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ARTICLE INFO ABSTRACT

Keywords: The dominant failure mode was characterized as debonding in the novel non-welded wrapped
Composite-steel bonded interface composite joint made with GFRP composites wrapped around steel sections. Glass fiber
3ENF and 4ENF composite-steel three-point end notched flexure (3ENF) and four-point end notched flexure
DIC X X . (4ENF) specimens were utilized to experimentally investigate mode II fracture behavior of this
Four-linear traction-separation law . . ) . .

M composite-steel bonded interface. Two new methods were proposed with the help of digital image

correlation (DIC) technique to quantify fracture data during the tests: 1) the “shear strain scaling
method” to quantify the crack length a; 2) the asymptotic analysis method based on the longi-
tudinal displacement distribution along the height of the specimen at the pre-crack tip to quantify
the crack tip opening displacement (CTOD). To numerically simulate the mode II fracture
behavior, a four-linear traction-separation law was proposed in the cohesive zone modeling
(CZM) where the softening behavior with a plateau was defined by the authors between tradi-
tionally considered initiation and fiber bridging behavior. The experimental and numerical ap-
proaches were validated mutually through good matches between the test and FEA results. 3ENF
test provided good insight into softening behavior while 4ENF contributed to quantification of
fiber bridging. These findings contribute to a more comprehensive characterization and under-
standing of the ductile fracture behavior of bi-material bonded joints, especially in mode II failure
scenarios.

1. Introduction

The concept of non-welded wrapped composite joints was proposed by TU Delft [1] as an alternative to traditional welded joints, as
shown in Fig. 1a). It aims to fully unlock the application potential of circular hollow sections (CHS) restricted by the low fatigue
endurance of current welding joining technology in many structural applications. Using this novel joining technology, CHS brace
members (diagonals) and the chord member are bonded together by the composite wrap which can be shaped in an optimal manner to
decrease stress concentration at the bonded interface. The tensile static tests of wrapped composite joints showed improved initial
stiffness and equivalent load resistance compared to welded joints [2] while the subsequent fatigue experiments validated their lower
stiffness degradation and superior fatigue life than welded counterparts [3]. Debonding of the composite-steel bonded interface was
found to be the predominant failure mode of wrapped composite joints subjected to axial load [2], as shown in Fig. 1b). It is therefore
imperative to understand the fracture behavior of the composite-steel bonded interface as a prerequisite for prediction of the joint
resistance. An interfacial crack can propagate in three different fracture modes in fracture mechanics: mode I (opening), mode II (in-
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Nomenclature

CHS circular hollow section
3ENF the three-point end notched flexure test
4ENF the four-point end notched flexure test

DIC digital image correlation
CTOD  crack tip opening displacement
CZM cohesive zone modeling

Rsteel, Reomposite  thickness of the steel adherend and the composite adherend, respectively
I, Band L the specimen length, specimen width and the half span length, respectively

d the distance of the two loading pins in 4ENF specimens
ap, a the pre-crack length, the present crack length, respectively
Sq the root mean square roughness

“p” onset of plasticity

“c” onset of cracking

“b” onset of fiber bridging

“f” failure

SERR strain energy release rate

FPZ fracture process zone

8ps B¢, Oy, ¢ CTOD at the stage of “p”, “c”, “b”, “f”

Op, Oc, Op, Of cohesive traction at the stage of “p”, “c”, “b”, “f”

Gue,tips FPZy1c,iip  The critical SERR and the FPZ length at crack initiation

Giic,soft, FPZiicsort The SERR and the FPZ length due to softening

Giic,br» FPZyicpr The SERR and the FPZ length due to fiber bridging

G, FPZy. The critical SERR and the FPZ length for crack propagation

EGM the extended global method

Esteets Isteets Ecomposites Icomposize €lastic modulus and moment of inertia of steel and composite adherends

EI the equivalent elastic modulus and moment of inertia of the specimen
B the equivalent longitudinal strain ratio
1 4 the bending stiffness ratio of steel and composite adherends

Asteel, Acomposite the cross-section area of the steel and composite adherends

Zsteel, Zcomposite the centroid z coordinates of the steel and composite adherends

z the coordinate of the equivalent centroid of the specimen cross-section

F the applied load

Miteel, Mcomposice the bending moment applied to the steel and composite adherends
VCCT the Virtual Crack Closure Technique

COF coefficient of friction

CCM The conventional compliance calibration method

plane shear) and mode III (out-of-plane shear), as illustrated in Fig. 2. Mode I failure was found pronounced at the secondary bonded
interface (on the chord) and at the end of the primary bonded interface (on the brace). In contrast, mode II failure was observed
governing at the root of the primary bonded interface (on the brace), leading to the coalescence of the debonding crack along the
braces, as shown in Fig. 1b). In a parallel study, the mode I fracture behavior was investigated experimentally and numerically by using
glass fiber composite-steel double cantilever beam (DCB) specimens [4]. In comparison, the current study focused on the mode II
fracture behavior.

The three-point end notched flexure (3ENF) specimen configuration was initially proposed by Russel [5,6] and was widely
established in the testing standards, such as ASTM D7905 [7], for evaluation of delamination in unidirectional composites under mode
ITloading. Many researchers have employed this configuration to acquire mode II fracture properties of the adhesively bonded joints or
to assess the delamination toughness of composite laminate [8-11]. Nevertheless, an important feature of 3ENF configuration is that
the crack propagation is generally unstable. Some researchers have found that stable crack growth can be achieved when the initial
crack length is at least 0.7 times of the half span [12,13]. However, this finding is specific to the delamination crack initiation and
propagation at the interply interfaces of the composite laminates or adhesively bonded joints. It is still unknown how to achieve stable
crack growth in directly bonded composite-steel interfaces. Additionally, several authors have also reported that 3ENF test allows only
for determining fracture behavior related to crack initiation but not the R-curve behavior [14,15], which characterizes the crack
propagation. As an alternative, the four-point end notched flexure (4ENF) configuration was proposed to obtain stable crack growth in
mode II loading scenario [16,17]. However, effect of friction was found to be significantly larger in 4ENF tests compare to 3ENF tests
[18], posing a significant challenge in standardizing the 4ENF configuration.

It should be noted that all the experimental and numerical work mentioned above was conducted based on symmetric (same
material and same thickness) 3ENF and 4ENF configurations. In the case of asymmetric configurations, with un-even thickness of
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adherends around the interface and/or dissimilar materials, limited research studies have been conducted to investigate fracture
behavior of 3ENF specimens [19-24]. No research studies regarding asymmetric 4ENF specimens have been reported — to the best of
the authors’ knowledge. The mode II fracture behavior of an asymmetric composite-metal bonded interface is complex due to three
primary reasons: a) inherent mode mixity as a result of loading asymmetry and material asymmetry across the interface [25]; b)
dependency of interfacial fracture behavior on the material and surface treatment of the adherends, types of resin and adhesive; c) non-
linear behavior of the interface attributed to plastic deformation of the metal adherend where linear elastic fracture mechanics (LEFM)
may not apply. To alleviate the mode mixity in ENF tests, basically two design criteria have been proposed in the literature:

1) pure mode II is achieved if the two adherends have equal axial strains along the interface [23,26-28];
2) pure mode II is achieved if the two adherends have equal bending rigidities [29-33].

More recently, F. Mujika et al. [34] performed mechanical modeling of asymmetric ENF specimens, validated by finite element
analysis (FEA), and demonstrated the correctness of the design criteria 1 in achieving pure mode II failure. The authors also stated that
the accuracy achieved by design criterion 2 is sometimes satisfactory for practical applications, which does not make its use
prohibiting.

