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Wrapped composite joint is a novel joining technology which connects steel hollow sections through bonding,
completely avoiding the welding in the load transferring mechanism. Fatigue performance of wrapped joints has
been experimentally shown to be superior over their welded counterparts. Aiming to enable development of
prediction methods for fatigue life of wrapped composite joints, this paper proposes a combination of 3D Digital
Image Correlation (DIC) technique and FE analysis as a method for monitoring debonding crack propagation at a
complex composite-to-steel interface covered by a non-uniform thickness laminate. Fatigue tests on wrapped
composite X-joints under tensile load are used for the method application and to analyse crack propagation in the
brace and chord, including their interaction. Variation of strain distribution on surface of composite wrap ob-
tained in DIC is corelated to length of the debonding crack at the composite-to-steel interface by the means of 3D
finite element model of such joint. Crack development obtained from the combined DIC and FEA method is
correlated to strain energy release rates calculated from FEA. With the help of FEA, the failure mode is char-
acterised by debonding on the chord at the early stage of cyclic loading, followed by debonding on the brace.

1. Introduction

Fatigue failure has been proved to be a common hazard for welded
tubular joints, which are now widely used for circular hollow sections
(CHS) of steel truss/jacket supporting structures of off-shore wind tur-
bines, oil and gas platforms, steel bridges [1]. Fatigue-driven design of
such structures usually leads to thick profiles and refined welding pro-
cedures, which makes application of such structures less cost-effective.
In recent years, fiber-reinforced polymers (FRP) have been widely
used for enhancing static/fatigue performance of steel structures,
especially tubular joints, due to their light weight, tailorability, high
fatigue endurance and other excellent mechanical properties [2]. Until
now, much experimental work has been conducted and design theories
established, showing effectiveness of a such technique on strengthening
mechanical behaviour of different kinds of welded steel structures
[3-7]. However, most of existing study is only focused on welded joints
externally strengthened with composites. The problem of fatigue failure
resulting from stress concentration and reduced fracture toughness
around weld remains unsolved.

Another technique, proposed by the authors [8], is wrapped com-
posite joint, where a composite wrap is used to connect steel members of
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hollow sections through bonding and welding is completely avoided in
the load transferring mechanism, so that fatigue failure, originating
from welding, is eliminated. The concept of wrapped composite joint is
shown in Fig. 1. Static [9] and fatigue [10] experiments on this kind of
novel composite joints have shown their superior mechanical perfor-
mance over their welded counterparts. Their fatigue life is even proved
to be extended to 10-100 times longer under the same stress range.
Although superior fatigue performance of wrapped composite joints
has been confirmed experimentally, there are remaining issues to be
solved. One critical issue is monitoring the most important failure mode
of the joint wrapped with thick laminates, debonding at the steel-to-
composite interface [10], which is of great importance for character-
izing and predicting fatigue behaviour of wrapped composite joints.
Many researchers have proposed to monitor debonding propagation at
the interface by tracing strain development in the composite material on
top of the interface. For example, Kentaro [11] and Xinzhe Min [12]
used strain gauges to measure strain distribution on surface of FRP to
monitor debonding at FRP-concrete interface under fatigue loading. The
results showed that the longitudinal strain kept a constant high value at
the fully debonded zone, decreasing gradually at the stress transfer zone
and with low values at the bonded zone. The length of the plateau with
high-stress level increased with number of cycles and was employed as
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Nomenclature VCCT  virtual crack closure technique
SERR strain energy release rate
CHS circular hollow section Gyym  mode I/II/III atrainenergy release rate
FRP fiber reinforced polymer Gie/uc/me  critical mode I/1I/11I atrainenergy release rate
GFRP  glass fiber reinforced polymer Geq equivalent strain energy release rate
NDT non-destructive technique AGyo (max) (the maximum) total strain energy release rate range
DIC digital lmage correlation n Benzeggagh—Kenane law parameter
Finax the maximum load RP reference point
Fpnin the mimimum load ) Ihmaxy  (the maximum) crack length on the brace
ALmaxax  the mtax1.mum elongatl'on L. (max) (the maximum) crack length on the chord
ALpyin the mimimum elongation for defini lationship b L andl
N ber of cveles a parameter for defining relationship between [. and [,
num (6 Y ¢ the iof p angle between crack front on the brace and axis of brace

k secant stT ness of the J.o%nt e test results
FEA secant stiffness of the joint _

. . . Y mean value of test results
LEEM linear elastic fracture mechanics ~ .

, Vi predicted results
E young’s modulus > - -
R coefficient of determination

G shear modulus
12 Poisson’s ratio

Composite wrap
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Fig. 1. Concept of wrapped composite joint.

debonding or crack length. However, strain gauges can only measure
strain distribution along single lines, which cannot be used for full field
measurements. Another disadvantage of utilization of strain gauges is
that sticking them on the surface or within layers of the composites may
lead to unnecessary damage to the material. During recent years, the
non-destructive technique (NDT) has been widely used for mechanical
damage assessment in composite structures [13,14], especially for
monitoring the debonding at composite-to-steel/concrete interface.
Current NDT techniques developed for civil engineering application
include the use of: Acoustic emission (AE) [15,16], ultrasonic guided
waves [17-19], infrared thermography [20,21], X-ray radiography [22],
and digital image correlation (DIC) [23,24] et cl.

