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ARTICLE INFO ABSTRACT

Keywords:

Particle-based model has strength and flexibility in modelling the microstructures of adhesives and interface in
adhesive joints. In this work, a procedure with genetic expression programming (GEP) technique to calibrate the
microscale parameters of discrete element (DE) model was proposed for brittle adhesives. Two categories of
adhesive properties, the bulk property of thick adhesive and interlaminar-like property of thin adhesive, were
discussed. For the bulk property, three target properties of adhesives, i.e. tensile strength, peak strain, secant
modulus, were set as the reproduced features. 300 sets of adjustable microscale parameters were produced to run
the numerical tests and generate datasets. GEP was then employed to find regression formulas for predicting the
target properties as a function of the microscale parameters. For the interlaminar-like property, fracture energies
of the cohesive failure of thin adhesives were approximated. A similar procedure of combined DE modelling and
GEP was performed to find the regression models to estimate the fracture energy. The developed regression
formulas can cover a general range of brittle adhesives. Loctite EA 9497 adhesive was selected to perform a series
of lab tests, of which the results were subsequently used to examine the applicability of the DE model with

Adhesive joint

Discrete element method
Genetic algorithm
Composite materials
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calibrated parameters. The numerical results exhibit good agreements with testing data and observation.

1. Introduction

In recent decades, the applications of adhesive joints can see a sig-
nificant rise in manufacturing load bearing components, as they have
strengths such as lightweight, better fatigue resistance, ability to bond
different materials or making composites [1-3]. This requires reliable
design models that can suit different configurations of joints and selec-
tions of adhesives, which are on the basis of understanding the me-
chanical performance and failure mechanism of the joints.

Many reports concerning the laboratory works, which are commonly
conducted as the first step to observe the actual performance of joints,
can be found [4]. Wagih et al. [5] experimentally tested a novel adhesive
joint, of which the concept was bio-inspired to optimize the bond line
design. Boutar [6] investigated the fatigue resistance of polyurethane
(PU) adhesive joint used in automotive manufacturing. Two vital design
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parameters, adhesive thickness and roughness, were considered to find
their optimum combination. Tan et al. [7] experimentally examined the
fatigue behaviour of PU adhesive joint under the influences of service
temperature. The results indicate that low temperature may easily yield
the interfacial failure whilst the cohesive failure is more frequently seen
with high temperature case. Popular adherends such as glass, stainless
steel, timber, aluminium and various composites can be frequently seen
in current experimental reports [8-11], as the selection of adherends
will result in various failure modes. It is also found that the adhesive
thickness yields significant influences on the fracture toughness of joints
[12] as it leads to a variation of plastic zone or fracture process zone
(FPZ) at the crack tip.

In addition to the experimental approaches, in order to capture more
insightful information of the failure mechanism of adhesive joints, nu-
merical methods have been widely employed [13,14]. The adhesive in
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the joints is usually a thin layer, which presents an interlaminar-like
behaviour once the cracks initiate and propagate [15,16]. Finite
element (FE) method might be the most widely used technique in recent
years [17]. In order to simulate the interlaminar-like crack propagation,
it was combined with several enhanced approaches such as the virtual
crack closure technique (VCCT) [18], the cohesive zone models (CZM)
derived from the experimental results [19] or the constitutive models
based on fracture mechanics or continuum damage laws [20-22]. FE
analysis with CZM technique has attracted growing attentions of re-
searchers in recent years as it is more practical and has flexibility in
modelling mixed mode failure problem [23]. Many studies using CZM
method in adhesive joints can be found [24-26]. Kim et al. [20] con-
ducted a comparative study of the above mentioned four FE techniques
in simulating the mixed-mode failure characteristics of adhesive joints
with various joint types or configurations. The results show that CZM
and continuum damage model (CDM) are most accurate to predict the
failure load as a whole. However, the CZM and CDM require the model
parameters derived from a series of experiment if different configura-
tions or joint designs are used. For example, the influences due to the
adhesive thickness and adherend stiffness on the model parameters
cannot be adaptively modelled so far.

In addition, the mechanical performance of adhesive joints presents
high sensitivity to different factors in the manufacturing procedure, e.g.,
surface treatment, curing time of adhesive, manufacturing quality of
joints [27,28]. For instance, Akman et al. [29] employed fiber laser to
make rough grooves on the adherend surface and proposed an optimized
groove design for adhesive joint. It is expected that an appropriate
manufacturing procedure can guarantee the robustness of its mechanical
performance. However, it is found that adhesive joints may still exhibit a
great scatterness of their mechanical performances, even a consistent
manufacturing procedure has been adopted [30]. This might be caused
by the microstructural features of adhesive joints such as the voids of
adhesive, the microscale surface roughness of adherends. However,
difficulties rise when using FE technique to consider the microscale
features. Instead, discrete element method (DEM) might be more
applicable to introduce the complex microstructures [31,32]. The efforts
using DEM related to the adhesive joints are extremely limited.