The strain energy release rate (SERR) is pursued to obtain the fracture toughness at crack initiation and crack propagation, and to
characterize the R-curve behavior. Normally the SERR can be calculated by the conventional compliance calibration (CCM) method
where the function between the specimen compliance and the crack length can be evaluated for various short crack lengths in ex-
periments with stationary crack. The dependency of the crack length on the compliance of the specimen is then used in the crack
propagation experiment to estimate the crack length by extrapolation. As such, the CCM assumes that no damage other than prop-
agation of the debonding crack is developing during the experiment. Such condition is difficult to accomplish in cases where yielding of
metals can occur in bi-material tests. Additionally, it was found that CCM cannot be used for the mode partitioning of mixed-mode
results as in the case for the asymmetric and layered joint configuration [35]. An alternative called the extended global method
(EGM) based on the beam theory [36] was used for more successful SERR calculation and mode partitioning in bi-material interfacial
tests [35,37-39]. In the reported studies, the crack tip was visually observed using marked vertical lines or cameras, which may not be
accurate and could be less suitable in cases where the adhesive layer is negligibly thin or completely absent, as in the directly wet-
laminated composite-steel interfaces studied here. Moreover, the crack tip opening displacement (CTOD) cannot be measured by
such visual observation.

In fracture problems involving composite-metal bi-material interfaces, where the size of the fracture process zone (FPZ) is non-
negligible due to the plasticity of adherends resulting from micro-cracking of resin and fiber bridging, LEFM cannot be appropri-
ately applied for fracture analysis. The non-linear interface behavior can be approximated with the help of cohesive zone modeling
(CZM) where the constitutive behavior of the FPZ is defined by the traction-separation law derived from laboratory tests. The CZM has
been extensively applied in the numerical simulation of delamination in composites [35,39-43]. Unfortunately, there is limited
research [44] on the application of cohesive zone models for simulating the behavior of composite-steel bonded interface. The shape of
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Fig. 1. A) wrapped composite joints — a 45° X-joint specimen; b) summary of failure modes and load transfer mechanism of wrapped composite
joints loaded in tension [2].
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Fig. 2. Fracture modes of the interfacial cracking — a) mode I: opening; b) mode II: in-plane shear; ¢) mode III: out-of-plane shear.

the cohesive law is highly dependent on the material properties, composite layup, adherend surface treatment, etc. To the best of the
authors’ knowledge, there are basically three methods to determine the cohesive law:

1) The phenomenological approach, where the shape of the traction-separation law is predefined based on the plausible physical
behavior at the cohesive interface and current literature. The cohesive law is validated using experimental results [35,39-43];

2) The direct method, in which the cohesive law is obtained by differentiating the strain energy release rate over CTOD directly
measured from experiments [45-51];

3) The beam theory with bending rotations (BTBR) method, where CTOD is determined as a function of the equivalent crack advance,
and the strain energy release rate as a function of the crack advance is determined using only the load and displacement data
obtained from the test machine [52,53].

Methods 2 and 3 do not require assumptions of the shape of the cohesive law. However, these two methods are based on the path
independent J-integral [54], primarily used for characterizing interlaminar failure. They require substantial adaptation for application
to bi-material interfaces, particularly composite-steel interface where the yielding of steel is also present.

The research presented in this paper focused on acquiring the mode II fracture behavior of the glass fiber composite-steel bonded
interface through testing and modeling of 3ENF and 4ENF specimen configurations. Such bonded interface is utilized in the innovative
non-welded wrapped composite joints. The developed results and methods are also applicable to other connections where composite is
directly bonded to steel (excluding adhesive) by wet lamination or other suitable application techniques. A novel approach was
developed to analyze 2D DIC measurement data, enabling the determination of both the crack length and the crack tip opening
displacement during the tests. The SERR was calculated by EGM from experiments and a four-linear traction-separation law was
developed to simulate the mode II failure process by CZM in the FE model of the ENF experiments. The fracture process was clarified,
and the DIC measurement method as well as the cohesive law were validated by good matches observed between testing and simu-
lation results.

2. Experimental work
2.1. Specimens and materials

Three series of 3ENF and 4ENF tests summarized in Table 1 are performed to characterize and quantify the mode II fracture
behavior of the composite-steel bonded interface, and the corresponding configurations of the tested specimens are illustrated in Fig. 3.
3ENF specimens with composite laminate positioned as the upper and the lower adherends are illustrated in Fig. 3a) and b) and tested
in test series 1 and test series 2, respectively, to study the influence of adherend position on the mode II behavior of composite-steel
bonded interface. 4ENF specimens illustrated in Fig. 3¢) with composite laminate served as lower adherend (with respect to direction
of the applied load) are tested in test series 3 to investigate the effect of a different loading scenario on the mode II fracture process of
composite-steel bonded interface. Each test series is accomplished with at least 3 nominally identical specimens. The naming
convention of the tested specimens refers to the testing method (3ENF/4ENF), position of the composite laminate (CU, CL — composite

Table 1
Overview of test series and dimensions of 3ENF and 4ENF specimens (unit: mm).
Test Specimens hgteer (thickness of  Acomposite (thickness 1 (Specimen 2L (span B (Specimen d (Distance ao (pre-
series steel adherend) of composite length) length) width) between loading crack
adherend) points) length)
1 3ENF-CU-S1/ 4 12.3 220 180 25 - 30
2/3/4/5
2 3ENF-CL-S1/ 4 12.3 220 180 25 - 30
2/3
3 4ENF-CL-S1/ 3 7.6 180 120 20 70 40
2/3*%

*The 4ENF specimens were produced with higher roughness of steel adherend, aiming to increase the bonding properties.
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Fig. 3. Composite-steel mode II fracture test specimens: a) 3ENF specimens with composite as upper adherend; b) 3ENF specimens with composites
as lower adherend; c) 4ENF specimens with composite as lower adherend.

laminate served as upper or lower adherend, respectively), and the specimen number (S1/2/3/etc.).

Overview of the dimensions of the test specimens are shown in Table 1. hgeel and heomposite Tefer to the thickness of steel and
composite laminate adherends, respectively, while the specimen length, specimen width and the span length are designated as [, B and
2L, respectively, see Fig. 3. The pre-crack length qg is defined as the distance between the support roller (pin) and the pre-crack tip
while the distance of the two loading pins in 4ENF specimens is designated as d. The 3ENF (test series 1 and 2) and 4ENF specimens
(test series 3) were produced in 2 different batches. 3ENF specimens were produced first with low roughness of steel adherend,
quantified by the root mean square roughness Sq = 14. Subsequently, 4ENF specimens were designed with decreased thickness of steel
adherend and were produced with higher roughness of steel adherend (Sq = 22), aiming to increase the bonding properties. In 4ENF
tests, the mode II crack is initiated by the shear strains at the crack which are proportional to the difference in longitudinal strains at the
interface in the steel and composite adherends. Both adherends follow the same curvature due to bending. Therefore, decreasing the
thickness of steel adherend relative to the thickness of the composite adherend helps reduce the longitudinal strain in the steel
adherend at the crack tip, thereby reducing yielding of steel during crack initiation and propagation. It should be noted that the pre-
crack length in the 3ENF test differs from the length used in the 4ENF test. The aim is to investigate the influence of the pre-crack length
to half-span ratio (ap/L) on the stability of crack propagation in the 3ENF test. A 30-mm pre-crack length was used in test series 2 with
ap/L=0.33. Subsequently, ay was increased to 63 mm (ag/L=0.7) as recommended by the literature in the additional 3ENF tests in
section 6.2 to promote stable crack propagation. In the 4ENF test, ap = 40 mm was chosen based on previous experience, which
typically leads to stable crack propagation.