Among these NDT techniques, the DIC technique has been widely
used for monitoring debonding between composite and steel/concrete/
masonry substrates due to its advantages of non-contact, full field and
real-time measurements. DIC employs tracking and image registration
techniques for accurate 2D and 3D measurements of deformations and
strains on surfaces of specimens. For example, Bahman Ghiassi [25], Pei
Zhang [26] and Mohamad Ali-Ahmad [27] investigated debonding be-
tween FRP and substrates under quasi-static monotonic loads by DIC.

Strain contours were captured under different load levels, where
increased strains indicated crack initiation or debonding at the interface.
In their studies, a formula was proposed to approximate strain distri-
bution along the bond length, such that the fully debonded zone, stress
transfer zone (effective bond length) and bonded zone can be depicted
quantitatively. The DIC method was also applied for investigating
debonding behaviour under fatigue loading [28]. The strain plateau
along the CFRP plate represented the debonding length, which increased
gradually with the increasing number of loading cycles. Other re-
searchers [29] also employed gradient of surface strain to quantify
debonded areas: a contour of high strain gradient indicates the
debonding front and the region bounded by this contour, with negligible
strain gradient, is the debonded area. Artificial delamination/debonding
at the interface was used in Ref. [30,31] in order to validate the crack
monitoring method based on surface strain from DIC. The results
showed that the location of the artificial delamination can be effectively
detected by DIC strain contours. The DIC results were also comparable
with results from finite element (FE) models. It is worth noting that the
thickness of the material above the delaminated interface may have
influence on the monitoring results. It can be seen from previous studies
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Fig. 2. Geometry and dimensions of X-45 wrapped composite joint.

[25-31] that DIC as a NDT method can be effectively used to monitor
debonding at the composite/substrate interface. However, most of the
debonded/delaminated interfaces monitored in the existing research are
beneath a very thin laminate with constant thickness. Monitoring
technique for debonding with complex geometry (i.e. under thick lam-
inates with variable thickness) needs to be further developed, and the
finite element method provides new possibilities.

Due to development of finite element (FE) software and computer
science, numerical analysis has been widely used to investigate FRP-
strengthened structures during the past decades. For simulating
debonding or delamination behaviour at the interface via FEA, the most
commonly used technique is the cohesive zone model (CZM) [32,33],
which assumes a traction-separation law to simulate crack initiation and
propagation. Another LEFM-based method is the Virtual Crack Closure
Technique (VCCT) [32], which is widely used for calculating strain
energy release rate (SERR) at crack tips. A lot of work has been done till
now to simulate debonding/delamination behaviour of bonded interface
with simple geometry by 2D or 3D finite element models based on VCCT
[34-36], where not only the SERR but also the crack shape (for 3D
models) can be captured. In combination of direct cyclic analysis [37],
VCCT can be employed to simulate crack growth and extract SERR
development under fatigue loading [34,38]. Instead of modelling fatigue
test directly, Yiding Liu et cl. [39] used a simple but efficient way to
capture SERR development during fatigue loading by running several
static models with different predefined crack lengths.

In this paper, a novel technique for monitoring debonding at the
composite-to-steel interface is proposed and implemented for in-depth
interpretation of failure modes of wrapped composite joints under fa-
tigue tests. 3D Digital Image Correlate (DIC) system is employed for
monitoring displacement and strain distribution of the specimens. A
detailed 3D finite element model of such joint is built in ABAQUS and
validated against static testing results in terms of initial stiffness and
surface strain distribution. The novel monitoring technique of debond-
ing at the composite-to-steel interface is proposed based on surface
strain variation, captured by DIC, and the strain threshold for deter-
mining debonding crack lengths are obtained from FE model with
embedded cracks on the chord and braces. The FE model is also
employed to measure strain energy release rates at the interface, which
is used to further explain failure mechanisms of tested specimens based

Table 1
Results of fatigue tests on wrapped composite joints.
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on fracture mechanics. The FE analysis and crack monitoring results are
helpful for fatigue behaviour characterizing and fatigue life prediction
of wrapped composite joints in the future.

2. Experiment description

In the experimental program, X-45 wrapped composite joints are
tested under tensile fatigue loads. Geometry and dimensions of the
wrapped composite joints is shown in Fig. 2. The materials, production
procedure and the naming rule of these specimens are detailed in the
previous research [10]. Specimens included in this paper and the cor-
responding load ranges are shown in Table 1. Two tensile-tensile fatigue
load ranges, that is 10-110kN (low) and 15-165kN (high), with R = 0.1
are selected, which correspond to nominal stress ranges of 141 MPa and
212 MPa in the braces with steel profile of ® 60.3 x 4, respectively. The
fatigue tests are conducted by the PCX 001 Hydraulic Wedge Grip, with
a dynamic loading capacity of + 600kN. The test set-up is shown in
Fig. 3. More details about test set-up and loading protocol can be found
in Ref. [10].

