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Wrapped composite joints arise as an innovative solution for joining circular non-welded hollow sections (CHS)
in jacket support structures for offshore wind, intending to enhance fatigue performance and consequently
reduce weight and costs when compared to traditional welded joints. Due to combined waves and wind loads,
these joints are subjected to different multi-axial loading scenarios. Therefore, it becomes fundamental to
establish an interaction criterion that accurately predicts the failure behavior provided by the superposition of
different load conditions. In this context, this paper aims to present the results of a numerical investigation on the
multi-axial load behavior of wrapped composite joints. Based on previous standards for welded tubular joints [1,
2], a multi-axial loading interaction criterion is proposed for wrapped composite tubular joints, and a
finite-element (FE) model is developed using the cohesive zone model approach. Eighteen loading cases, with
different combinations of axial load and bending moments, were applied in a medium-scale X-shaped wrapped
joint to derive the corresponding failure envelope. Three values of fracture toughness were considered to
evaluate the influence of this fracture parameter on the interaction failure criteria exponents. It was concluded
that the given exponents are not significantly affected by the change of interfacial strength and fracture

toughness, which represents a valuable finding for the development of future design guidelines.

1. Introduction

The global energy transition is driving the expansion of offshore
wind farms, particularly in deep waters, where most offshore wind re-
sources are located, thereby increasing the need for innovative solutions
and technological development for offshore structural foundations. The
use of jackets for supporting large wind turbines is a very good alter-
native due to their less usage of steel when compared, for instance, to
monopiles, leading to a higher cost-effectiveness. Typically, the jackets
are composed of circular hollow section (CHS) joints, which are gener-
ally fabricated by welding the brace members directly to the chord
members. Nevertheless, this type of foundation faces significant chal-
lenges related to the welded joints, which are prone to fatigue damage
due to the high stress concentration at this location and end up gov-
erning the structure design according to their fatigue resistance. This
solution leads to a less economical design due to the need to use thicker
tubes to avoid fatigue failure in the welded corners [3]. A comprehen-
sive overview of challenges associated with the complex behavior of
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tubular joints in marine structures is provided in [4].

In recent years, research efforts have been made to improve the
performance of welded joints using fiber-polymer composites for
strengthening, due to their corrosion and fatigue resistance, lightweight
and potential to reduce stress concentration at nodal regions [4]. Nas-
siraei [5], for instance, proposed a probabilistic model to quantify the
Degree of Bending (DoB) and predict the performance of tubular welded
X-joints strengthened with fiber-polymer composites under axial and
in-plane bending loads. Zavvar and Guedes Soares [6] investigated the
effects of different fiber-polymer composite reinforcements on the stress
concentration factors (SCFs) in uniplanar welded DKT-joints subjected
to compressive loading. The authors found that composite reinforce-
ment can reduce the SCF in the joint by up to 43% when compared to an
unreinforced joint. In addition, it was observed that the SCF can be
reduced by increasing fiber-polymer thickness and number of layers.
Nassiraei et Rezadoost [7] investigated the static capacity of X-joints
retrofitted with fiber-polymer composites under compressive load,
proposing a formula to predict the joints ultimate strength. Their results
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showed that fiber-composite strengthening can significantly improve
the initial stiffness, ultimate capacity and failure mechanisms of these
joints.

