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ARTICLE INFO ABSTRACT

Keywords: In this paper, mode II fatigue crack growth properties of the composite-to-steel interface are characterised
Fatigue debonding through different test configurations, namely ENF and 4ENF tests. Different loading types including force control
ENF test and displacement control methods are compared. An innovative shear strain based method is proposed for
séCCT monitoring the mode II crack growth at the bi-material interface through Digital Image Correlation (DIC). A 3D

finite element model with Virtual Crack Closure Technique (VCCT) is built and used for obtaining the strain
energy release rate (SERR) to investigate the effect of geometrical nonlinearity, friction at the interface and steel
yielding, as well as to verify the mode mixity. The results show that the standard 3-point bending ENF specimen
can be unstable under force control and sweeps narrow SERR range by a single test under displacement control.
The 4-point bending 4ENF test shows stable crack propagation and clear SERR developing trend. More pro-
nounced geometrical nonlinearity and friction effect exist for 4ENF test which can be considered when inter-
preting the Paris curves by a nonlinear finite element model.

Paris curves

1. Introduction

Composite materials have been increasingly used in demanding en-
gineering applications due to their light weight, flexibility, high fatigue
and corrosion resistance. One of the most promising usage of composites
in structures is the composites-to-metal hybrid structure. It has been
widely used in traditionally metal-based industries such as aerospace
industry [1], automotive industry [2] and now is increasingly used in
construction industry [3] for strengthening existed structures [4,5] and
connecting elements in new structures. The integrity of the hybrid
structures heavily depends on the performance of composite-to-metal
connections. Among different joining techniques, bonded joint is
preferred for the connections as it provides enhanced stress transfer
mechanisms and design flexibility [6]. However, the connections are
prone to fail under certain circumstances. For instance, the wrapped
composite joints investigated by the authors [7-9], where steel hollow
sections are connected by composite wrap, were found to experience
debonding failure at the composite-to-steel interface under fatigue
loading. It is crucial to characterise the crack growth behaviour at the
interface for predicting fatigue behaviour at the joint level. Fracture
mechanics method has been developed to evaluate the performance and
assist design of bonded joints such as in Ref. [4,5,10]. Typical failure
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modes of the bonded joints include mode I (resulting from peel stress),
mode II (resulting from in-plane shear stress) and mixed mode
debonding [11]. While mode I fracture and fatigue crack growth
behaviour has been widely investigated [12-16], the mode II behaviour
requires further studies.

Different test configurations have been developed for evaluating
mode II fracture behaviour within composite layers or bonded interfaces
[6,17]. The most commonly used configuration is the end-notched
flexure (ENF) test [15], which has been standardized for determina-
tion of interlaminar fracture toughness of unidirectional FRP matrix
composites [19]. However, the ENF specimen is prone to unstable crack
propagation if designed inappropriately and the transverse shear effect
at the crack region may deviate the obtained mode II fracture toughness
from the true value [18,20]. Recently, another configuration, namely
the 4-point bending end-notched flexure (4ENF) test, have been devel-
oped [21,22]. This allows constant bending moment between its two
loading points and leads to stable crack propagation such that the whole
fracture resistance curve (R-curve) can be obtained. Despite the stable
characteristic of 4ENF tests, it is reported that the obtained fracture
toughness can be 20-40 % higher than that obtained by ENF tests [22].

Schuecker et al. [23] evaluated the mode II delamination toughness
from ENF and 4ENF tests numerically. It was found out that the friction

Received 27 July 2023; Received in revised form 2 January 2024; Accepted 6 February 2024

Available online 7 February 2024

0263-8223/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:M.Pavlovic@tudelft.nl
www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2024.117963
https://doi.org/10.1016/j.compstruct.2024.117963
https://doi.org/10.1016/j.compstruct.2024.117963
http://creativecommons.org/licenses/by/4.0/

W. Feng et al.

effect is larger in the 4ENF than ENF testing configuration. For 4ENF
tests, the friction effect is more pronounced with increasing inner span
length, but not large enough to explain the difference between the
fracture toughness obtained from ENF and 4ENF tests. The difference
results mainly from errors when determining crack length and specimen
compliance during a 4ENF test [24]. Davidson et al. [25,26] investigated
the effects of friction and geometry on the perceived toughness from
ENF and 4ENF tests by linear and nonlinear finite element (FE) model-
ling. Results showed that the effect of geometrical nonlinearity is more
pronounced in 4ENF than in ENF tests. The fracture toughness obtained
from 4ENF test model with a friction coefficient p = 0.5 can be 12-15 %
lower than the results of a frictionless model (p = 0), while for ENF
specimens the difference between these two models is less than 7 %.

Recently, the usage of ENF and 4ENF configuration has been
extended for the fracture characterization of bi-material bonded joints.
In bi-material interfaces, one critical issue is to achieve pure mode II
fracture at the crack tip or to partition the mode I and mode II compo-
nents if mode mixity exists [6]. Dadej et al. [27] compared the rigid
interface model [28] and the elastic interface model [29] in terms of
interpreting critical SERR of asymmetric ENF tests on glass-fiber metal
laminates. Jiang et al. [30] employed the 4ENF test to evaluate the mode
II fracture behaviour for adhesively bonded composite-steel joints.
Specimens were designed to have the same bending stiffness for the
upper and lower adherends to achieve pure mode II behaviour. The
SERR values are calculated based on the extended global method (EGM)
[31] and the results were found to be comparable with that obtained by
the virtual crack closure technique (VCCT). Meanwhile, Ouyang et al.
[32] proposed a bi-material ENF test configuration where the two arms
have the same longitudinal strain distribution at the faying surfaces,
instead of having the same bending stiffness, to remove the normal
deformation components related to mode I fracture behaviour. It can be
seen that no consensus has been made on this issue.