3D Digital Image Correlate (DIC) system is employed for displace-
ment measurement and strain monitoring of the specimens, which is
critical for calculating stiffness degradation and determining debonding
lengths afterwards. The DIC system used in current research is 3D GOM
ARAMIS DIC with 12 million pixels, 12 mm lenses and polarized blue led
lights, as can be seen in Fig. 3(a). Spackle pattern with white background
and random black dots, needed for DIC, is applied on one side of the
specimen, (see Fig. 3(b)). The other side is left unpainted for visual
observation of cracks in the composite wrap. During post processing, the
subset size used in this analysis is 30 pixels, while the distance between
adjacent subset centers, the step size, is 15 pixels. The DIC system is used
for measuring relative displacement between top/bottom and middle
facet points created in GOM Correlate software as shown in Fig. 4. Note
that the top and bottom facet points are around 340 mm away from the
middle point, which are located on the steel braces and near the wrap-
ping ends. In such circumstance, the stiffness degradation of segments,
corresponding to the joints between the top and bottom brace members
and the chord in the middle, can be calculated separately as:

Fmax(N> - Fmin(N)

KN = AL (V) — DLn(N) W

where N represents number of cycles, Fax(N) and Fpin(N) are the
maximum and minimum applied forces at the Nth cycle, AL ,x(N) and
ALpin(N) are the relative displacements between the facet points
(elongations of the top and bottom braces) at the maximum and mini-
mum loads, respectively. Further usage of the DIC system is to monitor
strain distribution on the surface of the composite wrap. The strain
concentration, crack propagation and failure modes of the specimens are
observed real-time during the test, and processed afterwards in more
details.

Stiffness degradations of the top/bottom braces from different
specimens, calculated according to DIC results, are shown in Fig. 5. It is
shown that the joint stiffness in all cases decreases steadily during the
loading process due to possible accumulated damage in the composite
material and debonding at the composite-to-steel interface. Under lower
load range of 10-110kN, which corresponds to nominal stress range of

Load ranges (nominal stress ranges) Specimens

Number of cycles Stiffness degradation (%)

Top brace Bottom brace
10-110kN (141 MPa) €X45-Ss-T_F2.1 3,419,862 19 11
€X45-Ss-T_F2.2 3,074,671 7.6 6.6
16-165kN (212 MPa) cX45-Ss-T_F3.1 59,739 37 54
cX45-Ss-T_F3.2 81,207 55 32
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DIC pattern

Fig. 3. Test set-up, DIC system and spackle pattern.
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Fig. 4. DIC contour of progressive strain increase on surface of ¢X45-Ss-T_F3.1.

85 MPa in the brace, less than 20% of the original stiffness is lost for any
of the top or bottom braces after even 3 million cycles. Under the load
range of 15-165kN (nominal stress range of 212 MPa in the brace), the
braces from specimen cX45-Ss-T_F3.1 show a stiffness degradation of
37-55% after 57,000 cycles. Similarly, the braces from specimen cX45-
Ss-T_F3.2 exhibit a stiffness degradation of 30-55% after 80,000 cycles.
More details of stiffness degradation related to different braces are
summarized in Table 1. It should be noted that the stiffness degradation
used to control and to stop the cyclic loading is the global stiffness of the
whole joint, namely the average value of stiffness degradation of the top
and bottom braces. However, it is shown from Fig. 5 that one brace al-
ways degrades more while the other one degrades less. This can be also
reflected by Fig. 4, which shows typical DIC contour plots of major
principal strain on surface of specimen ¢X45-Ss-T_F3.1 at the maximum
loads at different numbers of cycles. It shows that the localized high
strains only exist in the root of braces which further propagate towards

the end of the composite wrap. Development of strains on top and bot-
tom braces are quite different, indicating larger crack propagation and
stiffness degradation rates at the bottom side. The increase of major
principal strains in certain regions on the surface of composite wrapping
(light blue and green areas) can indicate both the composite-to-steel
debonding failure, as well as the smeared material damage and delam-
ination within the composite wrap. The governing failure mode is
debonding of the interface between composite wrapping and steel pro-
files induced by stress concentration. This is confirmed by post-test
cutting of the specimens in Ref. [10]. Therefore the strain increase
registered by DIC is mainly due to debonding at the interface. The
different behaviour between the top and bottom brace within the same
specimen may result from different roughness of the surface of steel
profiles, which has been confirmed by previous study [10].

Strain distribution along surface curve defined on the brace as shown
in Fig. 4 is further extracted for determining the debonding length. One
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example of extracted strains along the bottom brace of cX45-Ss-T_F3.1 at
different number of cycles is shown in Fig. 6. In order to remove scatter
resulting from DIC measurements, all these curves are smoothened with
adjacent-averaging method during post-processing of data using ORIGIN
software. It shows that at initial stage, the surface strains mainly develop
around root of the brace, followed by gradual decrease and again slight

Symmetry boundary
condition in X-Y plane

RP2 ]

Fig. 7. Finite element model and mesh strategy of wrapped composite joints.



W. Feng et al.

Table 2

Material properties of GFRP composites.

