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ABSTRACT QJ

A novel extrapolation procedure to predict the mode Il cohesive la esive joints is
presented. At first, a recently proposed compliance based expétimental method to extract mode
11 Cohesive Laws is extended to the eccentric end-notche@e test EENF and generalized
including the effect of the bond line thickness to d, improved expressions for the
compliance, J-Integral and shear displacement,at'the Crack tip are derived.

Assuming that every effect associate e damage is included in the equivalent crack length,
new expressions related to the i (Cy), J- Integral (J,) and crack tip shear displacement

(4o) are defined and invaria lations between Jo-4y and Ay- Cy are elicited for a given material

system and test co

Finally, an exts@po procedure is presented, based on the Jo-4, and Ay- C, calibrated curves,
which en@ stimate the cohesive laws for a wide range of adhesive to adherend ratio of a

give tal system by processing only the load —displacement curve.



NOMENCLATURE

Latin alphabet

A, Ay cross sectional area of the specimen and the adherend, respectively

a initial crack tip position

Qe equivalent initial crack tip position &
Qe equivalent initial crack length * Q

e equivalent crack length ﬁ\

B regression coefficients of the linear curve Jo-A, 6(}

C compliance 0
Co compliance factor
d actual span between left support an@ oller

do initial span between left su ndioading roller
Ei, Es, E; longitudinal, in-planetand out-oféplane elastic moduli, respectively
E; flexural modulus

Gy in-plane s%@
Gi3, Gy out-of- hear moduli

2h the total thickness of the specimen
I, Qecond moment of area of the specimen and the adherend, respectively
J

J-integral value

Je J-integral critical value

Jo J-integral factor

Ko penalty stiffness

2L actual span between supports
2L, initial span between supports

m regression coefficients of the linear curve Jo-A,



M Bending moment

P applied load

Q shear force

R the support and loading roller radius
t adhesive thickness

W specimen width

Greek alphabet K/
a shape factor in the deformed configuration 2 Q
17 shape factor in the non deformed configuration :0

yij adhesive to adherent thickness ratio

V4 specimens cross-sectional factor 03

) load point displacement Q

Ay A opening and shear displacemen tt@ tip, respectively
Ao crack tip shear displacemen

Ao, A1, A2 regression coefficients,0f the quadratic curve 4,-Cy

On, O, Oc clockwise rotati oad introduction points

o cohesive n | stress

T c

ohesiv stress
T max C;Q shear strength

Q,, Q, choefficients of the displacement curve
Acr

BTBR Bending Theory with Bending Rotations
CFRP Carbon Fiber Reinforced Polymers

CTSD Crack Tip Shear Displacement

CZM Cohesive Zone Model

DIC Digital Image Correlation

DM Direct Method



EENF Eccentric End Notched Flexure

ENF  End Notched Flexure

FPZ  Fracture Process Zone

LVDT Linear Variable Differential Transformer

SD standard deviation
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1. INTRODUCTION

Adhesive bonding is extensively used in diverse industrial applications [12 3 4 -5] allowing a
weight reduction and providing design flexibility in structures that require some joining
technique. Adhesive bonding offers superior advantages over conventional mechanical fasteners
such as higher specific strength, cheaper and faster joining technique, lower stress
concentration, and better fatigue resistance. [6 7 -8].

However, due to the lack of reliability that structural joints often suffer [9,10], adhesiveshave
been widely used for reparation and maintenance operations of aeronautic comporie @ t the
use of adhesive bonding in large primary structural parts is not feasible for % t 11, 12].
The use of Cohesive Zone Models (CZM) to simulate the failure progess esive joints is

increasing because of its versatility to analyze the fracture in a wide,vagiety of materials and

loading conditions. Q
CZM, presented by Barenblatt [13] and Dugdale[lA@s ts a damage zone in the vicinities
of the crack tip where the local fracture pr rded as a gradual phenomenon. CZM
relies on a traction separation law, assumed as nstitutive law of the material, which
describes the material failure behavi

Adhesive joints are usuall @ a large scale Fracture Process Zone (FPZ) as a result of
the size of the plastic a aged region formed in the vicinities of the crack tip. In this
situation, an accur@ is of the FPZ performance is needed to precisely simulate the joint
response [16],%an experimental determination of the cohesive law being necessary.

Forghi afﬂre are different methods available in the literature which can be classified into
two groups; the inverse and the direct methods.

The inverse procedure consists of a parametric modeling to identify cohesive zone model
parameters using the Finite Element Method. This iterative method relies on an optimization
procedure which goal is to reach the best compromise between the simulation and the
experimental measurements by iteratively varying cohesive zone model variables

[17 18 19 20 21 22 23-24].
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In the direct methods, the determination of the cohesive law is conducted based on the closed-
form expressions of the path independent J-integral to obtain the fracture toughness and by the
experimental measurement of the crack tip displacement [23, 25, 26,27 28, 29, 30,31, -32]
usually requiring high resolution equipments as linear variable differential transformer (LVDT)
or Digital Image Correlation (DIC).

In the present study, a recently proposed compliance based experimental method to extract
mode 1l cohesive law [33] is extended for the eccentric end-notched flexure test (EENR)ito
check the possible advantages of the eccentric test configuration to avoid the influénce of the
FPZ proximity to the load point position and is generalized to include the effect of the adhesive
layer thickness when it is not negligible in comparison with the adherendthickness.

Based on this generalized data reduction method, a new extrapolatign pgecedure to predict the
mode 11 cohesive laws of bonded joints is presented enablifng*tg estimate the mode Il cohesive
laws for a wide range of adhesive to adherend ratio gf asgiven material system and test
configuration by processing only the load-displagement Curve.