Although the mode II fracture behaviour has been extensively
investigated under quasi-static loadings, there are limited research
carried out to evaluate fatigue delamination or debonding resistance.
Existing research mainly focus on the fatigue crack growth (FCG) within
composite layers. Matsubara et al. [33] investigated the mode II FCG
from delamination of glass fiber reinforced polymers (GFRPs) by ENF
tests. The tests were conducted under decreasing-load and constant-load
in UD (unidirectional tape) and C (UD plus satin-woven fabric) lami-
nates. It is found that fiber bridging had little or no influence on mode II
fatigue crack growth. Brunner et al. [34] performed the displacement
control ENF test to build the fatigue delamination resistance curves for
FRP-matrix laminates. The results showed that the fatigue crack growth
resistance is independent of the loading frequency. In addition, it is
crucial to prevent specimens from shifting during the test. Carreras et al.
[35] pointed out that, due to the non-monotonic evolvement of the
SERR, in constant displacement control ENF tests, the range of crack
growth curve covered by a single test is narrow, thus requiring a batch of
several specimens to be tested under different severity (Gy/Gijcrit) con-
ditions in order to fully characterize the crack growth. They proposed a
variable displacement test procedure with constant negative SERR
gradient throughout crack propagation, through which the range of
severities covered by a single test can be increased to the desired range
of 0.1-0.45. Shindo et al. [36] conducted fatigue 4ENF tests for woven
GFRP under displacement control. The maximum displacement was
chosen to be 80 % of the static critical displacement. The VCCT was used
to calculate the SERR around the crack tip with and without friction
coefficient considered.

Limited work has been performed to characterise the mode II fatigue
behaviour at bi-material bonded interfaces. Bienias et al. [37] charac-
terised the FCG of CFRP and GFRP fiber metal laminates in mode II by
force control ENF tests. Tests were conducted at different load levels and
the similitude of the maximum SERR is utilised. Adamos et al. [38]
successfully characterized the mode II fatigue behaviour of Titanium/
CFRP adhesive joints based on displacement controlled ENF tests. They

Composite Structures 334 (2024) 117963

found out that a proper full cubic polynomial for the compliance cali-
bration can avoid reducing the inspected SERR range. The results also
showed that the FCG is insensitive to the employed similitude parameter
and residual thermal stress effect. Overall, the existing research related
to the mode II behaviour mainly focused on fracture and fatigue crack
growth within composite layers. Research carried out to characterize
fracture and fatigue crack growth at the bi-material interface is mainly
limited to fiber-metal laminates. There is still no research for charac-
terising fatigue crack growth at composite-to-steel interfaces. Further-
more, there is no systematic comparison among different testing
geometries and loading protocols.

This work aims at characterising the mode II fatigue crack growth
behaviour at the composite-to-steel interface considering different test
configurations. The ENF and 4ENF testing methods are evaluated under
force control and displacement control. A crack length monitoring
method based on digital image correlation (DIC) is proposed. The SERR
is determined analytically by the EGM, and numerically by the VCCT.
Finally, the advantages and limitations of the testing configuration,
including the effect of friction, are investigated using Paris curves.

2. Experimental set-up
2.1. Specimens

The ENF and 4ENF specimens are designed with the same geometry.
Nominal dimensions of the specimens, including the width (B), half-span
(L), load-to-support point distance (Lg), upper and lower arm thick-
nesses (h; and hy) and the pre-crack length (ag), are shown in Fig. 1 and
Table 1. A total of 12 specimens were tested, with 3 identical specimens
for 4 test configurations. For the bi-material specimen, the thicknesses of
steel and composite arms are designed to meet the decoupling condition
described in Eq. (1), such that pure fracture modes can be obtained
according to Ref. [6,32].

E\h} = E)h} @

where E; and E» are the elastic modulus in the longitudinal direction for
the upper and lower arms, respectively. The specimens are positioned
with the steel arm on the top to maintain compressive stresses in the
composite materials next to the interface under bending moments at the
crack tip. The compressive stresses can provide confinement of the
composite material thus prevent the crack to migrate into the composite
layers[39,40].

Mild steel S355 is employed for the steel plate. The steel surface is
grit blasted (with Sq = 20.52 pm [7]) and chemically degreased to
ensure good bonding quality. A non-adhesive insert of 32 um thickness is
inserted at one end of the specimens to induce a pre-crack between steel
and composite arms. The composite laminate is manufactured by hand
lay-up of the glass fiber plies on the steel treated surface. As the com-
posite laminate is directly applied on the steel plate, no separate adhe-
sive layer was present at the interface. The composite ply is formed by
woven interleaved with chopped strand mat (CSM) and a vinyl ester
matrix system with fibre volume fraction of approximately 30 %. The
lamination process occurs at controlled factory condition of 17 &+ 1 °C
and 50 £+ 5 %RH. Specimens are cut from the plate (500 x 400 mm)
using water jet with the designed width and then post-cured at 120 °C
for 15 h. After that the white paint followed by a black speckle pattern is
applied on one side of the specimens to facilitate crack monitoring by
digital image correlation (DIC). The speckle size is kept between 0.2 and
0.3 mm corresponding to 3-by-3 and 7-by-7 pixels to achieve a good
quality as investigated in Ref. [41], where the specimen scale is similar
to that in the present study. The material properties of composite
laminate are obtained by standard tensile/compressive/in-plane shear
coupon tests according to ISO 527-1 [42], ISO 14126 [43] and ISO
14129 [44] respectively and are summarised in Table 2. More details
related to the material test can be found in Ref. [45].
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(a) 3ENF

(b) 4ENF
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Fig. 1. Schematic of ENF and 4ENF tests.

Table 1
Test specimens.

Specimen type Loading type Loading Frequency (Hz) Specimens Dimensions (mm)
hy hy B L L, ap
ENF Force control 4 ENF-F-1/2/3 3 12 25 137 - 67
Displacement control ENF-D-1/2/3
4ENF Force control 4ENF-F-1/2/3 3 12 25 137 52 67
Displacement control 4ENF-D-1/2/3
Table 2

Material properties of the composite laminate.