The composite-steel bonded plates were manufactured by hand-lamination in a wet-layup process. Test coupons were cut from the
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laminated composite-steel plates using water jet. Surface treatment of the steel plate, grade S355, included grit blasting and degreasing
by acetone. A non-adhesive Teflon based tape with 32 um thickness was placed at the steel plate end before lamination to create a pre-
crack. Subsequently, the hand lay-up lamination was performed using E-glass fiber plies and a vinyl ester thermoset resin in a
controlled factory environment at room temperature (20-23 °C) and humidity (48-53 % RH) conditions with quality control to ensure
good compaction and avoiding air gaps, see Fig. 4. The E-glass fiber plies are composed of bidirectional woven fabrics and chopped
strand mat, and the composite laminate presents a fiber volumetric fraction ranging 30-32 %. The laminated plate was left for curing in
a controlled environment of temperature and humidity, and no post-curing was applied. It should be noted that the composite laminate
was directly bonded on the steel plate without application of intermediate adhesive layer so that the thickness of the adhesive layer was
negligible. Mechanical properties of the composite and steel adherends were measured by composite and steel coupon experiments
(see Fig. 5) following the standard testing methods and are presented in Table 2.

2.2. Experiment and measurement set-up

The 3ENF and 4ENF tests were conducted in the UTM 25 universal testing machine with a 15 kN load cell, as shown in Fig. 6. The
specimens remained supported on the test frame and were connected to the fixture through either one cylindrical loading pin in 3ENF
tests or two arc-edged loading pins symmetrically bolted connected to a spreader beam in 4ENF tests. The crack driving force F was
applied through the hydraulic jack to the upper adherend at a constant displacement rate of 1 mm/min. Prior to the tests, the spec-
imens were coated on the side to measure the full field displacements around the crack path using a 2-dimensional (2D) digital image
correlation (DIC) system. A thin layer of white matt paint was coated to the side surface of the specimens followed by a sprayed black
speckle pattern to create the measurement surface for DIC analysis. A camera with 51-megapixel resolution was set to take photos of
the specimens at a frequency 1/3 Hz and a polarized blue light was used during the test to provide steady illumination conditions for
accurate measurements. A calibration block with a length of 30 mm was placed on the specimen to provide a reference length for the
DIC measurements, as shown in Fig. 7. After the tests, the photos were imported into the GOM Correlate Pro software to track and
measure the deformation of the specimens based on the surface component built at the reference stage, see Fig. 7.

3. Finite element modeling (FEM)

The fracture behavior of 3ENF and 4ENF specimens was simulated by the 3D FE models in ABAQUS in the quasi-static manner using
the explicit solver [60], due to its advantages in computation convergence and dealing with non-linear behavior such as contact
problems. Mass scaling method was conducted with definition of smooth step function to increase the computational efficiency.
Fig. 8a) and b) show the boundary conditions applied in the 3ENF model and the 4ENF model, respectively. The loading pin and the
support pin were modeled by the cylindrical shell to simulate the sliding between the pins and the specimens due to deflection of the
latter observed during the experiments. The outer surfaces of the loading pin and the support pins were kinematically constrained to
the “Load” and the “hold” reference points in all degrees of freedom, respectively, see Fig. 8a) and b). The load in the model was
applied through negative displacement in vertical direction (U2) to the reference point “load” which is fixed in translation in global X
and Z direction and rotation in global X and Y direction. In the 4ENF model the translation in global X direction was released at the
reference point “load” to allow the translational movement of the spreader beam observed in the experiments. All degrees of freedom
were fixed at the reference point “Hold” to replicate the constraints during the tests.

The global mesh size of the specimens was 2 mm according to the mesh sensitivity analysis in the joint modeling which is not
included in this paper. Linear element was used to save computational cost without sacrificing the simulation accuracy, considering the
relatively fine mesh size. The composite adherend was modelled using the 4-node tetrahedral solid element (C3D4), see Fig. 8c),
attributed to its advantages in simulating stresses and strains in the through-thickness direction and in meshing composite laminate

Fig. 4. Manufacturing of the composite-steel bonded plate: a) the steel plate with a pre-insert; b) the hand lay-up lamination process.
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Fig. 5. Steel and composite coupon experiments conducted in a) the Instron 1251 tensile and compressive press with a schematic view in b); c) the
3D-DIC measurement system used during the coupon experiments.

Table 2
Mechanical properties of the steel and composite adherends.
Material Mechanical properties Average value (and CoV [%]) Standard
Steel Tensile modulus — E 210000 N/mm? (5.74) 1SO 6892-1(55]
Yield strength - 6 360.91 MPa (4.86)
Composite In-plane tensile modulus in x/y direction — Ey( = Ey. 11798 N/mm? (6.37) 1SO 527-1[56] and 527-2[57]
In-plane tensile strength in x/y direction — f, ¢ = fy.¢ 216 MPa (5.78)
In-plane compressive modulus in x/y direction — Ex . = Ey ¢ 12077 N/mm? (4.50) 1SO 14,126(58]
In-plane compressive strength in x/y direction - fy . = fy. 200 MPa (3.79)
In-plane shear modulus — G, 3120 N/mm? (6.81) 1SO 14,129[59]
In-plane shear strength - fy, , 72.2 MPa (2.59)

with curved and complex geometry. The steel adherend was meshed with 8-node hexahedral element (C3D8R) and 4 elements were
meshed in the through-thickness direction to accurately simulate the bending-dominated deformation. The engineering constants were
used to simulate elastic modulus of composite in the orthotropic direction using the material properties from coupon experiments, as
summarized in Table 2. In addition, the elastic modulus in through-thickness tensile and shear behavior is E3 = 5000 N/mm? and Gq3
= Gy3 = 2500 N/rnmz, respectively. These values were obtained based on the manufacture data and calculation using classical
laminate theory and rule of mixture.

The cohesive contact approach was used to model the bonding of the composite-steel interface, as shown in Fig. 8a) and b). This
approach is primarily intended for situations where the adhesive layer thickness is negligible and is easier to define compared to
cohesive elements. The cohesive zone model (CZM) was assigned to the contact surface pairs with introduction of the traction-
separation law to describe the fracture behavior in between. The traction-separation law was implemented in ABAQUS software
using the tabular input provided in its graphical user interface. This tabular input allowed us to define the relationship between the
interface damage variable and the effective crack tip opening displacement (CTOD) according to the certain geometry of the traction-
separation law. The damage variable was calculated by considering the stiffness of the interface, which was also included in the
ABAQUS input with a value of 10000 N/mm?. The damage variable remains equal to 0 until the effective CTOD reaches the value
corresponding to the stage of crack initiation. Based on the experimental and numerical results of 3ENF and 4ENF specimens, a four-
linear traction-separation law was proposed to replicate mode II fracture process of composite-steel bonded interface which will be
explained thoroughly in section 4.

4. Mode II fracture process represented by a four-linear traction-separation law

Due to existence of fiber bridging, the fracture process of the composite-steel bonded interface does not follow the assumption of
LEFM. On the contrary, the non-linear behavior near or around the interface, with the fracture process zone (FPZ) encompassing
various stages of fracture process development, is formed as shown in Fig. 9a).The relation between the traction and the crack tip
opening displacement (CTOD) of the (pre) crack tip within the FPZ is defined here by a four-linear traction-separation law, as illus-
trated in Fig. 9b). Such set-up of the traction-separation law is explained here through physics-based considerations and assumptions.
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Fig. 7. DIC analysis in GOM Correlate Pro software — a 3ENF specimen as an example.