In a parallel context, Pavlovic et al. [3] proposed the concept of
wrapped composite joints, which emerge as an innovative non-welded
solution to connect circular hollow sections (CHS) in jacket support
structures, intending to replace traditional welded brace-chord con-
nections by wrapping the steel tubes with composite material fully
entrusting the transfer of the joint forces to bonding. The given com-
posite wrap is composed of glass fibers and polymeric matrix, which
allows a smoother load transfer at the joints by reducing stress con-
centration, and therefore, enhancing fatigue endurance. Consequently,
this solution enables significant weight and cost reduction when
compared to conventional welded joints. Recent research has shown
that wrapped composite joints can achieve fatigue lives up to 5000 times
greater than those of conventional welded joints [8,9]. Previous papers
have also demonstrated that, under uniaxial loading, the wrapped
composite joints present higher stiffness and ultimate load-bearing
resistance when compared to welded equivalents [10]. Nevertheless,
in practical applications, this loading condition is unlikely to occur in
isolation, since these joints are often subjected to complex multi-axial
loading when connecting the brace members, due to the action of
wind, wave loads and tidal forces. The coupled effects of axial forces and
bending moments therefore play a critical role in joint behavior and
require a thorough understanding of the joint’s ultimate load capacity
under combined loading scenarios. Previous research has reported
experimental findings on the multi-axial behavior of these joints,
pointing out the composite joints' remarkable bending resistance and
rotation capacity prior to failure [11]. Moreover, previous experiments
indicated that there is no significant change between failure modes
when compared to uniaxial loading, showing that the joints presented a
consistent onset of failure at the steel-composite interface, which pro-
gresses towards the wrapping end above the steel brace [11]. However,
there is still a gap related to the interaction criteria for joints subjected to
simultaneous axial and bending forces, especially when it concerns the
exponents of the multi-axial loading interaction criterion.

With respect to traditional welded CHS joints, the interaction be-
tween axial force and bending has been widely investigated. Hoadley
and Yura [12,13] conducted tests on double-tee tubular joints (X-joint)
subjected to various combinations of loading and observed an approxi-
mately linear interaction between axial force and out-of-plane bending,
particularly for a brace-to-chord diameter ratio ($) equal to 1.0. On the
other hand, it was found that the interaction between axial force and
in-plane bending is non-linear and approaches a quadratic relationship.
Comparable behaviour was also reported by Makino et al. [14] for single
T-joints subjected to combined axial loads and out-of-plane bending. In
order to consider the interaction between axial and bending force in
welded joints, current international standards (e.g. [15-17]) recommend
the multi-axial interaction criterion expressed in Eq. (1), in accordance
with the findings presented in Hoadley and Yura works [12,13]. In Eq.
(1), Ny, Mjp and My, denote the internal force and the in-plane and
out-of-plane bending moments in the tubular joint, respectively, while
Ny,u, Mip,u and M, , represent the corresponding resistances associated
with the design axial force and the in-plane and out-of-plane bending
moments, respectively.
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In this context, it is important to remind that, in wrapped composite
joints, the load is transferred mainly through bonding between steel and
composite instead of welding. Therefore, further investigation is needed
to determine the accurate exponents of the multi-axial interaction cri-
terion to be applied in composite joints design. Aiming to accomplish
this objective, it is also fundamental, at an earlier stage, to understand
the sensitivity of these exponents to fracture parameters and determine
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whether it plays an important role in the multi-axial interaction. This
necessity is further amplified by the challenges associated with deter-
mining fracture toughness, which often requires the conduction of
extensive experimental programs involving specialized set-ups. This
difficulty is compounded by the lack of specific standards for different
composites and bi-materials, combined with the scarcity of fracture
mechanics data in the literature, which hinders the validation with
numerical models. Moreover, depending on the quality control and
production method, these composites materials may exhibit high vari-
ability in mechanical properties, which can affect the fracture parame-
ters. Therefore, assessing the sensitivity of the multi-axial interaction
exponents to fracture toughness can substantially reduce the time and
resources required for future research and projects, while also contrib-
uting to the development of design guidelines and more reliable failure
prediction.

Given these considerations, this paper aims to investigate the influ-
ence of fracture toughness on the multi-axial loading criterion for
wrapped composite joints, while also providing starting-point values for
the exponents to be adopted in interaction equations in future design
codes for steel tubular members wrapped with composites. A numerical
parametric study is conducted based on the cohesive zone model (CZM)
approach to predict the failure of the wrapped composite joint. Three
different fracture toughness values were assessed, and eighteen loading
cases were evaluated for each fracture toughness, comprising uniaxial,
biaxial and full multi-axial loading conditions. In all, fifty-four models
were analyzed to estimate failure envelopes and to provide a compre-
hensive understanding of the problem, including variations in ultimate
loads and bending moments. Finally, the influence of the fracture pa-
rameters on the multi-axial interaction criterion exponents is evaluated
and discussed.