Mechanical property

Average value and (CoV [%])

Longitudinal and transverse compressive strength — fy . = fy.c
Longitudinal and transverse compressive modulus — Ex . = Ey ¢
Longitudinal and transverse tensile strength — f, ¢ = fy
Longitudinal and transverse tensile modulus — Ey = Ey,
In-plane shear strength — 7y

In-plane shear modulus — Gy

200 MPa (3.79)
12077 MPa (4.50)
216.2 MPa (5.78)
11798 MPa (6.37)
72.19 MPa (2.59)
3120 MPa (6.81)

2.2. Test set-up, instrumentation and loading protocol

The tests are conducted in a universal testing machine coupled with a
15 kN load cell. The test set-up is shown in Fig. 2. In the ENF tests,
specimens are loaded by a single load in the section of half-span, while in
the 4ENF tests two symmetric load points are distributed by a loading
beam connected to the actuator by a pin such that the two loading points
can contact the top surface of the specimen perfectly during the tests. A
digital camera with 51 MPx is positioned perpendicular to the specimen,
serving as the 2D DIC system for monitoring crack propagation during
the tests. During the tests, the camera is controlled by the testing ma-
chine. The cyclic loading is stopped every 500 cycles, or 1 % stiffness
degradation, then photos are taken at the minimum and maximum
forces (or displacements), respectively.

The fracture behaviour was previously characterised from static

(a) ENF

[ P
/|

4ENF specimens manufactured by the same materials [46]. The SERR
obtained at crack initiation, Gy ini, is equal to 1.12 N/mm, and the load is
3.37 kN. No static ENF tests were conducted due to its inherent insta-
bility. The critical load is back calculated based on the extended global
method (EGM, see section 3.1) as to be 2.61kN, roughly assuming that
the initial SERR values obtained by ENF and 4ENF tests are the same.
Both displacement and force control configurations are used for the tests
to compare the two different loading types. The load ratio, or the
displacement ratio, is kept as 0.1 with the loading frequency being 4 Hz
for all tests. For both force control and displacement controlled ENF
tests, the tests are started with the SERR level of 16 to 25 % of G ini. The
maximum force / displacement is back calculated accordingly. This
value exceeds the threshold value sufficiently to induce substantial crack
growth, and it is low enough to allow for the widest possible SERR since
it will increase during the tests. For displacement controlled 4ENF tests,

Loading bea

Fig. 2. Test set-up (a) ENF test; (b) 4ENF test.
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a relatively high starting level of 49 to 64 % of the Gy in; is chosen to
ensure significant crack growth (since the load decreases as the crack
propagates) and low enough to avoid too rapid crack growth (e.g. 0.1
mm/cycle) for the convenience of crack monitoring. The same principle
is applied for starting the force controlled 4ENF tests. Since the SERR
level of 4ENF test is only determined by the applied force (according to
Eq. (7) in section 3.1), a constant applied force will lead to a constant
SERR level, corresponding to one point in the Paris curves. Therefore,
the force is reduced manually by 5 % steps after every 5000 to 10,000
cycles during the test in order to construct the Paris curve with multiple
points.

2.3. Crack length measurements

A widely used method for monitoring crack length, a, of an ENF
specimen is the compliance calibration method (CCM) [36], where the
crack length is estimated by an experimentally measured or theoretically
calculated compliance. The CCM is popular in mode II fracture tests for
not requiring optical measurements. However, compliance-based
methods require that all the materials remain in linear elastic behav-
iour such that the compliance increases solely from the crack growth.
Therefore, it is not applicable in the presence of material nonlinearity, e.
g. steel yielding in the steel-to-composite bonded joint. The DIC tech-
nique has been widely used nowadays for monitoring cracking behav-
iour of concrete and composite materials due to its advantages of non-
contact, full-field and real-time measurements. Monitoring the crack
growth indirectly by analysing strains or displacements on the surface of
the specimen, the DIC-based method is independent of material
nonlinearity and can avoid tracking the crack tip visually. Now that the
method has been applied for monitoring mode I fatigue crack growth in
DCB specimens [47], it also has the potential to be applied in mode II
fatigue crack growth in ENF specimens.

During the DIC analysis, the side of the specimen between the two
supports (with the size of 15 x 274 mm) is selected and processed in the
GOM ARAMIS software, where a subset size of 9 pixels in combination of
step size of 5 pixels are chosen to meet the accuracy requirements ac-
cording to Ref. [41]. The shear strain distributions are extracted from a
surface curve defined on top of the interface in DIC, as shown in Fig. 3
(a), at the maximum load of each recorded cycle. Where there is a
perfect bond between steel and composites, the shear strains at the
interface remain nearly zero as shown in Fig. 3 (b). On the contrary, the
shear strains increase due to relative movement between steel and

(a)

£y [
0.0025

0.005
(b) 0.20 ‘
——— M=25.79kN-mm | !
M=51.06kN-mm
—— M=77.53kN-mm
0154 | —— M=102.44kN-mm

N‘R

|
i \ r\_ﬂ
“"“‘““:‘\M YN

& 0.10

Thresholds

0.05

Debond

0.00

T
50 100
Distance to the left loading point (mm)

150
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composites once the interface debonds. The crack tip can be located by
comparing the shear strains along the interface with a certain threshold,
above which the interface is considered to be debonded. As the shear
strain at the crack tip is influenced by the local bending moments at the
crack tip in the arms of the notched flexure specimen imposed by the
external loading, a calibration test is done firstly to find the relationship
between the shear strain threshold level and total bending moment, M
(as indicated in Fig. 3) at the crack tip. The assumption is that the local
bending moment in the steel and composite arms of the notched flexure
specimen, namely M; and M,, are correlated to the total bending
moment at the crack tip M = M + M. During the calibration test, ENF
and 4ENF specimens are loaded at levels below the critical force. The
shear strains at the crack tip, namely the thresholds, under different
bending moment levels are extracted as shown in Fig. 3 (b). A linear
relationship between the threshold and moment at the crack tip is ob-
tained, as shown in Fig. 3 (c). This fitted formula is then applied to the
crack length measurements.

The procedure for crack length determination analysis is illustrated
as a flowchart in Fig. 4. The shear strains along the interface are
extracted at different cycles for each specimen, which serve as input for
a script. Within each loop (corresponding to each recorded cycle), the
crack length is determined by comparing the extracted strains along the
interface with the strain threshold. As the crack grows, bending moment
at the crack tip, thus the strain threshold, will change under both ENF
and 4ENF test configurations. For ENF tests, the moment at the crack tip
is determined by the force and the crack length. The threshold needs to
be updated based on the force as well as the crack length obtained from
the previous recorded cycle. For 4ENF tests, the moment at the crack tip
is independent of the crack length, and the threshold is updated solely
according to the force at that cycle. The procedure is looped until the last
recorded cycle during the test. Two examples of threshold variation, for
force controlled ENF and displacement controlled 4ENF specimens, are
shown besides the flowchart in Fig. 4. The monitored crack growth re-
sults will be further discussed in section 4.2.