Nevertheless, as well known, the microscopic parameters in DE
models demand a calibration procedure to suit different scenarios [33].
The bulk and interlaminar-like properties of adhesives are the key fea-
tures to predict the actual performance of adhesive joints. Thus, their
calibrations should be performed to achieve accurately universal solu-
tions. However, the related works within DEM framework are absent.
The characterization of the DE parameters also demands the experience
of the researcher, as there might not be straightforward approaches to
determine the concerned properties by adjusting so many microscopic
parameters [34]. Therefore, the calibration work is usually
cumbersome.

Two novelty points are developed in this work: (1) a novel machine
learning based approach was developed to find practical symbolic
regression models, which can facilitate the estimation on the microscale
parameters of adhesives in a more straightforward manner; (2) The bulk
property and interlaminar-like property of adhesive, which might be the
most significant features in the joint design, can be rapidly calibrated
and used to develop a micromechanical model for adhesive joints. The
model is able to adaptively capture the mechanical performance of
different adhesive joints due to the variation of design variables such as
adhesive thickness, without the need to conduct more experiments to
derive the associated behaviours.

First, this work introduced a smart algorithm based on genetic
expression programming (GEP) method, to develop practical formulas
for determining DE parameters for the interested properties of brittle
adhesives. For the bulk properties, three target properties, tensile
strength, peak strain, secant modulus, were determined to be calibrated.
The formulas can then be obtained via GEP based on the datasets from
the virtual experiments, in which 300 numerical uniaxial tests of
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different joint configurations with adjustable microscopic parameters
were performed. It was followed by a similar procedure to characterize
the interlaminar-like properties, which can achieve satisfactory fracture
energies in both normal and tangential directions through the cohesive
fractures of adhesives. The calibrated parameters were then validated
with those from uniaxial tensile tests, double cantilever beam (DCB) and
end notched flexure (ENF) tests. Finally, the model reliability was
examined by comparing a micromechanical model which was developed
using an example of single lap joint (SLJ) with the testing data.

2. Bulk property of thick adhesives

In certain designs of adhesive joint, thick adhesives might be used to
bond or seal the components, for example, the thick structural adhesives
used in glass products. The bulk property is then suitable to be adopted
in DE model as the thick adhesive is less influenced by boundary con-
straints. The uniaxial tensile test which was commonly used to obtain
bulk property was numerically modelled to generate the datasets for the
GEP model in this section.

2.1. Principle of DEM

DEM was originally devised for the problems related to the granular
matter which can be characterized by discrete particles [35]. In DEM, it
allows for the finite displacement and rotation of particles and is able to
automatically track the new contacts or detachments between particles.
Particle flow code (PFC) software [36] was adopted to perform the
simulation in this work. It uses an explicit and time-marching algorithm
to solve the equations. The motion equations are described by the re-
sultants of the force and moment of force between the contacted parti-
cles, which can be calculated by Ref. [37]:

. . d*xi -
Linear motion mi%zmig + /EZI Fij 1
Rotational motion 1142’ i i % fij @)
otational motion i = ri X fi
dt /

J+1

where t is time, m; is the particle mass, x; represents the displacement
vector. Fj is the vector of normal contact force, g is the gravitational
acceleration, n denotes the number of particles contacted. [; is the mass
moment of inertia, wi is the vector of angular velocity, r; is the radius
vector of the ith particle, f;; denotes the frictional vector. The subscript i
refers to ith particle being contacted, whilst j indicates the jth particle
having contact with ith particle.

Contact models with different force-displacement laws can be
assigned between neighboring particles to describe the mechanical
behaviour of materials [38]. In particular, the bond models which are
commonly seen as the distributed elements (e.g., springs, dashpots) at
the contact point or surface can be used to connect the discrete bodies.
The bonded particles with appropriate bond models and parameters can
represent different solid materials. Parallel bond model has been
frequently used to model the quasi brittle material [39]. On its basis, soft
bond model with allowing for the softening phase of force-displacement
law is more suitable for soft materials and hence is used here.