2. Joint material and geometry

This paper addresses the behavior of an X-joint [11], which is used to
connect brace members in offshore structures. To facilitate comparison
with existing and future laboratory experiments, the investigated
structure is a medium scale joint, representing approximately 1/4 of a
typical full-scale joint. It is composed of four steel CHS tubes (two chords
and two braces positioned perpendicular to each other) made of grade
S355 steel, with an outer diameter of 168 mm and a wall thickness of
12.5mm, as shown in Fig. 1. The steel tubes are wrapped by a
multi-directional composite, with glass woven fabric and chopped
strand mat (CSM) embedded in a thermosetting vinyl ester resin, which
is manufactured through a hand-lamination procedure. The respective
orientations of the glass fibers in the joint are illustrated in Fig. 1. The
composite wrap is directly laminated over the steel tubes, and no ad-
hesive layer is placed between the two materials [18]. A nominal
composite thickness of 16 mm at the joint root is considered, with a
wrapping length equal to 252 mm on the braces (see Fig. 1). The top and
bottom flanges shown in Fig. 1 are usually attached to the composite
joints as components of experimental test fixtures. To enable future
comparisons, these flanges are also included in the numerical model
presented in this investigation.

3. Numerical investigation
3.1. Material properties

The X-joint is simulated numerically in a 3D stress finite element (FE)
model using Abaqus/Explicit 2023 v.6.26 [19] to optimize convergence
issues. The elastic material properties of steel and composite wrap were
calibrated based on previous experiments on the material [20,21] and
are listed in Table 1. The anisotropic yielding behavior of the composite
wrap component is taken into account based on preliminary experi-
ments while, for steel tubes, plasticity is disregarded to prevent steel
from yielding before complete interface debonding or failure in the
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Fig. 1. Overview and detail of the studied 90° X-joint.

Table 1
Material properties of steel and composite wrap.

Mechanical Property Average value

(MPa)
Steel Elastic modulus (Eg) 210,000
Poisson’s coefficient v=0.3
Longitudinal and transverse modulus (Ey, 11,800
c:Ey,c)
Composite Transverse modulus (E, ) 5721
:;_p In-plane shear modulus (Gyy) 2550
@ Out-of-plane shear modulus (G, =Gy,) 1819
Poisson’s coefficient vy =022
Vyz= Vyz= 0.35

composite material. To evaluate the influence of disregarding plastic
behavior for steel, preliminary numerical analyses incorporating both
plastic and elastic material models were assessed. It was observed that
for the loading case involving axial load only, no significant differences
were observed in terms of ultimate loads or overall load-displacement
response. On the other hand, for the loading cases in which bending
moments are dominant over axial loads, the joints were allowed to reach
higher ultimate bending moments when disregarding steel plasticity.
This observation is relevant because, although the joints are expected to
experience steel yielding prior to interfacial debonding and/or com-
posite wrap failure, previous experiments showed that, when upscaling
from medium scale to full-scale joints, the ultimate debonding resistance
increases with a lower factor than the steel resistance. Therefore,
building a numerical campaign that allows ultimate bending moments
to exceed those limited by steel plasticity is important to contribute to
future design procedures and gather knowledge related to failure asso-
ciated with interfacial debonding and composite material. For this
reason, the failure envelope generated in this paper concerns only the
composite wrap.

3.2. Mesh elements and size

As shown in Fig. 2a, four-node linear tetrahedrons (C3D4) were used
in a free mesh to model the composite wrap due to its capacity to
simulate complex and curved geometries. This type of element was also
chosen for well-capturing out-of-plane shear displacements, which are
inherent to the debonding process at the steel-composite interface. On
the other hand, eight-node linear hexahedral elements (C3D8R) were
used in a semi structured mesh to model the steel chords and braces due

Steel CHS
chord
(C3D8R)

Composite wrap
(C3D4)

Flange

Steel CHS
brace

(C3D8R) Flange

(a) 3D view

Mesh varying from 4 mm (inner
part of the wrap) to 16 mm (outer .
part of the wrap) i

