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Debonding is characterized as the governing failure mode in the innovative wrapped composite joints made with
glass fiber composite material wrapped around steel hollow sections without welding. The prerequisite for
predicting debonding failure of wrapped composite joints is to obtain fracture behavior of the composite-steel
bIC bonded interface. The mode I fracture behavior of the bonded interface was experimentally investigated using
Four-linear traction-separation law glass fiber composite-steel double cantilever beam (DCB) specimens. The crack length a and the crack tip opening
CZM displacement (CTOD) during the test were accurately measured by analyzing the digital image correlation (DIC)
data while the strain energy release rate (SERR) was calculated through the extended global method (EGM). The
cohesive zone modeling (CZM) was utilized in the finite element model with the proposal of a four-linear
traction-separation law to simulate the mode I fracture process. An approach is introduced to determine the
critical stages of the proposed four-linear cohesive law by combining accurate measurements of crack length a
and CTOD, along with SERR values. The validity of the four-linear cohesive law and the introduced approach to
determine the critical stages were confirmed by good agreement in both global and local behavior between the
testing and the FEA results.

1. Introduction

To fully unlock application potential of CHS (circular hollow sec-
tions) restricted by current welding technology in many cases, 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). CHS brace members (diagonals) and the chord member in this
case are bonded together by composite wrap which can be shaped in an
optimal manner to decrease stress concentration at the bonded interface.
The initial tensile static tests proved improved initial stiffness and
equivalent load resistance of wrapped composite joints compared to
welded joints [2-4] while the subsequent fatigue experiments validated
their lower stiffness degradation and superior fatigue life than the
welded joints [5,6]. It was found that debonding of the composite-steel
bonded interface is the predominant failure mode of wrapped composite
joints subjected to axial load [3,4], 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 resis-
tance. An interfacial crack can propagate in three different fracture
modes in fracture mechanics: mode I (opening), mode II (in-plane shear)
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and mode III (out-of-plane shear), as illustrated in Fig. 2. Although mode
II failure governs at the root of the primary bonded interface attributed
to dominance of through thickness shear stresses, mode I failure is
pronounced at the secondary bonded interface due to local bending of
the composite wrap and at the end of the primary bonded interface
attributed to contraction of the brace cross section resulting from steel
yielding [3], see Fig. 1b).

The double cantilever beam (DCB) specimen configuration was
initially used in the standard [7,8] for evaluation of delamination in
unidirectional composites under mode I loading, and was utilized by
many researchers to acquire fracture properties of the adhesively
bonded joints [9-12]. It should be noted that all the experimental and
numerical work mentioned above were based on the symmetric DCB
(same material and same thickness) configurations. Recently some re-
searchers [13-18] also investigated the fracture behavior of the asym-
metric composite-metal DCB specimen which was more complex due to
the following three reasons:

a) the inherently existed mode mixity as a result of loading asymmetry
and material asymmetry across the interface [19];
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b) dependency of interfacial fracture behavior on the material and
surface treatment of the adherends, types of resin and adhesive;

c) the range of the fracture toughness is related to the crack growth
location within the bondline which is affected by the degree of the
stiffness mismatch between the adhesive layer and the adherends
[20].

d) non-linear behavior of the interface attributed to large deformation
of metal adherend where LEFM may not work.

To remove the mode mixity attributed to the in-plane sliding, the
design of bi-material DCB configuration based on the criterion that the
two arms have the same longitudinal strain distribution at the faying
surfaces was proposed and validated in some research studies
[16,17,21,22].

The strain energy release rate (SERR) evaluation is pursued to ac-
quire the fracture resistance for crack initiation and crack propagation,
and to obtain the R-curve behavior. Normally, the SERR can be calcu-
lated by the conventional compliance calibration (CCM) method where
the function between the specimen compliance and the crack length can
be derived experimentally [7,8]. But it requires continuous and accurate
measurements of crack length during testing which are not easy to
obtain and may lead to important errors during the characterization
[23]. On the other hand, it was found that CCM cannot be used for the
mode partitioning of mixed-mode results as in the case for the asym-
metric and layered joint configuration [24]. An alternative called the
extended global method (EGM) based on the beam theory [25] was used
for SERR calculation and mode partitioning in bi-material DCB tests
[18,24,26,27]. In those tests the crack tip was observed visually by
marked vertical lines or cameras which is not accurate and may be not
suitable in the case of negligible adhesive layer. On the other hand, the
crack tip opening displacement (CTOD) cannot be measured.