2.2. Virtual uniaxial tensile tests using DEM

Virtual experiment of uniaxial tensile test on adhesive samples was
conducted, in which the core testing area of a dumbbell shape adhesive
specimen was modelled based on actual experiment. The DE model of
the adhesive was then simplified to a random packing of particles with a
size of 21 mm x 5 mm. The soft-bond model enabling the varieties of
softening stage was employed to connect the particles. In this model,
many parameters can be adjusted to generate a wide range of material
behaviours, however, this will bring significant difficulties to give a
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practical and reliable regression model. Thus, eleven microscopic pa-
rameters differing from their default values were used in the standard
DE model [36]. Through preliminary trial tests, four parameters were
selected to be fixed with constant values (Table 1) whereas seven pa-
rameters can be adjusted within a suggested range (Table 2) to achieve
the interval of macroscopic material properties.

The fixed parameters in Table 1 are used to adjust the bond behav-
iour from a parallel bond to a soft bond. For example, when softening
factor (sb_soft) is zero, the bond behaviour is essentially same as that of
parallel bond. The increase of softening factor indicates a greater ability
of softening after peak strength. Softening occurs when the post-peak
stress is lower than the product of the peak strength and softening ten-
sile strength factor (sb_cut). It should also be noted that in Table 2,
effective modulus represents an overall modulus considering both that
of particles and contacts, as soft bond model does not consider a realistic
particle stiffness. Radius multiplier (sb_rmul) is used to adjust the
influencing radius of generated contacts. Its increase can enhance the
further bending and twisting moments. Differing from other solid ma-
terials such as rocks or soil which demand the frictional behaviour, the
adhesive material is expected to have limited capability to dissipate
energy via friction. In addition, only static behaviour is considered in the
calibration. Thus, the parameter friction is not treated as one calibrated
parameter. Instead, the friction angle which controls the coupling effect
between normal and tangential strength of bonds is used.

Three macroscopic properties, i.e. tensile strength, peak strain and
secant modulus, were determined to be the targets for validation. The
nonlinearity of the material behaviors can be better described by
introducing more macroscopic properties, e.g., using more secant
modulus at different strain points can promote the fitting of the
nonlinear growth and even the ability of strain energy storage. However,
this will greatly increase the difficulties to determine the microscopic
parameters if more properties are expected to have a perfect solution. In
certain cases, the perfect solution does not exist as the involved bond
model might have inherent flaws to obtain every realistic property.
Thus, only three key properties are used in this work. By adjusting the
above-mentioned microscopic parameters within the corresponding
range, the target properties of brittle adhesive were found to be within
the ranges of 5-112 MPa for tensile strength, 0.0016-0.025 for peak
strain, 1.3-41.5 GPa for secant modulus at strain of 0.001. Note that the
peak strain here refers to the strain at stress reaching the tensile
strength, the tensile strength of bond is set as half of reference strength
(sb_ref str, fr).

GEP algorithm requires adequate number of datasets to run the
training and validation procedure for obtaining the regression formulas
of target properties. The dataset includes both the adjustable micro-
scopic parameters as the input variables and the target property as the
predicted output. A fine distribution and combination of input variables
as well as the reliable datasets is necessary in the GEP model. Therefore,
two steps of preparation were carried out first:

(1) Latin Hypercube Sampling (LHS) method was adopted to
generate 300 groups of adjustable microscopic parameters within
the defined range. It is worth noting that as the inherent re-
lationships amongst the parameters are not clear or even do not
exist, the parameters are assumed to be independent during the

sampling.
Table 1
Fixed parameters of standard DE model.
D Keyword Description Values
1 porosity Porosity of packing particles 0.1
2 sb_soft Softening factor 100
3 sb_cut Softening Tensile strength factor 0.9
4 sb_fa Friction angle (°) 30
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Table 2
Adjustable parameters of standard DE model.
ID Symbol Keyword  Description Range
1 En sb_emod Effective modulus (MPa) (2 x 103 2 x
10%
2 K sb_kratio Normal to shear stiffness ratio (1,10)
3 m sb_rmul Radius multiplier 0.2, 2)
4 fr sb_ref str  Reference strength of soft bond (40, 100)
(MPa)
5 Tmin rmin Minimum particle radius (mm) (0.05, 0.5)
6 A alpha_a Ratio of maximum to minimum (1,1.5)
particle radius
7 p beta Ratio of tensile to cohesion strength (0.1, 1)

(2) Standard DE models for running the numerical uniaxial tests were
assigned with the above 300 groups of adjustable parameters to
obtain 300 models. The results of the target properties can then
be extracted after running these 300 models.

In the standard DE model, the expansive particle packing method
was used to generate the adhesives. Small particles were randomly
generated in the defined area and gradually expanded to contact
neighboring particles. Once introducing the soft bond model after
completing particle packing, the model can be ready to be loaded till
failure. The load speed of grip was determined to be 0.1 m/s after a
sensitivity study of load speed. Two layers of particles at the left and
right edges were selected as grip to impose tensile load. An example of
standard DE model and the corresponding screenshot at failure is given
in Fig. 1, in which the tearing can be seen near the specimen center.