(b) Top cut view

Fig. 2. Mesh configuration for wrapped composite X-joints: (a) 3D view; (b)
Top cut view.

to their higher accuracy and stability in nonlinear/dynamic analyses,
besides offering more computational efficiency to simulate simpler ge-
ometries. As previously mentioned, the flanges were included in the
numerical model for future comparisons and were discretized using
four-node linear tetrahedrons (C3D4) elements in a mesh size of 12 mm.
A mesh sensitivity analysis was carried out considering different mesh
sizes for the steel components and for both the inner and outer parts of
composite wrap. Based on this convergence mesh study, a global mesh
size of 4 mm was adopted for the CHS steel components, whereas, for the
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composite wrap, sizes varying from 4 mm (close to the end of the wrap)
up to 16 mm (towards the X-joint center) were adopted, as shown in
Fig. 2a. A size mesh transition with a growth factor of 4 was also
introduced between the outer and inner parts of the composite wrap, as
presented in Fig. 2b. Smaller-sized elements were adopted in the inner
region of the composite, close to the interface, since the mesh sensitivity
analyses indicated that load transfer is more influenced by the composite
mesh elements near the bonded surface.

3.3. Cohesive zone model

In order to simulate the damage on the composite-steel interface,
cohesive zone model (CZM) approach was used. The initial cohesive
stiffness Ko was considered as 100.000 N/m?, following references from
previous data reported in the literature [22,23]. Cohesive behavior was
introduced in the model as a general contact interaction property and
applied to the interface composite-steel. Four-linear shape traction
separation laws, presented in Fig. 3, were defined based on previous
experiments [24,25], in order to describe the fracture behavior for pure
mode I and pure mode II In order to introduce different proportions of
mode mixity, three intermediate cohesive laws, representing 25%, 50%
and 75% of Mode II were established through the interpolation of values
obtained for pure mode I and pure mode II.

In Fig. 3, the points “p”, “c”, “b” and “f” indicate four critical stages
identified in previous double-cantilever beams (DCB) and end-notched
flexure (ENF) experiments conducted on this material [24,25]. These
points represent, respectively, the onset of plastic deformation (p), the
onset of cracking (c), the onset of fiber bridging mechanism (b) and the
specimen failure (f). The subscripts “I” and “II” in Fig. 3 refer to pure
Mode I and pure Mode II, respectively. The mentioned stages are mainly
due to three different mechanisms corresponding to different areas
below the 6-8 curve: 1) crack tip deformation: described by the area be-
tween points “p” and “c”, which is associated to crack initiation or crack
tip fracture resistance (Gyip); 2) softening mechanism, represented by the
area between points “c” and “b” and associated to the weak resistance of
the resin, which is pulled out from the micro valleys of the steel surface;
and 3) fiber bridging mechanism, defined by the area between points “b”
and “f” and related to the strain energy release rate (SERR) dissipated
due to fiber bridging. It is worth pointing out that, for Mode I, the in-
fluence on SERR dissipation due to softening is considered negligible
and could be considered as part of Gyp, in agreement with the literature
[26,27]. On the other hand, the softening mechanism is found to
contribute significantly to the Mode II fracture resistance of wrapped
composite joint interface [22] (see plateau for pure Mode II in Fig. 3)
and therefore, it is treated as a distinct fracture process. More infor-
mation concerning the definition of the cohesive laws can be found in

—Pure Mode |
1 _CI
Ocl1=0b,11 P < ‘bu —Pure Mode Il
p: onset of plasticity
Op1=0c1=0pI fy_ c: onset of cracking
b: onset of bridging
© f: failure
1
[72]
=}
)
=
Q
<
—
F
oor | P2 fn .
\ 1
Sb1 St Sv1 Sex Sex

Separation - &

Fig. 3. Traction separation laws for pure Modes I and II
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[24,25].