In Section 2 novel mathematical expressions forthe compliance (C), J-Integral (J) and the
crack tip shear displacement (4,) are derived accounting for the eccentricity of the EENF test
and the adhesive layer thickn€ss. <L hedetermination of J and A4, is carried out according to the
equivalent crack lengthy@ppraach, for which only the load and displacement data provided by
the test machine are g€quiredd In Section 3 new expressions designated as Cy, Jo and Ay are
defined ang#inviariant relations are elicited for a given material system and test configuration,
providing anweXtrapolation procedure to estimate the cohesive laws. Experimental and numerical
verifications are presented in Section 4 and 5 to provide both experimental and numerical
evidences of the suitability of the proposed data reduction procedure to extract the cohesive law
for different bond configurations. Once verified, the efficiency of the extrapolation procedure
and the precision of the extracted cohesive laws are analyzed by comparing predicted cohesive

laws with results obtained by the Direct Method (DM) [16]. In Section 6, a Monte Carlo
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Method based sensitivity analysis is carried out to determine the robustness of the proposed data
reduction method. Finally, in Section 7 summary and conclusions are presented.

2. ANALYTIC APPROACH

By evaluating the path independent J-integral introduced by Rice [34] locally around the

cohesive zone, the J-integral becomes [25]:

Ap Ar
]=f adAn+f T dA; (1)

where o and 7 the cohesive normal and shear stress and 4, and 4; are the openlng

displacement at the crack tip, respectively.

For the Eccentric End Notched Flexure (EENF) test configuration in FIQQ a specimen

cracked at one end is loaded in eccentric three point bending, the co@s ear stress z is only

function of the crack tip shear displacement A, [35]:

| %Q )

hear stress distribution requires the

ad
r(a) = o

According to Eq (2) the determination of t
monitorization of the J-Integral versus¥, during the EENF test.
For this purpose, a recently propm imental method [33] is further developed to account

for the influence of adhesiveflay ness when it is not negligible in comparison with the

adherend thickness andé

This method is :@wc

the J and 4; usl

Jed to include the effect of the eccentricity of the EENF.

pased data reduction method that enables to determine both
clusively the load displacement data recorded during the test without any
ext surement of the crack length and the displacement at the crack tip and including in
addition to the span variation, shear and local deformation effects, the influence of thickness of

the adhesive layer.
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Figure 1: Schematic EENF specimen accoroh&@;!

2.1.  Equivalent Crack Length

To obtain the equivalent crack length based on the com@ the specimen, elastic behavior

of the adherends is assumed during the whole f Process.
The load application point displacement is d ned applying Castigliano’s second theorem
[36] including shear and bending eff d obtaining the derivatives of shear forces and

bending moments by the unit Io@ . Thus, the compliance C = &/P can be expressed as:

2(2L)3] 6 (1—a)
a

_12(1—a)?
3 5 Gaw(2h)

ant crack length, E;is the flexural modulus; Gis is out-of-plane shear

Where a. is thé'equiva
modulus, €=J 2L is the shape factor accounting for the eccentricity of the EENF test in the

defo nfiguration, w the width and 8 = t/2h adhesive to adherent thickness ratio, where

¢ [(1 - a) [%] a, + a(ZL)] )

t adhesive thickness and 2h the total thickness of the specimen. Further details of the derivation
of Eq (3) are provided in Appendix A.
The y factor can be computed as:

. a-p)y (4)
X=a_a-pyp
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The actual span between supports 2L and the actual span between left support and loading roller
d (Fig. 1), are determined taken into account the contact point shifting between the specimen
and supports and loading rollers due to bending rotation [37]. According to Fig. 1, 2L and d are

respectively:

R R (5)
2L = 2Ly |1 = 5= (1841 + 16, d = a(2L) = do |1 = - (1041 - 16cD)|
0 0

where 2L, the initial span between supports, do is the initial distance between left sup
loading roller and R the support and loading roller radius. \Q
In order to evaluate the actual dimensions, the rotations at supports and Ié int are

determined applying Castigliano’s second theorem, being the denvaﬁ
i

unit bending moment at the point where the rotation is going t@

rotations are:

ed applying a

ined. The bending

[ 12
164l = (1 — )P W p 7 3(2L) 5G13w(2h) [1— [(ZL)H
~ [ 12 1 a,’ +a)(2L)
1651 = (1 — a)P Efw(Zh)3 32D 5G13w(2h) [1 ,8] [(ZL)l (6)
_ [ 12 a(1—2a)(2L)?
6c| = (1 —a)P Ewzh ) ] 5613w(2h) [1 - /3] [(ZL)]]

Thus, replacing th@t imensions from Eq. (5) into Eq (3), the equivalent crack length a,
is determi ough a numerical solution equating Eg. (3) to the experimental compliance

val Lirectly from the experimental load displacement curve. Based on the
compliance variation of the specimen as damage develops, a. can be estimated at any stage of
the test where P and o are evaluated.

2.2. J- Integral

J is determined using the J-integral closed form expression for the EENF test presented by Stigh

et al. [30].

J= ; [(1—a)8s — Oc + abg] (7
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where 8,, 0, and Oc are the clockwise rotations at the load introduction points and « is the
shape factor accounting for the eccentricity of the EENF test in the deformed configuration.
Replacing bending rotations 8y, 8z, and & obtained from Eqg. (6) into Eq. (7) J can be computed

as:

_ 6P%(1 — a)? [ae ] ®

T Ew2(2h)3
Replacing the corrected dimensions from Eq. (5) and the equivalent crack length deter@y
Eq. (3) into Eq. (8), J is determined, obtaining the evolution of J during the tes‘e

from experimental load-displacement data.

2.3.  Crack Tip Shear Displacement ? (J

According to previous works [33, 38], every effect associated wi

is included in the equivalent crack length as displayed in%

Cracked material Damaged matesp -damaged material
|
1

Stress free e zone Elastic zone
¥ N

elopment of the FPZ,

L
-

Vi
TTTT7T

Equivalent
nitial crack length crack

< ' | advance Elastic zone |
<:/ I I

Figure 2: FPZ of an adhesive joint (a) CZM idea (b) and the equivalent crack length based
system (c).

Therefore, the shear displacement at the initial crack tip position 4; is obtained based on the
hypothesis of the equivalent crack length system as shown in Fig 3. Where the black lines
represent the cross sectional rotation of the upper and lower arm at the initial crack tip position.