The collection of engineering stress-strain relationship from the
virtual experiments on brittle adhesives was shown in Fig. 2.The
maximum and minimum values of the secant modulus (E) were also
given. It is found that the collected data can cover a wide range of
stiffness, tensile strength and failure strain seen in brittle adhesives. The
nonlinearity of the stress-strain curves can also be observed.

2.3. Configuration of GEP model

In order to find practical formulas to roughly approximate the results
of the target properties using the selected adjustable microscopic pa-
rameters, a symbolic regression (SR) model was adopted. SR model
seeks to capture a function f(X) = Y’, which can minimize the deviation
between predicted property Y’ and target property Y. X is the dataset of
adjustable DE parameters. The function is determined via a continuous
optimization to the best fit based on the symbols from the predefined
space of mathematical expressions. In this work, a variant of genetic
programming (GP) algorithm, GEP, was used to find the best fit through
employing the crossover and mutation of function structures [40].

GP algorithm has been widely used in finding the optimized
regression model in a wide range of topics, e.g., to estimate the
compressive strength of rock [41,42] or predict the failure strength of
adhesive joints [43,44]. Its variant, GEP algorithm, encodes the in-
dividuals as linear strings of fixed length which are subsequently
expressed as nonlinear entities of different sizes and structures [45]. The
GEP structure encompasses two components, a head having function
symbols and terminal symbols (e.g., adjustable parameters, co-
efficients), and a tail having terminal symbols. In a standard GEP pro-
cedure, it begins with the stochastic generation of the chromosomes of
the initial population. The chromosomes are then translated and
expressed, followed by the evaluation of the fitness of each individual.
The procedure will be looped until ending with a defined number of
generations or finding a reliable solution.

The datasets of the adhesive had 300 groups of adjustable micro-
scopic parameters and extracted target properties from the DE models.
2/3 of the datasets were randomly selected for training and the
remaining were used for validation. The parameter configuration of the
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Fig. 1. Standard DE model of uniaxial tensile test on adhesives.
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Fig. 2. Stress-strain results of DEM virtual experiment.

GEP algorithm in this work as well as the enabled symbols are listed in
Table 3.

The comparison between the target properties and predicted results
of the SR model by GEP algorithm is shown in Fig. 3. Linear fitting is
used to fit the data. It can be seen that most SR models can obtain a value
of R? around 0.9 or above, indicating a satisfactory prediction. However,
although great efforts were made to achieve the optimized fitness of the
SR model, several data points showing high dispersion from the pre-
dicted results can still be found. The odd data points are due to the
specific set up of measure point on DE model, which is found to be near
to the tearing position of the adhesive unexpectedly in few cases.
However, those odd cases were still considered in GEP model to include
the generality of datasets. Therefore, the coefficient of determination R?
might not be ideal in certain cases, in particular, the case for predicting
the peak strain of brittle adhesive (see Fig. 3(al, a2)). Fig. 4 shows the

Table 3
Configuration of GEP algorithm.

Parameters Value (Range)

Number of chromosomes 30

Head size, number of 8,3
genes
Training/Validation 200/100 (total 300)
records
Enabled symbols +,—, x,/,€5,10%,In x,lgx, |x|,1/x,x, V/x(i = 2,3,4...),

tanh, tan~!

residual plots of the peak strain results in training and validation groups.
It is seen that most of results are closely neighboring to zero value,
whereas the variance has a trend to be non-constant when the strain
grows.

2.4. Symbolic regression models for bulk property

The formulas from the determined SR models to predict the target
properties of brittle adhesives are given in Egs. (3)-(5), respectively. The
units of the adjustable parameters are consistent with those in Table 2.

Peak strain, (—) ¢, =tanh(Inf, —InE,/1.1 + tanh(rui)) — Em
+1/ (100 = (K - 144) + VE, ) + En @)

+(tanh (102187, x ianh(a,) )"

Tensile strength, (MPa) f, = (In(8.21 + 106.3/f,) — m)*
+tan~! (m)((K — £) x (9.27 + m))** )
/e 2513
Secant modulus at strain of 0.001, (MPa) E; =45mf,/K —103.7a,K
+695/In(10™" oy + a,”) + 368.5mp
+mE,, — 1007y, K"
)

As the ratio of tensile to cohesion strength, , was a parameter related
to shear strength, it was not adopted to perform the following sensitivity
study. The other six adjustable parameters were selected in this study to
examine the influences of each parameter on the target properties. The
parameters were constant (see Table 4 for brittle adhesive) if they were
not the examined one, whilst the examined parameters were assigned
with a range identical to those in Table 2. The target properties were
calculated based on the developed SR models. The calculated ranges of
the target properties, peak strain, tensile strength and secant modulus at
strain of 0.001 in brittle adhesives were shown in Fig. 5 (al-a3), Fig. 5
(b1-b3), Fig. 5 (cl-c3), respectively. The projections of the target
properties on the planes with constant maximum assigned values of
parameters were also given to better clarify the correlation trend (see
contours without mesh grid).