3.4. Assessed fracture toughness

In order to investigate the influence of the fracture toughness (G.) on
the multi-axial behavior of wrapped composite X-joints, three values of
G, were selected based on previous experiments conducted on medium-
scale steel-composite coupons [21]: G¢,; = 7.5 N/mm; G¢2 = 6 N/mm
and G.3 = 4.5 N/mm. Fig. 4 illustrates the rate of traction reduction
used to vary the values of fracture toughness for both Mode I and Mode
II. Using the fracture toughness G¢;; = 7.5 N/mm as a reference value,
the cohesive laws corresponding to Gco =6N/mm and G3
= 4.5 N/mm were obtained by mainly reducing the interfacial strength
in 20% and 40%, respectively. As a result, the strain energy release rates
(SERR) associated with crack-tip deformation, softening mechanism and
fiber bridging were proportionally scaled for both Mode I, II and inter-
mediate mode-mixity ratios.

3.5. Load application and boundary conditions

The axial force (Ny) and out-of-plane (Myp) and in-plane (M;p)
bending moments were applied symmetrically at the reference points
RP—1 and RP—2, as shown in Fig. 5. The force was axially applied in the
X direction, while the out-of-plane and in-plane bending moments were
applied around the Y and Z axes, respectively. A first attempt at using the
common deformation control approach was conducted. However, an
apparent spurious compression in the steel chord in the X direction was
noticed in cases where the bending moment is dominant, leading to a
high non-linearity in the results. Therefore, to avoid this issue, load
control was chosen to be used in this work. To simulate the boundary
conditions and provide stability to the X-joint, two internal nodes at the
joint center were restrained in the Y direction, while four nodes (at the
bottom and the top of the chord) were restrained in the X and Y di-
rections, as illustrated in Fig. 5.

3.6. Assessed loading cases

With the aim of derive a three-dimensional failure envelope for
wrapped composite joints from numerical results (see Fig. 6), different
proportions of axial loads and bending moments were applied, resulting
in a total of eighteen load combinations for each assessed fracture
toughness. This number was selected based on a convergence study, in
which additional loading combinations were evaluated, leading to a

Pure Mode | G=4.5
Pure Mode I G=4.5
= = =Pure Mode | G=6
= = =Pure Mode Il G=6

100%

- 80% Pure Mode | G=7.5
- = Pure Mode Il G=7.5
e}
D 60%
=
=

40%

20%

O ........ H.H..ﬂfa-..ﬂ.n-..w.m‘w..‘. =
20% 40% 60% 80% 100%

Separation &

Fig. 4. Proportion of traction reduction in the variation of fracture toughness.
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Fig. 5. Load/Moment application and boundary conditions.
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Fig. 6. Typical 3D failure envelope to be derived from numerical results.

total of twelve cases per 2D plane — equivalent to thirty-six loading cases
for a three-dimensional envelope. No significant changes were observed
in the shape, boundaries, or exponent values of the resulting ultimate
load envelope, indicating that a set of eighteen loading cases for each
fracture toughness value provides a sufficiently accurate representation.

As previously mentioned, three values of fracture toughness were
evaluated in this parametric study to understand the influence of this
fracture parameter in the multi-axial interaction criterion: G¢; = 7.5 N/
mm; G .2 =6 N/mm and G 3 = 4.5 N/mm, resulting in a total of fifty-
four models. Table 2 summarizes the eighteen loading cases (LC) eval-
uated for each of the three fracture toughness values considered in this
work. The given loading combinations are also illustrated in Fig. 7 to
facilitate comprehension. In Table 2, the load combinations are basically
grouped into three categories, which corresponds to the three planes
illustrated in Fig. 6: @) Plane Ny + Mop; b) Plane Ny + Mjp; ) Plane Ny
+ Mop + Mjp. Planes a) and b) include mainly biaxial loading cases
involving the combination of axial force and bending moments in a

Thin-Walled Structures 228 (2026) 115143

single direction (LC2-LC5 and LC8-LC11), also comprising uniaxial cases
with pure axial force Ny (LC1 and LC7) and only bending moments Mo,
or Mjp, (LC6 and L12). The plane c¢) predominantly encompasses the full-
multi-axial loading cases, with combination of axial force and simulta-
neous bending moments in two directions (LC14-LC17). This plane also
includes a uniaxial case with pure axial force (LC13) and a biaxial loading
case combining in-plane and out-of-plane bending moments (LC18).