The CTSD is the distance/jump between those two lines after removal the rigid body rotation.
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Figure 3: Initial crack tip shear displacement, where Aa, is equivalent crack adv

Applying Castigliano’s second theorem, and a pair of unit forces in oppos:;:@ﬂs a! the

initial crack tip to obtain the derivatives, the 4; can be expressed as q

_12P(1 - )1 + ) "
A= Fwhrd— B [aEZQﬁQ ©)

1 —a—|9A|] (10)

with

where a, the initial crack tip position, e radius of the supports roller, « = d/2L the shape
factor in the deformed co @n and 6, the rotation at the left support determined

according to Eq. (% corrected dimensions and the effect of the adhesive layer

thickness are i@

3. ESIVE LAW EXTRAPOLATION PROCEDURE

In the following section, a methodology to extrapolate the cohesive law for a given material
system and test configuration is presented.

In previous section a method for extracting the mode 11 cohesive law including bondline
thickness effect has been proposed. The method based on beam theory assumes that every effect
associated to the damage development is included in the equivalent crack length obtained based

on the compliance variation.
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Analytical expression for the Compliance, the CTSD and J-Integral have been derived, all of
them function of the adherends elastic properties (E; and Gs), the test configuration (R, d,

and 2L), the specimens cross-sectional dimensions (2h, t and w), the applied load (P) and the
equivalent crack length (a).

To be able to rearrange the Compliance, the CTSD and J-Integral expressions in a separable
form as a multiplication of separate functions, it is necessary to define C-C;,; whose expression

has the following simplified form according to Eq (A10):

4(1 —a)?
ml [ (2]1)3 [ ] [ ae aLe (\ (11)
where the first term is related to cross-sectional dimensions, the sec the elastic
properties of the adherends and the test configuration and finally t erm to the equivalent

crack length. Q
Rewriting both Eq (8) and Eq (9) in a separable orr@: be expressed as:

1 2]
— 2 2
1=l [Nl (12)
- 2a-o) , 13
- [P] 2 ﬁ)S [ [ae ate ] ( )
For a given material syst G13) and test conflguratlon (R, d, and 2L), factoring out of
C-Cini, J and 4, |n . (12) and Eq. (13) respectively, the term related to the cross
sectional dim the applied load the following C,, Jo and A, functions are defined:
1 _ 4(1 - ao)z 3 3
_Q [m] CO (ae) — CO (ae) = E—f [ae — Qe ]
6(1 - 0[0)2
2 — 2
[P ] [WZ (2h)3 ] ]0 (ae) _— ]0 (ae) - Ef ae (14)
B 1+p8) 12(1-a), , )
At - [P] [W} AO(ae) I Ao(ae) - E—f[ae — Qte ]

where it is assumed that the effect of span reduction due to contact point shifting affects

similarly to all the specimens for a given test configuration a =ay=do/(2L,).
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According to the polynomial expressions of Jy and 4, with respect to a., Eq (14) suggests that
the Jo-A, follows a linear relationship:

Jo=mAy+B (15)
where m and B are regression coefficients determined from least squares fitting, that according

Eq (14) can be obtained as:

(1 —a) _6(1- ,)? 2
m= > B = E—f Qe 16)

On the other hand, Eq (14) also suggests that 4,-C, can be fitted to a second orgder ial

derived from a Maclaurin series expansion of a function type of (x+a)?*: (

AO = /12602 + Alco + )10 6 (17)

where 4,, 4; and A, are regression coefficients and have the fo ingpform:
12(1 — ) 2 Ef
Ado=— " (q..2 — 2 A= = —-— 7
ST e %) AT g PICRPA A

According to Eq (14-18), all regression co end solely on the material properties and

the test configuration and do not depefd on crosSsectional dimensions, hence it can be set that
the Jo-4, and 4,-C, curves are uni:g ant for a given material system and test

configuration i.e. the invariagt n f the Jo-4, and Ay-Cy curves allows considering these

curves as a property of

following intereiti@lt:

o curves are calibrated for a given material system and test configuration,

terial system and test configuration. This fact leads to the

\ JMq(
the e possible to extrapolate the J and At and consequently the cohesive law for
different adherend and adhesive thicknesses of the same material system and test configuration

by monitoring only the load-displacement curve.

3.1.  Calibration of Jo-4, and A4,-C, curves
The starting point of the calibration procedure is the simultaneous record of load versus loading

point displacement, J- integral and CTSD of a single specimen test.
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Initially each value of C-Cj,;, CTSD and J -Integral corresponding to each experimental record
are factorized where i refers to the ith loading point as shown in Fig 4. Thereafter, thought the
functions expressed in Eq (15) and Eq (17) the factorized data can be fitted determining the
regression constants m, B, 4,, 4; and A,.

Thus, following the flow diagram shown in fig 4, the Jo-4, and 4,-C, curves can be calibrated

using a single specimen test data.

Input Data

Load-displacement curve Crack Tip Shear

J-Integral
Displacement
A 4 \ 4
Coi = W(ZR)3y (C — Cinp); _ w(2R)*(1 = B)° 4, 23y [
\ 4 \ 4
Ay-Cy curve fitting Jo—4, curve fitting
A(]: }\2C02+}\1C0+}\0 ]() =mA0+B

Figure 4. Flow/diagram of Jo-4, and 4,-Cq curve extraction.

3.2.  Extrapolation‘procedure

Once calibratedsthedg-4q and A,-C, curves for a given material system and test configuration,
the J- integral an@CTSD can be evaluated at all the loading points for other specimens of the
same,matesial system and test configuration varying the adhesive and adherent thicknesses by
processing only the load-displacement curve.

The extrapolation procedure is shown in the flow diagram in Fig (5).

Initially each value of C-C;; corresponding to each experimental record is factorized where i
refer to the ith loading point. According to the A,-C, curve a Ay value corresponding to each Cy;
value can be obtained, and consequently using the Jo-A, curve a Jo; value corresponding to each

Aqi. . Knowing the values of Ay and Jg; for each ith loading point, the J-integral versus CTSD

10
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curve is obtained by Eq (14) and according to Eq (2) the corresponding cohesive law by

numerical differentiation.