From Fig. 5 (al-a3), it is seen that in the defined interval, effective
modulus (e_mod, Ep) and reference strength (sb_ref str, f;) contribute
more to the peak strain. The former can generate a maximum strain
increment around 0.015 within its assigned interval. The latter can
achieve a strain range of (0.0084, 0.0166), i.e. a strain increment of
0.0082. The other parameters present less influence on the strain
increment, which varies from 0.00136 for minimum particle radius
("min) to 0.003 for normal to shear stiffness ratio (sb_kratio, K). In Fig. 5
(a2), radius multiplier (rmul, m) is not included in the SR model for
strain, thus, it is without change when f; varies.

From Fig. 5 (b1-b3), the reference strength f; and radius multiplier m
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Fig. 4. Residual plots of training and validation results of peak strain.

are predominant in determining the tensile strength, showing a
maximum strength increment of around 66 MPa and 100 MPa, respec-
tively. The strength increment by adjusting K and Ep, is within 10 MPa,
whilst that by a, and rpi, decreases to only 2 MPa (Fig. 5 (b3)). From
Fig. 5 (c1-c3), it is seen that E, and m contribute the most to the secant
modulus, of which the maximum modulus increments within the
defined intervals are 34 GPa and 9 GPa, respectively. The parameters, K

and f;, can be used to perform the fine adjustment of secant modulus, as
their modulus increments have a smaller range of 1.5 GPa-5.6 GPa. The
influences due to the parameters, a, and ry;,, are negligible within most
of their interval. However, the modulus increment will see a significant
rise to nearly 12.5 GPa when both @, and rp;, decrease to the defined
minimum values (Fig. 5 (c3)). This might be due to that the denser
packing via decreasing @, and ryi, is more likely to generate stiffer
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Table 4
Assigned values of adjustable parameters for brittle adhesive.
Symbol Keyword Values Symbol Keyword Values
En sb_emod 3.65 GPa Tmin rmin 0.1 mm
K sb_kratio 3.6 Ay alpha_a 1.33
m sb_rmul 1.9 p beta 0.25
fr sb_ref_str 46.3 MPa
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Fig. 5. Predicted results using regression formulas of brittle adhesives.

International Journal of Adhesion and Adhesives 118 (2022) 103230

material.

Overall, once the target properties of adhesives from experimental
results have been determined. For each target property, the parameters
contribute the most to the corresponding property can be adjusted and
then fixed to achieve a close value to the target one. The other param-
eters having less influences on this property can then be adjusted to
refine the target value until the parameter set can determine similar
properties to the target values.

2.5. Validation of estimated parameters

In order to provide experimental data for the determination of the
microscopic parameters, uniaxial tensile (UT) tests were subsequently
conducted to record the stress-strain relationships of adhesives. Brittle
epoxy (Loctite EA 9497) was used to make the dumb-bell shaped UT
specimens following the ISO 527-2 [46] standard. Digital image corre-
lation (DIC) technique was used to measure the strain field of the ad-
hesive specimens. The universal tensile machine Instron 3345 equipped
with a 5 kN load cell was used to perform the tensile tests on the spec-
imens. Three specimens were tested to guarantee the repeatability.

Using the developed SR models of adhesives and the developed
calibration procedure of adjusting microscopic parameters, the micro-
scopic parameters of the adhesives were determined to generate the
macroscopic behaviour that agrees well with the experimental target.
The determined parameters are given in Table 4. The reproduced nu-
merical and experimental stress-strain curves are shown in Fig. 6. It can
be seen that the determined microscopic parameters are reliable.

3. Interlaminar-like property of thin adhesives in joints

Comparing with the thick adhesive, thin adhesive is more commonly
used in joint design. In this case, the interlaminar-like properties such as
the fracture energy are more concerned to be reproduced in DE model.
This is due to that the actual performance of adhesive is influenced by
the adhesive thickness, constraints from adherends etc., the bulk prop-
erty cannot be directly used to simulate the actual property of a thin
adhesive layer between adherends. In this section, the microscopic pa-
rameters were adjusted to suit the interlaminar-like behavior of thin
adhesive from the lab tests. The equivalent fracture energy in normal
and tangential directions, which were generated by the cohesive frac-
ture of thin adhesive, were treated as the target properties.