To benchmark the shear strain method, an alternative approach that
relies on the relative displacement between two points on either side of
the interface is utilized, which has been widely adopted and validated in
the literature [31,48]. As shown in Fig. 5 (a), pairs of virtual points are
marked on the upper and lower arms at sections of 2 mm intervals along
the interface. The relative displacements between these two points are
plotted against photo numbers in Fig. 5 (b). When the relative move-
ment exhibits a drastic increase, it is considered that the crack reaches

0.0075 0.01 0.0125 0.015
(c) 0.012 _
m ENF ,m
m 4ENF L7
Ve
0.009 /./
L7 y=0.000114x
o
S L7 R?=0.98
ﬁ , -
[} d -
£ 00081 . -
Ii s, 4 _- -
« , -
’ _ -
0.003 - e _-" y=0.0000503x
L7 L R?=0.99
Y |
7/ -
[ |
0.000 . : .

920 120

Moment (kN-mm)

Fig. 3. Shear strain threshold for determining crack length (a) contour plot of shear strain from DIC; (b) shear strain distribution along the interface at different

moment levels; (c) relationship between shear strain threshold and moment.
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Fig. 5. Displacement measurements for determining crack length.

the section of these points. For instance, the crack reaches 87 mm at the
photo number of 50, corresponding to 15,011 cycles.

Crack lengths obtained by the shear strain method and the relative
displacement method in a ENF test are compared in Fig. 6. The two
results exhibit a high degree of overlap, providing validation of the
strain method for crack length monitoring. However, the displacement
method is not able to monitor the crack growth for a short crack length.
This can be seen in Fig. 5 at the sections of 67 and 77 mm. Furthermore,
the shear strain method can track the strain field along the entire
interface while the displacement method can only track the relative
displacements at a limited number of specific locations. The following
analysis will adopt the shear strain method.

3. Fracture data analysis
3.1. Extended global method

The crack driving force, namely the strain energy release rate
(SERR), can be obtained by different methods. Williams [49] proposed
the global method for calculating the energy release rate from the local
values of bending moments and loads in a cracked laminate. Moslem,

150
125 [u]
]
w
,g %
100
£ f
N
&

O Shear strain method
7 Displacement method

50

T T
0 10000 20000 30000

N

Fig. 6. Comparison between shear strain and displacement methods.

et al. [31] extended this method in order to consider the situation of
asymmetric crack which lies between two different orthotropic layers.
According to the extended global method (EGM), the mode II SERR can
be calculated as follows:

_ M 2
G11*23E111[1+'l/*§(1+1//)] 2)
M M.
=My (3)
1+

where Mj; is the bending moment corresponding to mode II, M; and M,
are the bending moments acting on the upper and lower arms at the
crack tip as illustrated in Fig. 3 (a), y and ¢ are the bending stiffness
ratios of arms for the specimens, which can be calculate by:

_ E,I,
= m (C))
_ E

&= (D) 5)

eq

In Eq. (2), (3), (4) and (5), I; and I, are the moment of inertia of the
upper arm and lower arm, respectively. (ED)eq is the equivalent bending
stiffness of the specimen.



W. Feng et al.

According to Fig. 1, the total bending moment at the crack tip for
ENF test, namely M; + Ma, equals to Pa/2, while for 4ENF test, the total
bending moment at the crack tip equals to PL,/2. Substitution of these
into Egs. (2) and (3) leads to:

Pa? 1

Gupnr = g (= 5

11.LENF SBElll (1 I W é) ( )
P

Gramnr = e (o — 7

11, AENF SBE]I] (1 I W 5) ( )

3.2. Finite element method

Another commonly used method for obtaining SERR at the crack tip
is using FE model by means of virtual crack closure technique (VCCT),
which can also be used for obtaining the fracture mode ratio. This
method assumes that the energy required to open a crack is the same as
the energy required to close it [50]. Based on VCCT, a 3D finite element
model is built in explicit solver of ABAQUS software [51] as shown in
Fig. 7 (taking the 4ENF model as an example). The geometry and
boundary conditions of the FE model follow the design of the ENF and
4ENF specimens, as shown in Fig. 1, while specimen dimensions are
taken as the average measured values. Linear, hexahedron 8-noded solid
elements with reduced integration (C3D8R) are used for both steel and
composite parts. The mesh topology of the model is shown in Fig. 7.

Plasticity model in ABAQUS is used in the study to consider possible
steel yielding, where elastic constants (E = 210 GPa, and v = 0.3) and
nominal yield and ultimate stress (8355, fy = 355 MPa, f, = 510 MPa) in
combination with isotropic hardening are defined. The composite
laminate is modelled as one piece of solid part in this model. Stresses in
the composite wrap in the cyclic load (fatigue) tests are much lower than
the strength of the material shown in Table 2 according to the pre-
liminary FE analysis. Therefore, the composite laminate is modelled
with elastic material properties. Transversely anisotropic material
properties are defined based on the tests results shown in Table 2 for the
in-plane properties of the laminate: E;, E3, G12 and v12. In absence of test
data, the out-of-plane elastic properties of the laminate, E3, G13, Ga3, 0
13, U 23 are determined from the Classical Laminate Theory for an
equivalent unidirectional material with the fibre volume fraction con-
forming of the tested laminate (V¢ = 30 %).

A mesh sensitivity study is performed using a model with a = 67 mm.
Different meshes with element length Aa of 0.5 mm, 1 mm, 1.5 mm and
2 mm and aspect ratio 1 are evaluated. The results of mode I/II/III SERR
at the crack tip are extracted and normalized to 1 kN as shown in Fig. 8.
It is shown in Fig. 8 (b) and (c) that mode II and III SERR converges for
different mesh sizes. The mode I SERR is increasing as the mesh size
decreases. This lack of convergence for mode I is assumed insignificant
considering the negligible contribution from mode I fracture compo-
nent. Taking the convergence of SERR values and computing efficiency
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into account, mesh size of 1 mm is chosen for the following analysis. The
mode mixity at the crack tip will be further discussed in section 5.2.