Input Data

Load-displacement

curve

A 4
Coi = w(2R)*x (C = Cini); &
Ay-C, curve :
4y = 7\2C02 +2,Co + 2 \
A
Aﬂl
. Jo—4, curve
- ]0 = on + B
v
Joi
A 4 ﬁy T
1+p) i
Ay=P, Ao; Ji oy

‘wZ?(1- By w22y

v

Cohesive Law

_4
T aa,
0

F@. w diagram to extrapolate the Cohesive Law.
The extram@)cedure presented above permits determining the cohesive law for a given
maténial s

varying the adhesive and adherent thicknesses by processing only the load-

displagement curve, calibrating previously the Jo-4, and A,-C, curves using a single specimen
test data.
4. VERIFICATION OF THE PROPOSED METHOD
4.1.  Numerical
A two dimensional finite element analysis (FEA) was conducted to examine the suitability

of the proposed data reduction procedure to extract the cohesive law for different EENF test

11



215  configurations, and on the way, to check the advantages of the eccentric test configuration due
216  tothe wider path length for the development of the fracture process zone ensuring the stable
217  propagation of the crack [39].

218  Inthe considered EENF specimen configuration the support span is 2L = 120 mm; the width is
219  w= 25 mm, the total thickness 2h=3.2 mm; the adhesive thickness t= 0.2mm and the elastic

220  properties corresponding to the adherends and the adhesive are shown on Table 1.

221 Table 1. Properties of T800S/M21 UD [40, 41] adherend and FM-300M [4 &

2 4
E, 134.7GPa G.n1016MPa \

Exn=E3; 7.7 GPa Tmax  47.5MPa (
GlzzGlg 4.2 GPa i 7.9N WO
Gg3 2.8 GPa 0

V12=V13 0.34
Vo3 0.4
222
223
224 The model was developed in ABAQUSguisi -node 2D plane strain elements (CPE4)

225  for the adherends and finite thickness€our-node‘gohesive elements (COH2D4) to model the
226  adhesive fracture behavior. Concerni esh size, 0.2-mm-long cohesive elements were
227  used to ensure enough ele hin'the FPZ and the thickness of the cohesive elements was
228  that of the adhesive lay; mg the adherends, 0.2-mm-long 8 elements through the

229  thickness were us@e ct of loading and supporting rollers has not been taken into

230  account in themodel.

231 e onfigurations were compared varying the location of the loading point to «=0.5

232 (corresponding to an ENF test), o=0.6 and «=0.7. The fracture behavior of the adhesive layer

233  was modeled by the input cohesive laws shown in Table 2 with an initial penalty stiffness

234 of K, =2 = 5080N /mm® [42].

235 The following input cohesive laws have been used:

236

12
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Table 2. Cohesive laws used in the finite element analyses.

Tabular with a

Bilinear exponential Softening

Je (N/mm) Tmax (MPa)  k, (N/mm®)  J, (N/mm) Tmax (MPa) kg (N/mm?)
475 5080 475 5080

T
Tmax max

Jllc

*

The initial crack length was set to 42 mm for the ENF configuration, to &r
EENF (a=0,6) configuration and to 52 mm for the EENF (a=0,7) c% in order to

ensure a stable propagation according to [39], being the mmm@

the initial crack

2
length determined by a,,;,, = 2L0 szO
0

4.2.  Experimental

T800S/M21 carbon/epoxy unidirectional pre were used to manufacture the specimens. The
CFRP laminates were manufactured i nce and then secondary bonded using FM-300
epoxy adhesive film. Each spec@a prepared with an initial 60mm long crack by using a
teflon insert.

Concerning speC| ons the length was 250 mm and the width w=25 mm for all of
them. The dIff@ rend and adhesive thicknesses tested are shown in Table 3. The support

and Ioadl@

(S E11—134 7GPa, Es= Ez=7. 7GPa and Glg—Glg— 4.2GPa [40]

iameters of the test setup are 2R = 9.95 mm. The elastic properties of the

Table 3. Specimen configurations being g the position of the insert [16]

Specimen 2h (mm) Layup t (mm)
AlT1 3.12+0.06 [01s/ g/ [O]s 0.21+£0.02
A2T1 4.60 £0.08 [0]:2/ g/ [0]1. 0.21+£0.02
A2T2 4.80£0.10 [0]:2/ g/ [0]1. 0.37+0.01
A3T1 6.05+0.23 [0]1/ 9/ [0]6 0.21+£0.02

13
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ENF tests were carried out based on AITM 1.0006 [43], being dy=L,. All the tests were carried
out for a support span of 2L,=120 mm and an initial crack length of 35 mm to have sufficient
space for the full development of the FPZ before the damaged zone reaches the loading point of
the specimen.

The ENF tests were run under displacement control in a servohydraulic MTS 858 testing
machine using a 5 kN load cell. The displacement rate was varied from 0.5 mm/min to
2.0mm/min according to [43] in order to get a constant strain rate for each specimen tr%s;

@ Sure

the load and the displacement refers to the crosshead displacement of the te ine

and low enough to ensure quasi-static crack growth. A load cell of 5 kN was used
The specimens were painted with a random black on white speckle p e edge to
measure the displacement at the crack tip using a Digital Image ﬁ n (DIC) system.
Three inclinometers were installed at load introduction poi A, B and Cin Fig. 1).
The synchronization of all systems was carried out W common displacement channel.

43, Data reduction Methods

different data reduction schemes compared in this

The cohesive laws were obtained by t
work: the Direct Method, t ‘@thod and extrapolation procedure.

1) Direct metho %: J is obtained substituting into Eqg. (7) the measured rotations
at loading intro@ ints and the o = 1/2 shape factor. The crack tip shear displacement
is moni by DIC system at the initial crack tip. Finally, the cohesive law is determined

differentiation according to Eq (2). It is assumed that the monitoring of
rotations and displacement is performed while the FPZ is being developed [44].
2) BTBR method: The load-displacement curve is registered and J is determined
replacing in Eq (8) the equivalent crack length determined by Eq (3) and the corrected
dimension obtained in Eq. (5). The crack tip shear displacement 4, is determined from Eq

(9). Finally, to avoid excessive noise of experimental data, relation J- 4, is written as a

logistic function [23, 38] and the cohesive law is determined according to Eq (2).