60 _ ‘ f
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—Experiment 2 -
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1= -Numerical-DEM y

D
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o

Eng. stress (MPa)

0
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Fig. 6. Comparison between the numerical and experimental results
of adhesives.
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3.1. Virtual experiment on determining interlaminar-like property

Before performing the virtual experiment, the actual experiment on
the interlaminar-like behaviour of laminates using brittle epoxy (Loctite
EA 9497) was conducted to provide reference data. It is well known that
the adherend stiffness and the adhesive thickness will affect the fracture
strength and fracture energy. Thus, a fixed configuration was deter-
mined with aluminium (AL) adherends and 0.56 mm thick adhesive.
DCB and ENF tests were adopted to obtain the Mode I and Mode II
interfacial properties, respectively. The extracted interfacial properties
from the cohesive failure of adhesive layer were given in Table 5, more
information can be found in Ref. [9].

The failure modes of adhesive joints are generally classified into
three categories, adhesive failure, cohesive failure and mix mode failure.
In this work, the thin adhesive is assumed to present consistent cohesive
failure. In fact, in most joints using strong adherends, adhesive failure
might be less likely to occur if high quality treatment and the cleaning of
adherend surfaces can be guaranteed. This can also be supported by the
above DCB and ENF tests, which typically had cohesive failure mode.
For calibrating the interlaminar-like property in normal direction, a
simplified virtual experiment having a joint under uniaxial tension was
performed as shown in Fig. 7 (a). The configuration of bonding to half of
the interface was designed to reduce the effect by the model edge on the
stress/strain field near the adhesive under tension. The bonds between
epoxy balls and adherend balls (AL) were set to be unbreakable to
trigger the cohesive failure. Hexagonal packing with soft bond model
was employed for the adherend (AL) in this model, in which the pa-
rameters were determined based on the theoretical solutions in
Ref. [47]. Tensile action was imposed on the right edge of adherend until
the epoxy tearing propagated through the entire adhesive layer. The
fracture energy can be calculated by the integral of tensile stress and
relative displacement between two reference balls at the interface.
Similar strategy was employed for the model to calibrate the tangential
interlaminar-like property in Fig. 7 (b). A simplified double shear-type
connection was used to evaluate the fracture energy under shear action.

3.2. Sensitivity study and GEP modelling

As mentioned above, the fracture strength and energy of a thin ad-
hesive layer are not same as those in a bulk adhesive material due to the
effects by the constraints and adhesive thickness. For instance, it can be
seen in Table 5 that the normal cohesive strength of the epoxy adhesive
is much lower than the tensile strength from uniaxial tensile tests.
Furthermore, current study shows that the fracture energy is the pre-
dominant factor controlling the failure load of a thin adhesive joint [20,
48]. It indicates that even parameters related to the strength of adhesive
should be adjusted to obtain the reduction of cohesive strength. It is
noting that a sensitivity study on the particle size of adherend and ad-
hesive should be conducted to determine an appropriate particle size
used in the later simulations.

(1) Sensitivity study on particle size

Firstly, a sensitivity study of the ratio w of adherend particle radius to
that of adhesive was conducted. It is expected that a larger ratio o will
result in more local fractures of adhesive bonds and neglect the contri-
bution of adhesive balls between two adherend particles, which might

Table 5
Interfacial properties extracted from actual experiment.

Property Symbol Loctite EA 9497 (AL-AL)
Normal Fracture energy Gic (N/mm) 0.26 + 0.06

Tangential Fracture energy Gyc (N/mm) 0.90 + 0.39

Normal fracture strength o, (MPa) 25.35 +10.26
Tangential fracture strength o, (MPa) 16 +£5
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generate lower fracture strength and fracture energy. Therefore, a
suitable ratio @ and associated particle radius were then determined for
the following virtual experiment on interlaminar-like property. The
tested parameters were given in Table 6. Epoxy adhesive was selected in
this study, of which most material parameters were identical to those in
Table 4, except for that the reference strength was reduced to the mean
normal fracture strength of Loctite EA 9497 (25.35 MPa) from Table 5.
The normal stress and fracture energy from cases with radius ratio from
2 to 16 were obtained and shown in Fig. 8 (a), (b), respectively.

It can be seen from Fig. 8 that, the results from cases with adhesive
particle radius of 0.025 mm and 0.05 mm have high consistency before
the initiation of adhesive tearing. The difference of normal stress sub-
sequently sees a rise (Fig. 8 (a)), however, the fracture energy will finally
grow to a close value in the case with identical radius ratio. Higher
consistency can be achieved as the radius ratio decreases, i.e. the par-
ticles of adherends and adhesives have more bonding areas. Although
the normal stress is higher in the case with a ratio of 2, it is found that the
difference in the fracture energy between the ratios of 2 and 4 is
negligible, which indicates that a radius ratio of 4 is adequate to simu-
late the problem that is more related to the fracture energy. Therefore,
the following study will employ a radius ratio of 4 and a minimum ball
radius of 0.05 mm for adhesive to reduce the computation cost.