The interface model is then phenomenologically validated in the follow-up sections through detailed comparison of global and local
behavior in the ENF experiments and FE analysis, by looking at load-displacement response, crack propagation and CTOD progression.
Four critical stages are defined for further explanation: “p” — onset of plasticity; “c” — onset of cracking; “b” — onset of fiber bridging;
“f” — failure. Two out of three distinct phenomena described in the fracture process are consistent to the current literature [41,45,46]:
phenomenon 1 - crack tip deformation and phenomenon 3 - fiber bridging, indicated by orange and blue regions in Fig. 9b),
respectively. In addition, phenomenon 2, defined here as softening, is introduced in between to consider the contribution of me-

chanical interlocking of the resin embedded in the rough steel surface.

In the beginning of the fracture process, the cohesive traction increases linearly until reaching o, at stage “p”, referring to onset of
plasticity, where the traction increases at a slower pace due to plastic deformation and micro-fracture of the resin until reaching o, at
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Fig. 8. Boundary conditions of a) 3ENF FE model and b) 4ENF FE model, and c¢) mesh overview of the specimens.

stage “c”, corresponding to onset of cracking. The SERR dissipated to reach stage “c” (the orange area) is defined as the critical SERR for
crack initiation or crack tip fracture resistance [41,45,46] with the symbol Gy tip. The distance between point at stage “p” and point at
stage “c” on the interface (see the detail cut-out in Fig. 9a) is defined as the FPZ length related to crack initiation designated as FPZrc yip.
Subsequently, the traction is assumed to remain constant (6. = c}) as the CTOD increases until stage “b”, hypothetically attributed to
pull-out of resin from valleys in the micro profile of steel surface roughness. Engaging such mechanical interlocking load transfer
between steel and composite contact surfaces provides a significant amount of toughness in mode II fracture. The SERR dissipated from
stage “c” to stage “b” is defined as the SERR due to softening (the green area) with the symbol of Gy sof. The distance between point at
stage “c” and point at stage “b” on the interface is defined as the FPZ length related to softening designated as FPZy sof. Aligned with the
current literature dealing with mode I fracture behaviour [41,42], Gry,soft and FPZyy soft should be considered as part of Gryc,tip and FPZye,
tip» Tespectively. This is because of negligible contribution of the softening phenomenon to the fracture toughness due to weak me-
chanical interlocking, i.e. pull-out resistance, in the mode I behavior. Contrarily, as noticed by the large fracture toughness in the mode
II experiments, contribution of softening phenomenon is suspected to be significant and distinct in mode II fracture process. Therefore,
Gii,soft and FPZqy sof; is proposed in such tri-staged model, opposed to usually considered dual-stage model including initiation and fiber
bridging behavior only. The softening is followed by fiber bridging where the traction values decrease gradually from oy, at stage “b” to
0 at stage “f”, and the corresponding SERR dissipated is defined as the SERR corresponding to fiber bridging with the symbol of Gy b,
(the blue area). The distance between point at stage “b” and point at stage “f” on the interface is defined as the FPZ length related to
fiber bridging designated as FPZy; . When stage “f” is reached, the fracture surface is completely separated at the pre-crack tip and the
SERR attains a constant value in an R-curve referred to as the critical SERR for crack propagation or steady state fracture resistance
[42,45,46] designated as Gyi.. The distance between points at stage “p” and at point at stage “f” on the interface is defined as the FPZ
length related to crack propagation designated as FPZ.. The critical SERR for crack propagation and total length of the fracture process
zone based on Fig. 9 are defined as:

Gre = Grictip + Gusoft + Girpr )
FPZy. = FPZycip + FPZy sott + FPZy (2)

The area underneath the traction-separation law in Fig. 9 corresponding to Gyt and the associated length FPZy s are indicated
largest, based on the test results, indicating that softening phenomenon provides the majority of the resistance to the bonded interface
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Fig. 9. A) scheme of mode ii fracture process of composite-steel bonded interface — 4enf specimen as an example; b) four-linear traction-separation
law to describe the mode ii fracture process.

in mode II fracture. The values in terms of CTOD, and corresponding tractions at the critical stages (“p”, “c”, “b” and “f”) as well as
values of the critical SERR (Giyc,tip and Giye) used in the defined cohesive laws in the 3ENF and 4ENF modeling are summarized in
Table 3. The values are obtained based on the average values of the acquired test results which will be detailed in the follow-up
sections. The main difference observed is that the cohesive law applied in modeling 4ENF tests demonstrates more pronounced
softening and fiber bridging behavior compared to that used in modeling 3ENF tests. It should be noted that this difference is attributed
to variations in steel roughness and bonding properties in the two different batches and not necessarily due to difference of fracture test
and characterization methodology in those two types of tests. 4ENF specimens were manufactured with higher steel roughness,
resulting in increased fracture toughness.

It should be noted that the cohesive law can also be obtained by the inverse method using only the load and displacement data
obtained from the test machine [52,53]. However, currently it is mainly used for the characterization of interlaminar failure and
requires further development to be used in the bi-material interface, especially the composite-steel interface where the yielding of steel
is also present.

Table 3
Parameters of the four-linear cohesive laws used in modeling 3ENF and 4ENF test.
Modeling Stage Onset of plasticity — Onset of cracking — Onset of fiber Failure — stage “f” Critical SERR
scenario stage “p” stage “c” bridging — stage
b
Symbols 8, (mm) o, (MPa) §.(mm) o.(MPa) §,(mm) oy 8¢(mm)  of(MPa)  Giyeip (N/ Gre (N/
(MPa) mm) mm)
3ENF Values 0.0015 14.7 0.031 22 0.089 22 0.096 0 0.56 1.9
4ENF Values 0.002 20 0.037 30 0.116 30 0.259 0 0.89 5.4
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5. Fracture data analysis
5.1. Determination of critical stages in mode II fracture process

The method to determine critical stages in 3ENF and 4ENF tests is explained in Fig. 10 using specimen 4ENF-CL-S1 as an example.
The load-displacement curve (in red) of the specimen is compared to the variation of its tangential stiffness, the variation of crack
length and the variation of CTOD, in Fig. 10a), b), and c), respectively. These variations are plotted against the applied displacement
(the orange curves). It can be seen that stage “p”, stage “c” and stage “f” refer to the turning points where decreasing rate of tangential
stiffness grows suddenly and meanwhile increasing rate of crack length a and rate of CTOD rises instantly. Stage “p” cannot be
determined through observing the increasing rate of crack length q, as it starts to grow after stage “c”. However, it can be determined
by good agreement between variations of tangential stiffness and CTOD. It should be noted in Fig. 10 that this method helps determine
stage “f” but does not allow for the identification of stage “b” in 4ENF tests. This is because there is no sudden increase of crack length
or CTOD after stage “b”, attributed to stable crack growth. On the contrary, this method helps determine stage “b” but cannot identify
stage “f” in 3ENF tests because the specimens fail immediately after stage “b” without reaching stage “f” attributed to unstable crack
growth, see Fig. 19-Fig. 21. Therefore, it can be beneficial to perform both types of tests to better characterize all the stages in the 4-
linear traction-separation law.

In FEM the critical stages were easily determined by inspecting the output variable CSDMG (the scalar damage variable of the
bonded interface) at the pre-crack tip based on the input values.