14
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3) Extrapolation procedure:
a. Calibration: The Jo-4, and 4,-C, curves are calibrated according to the flow chart
presented in Fig 4.
b. Extrapolation. The J and 4, for each specimen can be extrapolated according the flow
diagram shown in Fig 5. Finally, the cohesive law is obtained according to Eq (2).
The input requirements of the different methods compared in this work are shown in Table 3. It

must be noticed that in the present study, the input data used in the calibration procedu and

A,) is obtained by the BTBR method. ¢
Table 4. Inputs required by the data reduction schemes compared in this 'hr@ct Method,
BTBR method and the Extrapolation procedure.< )

apolation Procedure

Direct Method BTBR

libration Extrapolation
Dimensions w w, 2h, tfd,, 2L, w, 2h, t, do, 2L, w, 2h, t
Elastic Properties None E; E; and G5 None
Measurements during the test P, 6, 0z, 0c, 4 Pand o Pando

AN

5. RESULTS
5.1. Numerical Results

Fig. 6 shows the load displ

me rves corresponding to the three tested configurations. As

it can be seen, in the E the load reaches a maximum value and it remains practically
0

constant, while : @

and subseg@en

ps while the displacement progresses.

he eccentric configurations, the load reaches a maximum value

-~ y
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Figure 6. Load displacement curves for the ENF a=0.5, EENF o=0.6 and EENF o=0.7
tests, respectively for the tabular input cohesive law on the left and the bilinear input cohesive
law on the right.

Fig. 7 shows the stress profile along the crack path in ENF =0.5, EENF «=0.6 and
EENF o=0.7 tests for the tabular (left) and bilinear (right) input cohesive laws. The stress
distribution ahead of the crack tip corresponding to the ENF test, shown in Fig. 7a, reveals that
the plateau response of the load displacement curve can be due to the proximity of the ture
process zone to the local compression at load application point, hindering the dev

the FPZ. According to Fig. 7b and Fig. 7c, changing the load application p

a=0.7, ensuring the stable crack propagation requirements with the initi crac ngth provides

a wider path to fully develop the fracture process zone, Witho@ny special equipment

or specimen.
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Figure 7. Stress distribution along the (a) ENF, (b) EENF0.6 and (c) EENFO0.7 specimens,
respectively for the tabular input cohesive law on the left and the bilinear input cohesive law on

the right.

Is worth noting that the eccentricity of the load application increases the shear stress in the

untracked region, to ensure that the untracked region remains elastic it is verified that the shear

stress does not exceed Tt = 47.5 MPa for all the analyzed cases. It is also ensured th%

maximum adherend bending stresses not exceed the longitudinal compressive stren
2

T800S/M21 UD [45]. ﬁc\
fo

Applying the generalized BTBR to the load-displacements curves obtain r éach virtual test

shown in Fig 6, results in Fig 8 show that the generalized BTBR m@/orks properly for the

eccentric ENF test configurations and that is sensitive enough te,detgét the problems on the full

development of the fracture process zone observed in the current ENF test.

70 70

60 N e
—IMPUT —IMPUT
50 50
= “ENF a=05 = *ENF 0=05
a o
S 40 *EENF =06 s 4 *EENF a=06
8 EENF o= 07 8 3 EENF o= 07
[ 7]
20

10

........

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3
A(mm) A(mm)

-

the tabular ipput cohesive law on the left and the bilinear input cohesive law on the right..

Figtt) ohesive laws for ENF, EENF 0.6 and EENF 0.7 specimens, respectively for

5.2. " Experimental Results

The results of seven ENF experimental tests performed are presented, corresponding to two

ALT1 specimens, two A2T2 specimens, two A2T1 specimens and one A3T1 specimen.

Four different specimen configurations have been tested combining two adhesive thicknesses

and three adherend thicknesses obtaining different Experimental Load-Displacement responses
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aiming to demonstrate the suitability of the proposed methods in a wide range of specimen

configurations.

The experimental load displacement curves are presented in Fig. 9.

3000 - -=Al1T110

, --A1T109
2500 1 / L —A2T104
2000 - / —A2T109

A T
| P ---A2T203

1500 /\ --- A2T204 &/
/ *
1000 |~/ T =A3T (\
/ T
/ e
500 - y PR <

o #* :

0 5 9
Displacement (%
Figure 9: Experimental Load-Di t curves [16].

5.2.1. Direct method vs. BTBR metho

Load (N)

First of all, the J-4 curves and th sive laws determined by the generalized BTBR and

DM are compared in Figs. 10-1®| the precision of the proposed new model. Results

neglecting the thickness ohesive layer are also included, to evaluate the need of
including the effe\iz kness of the adhesive layer in the model for the correct prediction
of the cohesive :
PA W
70 7000
60 ~A1T19BTBR 6000 |
—~—Al1T19DM
50 ~-A1T19 BTBR t=0mm 5000 -

40 |
80 r - A1IT109BTBR

2000 | - AIT109DM
- ALT109BTBR t=0mm

Stress (Mpa)

20

10

0 . . . . . . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30

A(mm) A(mm)

Figure 10: J-A, curves and Cohesive Laws for the tested specimen A1T1 09
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Figure 11: J-A, curves and Cohesive Laws for the tested specimen A1T1 10Y
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Figure 12: J-A, curves and Cohesive Lawm: sted specimen A2T1 09
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Figure 14: J-A, curves and Cohesive Laws for the tested specimen A2T2 03
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Figure 15: J-A, curves and Cohesive Laws for the tested specimen A2T2 O4K
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Figure 16: J-4; curves and Cohesiv v@e tested specimen A3T1

According to Figs. 10-16, the generalized B method can predict both the form and the
maximum stress corresponding to ea@e tested configurations accurately; being the results
obtained by the DM and genera@TBR method well correlated.

The agreement at the initi stiffness and the shape of the cohesive law determined by
both methods is e all the tested specimens; however there is a shift in some of the
cohesive laws am due to the inaccuracy in the determination of the crack tip shear
displacen@b)the generalized BTBR approach. It also noticeable that the fracture toughness
pred generalized BTBR method is slightly higher for all the tested configurations.