Material name

Elastic constants (GPa)

Poisson’s ratio

Composite wrap
(GFRP)

Ey = Ey = 12.0, E3 = 6.6, G12 = 3.1,
Gi3 = Ga3 = 2.5

012 = 0.15, 013 = Va3
=0.3

Steel members E, =210 v=0.3
(8355)
400
1
II “
300 ~ / '
1
3 o
\xl II ‘/
8 2001 N
S )
[T /
) CcX45-Ss-T_S1.1
/ - - - cX45-Ss-T_S1.2
100 __FEM
0 T T T
0 2 4 6 8

Displacement (mm)

Fig. 8. Load displacement curves (source of test data: [9]).

increase towards the end of composite wrap. With the increase of
loading cycles, the peak strain increases and develops gradually towards
end of the wrap, indicating debonding propagation at the composite-to-
steel interface. It should be noted that the surface strain distribution will
also be influenced by at least another two phenomena. One phenomenon
is the nonlinear in-plane and through thickness shear behaviour of the
thick composite laminate with complex (variable) geometry. Another
phenomenon is the interaction with the chord debonding. The
debonding on the chord interface is contributing deviation of the strain
filed on surface of braces and vice versa. To overcome the influence of
these multiple factors, an innovative combined DIC and FEA method is
proposed to capture crack development along the brace and chord
quantitatively in next sections. FE model is built to provide insight into
supposed strain distribution resulting from the complex geometry and
stiffness transitions due to non-uniform thickness of composite and
possible developed debonding crack.

3. Finite element modelling
3.1. Modelling strategy

To further reveal failure mechanisms and assist crack propagation
monitoring at the steel-to-composite interface, a detailed finite element
model is built in Abaqus software package [37]. The geometry of steel
tubes follows the designed drawings of the specimen, while the di-
mensions of composite part (thicknesses on flat parts and corners) are
determined with the help of 3D scanning of the specimen. The composite
parts are modelled with 3 layers as has been applied during the pro-
duction process. More details about the production of specimens and
joint geometry were given in [9] and [10]. Due to the symmetric ge-
ometry, only half of the joint is modelled to reduce the computation
time, as shown in Fig. 7. Surfaces representing the end cross sections of
the braces are coupled to reference points, RP1 and RP2, as shown in the
figure. All degrees of freedom except for the U2 (y) direction are con-
strained for the reference points to replicate the fixation constraints at

Composite Structures 297 (2022) 115977

the tube ends due to clamping in physical test. The load is applied by
vertical displacement on both RP1 and RP2. Symmetric boundary con-
ditions were applied in the middle (cut) plane.

Linear, hexahedral solid elements, C3D8R, with reduced integration
are used for the brace and chord steel members. Linear tetrahedron el-
ements, C3D4, are used for the composite wrap due to its complex ge-
ometry. The composite parts are modelled as 3 non-uniformly thick
laminates by 3D solid instead of multiple plies by shell elements since
the delamination is insignificant during the fatigue tests, as shown in cut
specimens in Ref. [10]. Mesh size of all the elements is chosen as 2.83
mm after the sensitivity study. At least 4 elements through the thickness
of the steel tubes are included to accurately model possible local bending
behaviour.

Material of composite wrap is considered as transversely isotropic.
The elastic constants can be found in Table 2, which are obtained
through standard material tests on the GFRP laminate (E;, G12 and v;2),
as shown in [9] or based on classical laminate theory and rules of
mixture for data not obtained directly by tests. For the steel parts,
isotropic elastic properties (E = 210GPa and v = 0.3) are defined.
Plasticity, ductile damage and shear damage are not considered. The
GFRP thick laminate of the composite wrap and steel components
remain in elastic stage under the maximum fatigue load of 165kN as
discussed in Section 3.2.

In order to calculate the strain energy release rates (SERRs) at the
debonding crack tips of the composite-to-steel interface, the bond
behaviour between steel members and composite wrap is simulated by
VCCT [37]. As the calculated SERR is sensitive to mesh size at the crack
tip, a mesh convergence study is carried out before formal analysis to
obtain accurate results. A size of 2.83 mm as shown in Fig. 7 is found to
be appropriate for both composite and steel part considering computing
accuracy and efficiency. Although in this study, crack propagation under
static load will not be considered, the mixed mode behaviour and frac-
ture criterion is still defined with Benzeggagh-Kenane Law [37]:
Gy + Gm> "

(2)

Geqc = G[c + (G[lc - Glc) ( G
T

where Geq is the critical SERR, Gjc and Gy are critical mode I and
mode II SERR, Gt = Gy + Gy + Gy, and n = 1.8. Relatively high values of
Gie, Grie = G, i.e. 100 N/mm, are used here to guarantee that the
fracture criterion of Gt > Geqc Will not be met under the applied load.
Under such circumstance, crack propagation will not happen so that
SERR at predefined crack tips can be calculated.

3.2. Modelling results and validation

The initial joint stiffness obtained from FEA using anisotropic elastic
material for GFRP, (see Fig. 8), is 184 kN/mm, while the average value
from test results is 172.15 kN/mm according to [9], which is within
6.5% accuracy. The model is considered to be satisfactory for elastic
analysis to calculate surface strain distributions, as well as the strain
energy release rates at the crack tip. Those are obtained for the initial
(undamaged) state and the following analysis where debonding cracks
at the interface are embedded to simulate damage due to the load cycles.
It should be noted that near the maximum load of 165kN in fatigue load
cycles, the stiffness of load—displacement curves of the ultimate load
tests show slight degradation (up to 5%) as shown in Fig. 8. This is
attributed to onset of non-linear behaviour of the composite wrap
through the thickness in the ultimate load tests with the monotonic load.
Such stiffness deviation may have influence on strain distribution on the
surface of composite wrap at the analysed load level of 165kN when
utilizing the surface strain distribution as starting point for monitoring
debonding at the interface. Potential influence of slight non-linear
behaviour of the composite wrap on debonding crack length estima-
tion by the proposed combined DIC-FEA method is assessed and dis-
cussed by creating another no-linear FE model. In the non-linear model,
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Hill’s plasticity is used to simulate non-linear through-thickness
behaviour of the composite wrap. Through-thickness shear stress is
limited to 30 MPa which corresponds approximately to inter-laminar
shear strength.