5.2. Shear strain based DIC method to determine the crack length and the CTOD

In 3ENF and 4ENF tests the crack length a and the CTOD were determined by analysis of DIC measurement data in GOM Correlate
Pro software. It should be noted that these two parameters cannot be explicitly measured in 3ENF and 4ENF tests where the direction of
the crack opening is parallel to the direction of crack extension. Instead, a new “shear strain scaling method” was proposed here to
measure the crack length a. It involves building a surface curve along the composite-steel bonded interface (see Fig. 7) and reading the
shear strain from the surface curve data (see Fig. 11). It can be inferred from the extended global method (EGM) [31,32] that the
significant increase in shear strain from the crack tip to the right support point along the interface is caused by the difference of
maximum tensile and compressive strains in the upper and lower adherend, respectively. Therefore, the present crack tip can be
determined indirectly by observing local increase of shear strains along the bonded interface. To eliminate interference of elastic
deformation in shear strain increase and to ensure accuracy in defining the curve path directly on the interface, the shear strains at a
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Fig. 10. Illustration of the method to determine critical stages in experiments through a) tangential stiffness, b) crack length a and ¢) CTOD — an

example of specimen 4ENF-CL-S1 (p, p-c, c-f, f + indicates elastic behavior until stage “p”, stage “p” to stage “c”, stage “c” to stage “f”, after stage “f”,
respectively).
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Fig. 11. Illustration of determination of crack length and growth in DIC using the shear strain scaling method — an example of specimen 3ENF-
CL-S2.

later load state (the red curve) are relativized and scaled to shear strains that correspond to a selected reference elastic state (the green
curve), as shown in Fig. 11. If there were no crack extension, the scaled shear strains at a later load state would be identical to the
strains at the reference elastic state. The deviations from such an idealistic state were used to identify the present crack tip and quantify
the crack length a using the strain threshold identified as 0.1 % by pinpointing at which strain level the shear strains significantly
increase from a flat, steady, trend to a higher strain distribution trend. The strain threshold depends on the selected reference elastic
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Fig. 12. Illustration of determination of mode II CTOD by DIC - an example of specimen 3ENF-CL-S2.
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load level and specimen geometry, and therefore shall be determined for each specific test set-up and selected reference load level. In
the present study the reference load level for scaling was kept the same.

The CTOD was quantified as well with the help of detailed DIC data. The proposed asymptotic analysis method involves analyzing
the horizontal displacement distribution along the height of the specimens at the pre-crack tip as shown in Fig. 12, where the mea-
surements of displacements are obtained from the vertical surface curve in Fig. 7. Two parallel straight lines were observed at the steel
and composite adherend due to the elastic bending deformation. If there were no slip at the interface related to crack initiation,
growth, and propagation, the two lines would overlap. Contrarily, once the fracture process starts, the CTOD is characterized by the
displacement shift at the interface between the straight lines fitted to the regions on the upper (steel) and lower (composite) adherends
away from the interface.

In the FEM, the present crack tip is determined as the location where the CSDMG just reaches the input values corresponding to
stage “c” identified as crack initiation, as shown in the front of the yellow contour in Fig. 13. The CTOD is obtained by subtracting the
displacement parallel to the interface from the interface surfaces of steel and composite adherend at the pre-crack tip.

5.3. Determination of SERR by EGM

The strain energy release rate (SERR) was calculated using the extended global method (EGM) [38,39] where the total SERR is:

2 2 2
_ g M;[eel Mcumposite _ (Msteel + Mcompo:ite)
Gtoml - Bz E h3 + E h3 3 (3)
steel Csteel composite/composite  E (hsteel -+ hcompoxite)

where Eggeet, Isteels Ecomposite a0d Icomposize are the elastic modulus, the moment of inertia in the section of the crack tip of the steel adherend
and composite adherend, respectively. E and I are the equivalent elastic modulus and the equivalent moment of inertia of the specimen
at the crack tip, respectively. B, hsteel and hcomposite are the width of the specimen, the height of steel and composite adherends,
respectively, see Fig. 3. Mgge and Mcomposite are the bending moments (assumed positive when counterclockwise) of the steel and
composite adherends at the crack tip, respectively. The design of 3ENF and 4ENF specimens in this study did not satisfy the longi-
tudinal strain based criterion [61], so the equivalent longitudinal strain ratio of the steel and composite adherends was introduced to
guarantee pure mode II in mode partitioning of bi-material bonded joints [37]:
EC"’"POSife h?omposite

Pl @

2
Esteel hxteel

The applied moments can be resolved as:
Mjieer = My + My (5)
Mcompoxite = - ﬁMI + WMII (6)

where y is defined as the bending stiffness ratio of steel and composite adherends to assure the identical curvature in the two
adherends to obtain pure mode II:

EcampositeI composite
_ @
EsteelIxteel

i Pre-crackitip

Presenft crack tip = "*‘:”"'a.:gb

\
N crack tip tip S

Vi
/ a
The side of bonded interface I‘TO’

on the composite adherend

Fig. 13. Illustration of determination of a and CTOD in FEM - an example of 3ENF modeling.
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Substitution of Equation (5) and Equation (6) into Equation (3) leads to the mode partition of Gy into Gy as:

2
G — (ﬁMsteel + Mcompnsite) y+1 o (l// + 1)2 ®
. 2B (ﬂ + l//)z Esteet el EI
EI is the equivalent bending stiffness of the specimen and is calculated as:
EI = Esteellsteel + Ecompasitelcumposite + EsteelAsteel (Z - Zsteel)2 +E 1posi A posil (Z — Zcomposi )2 (9)

where Agteel, Zsteel; Acomposites Zcomposite ar€ the cross-section areas and the z coordinates of the centroids of the steel and the composite
adherends, respectively. z is the coordinate of the equivalent centroid of the specimen cross-section.In the present 3ENF tests, M. and
Mcomposite are calculated as:

F aEsteelIsteel
Miteat = (10)
e 2(EsteelIsteel + Ecompositelcamposite>
FaE itel i
Mo = el an

where the F is the applied load and a is the present crack length, respectively. Therefore, the SERR in mode II can be calculated as:

G F?@ (PEsealied + Ecomposteleomosie)” (w41 (y+1)° 12)
" 8BS+ w)2 (Esealowet + Ecomposteleomposte)” \Bsiealset  EI
In the presented 4ENF tests, Mtee; and M omposice are calculated as:
F(ZL - d)EsteelIsteel
Mot = 1
™ 4 (Eyeatleet + Ecompositeleomposi ) 13)
F(2L — d)E, itel. i
Mcgmpoxite — ( d) composite+ composite (14)

4 (Esteellsteel + EcumpositeIcompasite)

where F, L and d are the applied load, half span length, and the distance of the two loading pins, respectively. Therefore, the SERR in
mode II can be calculated as:

G — F2(2L - d)z (ﬂEsteelIsteel + Ecam,vositeIcumposite)2 < v +1 (l[/ + 1>2 ) (15)

" 32B(ﬂ+l[/)2(F. Lsteel + E, iposi I iposi )2 Exteellstee17 EI
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Fig. 14. Load-displacement response of 3ENF specimens tested with composite laminate as upper adherend.
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6. Results and discussion
6.1. Test results of 3ENF specimens with composite laminate as upper adherend

The load—-displacement curves of five 3ENF specimens tested with composite laminate as upper adherend are shown in Fig. 14. It
shows that non-linearity occurred at approximately 2000 N while the ultimate resistance deviates within the range of 8000-10000 N.
The elastic load limit is determined by analyzing the variations of tangential stiffness within load—displacement curves. It refers to the
turning point where decreasing rate of the tangential stiffness grows suddenly for the first time. Fig. 15 shows the front view of a
characteristic specimen 3ENF-CU-S5 during loading, and Fig. 16 illustrates its fracture morphology after test. It can be observed that
the crack migrates from the composite-steel bonded interface to the inter-laminar failure plane in the composite adherend directly at
the pre-crack tip, without initiation or propagation occurring along the bonded interface. The crack transition is attributed to micro
cracking of the composite plies close to the bonded interface due to tensile bending when the composite laminate is positioned as the
upper adherend. This transition of crack path helps improve the bonding behavior by allowing more energy dissipation but leads to
difficulty in obtaining mode II fracture properties of the composite-steel bonded interface.