It should be noted that results obtained by the original BTBR method neglecting the effect of
the adhesive layer thickness reveals high inaccuracies on the predicted initial penalty stiffness

and the maximum stresses. Those errors increase with the adhesive thickness versus adherend

thickness ratio, being higher for the A1T1 and A2T2 specimen configurations.
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On the other hand, it is noticeable in Figs. 10-16 that, for all specimens except A2T1 09 and
A3T1, the tractions in the cohesive laws tend to a non-zero steady value, preventing

the corresponding J-A curves from reaching the plateau, an effect that is also noticed in the
plateau response exhibited by those specimens in the load-displacement curves shown in Fig.9.
This behavior denotes the proximity of the fracture process zone to the local compression at the
load application point which hinders the complete development of the FPZ.

According to the numerical results, this effect could have been avoided by the eccent&
configuration of the ENF test, which provides a wider path for the FPZ devel out the

need for drastic changes to the test configuration just moving the load app :Q point. In any

case, it would be necessary to control both the maximum shear stres aximum bending

stresses to ensure the elastic behavior of the un-cracked reglorQ

5.2.2.  Extrapolation procedure
Once validated the generalized BTBR model a otIy the novel expressions derived
for the Compliance, J-Integral and Crack Ti r displacement including the bond line
thickness effect, the suitability of the olation procedure proposed in the present study is
analyzed in this section.
Applying the flow chart pr& Fig. 4 to the experimental data corresponding to the ENF
tests of specimens 2T1-09, A3T1 and A2T2-04, Jo-4, and 4,-C, curves

&

correspondingc

cimen are shown in Fig. 17 and Fig. 18, respectively.
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Figure 17. Jo-4, curves A1T1-09, A2T1-09, A3T1 and A2T, \
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Figure 18. 4,-Cy (Wponding to A1T1-09, A2T1-09, A3T1 and A2T2-04.

According to Fig: @ Fig. 18, it can be validated experimentally that Jo-4, and 4,-Cy curves

are invari tf&/en material system and test configuration.

The if Jo-Ag and Aqg-C, relationships are obtained from a single specimen test and fitted to
Eq. (14) and Eq. (15), being the input data the P-& curve, J and 4, and according to the flow
chart shown in Fig. 4, the Cohesive Law for different adherent and adhesive thicknesses of the
same material system and test configuration can be extrapolated according the flow diagram
presented in Fig. 5, being the input data de load-displacement curve and the cross sectional

dimensions.
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Thus, extracting the Jo-4, and A,-Cq curves form specimen A1T1 data, from the flow chart in
Fig. 4 and applying the procedure presented in Fig. 5, the Cohesive Law for the specimens
Al1T1-09, A2T1-09, A3T1 and A2T2-04 are show on in Fig. 19 compared with the cohesive

laws determined by the generalized BTBR method and DM method.
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Figure 19. Extr. Qd ohesive Laws for A1T1, A2T1, A3T1 and A2T2 specimens.

Accordlng to e extrapolation procedure presented above enables to estimate the
cohgsive f a given material system varying the adhesive and adherent thicknesses by
processing only the load-displacement curve, calibrating previously the Jo-4, and 4,-Co curves
using a single specimen test data.

6. SENSITIVITY ANALYSIS

In this section, a Monte Carlo Method based sensitivity analysis is carried out to describe
the impact of the input parameter uncertainties in the estimation of the fracture properties of the

adhesive bond J, 4, and t obtained by means of the proposed BTBR method. In the present
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study we focus on the variability of the applied load, the initial specimen dimensions and the

mechanical properties of the adherends.

Each variable is sampled using the corresponding probability density function. The elastic
properties are assumed to follow a normal distribution and are sampled by a Normal
Distribution® (mean. SD: standard deviation) function, while the load cell, caliper and
micrometer probability density functions are assumed to follow a uniform distributi%re
sampled by Uniform Distribution™ (mean. bound). 2

The used testing data and corresponding uncertainties are given in Tableﬁ\

Table 5. Mean values and uncertainties of the applied load, the initi imen dimensions and

the mechanical properties of the adheren

Test Data  Units Bounds Test Data SD

P N + 0.005P E¢ 0.05 E¢
2L mm +0.2 MPa 0.05G
a; mm +0.2

b mm +0.03

2h mm +0.002

The uncertainty boun@n Table 5 correspond to typical values of uncertainty of
a

the measuring devices values of dispersion of results in the elastic properties.
At each iterat@ values of J, 4; and t are generated replacing the sampled input
variables g TBR method following the procedure presented in Section 4.3.

erations, the mean value and standard uncertainty associated to the J, 4, and

T are presented in Fig 20 assuming they follow a normal distribution.
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Figure 20. Mean value and standard u nty of the fracture toughness, crack tip shear
displacement and cohesive law, resp , using the proposed BTBR method, for the A2T109

@ specimen
If the uncertainties %) associated to the facture toughness and the crack tip shear
displacement ed (Fig 21), it is noticeable that the uncertainty corresponding to J-
Integral ig'muc er than that of 4. It can be stated too, that at the initial states of the test,

whe ck tip shear displacement is a small quantity (4, < 5 micras), the uncertainty tends

to infinity, which makes this interval not useful for the determination of the cohesive law.
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Figure 21. Uncertainties (CV%) associated to the facture toughness an@ p shear

displacement, for the A2T109 specimen
As the cohesive stresses are determined according to Eq (2) b |caI differentiation, it

can be concluded that the main source of the uncertainty corr Qng to the cohesive stresses

comes from the crack tip shear displacement. Q

7. SUMMARY AND CONCLUSIONS

A novel extrapolation method to predichthe mode 1l cohesive laws of bonded joints is presented

that enables to estimate the mod

ratio of a given material sy%

For that purpose, improved exXpressions for the compliance, J Integral and the crack tip shear

e laws for a wide range of adhesive to adherend

st configuration.

displacement a ed’'generalizing and extending the original BTBR method for the EENF
test and tm ccount the effect of the adhesive layer thickness, when it is not negligible
inc with the adherend thickness.