In the fracture problems of the composite-metal interface, LEFM
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h
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cannot be used for fracture analysis. The reason is that the plastic strain
in the steel adherend and in the ductile adhesive contribute to the strain
energy, thereby hampering correct assessment of fracture toughness of
the interface [28,29]. Additionally, existence of fiber bridging hinders
the crack growth, resulting in a non-linear fracture process zone (FPZ)
forming in the wake of the crack tip, the size of which is negligible
[30-32]. The non-linear FPZ can be approximately in conjunction with
computational techniques by utilizing the cohesive zone modeling
(CZM) [33,34] where the constitutive behavior of the FPZ is defined by
the traction-separation law derived from laboratory tests. The shape of
the cohesive law is highly dependent on the material properties, com-
posite layup, adherend surface treatment, etc. The CZM has been
extensively applied in the numerical simulation of delamination in
composites [24,27,35-38]. Unluckily, there is limited research studies
in terms of applying cohesive zone model in simulation of composite-
steel bonded interface [39].

This paper focused on the acquisition of mode I fracture behavior of
glass fiber composite-steel bonded interface used in the non-welded
wrapped composite joints by DCB test and DCB modeling. 2D DIC
technique was used to accurately measure the crack length and the crack
tip opening displacement during the tests while The SERR was calcu-
lated by EGM. A four-linear traction-separation law was proposed in the
CZM to simulate the mode I failure process in the FE model. An approach
was introduced that combines accurate measurements of crack length
and CTOD, along with SERR values, to determine the characteristic
stages within the four-linear cohesive law. To validate both the four-
linear cohesive law and the approach for determining its critical
stages, a comparison was made in term of the global and local behavior
between experimental and numerical results.

——T mmm) Tensile load

Mode I opening / failure
(illustration from FE model
with deformation x 10)

Tensile load

ﬁ

\(‘mnposilc wrap

\
Failure of secondary bonded interface

Fig. 1. Wrapped composite joints: a) the 45° small-scale X-joint specimen[3]; b) summary of failure modes and load transfer mechanism under tensile load[3].



P. He et al.
2. Specimens and materials

The DCB tests are performed to characterize and quantify the mode I
fracture behavior of the composite-steel bonded interface and the
configuration of the DCB specimen is illustrated in Fig. 3. The steel is
positioned as the upper adherend with thickness hgtee] = 3 mm while the
composite laminate is located as the lower adherend with thickness
heomposite = 7.62 mm. The adherend length L and width B is 180 mm and
20 mm, respectively, and the pre-crack is inserted with length ap = 60
mm. The pre-crack length ag is defined as the distance between the
section of the applied load and the pre-crack tip. The loading pin with
length L, = 25 mm is bonded to the upper and lower adherends for load
transfer. The overview of the dimensions of the DCB specimens are
summarized in Table 1. The DCB test is accomplished with 3 nominally
identical specimens to characterize scattering of the material properties.
The specimens are named as DCB-S1/2/3 where S refers to static test and
1/2/3 refers to specimen number 1, 2, 3, respectively.

The composite-steel bonded plate was manufactured and the test
specimens were cut from the plate using water jet. The S355 mild steel
plate was treated by grit blasting and degreased with acetone. A non-
adhesive tape with 32 um thickness was placed on the steel plate
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 in a controlled factory environment at room temperature and
humidity conditions with quality control to ensure good compaction and
avoiding air gaps. 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 at 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 is negligible. Mechanical properties of the composite and
steel adherends were measured by standard testing methods and are
presented in Table 2.

3. Experiment and measurement set-up

The DCB test were conducted in the UTM 25 universal testing ma-
chine with a 15 kN load cell, as shown in Fig. 4. The specimen is con-
nected to the fixture through the pin connection at the upper and lower
adherend. The crack driving force is applied through the hydraulic jack
to the upper adherend at a constant displacement rate of 1 mm/min.
Prior to the test, the specimens 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 21-megapixel resolution was set to take photos
of the specimen at a frequency 1/3 Hz and a polarized blue light was use
during the test to provide steady illumination conditions for accurate
measurements. A block was placed on the specimen to provide a refer-
ence length for the DIC measurements, as shown in Fig. 5. After the test,
the photos were imported into the GOM Correlate Pro software to track

Composite Structures 330 (2024) 117814

$F

| A N |

| ON

\ 1
:Ehsteel

LA

Pre-inserted crack [ 7]
-

Loading block
Loading pin

composite

F

B2

Fig. 3. Composite-steel DCB test specimen.