6.2. Test results of 3ENF specimens with composite laminate as lower adherend

To prevent crack migration from the bonded interface to the inter-laminar interface, the composite laminate adherend is positioned
as the lower adherend in test series 2 and test series 3 (4ENF test). The aim is to keep composite plies close to the bonded interface in
state of longitudinal compression due to the local arm bending moment. The assumption is that the longitudinal compression in
combination with the through thickness shear is restraining more the crack development in the composite than the combination of
longitudinal tension and through thickness shear. The load-displacement response of the 3ENF specimens in test series 2 is shown in
Fig. 19 where the critical stages (“p”, “c” and “b”) are identified and the associated values of applied displacement and load are
summarized in Table 4. The fracture morphology is shown in Fig. 17 which indicates that there is nearly no fiber bridging present on
the debonded interface. This is due to lower steel roughness in the production batch of 3ENF specimens. More pronounced fiber
bridging was observed in the 4ENF specimens produced with increased steel roughness. It can be seen from Fig. 19 that onset of
plasticity (stage “p”) corresponds to the elastic load limit at approximately 2000 N followed by crack initiation at approximately 3500
N (stage “c”). Subsequently, softening leads to gradual increase of load until the peak load is reached at stage “b” within the load range
of 5000-6000 N, where the bonded interface fails immediately with unstable crack propagation. There are two reasons accounting for
the unstable crack propagation: 1) the bending moment at the present crack tip keeps increasing as the crack advances leading to
consistently increasing SERR which is unfavourable for stable crack propagation; 2) fiber bridging is negligible on the fracture surface
as shown in Fig. 17 such that the remaining resistance of the interface is too small to retain stable crack growth. The fracture
morphology in Fig. 17 clearly shows that crack propagation happened merely on the bonded interface, therefore demonstrating the
effectiveness of positioning composite laminate as the lower adherend in preventing crack transition in 3ENF test.

Fig. 20 and Fig. 21 illustrate the development of the crack length a and the CTOD at the pre-crack tip with the increased applied
displacement during the tests, respectively. The pre-crack tip starts to open at stage “p”, but the opening displacement is limited (less
than 0.02 mm) according to DIC measurements. After the crack is initiated at stage “c”, the crack length and the crack opening develop
steadily until stage “b” where the bonded interface starts to propagate abruptly and fails immediately. Due to unstable crack prop-
agation in 3ENF test, only the part from stage “c” to stage “b” in the R-curves of the tested specimens is obtained based on EGM and is
shown in Fig. 22. The critical SERR for crack initiation Gry,ip is obtained at stage “c” and increases gradually during the fracture
process to Grye,tip + G soft at stage “b”. The FPZ length FPZy 501 related to softening is represented by distance between point at stage “c”
and point at stage “b” on the R-curves, see Fig. 22. FPZy 1ip is neglected attributed to its limited length while FPZ j,; remains unknown

pre-crack on the

Inter-laminar interface boned interface

Fig. 15. Front view of specimen 3ENF-CU-S5 during test indicating the crack transition.
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Fig. 16. Fracture surface morphology of specimen 3ENF-CU-S5: a) image of the fracture surface on the steel adherend; b) image of the fracture
surface on the composite adherends; c¢) 3D scan of the fracture surface on the steel adherend.

Table 4
Overview of displacement/load values at the critical stages of the fracture process in 3ENF test vs 3ENF FEM.
Specimens or FE Onset of plasticity (stage “p™) Onset of cracking (stage “c”) Onset of bridging (stage “b™) Failure (stage “f)
del
mode Displacement Load (N) Displacement Load Displacement Load (N) Displacement Load
(mm) (mm) ) (mm) (mm) N)
3ENF-CL-S1 0.61 1335 1.59 3431 2.67 5394 - -
3ENF-CL-S2 0.74 1597 1.72 3911 2.72 5918 - -
3ENF-CL-S3 0.87 2042 1.64 3641 2.34 4932 — -
Average (and COV 0.74 (14.3) 1658 1.65 (3.2) 3661 2.58 (6.5) 5415 - -
[%]1) (17.6) (5.4) 7.4
3ENF-FEM 0.75 1746 1.69 3789 2.54 5334 - -
Deviation (%) 1.4 5.3 2.4 3.4 1.6 1.5 - -

. Pre-crack tip
Pre-crack tip ¢)

@30 Crack

propagation

Fig. 17. Fracture surface morphology of specimen 3ENF-CL-S2: a) image of the fracture surface on the steel adherend; b) image of the fracture
surface on the composite adherends; ¢) 3D scan of the fracture surface on the steel adherend.
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b)

Fig. 18. Comparisons of failure modes in a) 3ENF tests and in b) 3ENF FEM at stage “g”.
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Fig. 19. Comparison of load-displacement response in 3ENF test vs modeling.
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Fig. 20. Comparison of a-displacement relation in 3ENF test vs modeling.
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Fig. 21. Comparison of CTOD-displacement relation in 3ENF test vs modeling.
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Fig. 22. R-curves of 3 specimens in 3ENF tests with composite laminate as lower adherend.
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Fig. 23. Fracture surface morphology of specimen 4ENF-CL-S1: a) image of the fracture surface on the steel adherend; b) image of the fracture
surface on the composite adherends; c¢) 3D scan of the fracture surface on the steel adherend.
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Fig. 24. Comparisons of failure modes in a) 4ENF tests and in b) 4ENF FEM at stage “f”.

as a consequence of unstable crack propagation.

To investigate the influence of the pre-crack length to the half span ratio ap/L on the instability of crack propagation in 3ENF tests,
additional 3ENF tests were conducted on 2 specimens (3ENF-CL-S4/5). These specimens originate from the same production batch and
possess identical geometry, test set-up and loading scenarios as the specimens (3ENF-CL-S1/2/3) in test series 2. They were tested
using the pre-crack length to the half span ratio ayp/L of 0.7 recommended in the current literature [12,13] by decreasing the span
length.

The values of Grictip, Giic,tip + Gir,soft, and FPZyy 5ot in three 3ENF specimens (3ENF-CL-S1/2/3) with ao/L of 0.33 are summarized in
Table 5. It can also been seen in Table 5 that the average values of FPZyy s is approximately 5 mm. Moreover, the crack propagation in
the test specimens 3ENF-CL-S4/5 with ap/L=0.7 is still observed to be unstable, contrary to what was expected based on the literature.
The possible reasons are: 1) the recommendation of pre-crack length to half span ratio is specific to the monolithic specimens but not
applicable to bi-material interface cracking; 2) the large thickness to span ratio (h/2L) of test specimens might contribute to this
instability; 3) there is a complete absence of fiber bridging in 3ENF specimens. The fracture properties of specimens 3ENF-CL-S4/5 are
also summarized in Table 5.