Assuming that every effect associated to the damage is included in the equivalent crack length,
new factorized expressions for the Compliance (Cy), J- Integral (Jo) and crack tip shear
displacement (4,) are defined and based on the invariant relations between Jo-A4y and Ay- C, for
a given material system and test configuration, an extrapolation procedure is presented which

enables to estimate the mode 1l cohesive laws for a wide range of adhesive to adherend ratio of

a given material system by processing only the load —displacement curve.
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The advantages of the Eccentric ENF test configuration due to the extended crack propagation
path and the suitability of the proposed new analytical expression and data reduction scheme to
extract the cohesive laws in an eccentric test configuration have been numerically confirmed.
On the other hand, the validity of the developed compliance, J- Integral and the crack tip shear
displacement expressions have been verified experimentally for four different specimen
configurations, combining two adhesive thicknesses and three adherend thicknesses, by
comparing results obtained by the original and generalized BTBR method with those (@
by the Direct Method. Results reveal the need of including the influence of thesthi @ of the
adhesive line in the data reduction scheme to obtain accurate results, especi in these tases
where the adhesive thickness versus adherend thickness ratio is high (J

Moreover, the suitability of the extrapolation procedure and the p %}f the extracted

cohesive laws have been confirmed experimentally by co@ dicted cohesive laws with

results obtained by the Direct Method. @
Finally, a sensitivity analysis has been perf@w ate the reliability of the proposed

BTBR method. Applying a Monte Caglo simu n, the standard uncertainties corresponding to

the fracture toughness, the crack tip displacement and the cohesive law have been

estimated. It has been cont&@e main uncertainty source on the determination of the
h

cohesive law is the cra displacement.
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APPENDIX A
The displacement of the loading point is determined applying the Engesser—Castigliano’s

theorem [36], which in the case of shear and bending is given by
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5 E] M oM f6 Q a4Q

oF| =) E19r, "t | 56,408 (AL)

501  being the derivatives obtained applying a vertical unit load at the middle point of the specimen,

502  the middle point displacement can be expressed as:

0= P(Qlaes + Qzae + 93) (Al)

503  where & is equivalent crack length and Q;, Q , and Q3 parameters are :

1 1
0= g5 (- 0~ 3y (1= 0 &
61 1 1 *
.Qz =§ m(l—a’)z—m(l—a)z Q (AZ)
3
Q; = L) [A-a)?a®+ (1 —a)(@)?] + 6(2L) &

3E,1 5G,.A (A -a)a+ (-
504 <E>

505  Designing as a = d/2L the shape factor accounting for the eccehtricity of the EENF test in the
506  deformed configuration.
507  Thus, the compliance at the load application po @(pressed as:

8 (-1 1), , 61— 1 1
C=p="3E T L L+ g ] %
(A3)
6(1l—«a
5 G
508  The second moment of &we cross sectional areas are
1 h 3 (Zh-1)
IO == ] AO = W[ 2
< ) (A4)
il 3 =
(): - w[2h] A = w[2h]
509  Defi = t/2h as the adhesive to adherent thickness ratio:
1 11 1[4-01-p?% 1yt 1 L 1 B
[2_10_7]‘7 a-p)y° ‘7[}] 24, A]_A[l—ﬁ] (AS)
510
511  Where x factor can be computed as:
. a-py (A6)

YTa-a-py

512  Rewriting Eq (A4) :
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513
514

515

516

ol7

518
519

121 - a)?[1 a3 (2L)°*] 6 (1-a) A7
= E;w(2h)? [x 3 T3 ]J’EGBw(Zh)[( [ ]ae”m)] A0

According to Eq (A7) an initial compliance Cj,; can be defined as the compliance corresponding

to the initial equivalent crack length a;, consequently C-C;,; can be determined as

C—Cini _ 4(1 - a)z 1 [ 63 _ 3] 6 (1 - a)z ﬁ

EfW(TP)_( ] l[ac — ail (A8)

5Gw(Zh) 11—

Rewriting the above expression, it yields to:

~ 41— a)z l[ac — ail \ g
C—Cini = EfW(T)s_ ~ e ][1 +EG_13(2h)2 [1 B] Cﬂ

where i—f(2h)2 [1 B]% is negligible for all the tested con@ons, C-Cjnican be

10 G13
_41-a)?1 ;
C~Con = 5 a7 ¥ @ Al0

expressed as:
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	1. INTRODUCTION
	Adhesive bonding is extensively used in diverse industrial applications [0F 1F2F3F-4F ] allowing a weight reduction and providing design flexibility in structures that require some joining technique. Adhesive bonding offers superior advantages over co...
	2. ANALYTIC APPROACH
	where ( and ( the cohesive normal and shear stress and (n and (t are the opening and shear displacement at the crack tip, respectively.
	For the Eccentric End Notched Flexure (EENF) test configuration in Fig. 1, where a specimen cracked at one end is loaded in eccentric three point bending, the cohesive shear stress τ is only function of  the crack tip shear displacement (t [34F ]:
	Figure 1: Schematic EENF specimen according to BTBR
	2.1. Equivalent Crack Length

	To obtain the equivalent crack length based on the compliance of the specimen, elastic behavior of the adherends is assumed during the whole fracture test process.
	2.2.  J- Integral

	J is determined using the J-integral closed form expression for the EENF test presented by Stigh et al. [30].
	Replacing bending rotations θA, θB, and θC obtained from Eq. (6) into Eq. (7) J can be computed as:
	Replacing the corrected dimensions from Eq. (5) and the equivalent crack length determined by Eq. (3) into Eq. (8), J is determined, obtaining the evolution of J during the test exclusively from experimental load-displacement data.
	2.3. Crack Tip Shear Displacement

	Figure 2: FPZ of an adhesive joint (a) CZM idea (b) and the equivalent crack length based system (c).
	where at the initial crack tip position,  R the radius of the supports roller, 𝛼=𝑑/2𝐿  the shape factor in the deformed configuration and θA the rotation at the left support determined  according to Eq. (6) where the corrected dimensions and the ef...
	3. COHESIVE LAW EXTRAPOLATION PROCEDURE
	3.1. Calibration of J0-0 and 0-C0 curves
	3.2. Extrapolation procedure