Table 1
Overview of DCB specimen dimensions (unit: mm).
Specimen hgteel hcomposite L B ao L,
DCB-S1/2/3 3 7.62 180 20 60 25
Table 2
Mechanical properties of the steel and composite adherends.
Material Mechanical properties Average value Standard
(and CoV [%])
Steel Tensile modulus — E 210000 N/mm? 1SO 6892-1[40]
(5.74)
Yield strength - o, 360.91 MPa
(4.86)
Composite In-plane tensile modulus in 11798 N/mm? 1SO 527-1[41]

x/y direction — Ey ¢ = Ey (6.37)

In-plane tensile strength in 216 MPa (5.78)
x/y direction - fy ¢ = fy«

In-plane compressive 12077 N/mm?
modulus in x/y direction — (4.50)

and 527-2[42]

ISO 14,126(43]

Exc= y.c

In-plane compressive
strength in x/y direction — f;
c= fy,c

In-plane shear modulus — Gy

200 MPa (3.79)

3120 N/mm?
(6.81)
72.2 MPa (2.59)

ISO 14,129 [44]

In-plane shear strength — fy,,

v

and measure the deformation of the specimens based on the surface
component built at the reference stage, see Fig. 5.

4. Finite element modeling (FEM)

The fracture behavior of DCB specimen was simulated by the 3D FE

Fig. 2. Fracture modes of the interfacial cracking — a) mode I: opening; b) mode II: in-plane shear; ¢) mode III: out-of-plane shear.
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Fig. 4. The scheme of DCB test set-up.

model in ABAQUS in the quasi-static manner using the explicit solver
[45] 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. 6a) shows a representation of the
boundary conditions applied in the DCB model. The symmetry boundary
condition in global Z direction was applied to the back surface of the half

Surface curve on
steel adherend

Surface curve on
composite adherend

Original name: _46A3504.0PG
2interval
Force = 0,008453 Counter = N.AN. Displacement = 0.0f
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model to save computational costs. The area of the steel and composite
adherends glued with the loading pin designated as upper surface and
lower surface was kinematically constrained (coupled) to the “Load” and
the “Hold” reference point in all degrees of freedom, respectively. The
crack driving force was applied through positive displacement in verti-
cal translation (U2) to the reference point “Load” fixed in translation in
global Z direction and rotation in global X and Y direction. The same
degrees of freedom were fixed at the reference point “Hold” and the
vertical translation U2 was also fixed to simulate the real constraints
during the test.

The global mesh size is 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. 6b), attributed to its advantages in simulating
stresses and strains in the through-thickness direction and in meshing
composite laminate 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 con-
stants were used to simulate elastic modulus of composite in the
orthotropic direction using the material properties from experiments
summarized in Table 2. In addition, the elastic modulus in through-
thickness tensile and shear behavior is E3 = 5000 N/mm? and Gq35 =
Gas = 2500 N/mm?, respectively. These values were obtained based on
the manufacture data and calculation using classical laminate theory

Fig. 5. DIC analysis in GOM Correlate Pro software.

Symmetry boundary condition
U3=UR1=UR2=0

Apper surface | peference

Uszoint
"L oad”
UR1=UR2=0

Coupling constrain
in U1, U2, U3, UR1, UR2, UR3]

v

ook,

B Reference
point
“Hold"

U2=U3=0; UR1=UR2=0

Lower surface

b)

Steel adherend

Composite adherend

Global mesh size: 2 mm

Fig. 6. DCB FE model: a) boundary conditions and cohesive contact definition; b) mesh overview.
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and rule of mixture.

The cohesive contact approach was used to model the bonding of
composite-steel interface as shown in Fig. 6a), which 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 where the
traction-separation law was introduced to describe the fracture behavior
in between. Based on the experimental and numerical results of DCB
specimens, a four-linear traction-separation law was proposed to repli-
cate mode I fracture process of composite-steel bonded interface which
will be explained thoroughly in section 4.