4. Test results
4.1. Failure mode

Fig. 9 shows the side view of all the failed specimens. It can be seen
that after experiencing cyclic loads, the steel plates exhibit different
levels of plastic deformation. This is a typical difference between pure
composite joints and hybrid composite-to-steel joints. In such case, the
compliance calibration method (CCM) is not able to determine the crack
length and calculate SERR. The first specimen of each series are opened
for further observation on the failed interface. It can be seen from Fig. 10
that, due to absence of separate adhesive layer, all specimens showed
the adhesive failure at the composite-to-steel interface. The final crack
tip representing the maximum crack length during the fatigue tests
monitored by DIC is indicated by the red dash line in the figure, the right
side of which forms when the specimens are opened after tests.

4.2. Crack growth and SERR development

Based on the method introduced in section 2.3, representative crack
growth curves for different test configurations are extracted and shown
in Fig. 11. The corresponding mode II SERR values obtained from EGM is
also shown in the same figure for comparison and interpretation of the
results. It can be seen from Fig. 11 (a) that crack of the force controlled
ENF specimens grows slightly during most part of the fatigue tests and
increases suddenly. This is because that the SERR values remain rela-
tively low in the beginning but increase quadratically as the crack length
increases, as determined by Eq. (6). It should be noted that the crack has
already reached the middle of the specimen underneath the loading pin,
namely a = 137 mm, after the test. The unstable crack growth near the
end makes it difficult to take pictures by the DIC system at high crack
growth rates. In such circumstance, the crack length is only monitored
until 94 mm. Moreover, one of the force controlled ENF specimens (ENF-
F-3) failed abruptly before showing stable crack growth and, therefore,
no optical image is recorded.

Fig. 11 (b) shows the crack growth and SERR development of
displacement controlled ENF tests. It can be seen that, under such
specimen geometry and test configuration, the crack development starts
at a low rate and grows rapidly until it stabilizes near the loading pin (a
= 137 mm). This particular trend comes from the combined increasing
crack lengths and decreasing forces during the test and results in the
increasing then decreasing SERR values, as indicated in the figure. The
decreasing crack growth rate at later stages also comes from compres-
sive stress in the through-thickness direction when the crack approaches
the loading pin [35,37]. It is recommended that crack extension within
2 h (in this case h; + hy = 15 mm) from the load point should be

Steel
Composites
U1=U3=0,U2=10
,@,UR1'UR2'O
Coupling

= UR1=UR2=UR3=0

U1=U2=U3=0 :
UR1=UR2=UR3=0

Fig. 7. Boundary conditions and mesh topology of the FE model — 4ENF model as an example.
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(a) ENF-F

(c) 4ENF-F

(b) ENF-D

(d) 4ENF-D

Fig. 9. Side view of failed specimens.
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[
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(c) 4ENF-F-1
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Fig. 10. Interface of failed specimens.

disregarded due to the influence of local compressive stresses [52]. In
such case, the maximum valid crack length for ENF specimens is 122
mm. This non-monotonic behaviour of the SERR provides only small
segments of the Paris curve by a single test [35]. Usually, a specific
geometry or loading protocol needs to be designed, or different

displacement levels be used to construct the entire Paris curve [35].
The SERR of 4ENF specimen is determined directly by the applied
forces, as indicated by Eq. (7). Under force control, the SERR values
exhibit stepwise decrease when the force is decreased manually in steps,
as shown in Fig. 11 (c). The crack growth rate at each corresponding
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Fig. 11. Representative crack growth and SERR development curves from (a) force controlled ENF test; (b) displacement controlled ENF test; (c) force controlled

4ENF test; (d) displacement controlled 4ENF test.

force level is nearly constant and decreases accordingly. Under
displacement control, the force level decreases gradually leading to
gradual decrease of SERR, as shown in Fig. 11 (d). The crack growth rate
also decreases and stabilizes at later stages. The 4ENF tests are stopped
when the measured stiffness stabilized and no further crack extension is
observed. Similar to the ENF tests, measured data from the region near
the load points are disregarded, leading to the maximum valid crack
length for 4ENF specimens as 207 mm. The maximum crack lengths
within the valid range for all the specimens are summarised in Table 3. It
can also be seen from Table 3 that the maximum SERR range covered by
a single force controlled ENF test remains between 0.20 and 0.48 N/mm
while the maximum range of SERR covered by a single displacement
controlled ENF test stays around 0.25-0.33 N/mm. For the 4ENF test,
the range can be as higher as 0.52-0.80 N/mm by force control and
0.35-0.76 N/mm by displacement control. The difference of SERR range
among different test methods will be further discussed in the next
sections.

4.3. Paris curves

The crack growth rate, da/dN, is calculated by the 7-point

Table 3

Summary of SERR range and crack length.
Specimen Fax (KN) Gip,min (N/mm) Gi,max (N/mm) Qmax (Mm)
ENF-F-1 1.13 0.22 0.39 91
ENF-F-2 1.13 0.2 0.48 105
ENF-F-3 - - - -
ENF-D-1 1.17 0.25 0.32 119
ENF-D-2 1.14 0.25 0.33 121
ENF-D-3 1.13 0.23 0.28 119
4ENF-F-1 2.41 0.4 0.57 177
4ENF-F-2 2.88 0.58 0.82 203
4ENF-F-3 2.85 0.52 0.8 207
4ENF-D-1 2.61 0.43 0.71 173
4ENF-D-2 2.79 0.39 0.67 192
4ENF-D-3 2.6 0.35 0.76 183

incremental polynomial method according to [53] for all the tests except
for force-control 4ENF. The fitted crack length corresponding to the
middle of the 7 points is used to calculate the SERR. For force controlled
4ENF test, linear fits on each crack growth segment is applied for
calculating the constant crack growth rate, and the average SERR at each
force level is used.