Further comparison of surface strain distribution from DIC and FEA
results is conducted herein. Fig. 9(a) shows the contour plots of major
strain distribution on the surface of the specimen from DIC measurement
and FEA results. Analyses with and without non-linear through thickness
behaviour of the composite wrap material under 165kN are shown. The
pattern of major principal strain distribution from DIC resembles well
those from both FEA results. The strain is concentrated at the brace-to-

chord corners and decreases gradually towards the end of brace. A path
is defined along the brace as shown in Fig. 9(a), from which major
principal strain is extracted from DIC and both FEA results for further
comparison. As shown in Fig. 9(b), the strain distribution along the
brace from DIC measurement matches well with FEA results, although
there are a lot of noises because of relatively low level of strains (0.3%)
that are measured. Results from both FEA methods are also in agreement
with each other, which means that the influence of material plasticity
and damage is insignificant on strain distribution on the surface of the
model. To increase the computing efficiency, all the models in this paper
will be run without any definition of plasticity and damage in the ma-
terials considering its negligible influence.

4. Debonding crack propagation analysis

4.1. Method of debonding crack propagation monitoring using combined
DIC and FEA data

For all the experiments analysed here, the dominate failure mode
under fatigue loading is debonding at the composite-to-steel interface.
More details about the test results were given in [10]. Debonding cracks
are propagating at the composite-to-brace interface due to shear stress,
and at the composite-to-chord interface due to both shear and peel
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stresses as shown in Fig. 10. Understanding and quantifying the crack
propagation process during the test is of great importance for develop-
ment of prediction methods for fatigue behaviour of the wrapped
composite joints. As mentioned above, monitoring the debonding of the
joints with complex geometry by using the strain distribution on the
surface of composite wrap still remains a problem, especially when
interaction between debonding on two different parts, i.e. chord and
brace, exists. In the previous study [10], a constant threshold of differ-
ence between strain distribution curves from the first and Nth cycle was
used as the cut-off point to determine the debonding length, while the
interaction between debonding on the chord and brace was not
considered. In this paper, an innovative monitoring method with com-
bination of DIC results and FEA analysis is proposed. The strain
thresholds for different debonding lengths are determined by FE models
with artificial embedded cracks. The steps are listed as in Fig. 11.

Brief explanation of step A to E is given as follows:

Step A) Analysis of FE models with a number of artificial debonding
cracks of different lengths on the braces and chord;

Step B) Determining of surface strain variation thresholds in function
of crack lengths on the braces and the chord based on the FEA data;

Step C) Parametrizing the interaction between the crack length on
the braces and on the chord;

Step D) Calculating crack length on the brace in function of number
of cycles from DIC using strain variation thresholds obtained from FEA.
Multiple sets of data are generated assuming a range of interaction
parameter from Step C;

Step E) Finding the best fit interaction parameter by comparison of
stiffness degradation curves from DIC and FEA.

Among these steps, step A provides strain thresholds for step B and
stiffness vs. crack length relationship for step E. After obtaining strain
thresholds through step B and defining interaction between cracks on
the braces and chord by step C, different debonding scenarios on the
braces and chord can be obtained in step D. The steps D and E can
metaphorically be represented as equivalent to solving algebraic system
with 2 unknowns with 2 independent equations. The “unknowns” are 1)
the interaction function of cracks on the braces and chord, and 2) the
crack length on the brace. The “equations” are the 1) stiffness degra-
dation curve from DIC (test) infunction of interaction and crack length
on the brace and 2) stiffness degradation curve from FEA in function of
interaction and crack length on the brace. The steps A to E are further
described in more details substantiated by results from X45 joints sub-
ject to cyclic loading at two load levels:

Step A) FE models with pre-cracks of different lengths on the braces
and chord are created and the load is applied corresponding to the
maximum load in the cyclic tests, which are 110 kN and 165 kN in this
study. The crack patterns are assumed to follow the shapes obtained in a
FE model analysing crack propagation, by help of cohesive load
modelling, in static ultimate load test (not shown in this study). As
shown in Fig. 12, cracks on the brace start as a triangle from the obtuse
corner. The crack length on the brace, I, is defined as the length of one
side of that triangle near the obtuse corner. The angle between the crack
tip and the brace edge p will increase as the crack propagates converging
towards a crack perpendicular to the brace axis. Cracks on the chord are
defined as several semicircles expanding from the chord-brace inter-
section root. The length of the arc staring from the saddle point to the
mid-point of the crack tip is defined as the crack length [. on the chord.
The crack length on the brace increases in the FE models from 0 mm to
200 mm in steps of 25 mm, while the crack length on the chord starts
from 9.5 mm and increases to the middle of the chord in steps of 10 mm.
For the maximum possible crack length on the brace, 200 mm is chosen
since it is near the wrapping ends, above which the SERRs may exceed
the critical value. For cracks on the chord, it is assumed that the crack
from one side will not extend to the other side since tensile load from one
side will not cause shear and peel stresses at the interface of the chord on
the other side. Considering different combinations of crack lengths on
the brace () and on the chord (I.), a total number of 45 models are
analysed. In the FE model, interaction property for the cracked part is
defined with hard contact for the normal behaviour and frictionless for
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the tangential behaviour. For the bonded part, the bonding behaviour is
modelled by VCCT to obtained the strain energy release rates (SERR) in
at the crack fronts.