4.1. Mode I fracture process represented by a four-linear traction-
separation law

Due to improved fracture toughness of resin, enhanced steel surface
roughness and 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 FPZ is formed as shown in Fig. 7a)
and the relation between the traction and the crack tip opening
displacement (CTOD) of the pre-crack tip within the FPZ can be
described by a four-linear cohesive law illustrated in Fig. 7b). Four
critical stages are defined for further manipulation: “p” — onset of
plasticity; “c” — onset of cracking; “b” — onset of fiber bridging; “f* —
failure. Three distinct phenomena are described in the fracture process:
1) crack tip deformation, 2) softening and 3) fiber bridging. Two out of
three phenomena, i.e., crack tip and fiber bridging, is consistent to the
current literature [30,36,46,47]. The crack tip deformation is associated

Non-damaged material

a)

Damaged material
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with small opening displacements and high traction values, whereas
fiber bridging is associate with larger opening displacements and low
tractions [46]. In addition, a transition phenomenon is proposed as
softening where tractions reduce rapidly from o, to cp.

In the beginning of the fracture process the CTOD increases linearly
until 5, at stage “p” referring to onset of plasticity where the CTOD
continues increasing under a constant traction value ¢, = o, until stage
“c” corresponding to onset of cracking. The short plateau between stage
“p” and stage “c” is attributed to micro-fracture of the resin with the
cavities of the steel surface roughness. It should be noted that in fracture
of composite delamination, the existence of this plateau is absent, and
stages “p” and “c” overlap with each other. The SERR dissipated to reach
stage “c” (the orange area) is defined as the critical SERR for crack
initiation or crack tip fracture resistance [36,46,47] with the symbol Gy,
tip While the distance between stage “p” and stage “c” is defined as the
FPZ length for crack initiation designated as FPZi jp. Subsequently, the
tractions drop significantly until stage “b” due to the weak resistance of
the resin inside the valley of the micro profile of steel surface against the
pull-out force. 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
while the distance between stage “c” and stage “b” is defined as the FPZ
length due to softening designated as FPZ; sof. In the current literature,
Gisofc and FPZj g are considered as part of G tip and FPZicip, respec-
tively [36,37], and the influence of considering or not considering them
on values of Gic,ip and FPZyc i, is negligible in the mode I fracture pro-
cess. However, the SERR due to softening is found to have significant
contribution to the fracture resistance of the composite-steel bonded
interface in mode II, which is not discussed in this study [48]. Therefore,

Cracked material

phenomenon 1:

phenomenon 2:

crack tip deformation ‘ fiber bridging
‘ (FPZI.br) ‘
\ \
Elastic region Fracture process Stress free region
zone (FPZy,)
p c
O _\O.) |- ..
P (o) : K p: onset of plasticity
E | T tip c: onset of cracking
= ; b: onset of bridging
=t | f: failure
'g [ Lsoft -
[&] |
© I
G, Ft--
b 1 GI,br
|
|
. f
O 1
58,0, 5,
CTOD (mm)

Fig. 7. Mode I fracture process of composite-steel bonded interface illustrated by a) schematic diagram and described by b) the four-linear traction-separation law.
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G soft and FPZ o are separately defined in the present nomenclature to
have better control of variations of cohesive law shapes in different
fracture modes. The softening is followed by fiber bridging where the
traction values decrease gradually from o}, at stage “b” to 0 at stage “f” as
a consequence of the nesting of the chopped strand mat in the first ply of
the composite laminate with the steel surface and with the adjacent
woven fabrics. The SERR dissipated between stage “b” and stage “f” is
defined as the SERR due to fiber bridging with the symbol of G, (the
blue area). The distance between stage “b” and stage “f” is defined as the
FPZ length due to fiber bridging designated as FPZ; 1. When stage “f” is
reached, the fracture surface is completely separated at the pre-crack tip
and the SERR attains a constant value referred to as the critical SERR for
crack propagation or steady state fracture resistance [37,46,47] desig-
nated as Gi.. The distance between stage “p” and stage “f” is defined as
the FPZ length for crack propagation designated as FPZ. It can be seen
from Fig. 7 that

Gie = Giegip + Grsot + Gror @
FPZy, = FPZiq iy + FPZy o + FPZy 2

where Gy, and FPZpy,, are governing indicating that fiber bridging
provides the majority of the fracture resistance to the bonded interface
in mode I fracture process. In the presented research, the critical stages
(stage “p”, “c”, “b” and “f”) used in the defined four-linear cohesive law
were determined through an approach that combines measurements of
crack length a and CTOD through analysis of DIC data, along with SERR
values calculated using EGM. More details in terms of this approach are
given in Section 4. The values of the CTOD and traction at the critical
stages, together with the critical SERR values (Gic,tp and Gic), are sum-
marized in Table 3.