6.3. Test results of 4ENF specimens

To prevent unstable crack growth observed in 3ENF tests, 4ENF tests were performed in test series 3. Local bending moments in
arms of adherends around the crack tip are constant and independent of the crack length which leads to stable crack propagation in
4ENF configuration. The load-displacement response of the 4ENF specimens is shown in Fig. 25 where the critical stages are identified,
and the associated values of applied displacement and load are summarized in Table 6. The fracture morphology is shown in Fig. 23. It
exhibits more pronounced fiber bridging than in 3ENF tests (see Fig. 17), a consequence of nesting of the chopped strand mat in the
first laminate ply with the micro profile of steel surface roughness. The more pronounced fiber bridging behavior in 4ENF specimens is
due to the increase steel roughness in the production batch compared to that of 3ENF specimens. It can be seen in Fig. 25 that onset of
plasticity (stage “p”) corresponds to the elastic load limit at approximately 1700 N followed by crack initiation at approximately 3000
N (stage “c”). Different from 3ENF tests, the applied load increases consistently in 4ENF tests from stage “c” to stage “f” within the load
range of 6000-7000 N as the pre-crack tip propagates consistently. This difference can be explained in two aspects: 1) the bending
moment at the present crack tip is independent of the crack length a in 4ENF loading (see Equation (13) and Equation (14) which is
favorable for stable crack propagation; 2) fiber bridging behavior in 4ENF tests (see Fig. 23) is more pronounced compared to 3ENF

Table 5
Overview values of fracture resistance and FPZ length in 3ENF test.
Specimens with ap/L=0.33 SERR (N/mm) FPZy 5o (mm)
Giic,tip Giie,tip + G soft
3ENF-CL-S1 0.57 1.93 3.9
3ENF-CL-S2 0.58 2.07 5.3
3ENF-CL-S3 0.54 1.50 4.9
Average (and COV [%]) 0.56 (3.0) 1.83(13.2) 4.7 (12.5)
Specimens with ap/L=0.7 SERR (N/mm) FPZi 50t (mm)
Giic,tip Giic,tip + G soft
3ENF-CL-S4 0.53 1.57 3.9
3EFN-CL-S5 0.55 1.34 4.2
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Fig. 25. Comparison of load-displacement response in 4ENF test vs modeling.

Table 6
Overview of displacement/load values at the critical stages of the fracture process in 4ENF test vs 4ENF FEM.
Specimens or FE Onset of plasticity (stage “p™) Onset of cracking (stage “c”) Onset of bridging (stage “b”) Failure (stage “f)
del
mode Displacement Load (N) Displacement Load (N) Displacement Load Displacement Load (N)
(mm) (mm) (mm) N) (mm)
4ENF-CL-S1 0.83 2063 1.29 3032 - - 3.31 6021
4ENF-CL-S2 0.70 1908 1.23 3088 - - 3.46 6261
4ENF-CL-S3 0.47 1243 1.24 2975 - — 4.44 6958
Average (and COV 0.67 (22.3) 1738 1.25(2.1) 3032 - - 3.74 (13.4) 6413
[%]) (20.5) (1.5) (6.2)
4ENF-FEM 0.70 1768 1.34 3175 2.82 5528 3.45 6085
Deviation (%) 4.5 1.7 7.2 4.7 - - 7.8 5.1

tests (see Fig. 17) as a consequence of increase steel roughness. Therefore, 4ENF specimens have a greater ability to engage in stable
propagation than 3ENF specimens.

Fig. 26 and Fig. 27 illustrate the development of the crack length a and the CTOD at the pre-crack tip with the increased applied
displacement during the tests, respectively. Similar to 3ENF tests, the pre-crack tip starts to open at stage “p”, but the opening
displacement is limited (less than 0.02 mm). After the crack is initiated at stage “c”, the crack length a and the CTOD develop gradually
until stage “f” where these two variables increase at a constant rate. This indicates that FPZ for crack propagation is fully developed,
and crack starts to propagate in a stable manner. Based on the EGM, the mode II SERR of the composite-steel bonded interface was
calculated and its relation with the crack extension Aag, i.e. the R-curve, is shown in Fig. 28. It can be seen that the critical SERR for
crack initiation Gy,tip is approximately 0.9 N/mm on average obtained at stage “c”, and increases gradually during the fracture process
to Gy = 5.4 N/mm on average at stage “f”, defined as the critical SERR for crack propagation. The summation of the FPZ length due to
softening FPZy 5ot and due to fiber bridging FPZy p,, refers to the distance between point at stage “c” and point at stage “f” on the R-
curves, while FPZy s, is neglected. The values of G tip, Gue and FPZysof; + FPZypy in three 4ENF specimens are summarized in

60
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587 b: onset of fiber bridging - 4ENF-CL-S1_p
56 - C:onsetof crack.ir?g F _o_igm,igt:l:g:fc
R p: onset of plasticity 4 —+— 4ENF-CL-S1_f+
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Fig. 26. Comparison of a-displacement relation in 4ENF test vs modeling.
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Fig. 27. Comparison of CTOD-displacement relation in 4ENF test vs modeling.
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Fig. 28. R-curves of 3 specimens in 4ENF tests.

Table 7. The average values of FPZy st + FPZy1 1,y in mode II fracture is approximately 10 mm.

6.4. Validation of 3ENF and 4ENF FEM

It can be seen in Fig. 19 and Fig. 25 that the load-displacement behavior from the numerical model (black curves) match well with
the testing curves in terms of elasticity and non-linear behavior in both 3ENF and 4ENF results. Comparison of load and applied
displacement values at critical stages are presented in Table 4 and Table 6 where the deviation of numerical results from average
testing results are within 8 %. Therefore, it can be concluded that good match is reached in terms of global response in 3ENF modeling
vs 3ENF tests, and in 4ENF modeling vs 4ENF tests. The numerical load-displacement curve in Fig. 25 illustrates that stage “f” is
reached from stage “b” through only 500 N load increase. This indicates that the contribution of fiber bridging to fracture resistance is
quite limited and the majority of the resistance after crack initiation comes from the softening phenomenon from stage “c” to stage “b”
in mode II failure. Fig. 18 compares the failure modes regarding crack propagation states and specimen deflection between the 3ENF
test and its corresponding 3ENF modeling. Similarly, Fig. 24 illustrates such comparison between the 4ENF test and its respective 4ENF
modeling. In both cases, it can be concluded that good agreement is reached in terms of failure modes.

Table 7
Overview values of fracture resistance and FPZ length in 4ENF test.
Specimens SERR (N/mm) FPZyy 505t + FPZyypr (mm)
Giic,tip Gire
4ENF-CL-S1 0.72 4.64 9.3
4ENF-CL-S2 0.86 5.20 11.4
4ENF-CL-S3 1.08 6.39 10.7
Average (and COV[%]) 0.89 (16.7) 5.41 (13.5) 10.5(8.3)
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In Fig. 20-Fig. 21 and in Fig. 26-Fig. 27, the crack length a and the CTOD vs applied displacement obtained from the FE models are
plotted and compared with the curves from 3ENF and 4ENF tests, respectively. In both cases good matches of the crack length and the
CTOD in tests and in FEM are achieved. It can also be seen in Fig. 26 that the crack extension Aa obtained from 4ENF FEM is
approximately 11.5 mm which matches well to the average value from 4ENF tests. Therefore, it can be concluded that good agreement
of the failure process is achieved in 3ENF modeling vs 3ENF tests, and in 4ENF modeling vs 4ENF tests. Fig. 13 illustrates that the
longitudinal position of the present crack tip varies across the width of the specimen with a concave shape. This is due to the anticlastic
bending of the specimen affected by both material properties (Poisson’s ratio) and geometry of the specimens [45,46,62-64]. In the
ENF experiments, the crack location can only be captured by the camera at the edge of the specimen. From the FE model, the difference
in crack length between the middle and the edge locations was measured, and the value was found to be 0.4 mm.

It should be noted that the load roller radius is greater than the support roller radius in 3ENF tests, while in 4ENF tests, the support
roller radius is larger than the load radius. The discrepancy in the radius is due to the availability of the test setup in the laboratory.
However, the impact of the roller radius on the modelling results has been carefully investigated. In finite element modelling, the exact
and actual radius of the support and load rollers were used as in the experiments. A parametric study was conducted by changing the
roller radius and it was found that the radius significantly affects the development of fracture parameters. Therefore, it is crucial to use
the actual radius of the support and load rollers in the FE models, as in the experiments.

6.5. Effects of mode mixity and friction

As mentioned in the Introduction section, mode mixity inherently exists in the bi-material interface cracking. Generally, two design
criteria are proposed to achieve pure mode failure: equal axial strains along the interface or equal bending rigidities. Moreover, the
effects of friction on the calculation of the mode II fracture toughness cannot be ignored.