Step B) For each FE model, strain distributions along the predefined
path as shown in Fig. 4 are extracted at force levels corresponding to
maximum loads applied in the fatigue tests. The difference of strain
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curves at the crack tip between FE model with Imm artificial crack and
the initial FE model without the crack (0 mm) is the threshold for
determining the corresponding crack length in the DIC results. Without
the interaction between brace and chord being considered, strain dis-
tributions from model with [, = 0 mm crack on the chord and different
crack lengths [, on the brace are shown in Fig. 13. The threshold will
increase nonlinearly with respect to the increase of the crack length.
This is because the thickness of the composite wrap decreases towards
the wrap end. The relationship between strain thresholds and different
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crack lengths on the brace under two load levels used in this study, 110
kN and 165 kN, is shown in Fig. 14(a) and (b). The influence of
debonding on the chord is also taken into account by repeating the FE
analysis with different values of I .. The results show that crack propa-
gation on the chord will lead to increasing strain thresholds for deter-
mining the crack length on the brace near the root, while above [, = 100
mm the influence will be insignificant. This means that without
considering debonding on the chord, the crack propagation rate on the
brace in the initial region, up to I, = 100 mm in this study, will be
overestimated.

Step C) As crack on the brace propagates, crack on the chord will also
develop. The FE model used for ultimate load analysis (not shown here)

10

indicates that debonding will first develop at the chord interface fol-
lowed by domination of debonding on the brace. Confirmation of such
order of debonding in cyclic load test ananlysed here is provided
through strain energy release rate analysis in Section 5. Determining the
crack length on the chord is not as straightforward as that on the brace.
In order to overcome such shortcoming the interaction between the
chord and the brace debonding is approached phenomenologically. A
relationship between crack length on the chord and brace is assumed. A
relationship is proposed in a form of a power law as follows:

[(, = l(._,mu X (lb/lh.mux)a

where [ is the crack length on the chord, I, is crack length on the

3)
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brace. I max is the maximum possible crack length on the chord (53 mm
in this study). The maximum possible crack length on the brace I max is
the distance from the obtuse corner to the end of wrap (full debonding),
245 mm in this study. a is the parameter to define different relationships
of [, and I, while « less than 1 is adopted here to reflect that debonding
on the chord is dominate at the initial stage as shown in Fig. 15. A less-
likely possibility that debonding on the brace is dominant in the
beginning is also considered by one value of interaction factor o = 1.2.
According to the relationship defined with different a values, the strain
thresholds are shown against crack length on the brace in Fig. 16(a) and
(b). These threshold curves are then fitted with polynomial functions,
which are convenient for calculating crack lengths on the brace from
DIC data in MATLAB code. One example of the fitted formula is shown in
Fig. 16(a).

Step D) Once the threshold curves in function of interaction
parameter a are determined, the crack length on the brace can be ob-
tained by calculating the X coordinates of intersection points between
strain threshold curves and strain deviation curves from DIC. The strain
deviation curves are obtained by subtracting DIC strain values from the
first cycle on the longitudinal path from the Nth cycles. One example of
just couple of strain deviation curves at different number of cycles on
bottom brace obtained from DIC data of ¢X45-Ss-T_F3.1 and strain
threshold curve with a = 1 is shown in Fig. 17. Calculation of in-
tersections of the strain threshold and strain deviation curves at each
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load cycle and for each specimen is scripted in MATLAB [40]. The
calculated results for different o values are shown in Fig. 18 for top and
bottom brace of all specimens. The influence of o values on calculated
crack lengths is more significant for the crack lengths below 100 mm
because debonding on the chord has more influence on strain distribu-
tion on the brace surface near the root. A higher o correspond to higher
strain threshold such that smaller crack length will be obtained. Above
100 mm, there is no difference of calculated crack lengths for different a
values.