5. Fracture data analysis
5.1. Determination of critical stages in the load—displacement response

The method to determine critical stages in the global response of DCB
tests is explained in Fig. 8 where the load-displacement curve (in red) of
the specimen DCB-S2 is compared to the variations of tangential stiffness
in load-displacement response, crack length and CTOD with the applied
displacement (in orange), respectively. 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 CTOD rises instantly. It should be noted that the part
of the tangential stiffness curve exceeding 7-mm applied displacement is
not presented in Fig. 8a) because big noise is introduced to the stiffness
attributed to appearance of the inertia effect during the fiber bridging
process. In this case, stage “f” refers directly to the peak load point on the
load-displacement curve. Furthermore, stage “p” cannot be determined
through observing the increasing rate of crack length a which starts to
grow only after stage “c”, but good agreement is reached between
variation of tangential stiffness and CTOD to determine stage “p”.
Fig. 8b) indicates that measuring FPZi.;p, is difficult due to the limited
crack extension and the summation of FPZycjp and FPZj s is approxi-
mately 2.5 mm.

In FEM the critical stage “p” refers to the turning points where

Composite Structures 330 (2024) 117814

(the scalar damage variable of the bonded interface) are observed at the
pre-crack tip for the first time, as shown in Fig. 10. The contour color
yellow, red and black refer to the damage valuable at critical stages “c”
(0.875), “b” (0.995) and “f” (0.999), respectively, defined in the four-
linear cohesive law.

5.2. Determination of crack length a and CTOD

In DCB test the crack length a and the CTOD were accurately
measured by analysis of DIC measurement data in GOM Correlate Pro
software. Two surface curves were built on the steel and composite
adherends 0.5 mm parallel to the bonded interface (see Fig. 5) and the
vertical displacement along them were read from surface component
data. The present crack tip is determined as the location where the
relative vertical displacement from the two surface curves starts to
deviate, as shown in Fig. 9. The crack length a is the distance between
the section of the applied load and the present crack tip while the CTOD
is the subtraction of the vertical displacement from two surface curves at
the pre-crack tip location.

In FEM the present crack tip is determined as the front of the yellow
contour where the scalar damage variable of the bonded interface just
reaches the input values (CSDMG = 0.875) corresponding to crack
initiation, as shown in Fig. 10b) ~ d). The CTOD is obtained by sub-
tracting the vertical displacement output in steel and composite adher-
end at the pre-crack tip, as shown in the enlargement side view in Fig. 10
a). Fig. 10 d), Fig. 10 ¢), and Fig. 10 b) illustrate the determination of the
critical stages “c”, “b” and “f” when the yellow, red, and black colors first
appear on the contour plot of the pre-crack, corresponding to CSDMG
values of 0.875, 0.995, and 0.999, respectively, defined in the four-
linear cohesive law. It can also be observed in Fig. 10 that the longitu-
dinal position of the present crack tip varies across the width of the
specimen with a convex shape. This is due to the anticlastic bending of
the specimen affected by both material properties (Poisson’s ratio) and
geometry of the specimens [46,47,49-51].

5.3. Determination of SERR

The strain energy release rate (SERR) was calculated using the
extended global method (EGM) [26,27] where the total SERR is:

2 2 2
6 M steel Mromposirr (M steel + M, composi i(’)
Giowl =

o _ 3)
2 3 3 3 (
B |Eseetlyeer  EcompositeMoomposice  E (/’lmg/ + hmmpmm)

where Egeel, Isteel; Ecomposites Icomposite; E and I are the elastic modulus and
the second moment of area in the section of the crack tip of the steel
adherend, composite adherend and the specimen, respectively. B, Agteel
and heomposite are the width of the specimen, the height of steel and
composite adherend, respectively, see Fig. 3. M and Mcompsosite are the
bending moments (assumed positive when counterclockwise) of the
steel and composite adherend at the crack tip, respectively. The design
of DCB specimens in this study did not satisfy the longitudinal strain
based criterion [16], so the equivalent longitudinal strain ratio of the
steel and composite adherends was introduced to guarantee pure mode I
in mode partitioning of bi-material bonded joints [18]:

decreasing rate of tangential stiffness grows suddenly in the numerical Ecomposite s
> o X 7 5 _ Eecomposite Weomposive
load-displacement curve. Critical stages “c”, “b” and “f” are determined p= TR @
. . steelll
when the corresponding contour colors of the output variable CSDMG fect
The applied moments can be resolved as:

Table 3
Input of parameters of the four-linear cohesive law used in modeling DCB test.