	4. VERIFICATION OF THE PROPOSED METHOD
	4.1. Numerical

	A two dimensional finite element analysis (FEA) was conducted to examine the suitability of the proposed data reduction procedure to extract the cohesive law for different EENF test configurations, and on the way, to check the advantages of the eccent...
	In the considered EENF specimen configuration the support span is 2L = 120 mm; the width is w= 25 mm, the total thickness 2h=3.2 mm; the adhesive thickness t= 0.2mm and the elastic properties corresponding to the adherends and the adhesive are shown o...
	Table 1. Properties of T800S/M21 UD [39F , 40F ] adherend and FM-300M [41F ] adhesive
	The following input cohesive laws have been used:
	Table 2. Cohesive laws used in the finite element analyses.
	4.2. Experimental

	T800S/M21 carbon/epoxy unidirectional prepreg were used to manufacture the specimens. The CFRP laminates were manufactured in advance and then secondary bonded using FM-300 epoxy adhesive film. Each specimen was prepared with an initial 60mm long crac...
	Concerning specimen dimensions the length was 250 mm and the width w=25 mm for all of them. The different adherend and adhesive thicknesses tested are shown in Table 3. The support and loading roller diameters of the test setup are 2R = 9.95 mm. The e...
	Table 3. Specimen configurations being g the position of the insert [16]
	ENF tests were carried out based on AITM 1.0006 [42F ], being d0=L0. All the tests were carried out for a support span of 2L0=120 mm and an initial crack length of 35 mm to have sufficient space for the full  development of the FPZ before the damaged ...
	The ENF tests were run under displacement control in a servohydraulic MTS 858 testing machine using a 5 kN load cell. The displacement rate was varied from 0.5 mm/min to 2.0mm/min according to [43] in order to get a constant strain rate for each speci...
	The specimens were painted with a random black on white speckle pattern in one edge to measure the displacement at the crack tip using a Digital Image Correlation (DIC) system.
	Three inclinometers were installed at load introduction points (points A, B and C in Fig. 1).
	4.3. Data reduction Methods

	The cohesive laws were obtained by the three different data reduction schemes compared in this work: the Direct Method, the BTBR method and extrapolation procedure.
	1) Direct method (DM) [16]: J is obtained substituting into Eq. (7) the measured rotations at loading introduction points and the = 1/2 shape factor. The crack tip shear displacement is monitored by DIC system at the initial crack tip. Finally, the ...
	2) BTBR method: The load-displacement curve is registered and J is determined replacing in Eq (8) the equivalent crack length determined by Eq (3) and the corrected dimension obtained in Eq. (5). The crack tip shear displacementt is determined from ...
	3) Extrapolation procedure:
	a. Calibration: The J0-0 and 0-C0 curves are calibrated according to the flow chart presented in Fig 4.
	b. Extrapolation. The J and t for each specimen can be extrapolated according the flow diagram shown in Fig 5. Finally, the cohesive law is obtained according to Eq (2).
	The input requirements of the different methods compared in this work are shown in Table 3. It must be noticed that in the present study, the input data used in the calibration procedure (J and t ) is obtained by the BTBR method.
	Table 4. Inputs required by the data reduction schemes compared in this work: Direct Method, BTBR method and the Extrapolation procedure.
	5. RESULTS
	5.1. Numerical Results

	Fig. 6 shows the load displacement curves corresponding to the three tested configurations. As it can be seen, in the ENF test, the load reaches a maximum value and it remains practically constant, while in the case of the eccentric configurations, th...
	/ /
	Fig. 7 shows the stress profile along the crack path in ENF =0.5, EENF =0.6 and EENF=0.7 tests for the tabular (left) and bilinear (right) input cohesive laws. The stress distribution ahead of the crack tip corresponding to the ENF test, shown in ...
	/ /
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	Is worth noting that the eccentricity of the load application increases the shear stress in the untracked region, to ensure that the untracked region remains elastic it is verified that the shear stress does not exceed max = 47.5 MPa for all the ana...
	Applying the generalized BTBR to the load-displacements curves obtained for each virtual test shown in Fig 6, results in Fig 8 show that the generalized BTBR method works properly for the eccentric ENF test configurations and that is sensitive enough ...
	/ /
	5.2. Experimental Results

	The results of seven ENF experimental tests performed are presented, corresponding to two A1T1 specimens, two A2T2 specimens, two A2T1 specimens and one A3T1 specimen.
	The experimental load displacement curves are presented in Fig. 9.
	/
	Figure 9: Experimental Load-Displacement curves [16].
	5.2.1. Direct method vs. BTBR method

	It should be noted that results obtained by the original BTBR method neglecting the effect of the adhesive layer thickness reveals high inaccuracies on the predicted initial penalty stiffness and the maximum stresses. Those errors increase with the ad...
	On the other hand, it is noticeable in Figs. 10-16 that, for all specimens except A2T1 09 and A3T1, the tractions in the cohesive laws tend to a non-zero steady value, preventing the corresponding J- curves from reaching the plateau, an effect that i...
	This behavior denotes the proximity of the fracture process zone to the local compression at the load application point which hinders the complete development of the FPZ.
	According to the numerical results, this effect could have been avoided by the eccentric configuration of the ENF test, which provides a wider path for the FPZ development without the need for drastic changes to the test configuration just moving the...
	5.2.2. Extrapolation procedure

	Table 5. Mean values and uncertainties of the applied load, the initial specimen dimensions and the mechanical properties of the adherends.
	7. SUMMARY AND CONCLUSIONS
	On the other hand, the validity of the developed compliance, J- Integral and the crack tip shear displacement expressions have been verified experimentally for four different specimen configurations, combining two adhesive thicknesses and three adhere...
	Moreover, the suitability of the extrapolation procedure and the precision of the extracted cohesive laws have been confirmed experimentally by comparing predicted cohesive laws with results obtained by the Direct Method.
	Finally, a sensitivity analysis has been performed to evaluate the reliability of the proposed BTBR method.  Applying a Monte Carlo simulation, the standard uncertainties corresponding to the fracture toughness, the crack tip shear displacement and th...
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