Based on the mode II SERR calculated by EGM and the crack prop-
agation rates, the mode II fatigue debonding resistance curves, namely
the Paris curves, are obtained from the 4 different test configurations, as
shown in the log-log plot of Fig. 12. The test data points are fitted by a
power law described in Eq. (8):

da/dN = C(AGy,)" (8)
where the similitude parameter AGy; is used. C and m values represent
the intercept and slope of the curves respectively, and can be obtained
by curve fitting using the least squares method. Arrows in the figure
indicate the acquisition order of the data points during the tests. The
fitted Paris curve parameters based on EGM, C and m, are summarised in
Table 4. Except for the force controlled 4ENF specimens, where each
individual specimen yields distinct results from one another, results of
other types of specimens are fitted as a whole piece.

As shown in Fig. 12, the Paris curve of each type of specimens shows
different scattering levels, which can also be reflected by the coefficient
of determination, R?, in Table 4. Displacement controlled 3ENF tests
showed a relatively narrow range of SERR, which reflects on a relatively
higher scatter, with R? < 0.5. The most consistent result applies to the
force controlled 4ENF tests, with R > 0.91, where only a small amount
of data points are obtained from the average of several data points in
each test of a certain force level. However, it should be noted that curve
fitting was conducted for results from multiple specimens except for
force controlled 4ENF test. The scatter comes from not only crack
growth rate variations within one specimen but also varied properties of
different specimens.

It can also be seen from Fig. 12 and Table 4 that each test configu-
ration yields reproducible results. Comparing specimens from different
test configurations, the fitted m values are in the same magnitude
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Fig. 12. Paris curves of (a) force control ENF tests, (b) displacement control ENF tests, (c) force control 4ENF tests, and (d) displacement control 4ENF tests.

Table 4

Summary of Paris curve parameters.
Specimen EGM FEA without friction FEA with friction R?

C m C m C m

ENF-F 23.96 8.68 36.48 8.80 44.27 8.80 0.81
ENF-D 939.00 9.77 23158.11 12.29 30338.01 12.29 0.44
4ENF-F-1 2.67 8.05 0.77 5.69 2.19 5.14 0.97
4ENF-F-2 0.28 8.02 0.32 6.63 1.55 6.18 0.91
4ENF-F-3 0.35 6.98 0.38 5.87 1.48 5.46 0.97
4ENF-D 1.41 9.02 1.57 7.61 14.92 8.49 0.85
ENF - all specimens 3.75 6.48 5.74 6.74 6.65 6.74 0.24
4ENF - all specimens 1.09 9.03 1.71 8.08 11.52 7.62 0.73

between 7 and 10. The fitted C values are in significant different mag-
nitudes, with the maximum C value above 900 for ENF while the min-
imum value below 1 for 4ENF specimens. According to Eq. (8), C
represents the crack growth rate at AG;; = 1 N/mm. A higher C value
reflects a lower fatigue resistance in the case of a constant m value.
However, C values are sensitive to the slopes. A slight increase of m value
may lead to a significant increase of C values, which is the case for ENF
specimens. Results of all the specimens are plotted together in Fig. 13.
Curve fits are applied for all the ENF specimens and 4ENF specimens,
respectively. It can be seen that Paris curves of ENF specimens signifi-
cantly shifted to the left compared with those of 4ENF specimens. This
means that the fatigue resistance obtained by ENF is apparently lower
than that obtained by 4ENF tests. Specifically, AGy of ENF specimens
can be up to 50 % lower than that of 4ENF specimens at the same crack
propagation rate. The same trend is reported in literature [25,26,54],
which stated that higher SERR values of 4ENF specimens resulted from
the more pronounced geometrical nonlinearity and friction effects. A
non-linear FE model is built in section 5.1 to explain this behaviour.

5. Discussion
5.1. Effects of friction and geometrical nonlinearity

The expectation is that the friction at the interface contributes to the
load transferring mechanism and therefore reduced the SERR at the
crack tip. In order to investigate the effect of friction at the interface, the
friction coefficient between composite and steel fractured surfaces is
measured. Samples are cut from the tested ENF and 4ENF specimens.
The friction coefficient is measured by the tribometer (Rtec MFT-5000)
in a parallel study using the same frequency as the fatigue tests, namely
4 Hz and found to be around 0.5 at the fractured interface between steel
and composites.

The friction effects are taken into account in FE model. A penalty
formulation with p = 0.5 is defined as the tangential contact behaviour
in combination with VCCT between the steel and composite part in the
FE model when friction effect is considered. Crack lengths of 67 (the
initial crack length), 77, 87, 97, 107 mm are used for the ENF model and
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Fig. 13. Paris curves comparison between ENF and 4ENF tests.

Gy is extracted at load levels of 0.5, 0.7, 0.9, 1.1, 1.3 kN. For the 4ENF
model, crack lengths of 67, 97, 127, 157, 187 mm are used and Gy is
extracted at 1.5, 2, 2.5, 3, 3.5 kN. A nonlinear surface fit is applied to the
results, thus establishing the relationship between SERR vs. force and
crack length shown in Fig. 14. An equation with the same form as that of
EGM (see Eq. (6)), namely Gy = kPZaZ, is used to obtain the surface fit for
the ENF model. In the 4ENF condition, literature states that Gy; decreases
as the crack increases due to possible geometrical non-linearity effect
[25,26,54] which is not taken into account in the EGM. The influence of
crack length is kept in the equation but with a linear relationship,
namely G = k;P?> + koa + ks, being accurate enough. The fitting pa-
rameters obtained from FE models without and with friction are sum-
marised in Table 5. Substituting crack lengths and forces measured from
experiments into the equations in Table 5, the Gy can be calculated by
the FE models with or without the friction effect taken into account.
The Paris curves are reconstructed and compared with the EGM in
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Fig. 15. It can be seen from Fig. 15 (a) that the Paris curves obtained by
EGM, FE model with and without friction overlap with each other for
ENF specimens. This similarity can also be verified by the almost iden-
tical C and m parameters between these three methods in Table 4. This
means that the geometrical nonlinearity and friction effect are not
obvious for the ENF specimens. For the 4ENF specimens, however,
Fig. 15 (b) shows that the Paris curve obtained by the FE model without
friction already shifts to the left compared to that obtained by EGM. The
same behaviour is also reported in literature [26] and is thought to be
due to the more pronounced geometrical nonlinearity effect in the 4ENF
configuration, i.e. the contact points (loading and support points) shift
in such a manner as to reduce the bending moment in the arm while load
is applied. This geometrical nonlinearity is not reproduced in a linear
elastic model such as the EGM. When friction is considered, the SERR
values becomes even significantly smaller, as also indicated by the
increased C parameter (11.52) in Table 4. The more pronounced shift of
curves observed in 4ENF indicates that the friction effect is more sig-
nificant in 4ENF than in ENF [23,26]. This friction effect dissipates part
of the energy during the fatigue cycles, thus reducing the SERR values at
the crack tip.