The column entitled “Load combinations” in Table 2 specifies the
different proportions of axial loads and bending moments applied in the
numerical model in order to facilitate reader comprehension. The
maximum values of axial force and bending moments considered in the
FE model were 1700 kN and 200 kN.m, respectively, which corresponds
to uniaxial cases that were defined as having 100% of the applied load.
Accordingly, in loading case 2 (LC2), for instance, the proportion
0.88 Ny + 0.40 M, indicates that 88% of the maximum force and 40%
of the maximum out-of-plane bending moments were applied, corre-
sponding to values of 1500 kN and 80 kN.m, respectively. Furthermore,
the magnitudes of the bending moments applied simultaneously in two
directions were calculated to maintain the same proportional relation-
ship as those applied in the loading cases with single direction bending
moments.

It is worth pointing out that the development of this numerical model
was supported by extensive laboratory experiments previously reported
in literature [10,24,25,28-31]. Additionally, the numerical results pre-
sented in the following sections were validated against experimental
data for the loading cases involving axial load only (LC1 =LC7 =LC13),
out-of-plane bending only (LC6) and in-plane bending only (LC12). The
complete experimental program, including detailed descriptions of used
test setups, will be presented in future work.

4. Results and discussion
4.1. Load vs. displacement curves

Fig. 8 presents the load vs. displacement curves corresponding to all
assessed loading cases for the fracture toughness G.; = 7.5. The black
curve corresponds to the uniaxial loading case with axial force only,
while the blue and red curves represent the biaxial loading combinations
Ny + Mop and Ny + Mjp, respectively. In addition, the full multi-axial
cases (Ny + Mjp + Myp) are presented by the green curves.

The five black rectangular markers indicated on the LC1 (Ny) curve
correspond to the different loading stages illustrated in Fig. 9, which
presents the debonding progression by the red region visible in the front-
view cut of the composite wrap. The interface debonding is tracked in
the numerical model using the Cohesive Surface Damage Variable
(CSDM), which varies from 0 (undamaged) to 1 (fully damaged/
debonded). It can be noticed that the X-joints exhibit non-linear
behavior prior to failure for all loading conditions. The loss of line-
arity occurs when debonding at the interface steel-composite initiates at
the joint root. As the applied loading increases, debonding at the steel-
composite interface progresses predominantly towards the end of the
braces, with some extension into the chord as well, as shown in Fig. 9.
This trend was consistently observed for all evaluated loading cases.

The ultimate capacity was determined based on the peak load - or,
for cases involving pure bending, the maximum moment — which, for all
loading cases, coincided with the maximum deformation prior to failure.
For combined axial and bending loading cases, the corresponding pair of
axial loads and bending moments at the peak load was considered. As
expected, the loading cases LC1 =LC7 =LC13 (Nx), with only axial
forces applied in the model, resulted in the highest ultimate load value,
equal to 1576 kN. On the other hand, for both biaxial (Nx-+Mip and
Nx+Mop) and full multi-axial loading cases (Nx+Mip-+Mop), it can be
observed that the ultimate load tends to decrease with increasing pro-
portions of bending moments. For instance, the loading cases LC5 (0.12
Nx + Mop), LC11 (0.12 Nx + Mip), and LC17 (0.12 Nx + 0.71Mip +
0.71Mop), with dominance of bending moments over axial forces,
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Table 2
Assessed multi-axial loading cases.
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presented the lowest ultimate axial loads, with values between 133 kN
and 165 kN. In contrast, the biaxial loading cases LC2 (0.88 Nx + 0.40
Mop), LC8 (0.88 Nx + 0.40 Mip), and LC14 (0.88 Nx + 0.28 Mip + 0.28
Mop), characterized by a high dominance of axial forces relative to
bending moments, presented ultimate load values ranging from 1220 kN
and 1264 kN, i.e., 77% to 80% of the highest ultimate load achieved
among all loading cases.