Step E) The last step is to find the best o values, namely to unravel
which interaction of the crack on the chord and the brace is most real-
istically represented in experiment data. This can be done by comparing
joint stiffness degradation vs. crack length curves from FE analysis and
test results. By extracting the initial stiffness of FE models with different
crack lengths, relative stiffness of specimen can be plotted as a function
of crack length on the brace and chord as shown in Fig. 19. The obtained
dataset is fitted with third order polynomial in function of I and I, with
formula shown in Eq. (4). By combining Fig. 5 and Fig. 18, the rela-
tionship between relative stiffness and crack length on the brace from
test results is obtained and shown in Fig. 20(a). With different « values,
the relationship between stiffness and crack length on the brace from
FEA is obtained and shown in Fig. 20(b). Relative stiffness obtained from
test results (DIC + FEA) are plotted against relative stiffness obtained
purely from FE analysis. Correlation between the two results is analysed
to determine the fitness. The best o value should correspond to the
highest coefficient of determination R%. R? is defined by Eq. (5), where
Yk represents test results, ¥, represents predicted results and y; is the
mean value of the test results.

k(le, 1) = 1+ arle + aoly + a3 2 + aslyl. + asly + agll + ar 2, + asl. L + aol;
@

ay = —8.9x 1074,
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Fig. 20. Relationship between relative stiffness vs. crack length on the brace (a) test results (b) FE results.
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4.2. Results of crack propagation analysis on wrapped composite joints

Results of correlation analysis described in Step E are shown in
Fig. 21. It can be seen that under both lower and higher load range,
stiffness obtained from test and FEA shows quiet good correlation for all
the a values below 1.The best fit aa values are 0.4 and 0.2, resulting in
correlation coefficients R? of 0.904 and 0.867 for the lower and higher
load ranges, respectively. Values of interaction parameter a below 1
means that debonding initiates dominantly on the chord then stagnates
and continues to grow on the brace, as can be seen in Fig. 15. For higher
o values, R? value decreases and an « value above 1, i.e. a = 1.2, gives
the lower R? values of 0.791 and 0.667 for the lower and higher load
levels, respectively. The best fit interaction parameter is lower for the
higher load range, showing that under the higher load range, debonding
on the chord is more dominated during early cycles than that under the
lower load range. The reason is the difference in strain energy release
rate distribution on the braces and chord which will be shown in Section
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5.

Based on the best o values obtained above, crack lengths on the
braces obtained by the newly proposed method for different specimens
are summarized and plotted against normalized number of cycles in
Fig. 22. It can be seen from the figure that the crack propagates faster
under the higher load range. The largest crack length on the brace under
15-165kN reaches above 200 mm at end of the test while under 10-
110KkN, the longest crack only reaches 60 mm. It can also be seen from
the figure that for the same specimen, crack propagation rates on
different braces are different, e.g. bottom brace of ¢X45-Ss-T_F3.1 has
crack length of 200 mm in the end, while crack length on the top brace
only reaches 80 mm. This difference in damage can also be reflected by
Fig. 4. The reason could be different surface roughness of different steel
braces as discussed in [10]. It should be noted that below 100 mm, the
crack lengths on the braces are obtained with the influence of debonding
on the chord, while above 100 mm, debonding on the braces is the
predominate reason for strain increase on the surface so that the ob-
tained crack lengths are more accurate.
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Table 3

Comparison of final residual stiffness from FEA and test.

Load range (kN) Specimens Braces Test (%) FEA + test (%) Difference (%)
10-110kN cX45-Ss-T_F2.1 Top 89 88 —-1.12
Bottom 81 81 0.00
cX45-Ss-T_F2.2 Top 93 92 —1.08
Bottom 92 86 —6.52
15-165kN cX45-Ss-T_F3.1 Top 63 75 19.05
Bottom 45 40 -11.11
cX45-Ss-T_F3.2 Top 44 38 —13.64
Bottom 67 69 2.99

Based on the obtained crack lengths on braces and chords, stiffness
degradation curves can be obtained by Eq. (4) and plotted versus test
results in Fig. 23. It can be seen that the calculated stiffness matches very
well with test results, indicating that the monitored crack lengths are
accurate enough for further analysis. Table 3 compares the final stiffness
degradation obtained from test and the calculated results in details. The
difference between these two methods is within 15% except for the top
brace of ¢X45-Ss-T_F3.1. It should be noted that the relationship be-
tween L. and [, defined in this paper can only be applied for this specific
geometry of X45 joints. For other types of joints, e.g. joints with different
angles, the relationship might be different and needs to be recalculated.
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5. Discussion of FEA results

The most established assumption in the literature is that the crack
propagation rate at the interface is governed by strain energy release
rate (SERR) range at crack front according to Paris’ law [41]. SERR
range distributions at the crack fronts on the chord and the brace are
shown in Fig. 24 under the high load range (15-165kN). All SERR dis-
tribution curves are smoothened which eliminates the influence of
scatter of reading FE results on such complex crack front geometry. 4
stages of artificial crack development indicated by points A-D on the a =
0.2 curve from Fig. 15 are selected here for detailed comparison and
analysis. It should be noted that since there must be a pre-crack defined
for the VCCT model, a small crack length of 2.83 mm on the brace, which
equals to one element length, is assumed for the initial (point A) stage.
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The direction of normalized distance on the crack tip is indicated by
arrows in Fig. 12. It can be seen from the figure that at initial stage (point
A), the shear mode SERR, i.e. mode II and mode III SERR, dominate
crack growth on the chord and brace. As the crack length develops,
mode II debonding becomes more dominate, especially for the brace.
Crack front on the chord indicates the maximum mode II SERR near the
saddle point ranging from 0.8 to 1.6 N/mm. Mode I SERR is minimal
along the whole crack front but increases a little bit near the crown heel
at a later stage (point D) to 0.4 N/mm. This is because interface peel
stress component resulting from the tensile load on the brace member
becomes more obvious at crown heel than that at crown toe when the
debonding on the chord becomes larger. The peak of SERR on the brace
is mode II dominated near the crown toe with the value of 0.35 N/mm at
initial stage. The distribution varies and the peak value is transferred to
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the crown heel and increases to value nearly 2.5 N/mm as the crack
propagates. This explains why cracks on the brace initiates at obtuse
corner but propagates more faster at the crown toe side, i.e. crack front
becomes more perpendicular to the brace axis, at later stages. The peak
value of mode II SERR on the chord is around 0.8 N/mm, larger than that
on the brace (0.35 N/mm) at initial stage (point A in Fig. 15). As the
crack propagates, peak values of mode II SERR on the chord increase up
to 1.2 N/mm at point D while the same value on the brace increases to
2.5 N/mm. Such trend of SEER explains why debonding on the chord is
dominant at initial stage (e.g. 10-20% of the fatigue life) followed by
domination of debonding on the brace at the later stage.

