase of G c at a decaying rate
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Fig. 9. Scatter plot of ligament number and the average SERR obtained by the mod- 

els with different 
√ 

Var ( σm ) . ( t a = 0 . 15 mm). 
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Fig. 10. Scatter plot of ligament number and the average SERR obtained by the 

models with different 
√ 

Var ( G c ) . ( t a = 0 . 15 mm). 
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s observed with the increase of 
√ 

Var ( σm 

) . For the debonding

ropagating from �a = 0 to �a = 55 mm, the model with devia-

ion 

√ 

Var ( σm 

) = 3 . 03 features the maximum toughness enhance-

ent, for which the total energy dissipation is approximately 22.9%

igher compared to the reference model with uniform bonding

roperties, as shown in Fig. 9 . In general, the model subjected to

reater variability in σ m 

will build up more ligaments and thus

roduce more extrinsic dissipation. 

.2. Effect of standard deviation 
√ 

Var ( G c ) 

Keeping σ m 

deterministic, i.e ., 
√ 

Var ( σm 

) = 0 , we performed

odel runs with different standard deviations of G c , i.e .
 

Var ( G c ) = 0 . 19 , 0.30, 0.40, 0.50, 0.60 and 0.80, to help elucidate

he sensitivity of joints toughness to G c . Crack-tip transfer did not

ccur in the models with 

√ 

Var ( G c ) = 0 . 19 and 0.30, whereas the

ther models experienced crack-tip transfer and ligament bridging.

imilarly, a critical value of 
√ 

Var ( G c ) exists, above which, crack-

ip transfer can happen, and thus establishing ligament bridging.

bvious enhancement in joints’ toughness was observed for all

he cases, as indicated by the predictions shown in Fig. 10 . The-

retically, in simulations, the measured SERR of the model with-

ut crack-tip transfer should be equivalent to the mean value of

he randomly generated SERR of the debonding interface (close to

he reference value). However, as per the predictions we obtained,

he measured toughness of the models with pure interfacial frac-

ure is higher than the reference value. This can be explained by

he fact that the undebonding interface also underwent interfacial

ailure, which released non-negligible amounts of energy, although

ith no apparent fracture. The toughness of joints with 

√ 

VAR ( G c )

reater than the threshold ( 
√ 

Var ( G c ) = 0 . 50 in the present case)

s not sensitive to the increasing 
√ 

Var ( G c ) and the systems tend

o dissipate a similar amount of energy for the same crack exten-

ion, i.e ., possess similar fracture toughness. This is counterintuitive

nd different from the sensitivity of 
√ 

Var ( σm 

) on the toughening

ffect of FRP joint. This is possibly due to the fact that the crack-

ip tends to transfer into the interface with lower G c , even when

he number of ligaments is increased with increasing 
√ 

Var ( G c ) ,
nd the decreased dissipation due to the weak interface and the

dditional are approximately equivalent. 

.3. Effect of correlation coefficients ρ

The correlation coefficient ρ ∈ [ −1 , 1] , in Eq. (3) , indicates the

trength of the statistical relevance between σ m 

and G c . To fully

nderstand the effect of the correlation coefficient on the bond-

ng performance of the composite joint, we investigated both nega-

ive correlation and positive correlation. In total, we performed five

roups of simulations, with five different correlation coefficients

= −1 , −0.5, 0, 0.5 and 1. The generated stochastic bonding prop-

rties for different correlation coefficients are shown in Fig. 11 . A

orrelation of −1 shows a perfect negative correlation, while a cor-

elation of 1 shows a perfect positive correlation. A correlation of

 shows no relationship between the variations of σ m 

and G c , i.e .,

he two properties are independent. 

Fig. 12 shows how the correlation influences the number of

igaments and the effective toughening. Overall, the toughness of

oints and the number of ligaments formed during debonding

emonstrated opposite trends when ρ is varied. In case of pos-

tive correlation, low strength and low toughness tend to be at

he same spatial point as indicated in Fig. 11 a and b. On the con-

rary, the point possesses low strength and high toughness in case

f negative correlation as indicated in Fig. 11 d and e. The initia-

ion of crack-tip transfer occurs more easily with positive ρ: the

robability of ligament bridging is higher compared to those joints

ith negative ρ , as proved by the variation of ligaments’ num-

er in Fig. 12 . However, despite there are more bridging events

hen increasing ρ , these bridging events are individually less effi-

ient in dissipating energy, as the toughness reduces together with

he strength. The “weak strength” activated bridging events are

lso “low toughness” events. On the contrary, for negative ρ , fewer

ut more efficient events can be observed as the “weak strength”

vents come with high toughness due to the negative correlation

oefficient. These two mechanisms are competing, one increasing

he effective toughness with the correlation, the other one decreas-

ng the effective toughness with the correlation. These two effects

ffset each other, except for correlation close to −1 for which the

fficient of individual ligaments seems to be the preponderant ef-

ect. 
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Fig. 11. Scatter plot of the generated pairs of ( σ m , G c ) subjected to different correlation coefficients. 
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Fig. 12. Scatter plot of ligament number and the average SERR obtained by the 

models with different ρ . ( t a = 0 . 15 mm). 
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. Conclusions and closing remarks 

The physical debonding mechanisms of FRP ABJs subjected to

 variability in interfacial properties are elaborated by applying a

ewly developed modeling strategy. Based on the results and dis-

ussion, we can draw the following conclusions: 

(1) By applying the developed modeling strategy, we have cap-

tured the mechanisms of crack-tip transfer and ligament

bridging during the debonding of FRP ABJs, which confirms

that our modeling strategy is applicable and practical. 

(2) The spatially distributed stochastic properties of the inter-

face significantly influence the debonding behaviors of FRP

joints by triggering the mechanisms of crack-tip transfer and

ligament bridging. Consequently, an enhancement in crack

resistance of composite joints is achieved, in terms of extrin-

sic dissipation contributed from the extra debonding surface

and the plastic deformation and failure of adhesives, leading

to a tougher and more robust joint system. 

(3) Crack-tip transfer and the associated ligament bridging can

be one of the main mechanisms responsible for the bond-

line thickness effect on fracture toughness of ABJs. It appears

that an optimum bondline thickness exists for bonding ad-

hesion subjected to specific stochastic characteristics, with

which the performance of ABJs is expected to be maximized.

(4) Our parametric study reveals that the toughness of FRP

ABJs is sensitive to the parameters of stochastic distribution.

Greater standard deviations of σ m 

and G c tend to build up

more ligaments, which may provide more extrinsic dissipa-

tion and significantly influence the structure response, and

more importantly, the toughness of a joint. The variation of

correlation coefficient ρ activates two competitive mecha-

nisms that more bridging events occur when increasing ρ
while these bridging events are individually less efficient in

dissipating energy. 

(5) The results point the way to improve design of innovative

FRP ABJs, during the debonding of which, large-scale liga-

ment bridging can be controlled, and thus the extrinsic dis-

sipation may be explored to enhance the performance of

ABJs. 

All the results presented here were performed under pure

ode-I condition. In the future, the proposed numerical model-

ng strategy will be applied to investigate the effect of variability

n interfacial properties of ABJs under mode-II and mixed-mode
oading, which is more significant and generalized. Future works

ill also focus on turning these observations into new approaches

or the design of adhesive joints. As we demonstrated that hetero-

eneous bonding properties can strongly affect the interface and

hat this effect is dependent on the thickness of the interface, we

an now design both the substrate heterogeneity (using appropri-

te treatment such as lasers for example) and the geometry of the

oint to tailor the relative weight of local and non-local dissipation

echanisms. 
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