A detailed analysis of the ENF and 4ENF test configurations is pre-
sented in Fig. 16. The contact pressure (CPRESS) along the cracked
interface is extracted from ENF and 4ENF models at the same load level.
It can be seen that a similar amount of contact pressure appears near the
section of the left support point in both set ups. However, the 4ENF
specimen shows a peak at the section of the left loading point. Although
the ENF model displays a higher contact pressure near to the crack tip,
the 4ENF model exhibits a larger amount of pressure between the
cracked surfaces, causing lager friction forces than the ENF specimen
due to the existence of a loading point at a cracked section. Therefore,
more friction energy is dissipated in 4ENF than in ENF specimens during
cyclic loadings.

Finally, Fig. 17 shows the Paris curves of ENF and 4ENF configura-
tions considering the effects of friction and geometrical nonlinearity. It
can be seen that these two data sets overlap well with each other. The
average Paris curve parameters, shown in Table 4 (Cgng = 6.65, Meng =
6.74 vs. C4ENF 11.52, mygng 7.62), are within the acceptable

Fig. 14. SERR vs. force and crack length (a) ENF specimen; (b) 4ENF specimen with friction considered.

Table 5
Fitted results for SERR vs force and crack length.
Model Equation Coefficients R?
without friction with friction without friction with friction
ENF Gy = kP*a® k = 3.68E-5 k = 3.54E-5 0.99 0.99
4ENF Gp = k1P? + kya + ks k; = 0.089, k, = 0.068, 0.99 0.99

ko = -4.98E-4, k3 = 0.076

kz = -5.07E-4, k3 = 0.070
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Fig. 16. Contact pressure at the cracked interface (P = 2kN).

scattering range. The higher C value of 4ENF specimens primarily stems
from its slightly higher slope, i.e. m value.

5.2. Effect of steel yielding

In order to investigate the possible effect of steel yielding on the
SERR values at the crack tip, the FE model described above is run with
and without plasticity defined in the steel part, respectively. The friction
coefficients and other parameters are kept the same. Comparison be-
tween FE models with and without plasticity defined in the steel part is
shown in Fig. 18. Mode II SERR values are extracted at the crack tip of
the initial crack and one longer crack for ENF and 4ENF, respectively. It
can be seen that when plasticity exists at relatively high load level, the
SERR values can be higher than those from FE model without plasticity
defined. However, within the maximum load level appearing in the
current study, namely below 1.2 kN for ENF tests and below 2.9 kN for
4ENF tests shown in Table 3, no difference can be found between FE
models with and without plasticity, indicating that the influence of steel
yielding is insignificant. It should be noted that the specimens were
loaded cyclically during the tests, where cyclic plasticity may exists and
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cannot be considered in the current monotonically loaded FE model.
That can be investigated in the future.

5.3. Fracture mode

This section checks and compares the mode mixity of ENF and 4ENF
specimens. As the crack propagates during the tests, the steel and
composite adherends exhibit different curvatures. This means that a
small gap can be found between the arms at the cracked region. This
may result from (1) plastic deformation of the steel during the test, as
shown in Fig. 9; and/or (2) different flexural stiffness between steel and
composites due to the asymmetry of the arms. To check its possible in-
fluence on the mode mixity, displacements of the specimens ENF-F-2
and 4ENF-D-1 are obtained from DIC and employed as boundary con-
ditions of the FE models. As shown in Fig. 19, vertical displacements are
extracted from two surface curves that are defined along the half-
thickness of steel and composite adherends. The last DIC photo taken
during the tests is chosen to extract the displacements for both ENF and
4ENF specimens, since the gap between steel and composite arms is
found to be larger at later stages and have the most significant effect on
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inducing mode I component. Critical points of the steel and composite
parts are selected from the experimental curves as boundary conditions:
at the loading sections (BC-1 for ENF test, BC-1 and BC-4 for 4ENF test)
and at the locations with largest relative displacement between steel and
composite arms (BC-2 for the steel arm of ENF and 4ENF tests, and BC-3
for the composite arm of ENF and 4ENF tests).

The fracture modes are calculated by the VCCT and compared with
those obtained from the model described in section 3.2. Fig. 20 shows
the components of the fracture energy extracted from the same crack
length and load level of these two types of models, one with boundary
conditions defined according to the tests as in section 3.2 (BC-test) and
one according to DIC (BC-DIC): a = 100 mm and P = 1.15 kN in ENF
models; a = 188.5 mm and P = 2.30 kN in 4ENF models. As shown in
Fig. 20 (a) and (c), mode II fracture dominates the crack growth in both
ENF and 4ENF models. The mode III fracture component arises near the
edges of the crack due to transverse shear deformation of the composites
resulting from compressive stresses around the crack tip as shown in
Fig. 21. The same phenomenon was also reported in Ref. [55]. But the
mode III component generally remains below 20 % of the mode II
components. The mode I fracture component is negligible for all the
models except for ENF model with boundary conditions from DIC, where
the mode I components result from the gap opening but is only 5 % of the
mode II components. Overall, the fracture mode components from
models with boundary conditions from the test and DIC overlap each
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Fig. 18. Effect of steel yielding on the mode II SERR at the crack tip (a) ENF specimens with different crack lengths; (b) 4ENF specimens with different crack lengths.
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other.

The fracture mode ratio, namely the contribution of mode II
component to the total SERR, or Gy/Gy, is compared in Fig. 20 (b) and
(d). It is shown that the mode II fracture component contribute to almost
100 % of the SERR in the center of the specimen, but reduces near the
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edge due to presence of mode III component. The mode II fracture
component contributes less in the ENF model with boundary conditions
from DIC, but still remains above 90 % in the center and above 80 % near
the edge of the crack. It can be concluded that the gap opening between
steel and composite arms during the tests does not introduce in
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Fig. 22. Fracture mode ratio of a (a) ENF and (b) 4ENF specimen at different crack lengths.

significant mode I component to either ENF or 4ENF specimens.
Therefore, it is reasonable to use the model with boundary conditions
from the tests to calculate the SERR and the fracture mode ratios.