Development of SERR range under 10-110kN load range is shown in
Fig. 25, which has similar trend as that under the 15-165kN load range.

The total SERR range A Gy, being summation of SERR for all 3 modes
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Fig. 26. Maximum total SERR range (4 Got.max) development on the chord and brace (a) under 10-110kN; (b) under 15-165kN.

separately, is a widely adopted similitude parameter for predicting the
fatigue crack development under mixed-mode behaviour [42,43].
Hereby SERR ranges of different modes at crack tips in Fig. 24 and
Fig. 25 are added together and AGy, are obtained and plotted in the
same figure (dashed line) for further analysis. The maximum values of
AGiot (AGor.max) Obtained along the analysed path are indicated with
star on the total SERR curves and plotted separately in Fig. 26. The re-
sults are presented in function of crack lengths on the braces and chord
assuming the best fit interaction of the two obtained previously in sec-
tion 4.2. This interaction is visually presented by choosing the 3D plot
that enables to indicate the considered crack lengths on the braces and
chord, I, and [, in the x-y plane. It can be seen that under 10-110kN,
AGiot.max on the chord is around 0.4 N/mm at initial stage, larger than
that on the brace of 0.07 N/mm. At the later stage of crack progression,
AGiotmax on the brace and chord becomes similar. This explains very
limited stiffness degradation (up to 10%) of the joint under lower load
range as only the limited crack on the chord develops. Under 15-165kN
load range, A Giot max On the chord is around 0.8 N/mm at initial stage
while the same value on the brace is 0.3 N/mm. As the crack propagates,
AGiotmax On the brace increases to 2.4 N/mm while AGiot.max On the
chord remains below 1.5 N/mm. The higher AGotmax values on the
chord at initial stage result in dominating failure mode as debonding on
the chord for 15-165kN load range. As the AGymax On the brace be-
comes lager at the later stages the dominating failure modes is
debonding on the brace.

6. Conclusions

A combined DIC-FEA method for monitoring debonding crack
propagation at the interface of bonded composite-to-steel joints is pro-
posed in this paper. Core of the method is to use variation of strain
distribution on surface of the bonded joint from DIC results to determine
the debonding lengths at the interface under cyclic loading based on
varied strain threshold values. A detailed FE model of the joint was built
and validated against test results in terms of initial stiffness and strain
distributions, which are then used for determining the strain threshold
values as well as providing stiffness degradation laws versus crack
lengths for validating the crack monitoring results. By modelling bond
behaviour between composite and steel using VCCT, interaction of crack
development on the braces and the chord is considered by comparing
development of SERR values on the braces and chord, revealing the
failure mechanisms of the joint. The method is applied to analyse fatigue
tests of the wrapped composite joints with X geometry. These joints are
characterized by complex 3D geometry (double curvature), non-uniform
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thickness of the composite wrap and interaction of the debonding crack
propagation at the composite-to-steel interface on the braces and chord.
The following specific conclusions can be drawn from analysis of the
results at 2 different load ranges:

e Dominant failure mode is debonding on the brace which initiates at
the root of braces and propagates towards the end of the composite
wrap. Debonding on the chord interacts with debonding on the brace
in the early stage of crack development.

Under the high load range (15-165kN), debonding cracks on some of
the braces develop to almost full wrapping length of 200 mm after
60,000 to 80,000 cycles, while others only reach 60-80 mm. This is
thought to be due to different roughness of the steel tubes. Under the
low load range (10-110kN), cracks on the braces reach only 20-60
mm, in combination with debonding on the chord, within 3 million
cycles, corresponding to only 5-10% stiffness degradation of the
joints in a non-critical failure mode.

Interaction between debonding on the chord and on the brace, can
effectively be assumed to follow a power-law-based relationship
between crack lengths on the brace I, and on the chord [, with the
power law parameter a. The best fitted a is found to be between 0.2
and 0.4 for the analysed high and low load ranges.

Mode II behaviour is dominant for debonding on both chord and
brace during the whole fatigue life, with the maximum SERR value
existing at the saddle for the chord and at crown toes for the brace.
The maximum total SERR range AGiotmax is higher on the chord at
initial stage but becomes lower than AGytmax On the brace at later
stages, resulting in dominating failure mode as debonding on the
chord at initial stage but transferring to the brace as the crack
propagates.
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