(2) GEP modelling for interlaminar-like properties

Artificial adjustment was subsequently performed to determine a
suitable parameter set for simulating the fracture behavior of thin ad-
hesive layer. It was expected that the fine adjustment can guarantee the
interlaminar-like property without the significant variation of deter-
mined parameters for bulk property. However, it is found that great
difficulties rise in reaching this aim, thus, the following strategy was
adopted: the parameters related to the elasticity of adhesive were not
adjusted, whilst the adhesive strength was allowed to vary. The strategy
has the priority to guarantee the fracture energy, which dominates the
performance of thin adhesive joints.

The discussion in Section 2.3 concludes that the parameters Ej
(effective modulus) and m (radius multiplier) have significant influence
on the secant modulus, i.e. they need to be fixed. The parameters K
(normal to shear stiffness ratio) and fr (reference strength) have much
less effect and were taken as adjustable parameters for the interlaminar-
like property. In addition, $ (the ratio of tensile to cohesion strength) has
negligible effect on the tensile behavior of bulk adhesive as it is designed
to coordinate the shear behavior. It was also adopted as it contributes to
the Mode II fracture behavior of thin adhesive joint.

A similar procedure to the characterization process of bulk adhesive
was used to obtain the SR models of target properties, Mode I and Mode IT
fracture energies, based on three adjustable parameters. Through trial
virtual experiment, the parameters K, § were assigned with a range of (1,
10) and (0.2, 3.0), respectively. The reference strength fr had a range of
(10, 30) for brittle adhesive. The other parameters were identical to those
from Table 4. LHS method was then adopted to produce 100 groups of
parameters to run the virtual tests based on the models from Fig. 7.

The obtained Mode I fracture energy covers a range from 0.04 N/mm
to 1.42 N/mm and Mode II fracture energy varies from 0.04 N/mm to
3.04 N/mm. The range of fracture energy can cover the tested data from
the commonly used adhesives and is able to be used in the subsequent GE
modelling. The configuration of GE model for regressing the relationship
of fracture energy and selected three parameters was same as that in
Table 3, except for that the training and validation records were 100.

Fig. 9 gives the training and validation results of the regressed SR
model for brittle adhesive. It can be found that the regressed model can
well predict the Mode I and Mode II fracture energies from the virtual
experiment, as the values of R? are higher than 0.94 in both training and
validation results. It is worth noting that the training results in Fig. 9 (b1)
are more scattering, which is related to the threshold of calculating the
fracture energy. In DE models, to obtain Mode II fracture energy, the
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Fig. 7. DE models for the calibration of interlaminar-like property.

threshold of determining the Mode II fracture energy was 10% of the peak
stress. However, it is found that before declining to zero the shear stress
might reach a plateau of low stress value over threshold with several

Table 6
The parameters for the sensitivity study of particle radius ratio.

Parameters  Particle radius ratio Minimum particle radius of adhesive, rmin, parameter combinations, which will accumulate the Mode II fracture en-
@ mm ergy. Thus, the artificially determined threshold will generate different
Values 2,4,8,16 0.025, 0.05 fracture energies. Overall, in most combinations of parameters, the
threshold of 10% peak stress was adequate to obtain reliable fracture
energies.
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Fig. 8. Results of the sensitivity study.
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Fig. 9. Target and predicted results for interlaminar-like property of brittle adhesives.

3.3. Symbolic regression models for interlaminar-like property

The following equations (6) and (7) were given to predict the target
normal and tangential fracture energies of brittle adhesives.

GIIC (N/mm) Guc = L.5((£> —259/8) + 12.258(K — f,)
+in(In(£)) (74 — £ + K) %)

+(f, = B)(f, — 1.93K) /B) /10°

The calculated ranges of Mode I and Mode II fracture energies (take
= 0.25, 1.5 as example) by the above SR models are given in Fig. 10 (a)
and (b), respectively. It can be seen that by varying f, the interval of
simulated fracture energy can be adjusted within the given range of fr

GIC (N/mm) Gic = ((If| —15.58) (f: — B*) + (547 — ) (123 +£) (f: + 1/B) /10

+(122.8 4+ 4°) — (248K /%)) /10°

Mode | fracture energy (N/mm)

(a) Mode | fracture energy

©

(b) Mode Il fracture energy

Fig. 10. Predicted fracture energy using regression formulas of brittle adhesives.