The fracture mode ratio is obtained at different crack lengths for ENF
and 4ENF specimens respectively and are shown in Fig. 22. Results show
that the fracture mode remains nearly constant in both ENF and 4ENF
specimens as crack propagates.

5.4. Summative comparison between ENF and 4ENF test configurations

Based on the analysis from the previous sections, a summative
comparison among different test configurations is presented in this
section.

The first comparison is conducted between ENF and 4ENF specimens
in terms of the maximum valid crack length. Using the same specimen
geometry (320 mm length with a 67 mm pre-crack) and support device
for the ENF and 4ENF tests, a crack in the ENF specimen can grow from
67 mm up to 122 mm, having the range of 55 mm, while in the 4ENF
specimen the crack is allowed to grow up to 207 mm, resulting in a range
of 150 mm. The larger space for crack growth in 4ENF tests gives the
opportunity to measure a wider range of SERRs and ensure the full
development of possible fracture process zone.

Another difference between ENF and 4ENF tests is the more pro-
nounced geometrical nonlinearity and friction effects observed in 4ENF
specimens, as discussed in section 5.1. A significant overestimation of
the fatigue crack growth resistance may be obtained from 4ENF
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Fig. 23. SERR ranges covered by a single test (the absolute SERR range indi-
cated in each column).
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specimens when a linear elastic analysis, such as the EGM, is employed
to calculate the SERR. A nonlinear FE analysis have the advantage of
taking into account the relevant effects of geometrical nonlinearities and
friction in the 4ENF test, but requires extensive work.

An efficient fatigue test method should cover as a large range of SERR
as possible by a single test. Otherwise, more tests will be required with
multiple force/displacement ranges to construct an accurate Paris curve.
With the effects of nonlinearity and friction considered by the FE anal-
ysis, the SERR range covered by each test is summarised in Fig. 23. It can
be seen in the current study that the displacement controlled ENF tests
covered a smallest range of SERR, from around 0.2 to 0.3 N/mm. This
occurs due to the decreasing force during the crack development, as
discussed in section 4.2. On the other hand, the SERR of force controlled
ENF tests shows an increasing trend as the crack grows. This gives the
possibility to start with a low SERR and cover an wider range of SERR
during the test. However, the force controlled ENF tests are found to be
unstable. The highest SERR value depends on the largest crack length
monitored before rapid failure. The maximum range of SERRs covered
by the force control ENF tests is from 0.22 to 0.40 N/mm.

In the case of 4ENF tests, only the force level is required to determine
the SERR by the EGM method. It is simpler to set a constant force level
based on the target SERR range. Under the displacement controlled
cyclic loading, the SERR decreases as the crack grows in 4ENF, due to
gradual decrease of the specimen stiffness and therefore the applied
force. The initial force level can be high enough to cover a wide range of
SERRSs, but it also needs to avoid rapid crack propagation in the begin-
ning of the test. At the same time, if the initial displacement (load) is not
high enough, the crack propagation can significantly reduce after initial
period and stop before reaching the opposite loading point. The largest
SERR range covered in this work is achieved by a single displacement
controlled 4ENF test, from 0.22 to 0.52 N/mm by 4ENF-D-3. Under force
control, the SERR development of 4ENF specimens can be manipulated,
but the test procedure can be laborious. The range of SERRs covered by a
force control 4ENF test remained between 0.25 and 0.60 N/mm.

6. Conclusions

In this paper, the mode II fatigue crack growth properties of a
composite-to-steel bonded interface is characterised. Different test
configurations, namely force and displacement controlled ENF tests,
force and displacement controlled 4ENF tests, are carried out. The EGM
and the VCCT are employed to obtain the SERR at the crack tip. The
effects of geometrical nonlinearity, friction between fractured surfaces,
steel yielding as well as the fracture mode ratio are investigated. Based
on the experimental and FE analysis performed in this study, the
following conclusions can be drawn:
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e The displacement controlled ENF tests cover the narrowest SERR
range by a single test (e.g. only 0.2 to 0.3 N/mm) due to the non-
monotonic evolution of SERR. The force controlled ENF test
method covers decent range of SERR (0.22 to 0.40 N/mm), has
limited scattering but is prone to instable crack propagation;

The displacement controlled 4ENF tests provide lower scattering of
the results than the ENF tests, covers relatively wide range of SERRs
in a single test (e.g. approx. 0.22 to 0.52 N/mm), and it requires less
labour in testing;

The force controlled 4ENF test method provides opportunity to
manipulate the range of SERR and can avoid the scattering of the test
results by containing the averaging information for each force level,
but requires intensive labour work. It shows potential if real-time
load evaluation and calibration can be automated;

The geometrical nonlinearity and friction effects are more pro-
nounced in 4ENF tests, leading to a higher fatigue crack propagation
resistance when calculating SERRs by the EGM. The nonlinear effects
can be taken into account by a nonlinear FE model based on VCCT
where friction at the interface is explicitly considered. The results
from 4ENF tests adjusted on the basis of FE model overlap well with
ENF tests;

A non-equivalent deflection between steel and composite arms leads
to an opening gap between the cracked surfaces during the test.
However, this behaviour has no significant influence on the fracture
mode for either ENF or 4ENF test. The mode II fracture component
dominates the crack growth in both test methods, namely contributes
more than 80 %-90 % of the total SERR.

Current study focuses on the fatigue crack propagation stage. The
threshold SERR values are not covered by this study but needs to be
determined in the future. Monotonic load is applied in the FE model to
calculate the SERR values but further study is required to investigate the
influence of cyclic plastic in the steel adherend on the SERR values.
Additionally, the present study compared different test configurations
by fixing the testing parameters, e.g. specimen geometry and test set-up.
Some drawbacks of a certain test configuration can be mitigated by
changing these testing parameters. For instance, the friction effect of
4ENF specimens can be reduced by shortening the distance between two
loading points. The influence of testing parameters is out of scope of the
present study and will be further investigated.
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