Critical stage Onset of plasticity Onset of cracking Onset of fiber bridging Failure Critical SERR

Symbols 8p (mm) 6, (MPa) 5. (mm) o. (MPa) Sp (mm) op, (MPa) 8¢ (mm) of (MPa) Gie,tip (N/mm) Gie (N/mm)

Values 0.002 20 0.016 20 0.040 2 0.881 0 0.3 1.4
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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:

_ E, composite I composite

= (7)
E.\-teel I.vzee[

Substitution of Equation (5) and Equation (6) into Equation (3) leads
to the mode partition of Gy into G as:
> ®
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In this study, Mstweer = Fa, Mcomposice = -Fa. Therefore, the SERR in
mode I can be calculated as:

1
+
(E:leellstzel

where the F is the applied load and a is the present crack length,
respectively.
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6. Results and discussion
6.1. DCB test results

The load-displacement curves of 3 specimens in DCB tests are shown
in Fig. 12 where the critical stages are identified, and the associated
values of applied displacement and load are summarized in Table 4. The
fracture morphology is shown in Fig. 11. It can be seen from Fig. 12 that
onset of plasticity (stage “p”) corresponds to the elastic load limit at
approximately 120 N followed by crack initiation at approximately 170
N (stage “c”) where the load drops slightly due to softening. Subse-
quently, the existence of fiber bridging shown in Fig. 11a) leads to
gradual increase of load until the peak load is reached at stage “f”, where
the FPZ for crack propagation is completely formed. It should be noted
that stage “b” cannot be obtained from the tests due to the negligible
fracture energy accumulated in the softening stage. Fig. 11b) and
Fig. 11c) show the representative fracture morphology of the DCB
specimens, and Fig. 11d) shows the height profile on the fracture surface
of steel adherend. It can be seen that fiber bridging is really governing in
mode I fracture process.

Fig. 13 and Fig. 14 present the crack length a and the CTOD
measured during the DCB tests. It can be seen that the pre-crack tip
opens at stage “p” but the CTOD is still limited (less than 0.02 mm) until
crack initiates at stage “c”. Subsequently, the crack length a and the
CTOD develops progressively 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.
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Table 4

Overview of displacement/load values at the critical stages of the fracture process in DCB test vs in DCB FEM.

Specimens or FE Onset of plasticity (stage “p™)

Onset of cracking (stage “c”)

Onset of bridging (stage “b™) Failure (stage “f")

model Displacement Load (N) Displacement Load (N) Displacement Load (N)  Displacement Load (N)
(mm) (mm) (mm) (mm)
DCB-S1 2.74 133.01 4.14 177.30 - - 9.60 224.11
DCB-S2 2.42 113.60 3.98 164.37 - - 10.45 233.62
DCB-S3 2.55 123.39 3.97 165.10 - - 9.60 236.23
Average (and COV 2.57 (5.11) 123.33 4.03 (1.93) 168.92 - - 9.88 (4.05) 231.32
[%]) (6.43) (3.51) (2.25)
DCB-FEM 2.61 120.77 3.91 172.67 4.95 194.25 9.99 238.78
Deviation (%) 1.6 2.1 3.0 2.2 - - 1.1 3.2

Based on the EGM, the mode I SERR of the composite-steel bonded
interface was calculated and its relation with the crack extension Aa, i.e.
the R-curve, is shown in Fig. 15. It can be seen that the critical SERR for
crack initiation Gy p is approximately 0.3 N/mm on average obtained
at stage “c” and increases progressively during the fracture process to
Gy = 1.47 N/mm on average at stage “f” defined as the critical SERR for
crack propagation. The summation of the FPZ length due to softening
FPZ; sofr and due to fiber bridging FPZ; ,, refers to the distance of X co-
ordinates between stage “c” and stage “f” on the R-curves while FPZic
is neglected due to the its limited and unmeasurable values. The values
of Gie,tip, Gic and FPZy ot + FPZy by in 3 DCB specimens are summarized in
Table 5. The average values of FPZj s + FPZyp,, in mode I fracture is
approximately 16 mm.