X.-e. Wang et al.

and K. Once the experimental fracture energy was obtained, the corre-
sponding parameters can be determined by fixing one parameter and
locating the combination of other two parameters which can achieve the
closest fracture energy to the experimental value. However, as
mentioned above, the threshold of stopping simulation will affect the
calculated fracture energy. It is found that a very low threshold is rec-
ommended to obtain more accurate fracture energy in an ideal model.
However, it might be very difficult to reach the threshold and the
computation cost to collect the database for GE modelling is expected to
be very high. In this work, the threshold of 10% peak stress might still
underestimate the simulated fracture energy. The determination of pa-
rameters is suggested to consider this issue, a slight lower value of
fracture energy can be estimated and used to locate the parameter
combination.

3.4. Parameters determination and validation

DCB and ENF tests were adopted to validate the determined
parameter sets for a thin adhesive made of epoxy (Loctite EA 9497)
adhesive. Fig. 11 shows the DE models of DCB and ENF tests. The ad-
hesive thickness was 0.56 mm. The experimental information can be
found in Ref. [49]. The load speed was determined as 0.05 m/s for each
test after a sensitivity study on load speed. The assigned values of pa-
rameters for epoxy adhesive are determined as: 4.70 for K (sb_kratio),
14.0 MPa for fr (sb_ref str) and 1.0 for f§ (beta). The other parameters of
soft bond model are identical to those for bulk property.

The comparison of experimental and numerical results in DCB and
ENF tests is shown in Fig. 12. In Fig. 12 (a), it is found that once the
cohesive fractures of the epoxy adhesive propagate, the oscillation of
reaction force can be seen due to the dynamic effect at fracturing pro-
cess. The oscillation can be reduced by decreasing the load speed, which
was artificially increased to reduce computation cost in this work. From
Fig. 12 (b), it is seen that the DE model can achieve satisfactory results in
modelling the ENF test on the epoxy adhesive, although the linear
stiffness of DE model is lower than that from the experimental data. As
the displacement at peak load in ENF test on epoxy is very small (nearly
1.0 mm), it is difficult to obtain an accurate value by using current
testing apparatus, e.g., the displacement at peak load from other sensors
is nearly 1.5 mm. Therefore, the simulated load-displacement results are
rational considering this issue. In summary, the overall load-
displacement curves of DCB and ENF tests from the DEM simulation
are consistent with those from the experimental data.

A micromechanical model which used the SLJ as the example was

50 mm
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developed to examine its reliability in predicting the failure process.
Differing from the DCB and ENF tests where the adhesives are under single
mode loading action, the adhesive in SLJ is subjected to combined tensile
and shear actions. Thus, the modelling reliability of mixed mode behav-
iour of adhesive is worthy of investigation. The geometrical details of the
SLJ model were shown in Fig. 13(a) with the cohesive fractures of the
adhesive highlighted. AL adherend and epoxy (Loctite EA 9497) adhesive
were used to make the specimens which were experimentally tested to
provide the data for validation. Three SLJ specimens were tested.

The comparison of the experimental and numerical results was given in
Fig. 13(b). It is seen that the DE model can achieve a satisfactory consis-
tency of numerical prediction to the testing data. All the characteristics of
load-displacement relationships such as the failure load, stiffness before
failure agree well with the experimental results, indicating the applica-
bility of the developed micromechanical model in simulating the load
scenarios with mixed mode behaviours of adhesive joints.

4. Conclusions

This work developed a characterization procedure for the microscale
parameters of particle-based model in modelling brittle adhesives in
joint design. A practical approach encompassing the virtual experiment
using discrete element modelling and the genetic expression program-
ming technique was adopted to obtain the symbolic regression models,
which can facilitate the estimation of the bulk property of thick adhesive
and the interlaminar-like property of thin adhesive. The applicability of
the estimated parameters and the micromechanical model was exam-
ined by comparing with those from various lab tests of selected brittle
adhesives. The key findings are listed below:

(1) Practical regression models for estimating the bulk properties of
thick adhesive, including tensile strength, peak strain, secant
modulus, and the interlaminar-like properties of thin adhesive, i.
e. Mode I and Mode II fracture energy, were developed to roughly
estimate the microscale parameters. The models can cover a wide
range of brittle adhesives.

The developed model using estimated microscale parameters can
well predict the micromechanical behaviour of brittle adhesives
under different loading scenarios including the mixed mode
behaviours.

(2

—

The developed estimation approach and the micromechanical model
are expected to be capable of adaptively capturing the variation of
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Fig. 11. DE models of DCB and ENF tests.
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fracture energy of adhesive joints when using different design variables
such as adhesive thickness, adherend materials etc. This can save more
efforts to perform associated experiment to extract the cohesive
parameters.
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