4.2. Moment vs. rotation curves

Figs. 10 and 11 present the moments vs. rotation curves associated
with out-of-plane and in-plane moments, respectively, for the fracture
toughness G¢; = 7.5. As expected, the loading cases with only bending
moments applied LC6 (Myp) and LC12 (M;,) presented the highest
bending resistances, with ultimate out-of-plane and in-plane moments
equal to 161.5 kN.m and 140 kN.m, respectively. As can be seen, in
general, the out-of-plane bending resistance is slightly higher than the
in-plane resistance, not only due to the greater out-of-plane composite

thickness at the X-joint root, but also due to less local bending of the
laminate in the corners (see fillet region in Fig. 1).

Analogously to the load vs. displacement curves response, the ulti-
mate bending resistances increase as bending moments become more
dominant relative to the axial forces. For instance, the previously
mentioned biaxial loading cases LC5 (0.12 Ny + M,p) and LC11 (0.12 Ny
+ Mjp) presented the second-highest ultimate bending moments, with
values equal to 145.4 kN.m and 128.5 kN.m, respectively. On the other
hand, the combination of axial force and bending moments in two
different directions in loading case LC17 (0.12Ny + 0.71 Mj, +
0.71 Myp) led to ultimate bending moments approximately 37% lower
than those of the biaxial cases with same proportion of applied loading
(LC5 and LC11).

4.3. Influence of fracture toughness on response curves

Fig. 12 presents a comparison of load vs. displacement curves ob-
tained for the three values of fracture toughness evaluated in this work
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(G¢,1 =7.5 N/mm; G2 =6 N/mm and G¢ 3 =4.5 N/mm). For clarity and
ease of comparison, only the uniaxial loading case LC1 and the full
multi-axial cases LC14-LC17 are presented. These results are considered
representative, as identical trends were observed for biaxial loading
cases. Figs. 13 and 14 present the corresponding results in terms of
moment vs. rotation curves. For completeness, the summary of joint
resistances for different fracture toughness values is presented in section
4.8.

From Figs. 12-14, it can be noticed that a higher fracture toughness
value leads to a slight improvement in ductile behavior. Moreover, as
expected, reductions in fracture toughness resulted in decreases in both
ultimate axial loads and bending moments, with a greater influence
observed on the former. Considering all evaluated loading cases, a 20%
reduction in the steel-composite interfacial strength for both Modes I
and II led to an average decrease of approximately 12% in the ultimate
axial load. In the same scenario, average reductions of 10% and 9% were
found for ultimate out-of-plane and in-plane bending moments,
respectively. Similarly, when reducing the fracture toughness in 40%,
average reductions of around 23%, 21% and 20% were observed for the
resistant axial force and ultimate out-of-plane and in-plane bending
moments, respectively.

In general, variations in the fracture toughness led to more pro-
nounced differences in the ultimate axial forces for loading cases
dominated by bending moments (e.g. LC17 - 0.12 Ny + 0.71 My, +
0.71 Mjp). For instance, as shown in Fig. 12, in loading case LC14
(0.88 Ny + 0.28 My, + 0.28 M;p), ultimate loads of 1246 kN and
1100 kN were obtained for fracture toughness values of 7.5 N/mm and
6 N/mm, respectively, thereby resulting in a decrease of approximately
11.7%. On the other hand, for the loading case LC17 (0.12 Ny +
0.71 Mop + 0.71 Mjp), the same analysis led to a difference of 16%.

With respect to variations in ultimate bending moments, a reduction
in fracture toughness led to comparable decreases, with slightly larger
reductions in out-of-plane than in-plane bending moments for most
loading cases. As shown in Figs. 13 and 14, for the loading case LC17
(0.12 Ny + 0.71 Mgp + 0.71 Mjp), the ultimate out-of-plane bending
moment presented a decrease of 13% after a reduction of 20% in the
interfacial strength, compared to a 10% decrease in the ultimate in-
plane bending moment. Similarly, for the loading case LC16 (0.29 Ny
+ 0.53 My + 0.53 Mjp), the same reduction in the fracture toughness
resulted in decreases of 9% and 7.5% in ultimate out-of-plane and in-
plane bending moments, respectively. For a reduction of 40% in frac-
ture toughness, the differences between ultimate in-plane and out-of-
plane moments became even smaller for loading cases dominated by
bending moments. In the previously mentioned loading case LC17
(0.12 Ny 4 0.71 Mgy + 0.71 Mjp), the reductions in ultimate out-of-plane
and in-plane bending moments in this case were, respectively, 25% and
24%.