6.2. Validation of DCB FEM

It can be seen in Fig. 12 that the numerical load-displacement curve
(black curve) matches well with the testing curves in terms of elasticity,
non-linear behavior, ultimate load and ductility. The values of load and
applied displacement at critical stages are presented in Table 4 where
the deviation of these variables compared to those in testing results are
within 5 %. Therefore, it can be concluded that good match is reached in
terms of global response in DCB modeling and DCB tests. Fig. 12 also
shows that the load level in DCB numerical curve is larger than those in
the experiments curves when the applied displacement value exceeds 15
mm. This is because in DCB tests the crack migrates from the first
composite ply into the upper plies leading to reduction of the bending
stiffness while in the FE model this crack migration is not simulated. The
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Fig. 11. Fracture surface morphology: a) fiber bridging observed during loading; b) fracture surface on steel and c¢) composite adherend; d) 3D scan of the fracture

surface on the steel adherend.
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Fig. 12. Comparison of load-displacement response in DCB test vs modeling.

numerical load-displacement curve illustrates that stage “b” is reached
after stage “c” through only 20 N load increase indicating the softening
stage is momentary and the majority of the resistance after crack initi-
ation comes from the fiber bridging until the peak load at stage “f”.

In Fig. 13 and Fig. 14 the crack length a and the CTOD vs applied
displacement obtained from the FE model are plotted for comparison
with the testing curves. In both Figures good matches of the crack length
and the CTOD in tests and in FEM are achieved. It can also be seen in
Fig. 13 that the crack extension Aa between stage “c” and stage “f”
obtained from FEM is approximately 16 mm which matches well to the

average value from DCB tests. Therefore, it can be concluded that good
matches of the failure process is achieved in DCB modeling vs DCB tests.

7. Conclusions

In the present research study, DCB experiments with help of FEM
were used to explain and quantify mode I fracture behavior of glass fiber
composite-steel bonded interface. Accurate measurements of the crack
length a and the crack tip opening displacement (CTOD) were obtained
during the test by analyzing digital image correlation (DIC) data while
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the strain energy release rate (SERR) was calculated using the extended
global method (EGM). A four-linear cohesive law featuring onsets of
plasticity, cracking and bridging and final failure was proposed and used
in the DCB FE model to accurately simulate the mode I fracture
behavior. Based on the experimental results and the numerical work, the
following conclusion are drawn:

1. No adhesive (interfacial) failure was observed in the considered pure
mode I fracture process. The fracture path is through the chopped
strand mat of the first ply of the composite adherend (substrate
failure) featuring significant fiber bridging behavior. The critical
SERR Gic,ijp is 0.3 N/mm on average obtained for crack initiation

10

while the critical SERR G, is 1.47 N/mm on average obtained for
crack propagation. The average FPZ length corresponding to sum-
mation of softening and fiber bridging is approximately 16 mm.

. A four-linear traction-separation law is proposed to describe the

mode I fracture process of composite-steel bonded interface. It de-
scribes three distinct phenomena: a) crack tip deformation, b) soft-
ening (newly proposed) and c) fiber bridging. Crack tip deformation
is assumed to be attributed to the micro-cracking of resin within the
valley of the micro profile of steel surface roughness. Softening refers
to pull-out of resin in the steel surface cavities. Fiber bridging is the
most governing fracture phenomenon as a consequence of the nest-
ing of the chopped strand mat in the first laminate ply with the micro
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Table 5
Overview values of fracture resistance and FPZ length in DCB test.

Specimens Critical SERR (N/mm) FPZi ofc + FPZyp, (mm)
GIc,tip Glc

DCB-S1 0.31 1.32 17.0

DCB-S2 0.32 1.64 18.5

DCB-S3 0.28 1.46 13.5

Average (and COV[%]) 0.30 (5.60) 1.47 (8.89) 16.3 (12.83)

profile of steel surface roughness and with the adjacent woven fab-
rics. These hypotheses should be validated through the micro-
mechanical modeling which is not the scope of this research.

3. An approach is proposed to determine the critical stages of the four-
linear cohesive law through the combination of detailed measure-
ments of crack length and CTOD using 2D DIC, along with SERR
values calculated by EGM.

4. The proposed four-linear cohesive law and the approach introduced
to determine its critical stages were validated by good matches in
both global (load-displacement response) and local behavior (crack
length progression, CTOD development and FPZ length) between
experiments and numerical simulation.

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