In this subsection, supplementary FEA was conducted using the Virtual Crack Closure Technique (VCCT) [65] on both 3ENF and
4ENF specimens to assess mode mixity and friction effects. To evaluate the mode mixity, VCCT analysis was first performed in
modeling of 3ENF and 4ENF scenarios without friction. Afterwards, the coefficient of friction (COF) was introduced to quantify the
friction effects on calculating fracture toughness. Fig. 29 illustrates that the input values of COF are 0.2 within the pre-crack inset
(between composites and non-adhesive Teflon-based tape) and 0.55 in the bonded regions (between composites and steel roughness
profile), respectively. These values were obtained from COF tests performed by the authors, which are not included in this paper.

In the 3ENF configuration, stages “c” and “g” were selected for VCCT analysis while stage “c” and “f” were chosen in modeling the
4ENF configuration. Table 8 provides the mode I and mode II contributions to the total critical SERR from VCCT, the associated mode
mixity Gy / G, as well as the difference of G between EGM and VCCT. It is observed that the introduced mode mixity is rather small (no
more than 1.2 %) in all configurations, implying that the specimen design in the current study is accurate enough for nearly pure mode
II conditions. Moreover, the difference in the critical SERR calculated by EGM and VCCT is relatively small (less than 7 %). It is worth
noting that there are limitations [66] in accurately determining the mode mixity based on VCCT which is a liner elastic fracture
mechanics-based method. The non-linearity related to formation of the FPZ cannot be captured by this method. Alternative ap-
proaches, such as the thick level set interface method [67] may be more suitable for capturing this aspect. But the current research
primarily focuses on the difference of influence of friction in 3ENF and 4ENF tests. To address this, VCCT is utilized along with an
Explicit solver capable of handling complex contact interactions and frictions in both the insert and crack regions. By measuring the
COF in these regions, the authors can utilize this combined LEFM method and contact mechanics to analyze the partial non-linearity in
the 4ENF modelling. It is worth noting that in the EGM method, steel yielding cannot be explicitly taken into account, and the behavior
of steel is assumed to be linear. However, in finite element modeling using VCCT analysis, the non-linear properties of steel are taken
into account. We conducted VCCT analysis with multiple crack lengths. If there were a crack length at which the bending moment in
the steel arm exceeded the yielding capacity of the steel plate, this would already occur and reduce the strain energy release rate
(SERR) acting on the interface. The SERR determined by VCCT without friction can be compared to the value obtained from EGM, as
shown in Table 8. The difference indicates the potential effect of steel yielding.

Table 9 compares the critical SERR values calculated by VCCT with and without the introduction of friction. It can be concluded
that friction effects on calculating fracture toughness in 3ENF tests are negligible (less than 4 %), while the influence is significantly
larger in 4ENF tests (8 %~13 %).

7. Conclusions

In the present research study, 3ENF and 4ENF experiments with help of FEM were used to explain and quantify mode II fracture

Bonded region Pre-inserted crack
F=0.2
(COF =0.55) (COF=02)

Ao

Fig. 29. Set-up of coefficient of friction in VCCT modeling — 4ENF as an example.
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Table 8
Overview of mode I, mode II, and total critical SERR values in 3ENF and 4ENF scenarios.

Specimen configuration Critical stages EGM VCCT_w/o friction Difference, VCCT-EGM (%)

G (N/mm) G; (N/mm) Gy (N/mm) G (N/mm) G/ G (%)

3ENF Stage “c” 0.561 0.007 0.568 0.575 98.8 2.4
Stage “g” 1.833 0.013 1.788 1.801 99.3 1.8
4ENF Stage “c” 0.886 0.004 0.918 0.922 99.5 4.0
Stage “f” 5.412 0.015 5.769 5.784 99.7 6.4
Table 9
Effects of friction on the critical SERR values in 3ENF and 4ENF configurations.
Specimen configuration Critical stages VCCT_w/o friction VCCT_w/ friction Difference (%)
Gy (N/mm) Gy (N/mm)
3ENF Stage “c” 0.568 0.549 3.4
Stage “g” 1.788 1.757 1.8
4ENF Stage “c” 0.918 0.800 12.9
Stage “f” 5.769 5.254 8.9

behavior of bi-material glass fiber composite-steel bonded interface. The crack length a and the crack tip opening displacement (CTOD)
during the tests were obtained by novel approaches to analysis of digital image correlation (DIC) measurement data while the strain
energy release rate (SERR) was calculated through the extended global method (EGM). A four-linear cohesive law featuring onset of
plasticity, cracking and bridging, and final failure was proposed and used in the 3ENF and 4ENF FE models to accurately simulate the
mode II fracture behavior. These findings offer valuable insights into the ductile fracture behavior and characterization of bi-material
bonded joints, enriching our understanding of their physical failure in mode II. Moreover, they streamline the process of assessing bi-
material bonded joints. Based on the experimental results and the numerical work, the following conclusions are drawn:

1) To ensure crack propagation on the composite-steel bonded interface instead of transition into the inter-laminar interface due to
tensile bending stresses, composite laminate should be designed as the lower adherend (with respect to the load direction) in 3ENF
and 4ENF experiments. 3ENF test provides good insight into softening behavior while 4ENF shows to be more useful to quantify
fiber bridging. It is important to choose the proper types of bi-material interface tests that are suitable for the types of loading and
geometry being designed for bonded joints.

The average critical SERR for crack initiation Gy jp in 3ENF and 4ENF specimens is 0.56 N/mm and 0.89 N/mm, respectively. The

major reason for the difference is not the testing methodology but the steel roughness. 4ENF specimens were produced with

increased steel roughness and therefore have improved fracture toughness than 3ENF specimens. The mode II fracture toughness at
the crack initiation affects the ultimate resistance of single-lap or double-lap joints, but it has no influence on the ultimate resistance
of damage tolerant bonded joints, governed by crack propagation, such as wrapped composite joints.

The average critical SERR for crack propagation Gy in 3ENF and 4ENF specimens is 1.9 N/mm and 5.4 N/mm, respectively.

Similarly, the major reason for this difference is the steel roughness and bonding properties in those two batches of specimens.

4ENF specimens were produced with increased steel roughness and therefore have improved fracture toughness than 3ENF

specimens. 4ENF tests provide a better opportunity to capture the very high fracture toughness of 5.4 N/mm with the 4ENF

specimens with increase steel roughness in good bonding properties. The mode II fracture toughness at the crack propagation has a

significant influence on the ultimate load resistance of wrapped composite joints.

4) A four-linear traction-separation law is proposed to describe the mode II interface behavior. It describes three distinct phenomena:
1) crack tip deformation, 2) softening (newly proposed) and 3) fiber bridging. The fracture morphology indicates that fiber bridging
is not governing. The non-linear load-displacement behavior is attributed to the softening phenomenon as a consequence of pull-
out of resin from valleys in the micro profile of steel surface roughness. The characteristic stages in the four-linear cohesive law are
determined by the global and detailed results of 3ENF and 4ENF tests and modeling.

5) A new “shear strain scaling method” is proposed based on DIC measurements to quantify the crack length in the 3ENF and 4ENF
tests. DIC sectioning method was introduced and proved to be effective to evaluate usually challenging mode II CTOD.

6) Friction effects on the calculation of SERR are more pronounced in 4ENF tests (up to 13 %) compared to 3ENF tests (up to 3.5 %). In
all test configurations, nearly mode II conditions were achieved using the current specimen design, with a mode mixity ratio of no
less than 98.8 %.

2

—

3

-

The presented characterization and understanding of the bi-material interface behavior goes beyond the first intended application
in wrapped composite joints and are valuable for the wider field of engineering, such as aerospace, automotive and others.
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