4.4. Deformed shape

Fig. 15a illustrates the typical joint deformation shape for a full
multi-axial loading case (LC15 — 0.53 Ny + 0.42 My, + 0.42 M;p), cor-
responding to an applied load of P = 590.4 kN and a fracture toughness
of 6 N/mm. The debonded length between the steel tubes and the
composite wrap was tracked using the previously defined variable
CSDM and the deformation was amplified by a factor of 15 to facilitate
the visualization.

The deformation at failure is shown in Fig. 15b through a 3D cut
view, in which is possible to observe the detachment between the steel
and the composite wrap, resulting in complete debonding at the braces.
Similar deformation trends were found for all loading cases, with
damage initiating at the joint center at the level of chords and braces and
progressing toward the wrapping end above the steel braces, as previ-
ously shown in Fig. 9. However, as expected, both the type of loading
combination and the proportion of applied bending moments influence
the symmetry of the debonding progression, depending on which side of



G. Cintra et al.

Thin-Walled Structures 228 (2026) 115143

Uniaxial loading case LC1
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Fig. 9. Front-view cut of the composite wrap: debonding at different loading stages.
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the joint is subjected to higher stresses.

4.5. Multi-axial interaction criterion for wrapped composite joints

Preliminary analyses were conducted for the proposition of a multi-
axial interaction criterion of wrapped composite joints and have shown
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that, in cases where axial loads act simultaneously with bending forces,
the joint resistance is underestimated when considering a linear sum-
mation of the normalized strength values. Therefore, further studies are
needed to determine the optimum interaction criterion exponents. Based
on previously mentioned existing standards [1,2] addressing the
multi-axial loading interaction criterion for offshore structures, Eq. (2)
can be proposed to design the wrapped composite joint subjected to
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combined axial tension and out-of-plane bending forces.

a p 7\ ¢
() (e ] ) = @
NxAu Mop.u Mip.u

Where Ny, Mop and Mj, are the design values for the tensile axial force,
moment out-of-plane and moment in-plane, respectively, whereas Ny ,,
Mop,u and M, are the corresponding ultimate values associated with
loading cases LC1 =LC7 =LC13 (Ny), LC6 (Mop) and LCI2 (Mjp),
respectively. The parameters a, f5, y and ¢ are the proposed interaction
exponents to be calibrated based on the numerical results presented in
the following sections. Specifically, the parameters a, f and y correspond
to the exponents of the normalized axial force, out-of-plane bending
moment, and in-plane bending moment, respectively, while ¢ governs
the interaction between the bending moments.

4.5.1. Interaction exponents calibration and 2D failure envelopes

To obtain the interaction exponents «, 3, y and ¢, a curve was fitted to
the numerical data by a non-linear regression through the least square
method for each fracture toughness value. Table 3 presents the multi-
axial interaction exponents that provide the best fit to the numerical
curves. The numerical results used for the calibration of the given ex-
ponents are presented in Fig. 16 for each plane defining the three-
dimensional failure envelope illustrated in Fig. 6. In other words,
Fig. 16a, b and c present 2D failure envelopes for the Ny + Mop, Nx + Mjp
and Ny + M;, + My, planes, respectively. The results are expressed in

terms of ultimate axial forces Ny plotted against the ratio \/Mip2 + MOPZ,

where Mj, and My, are the ultimate in-plane and out-of-plane bending
moments for each loading case. The purple, blue and green markers
represent the numerical outcomes for all loading combinations consid-
ering the three fracture toughness values evaluated in this work. In
parallel, the solid lines represent the fitted curves used to determine the
exponents o, B, y and {, and are shown together with the associated
coefficient of determination (RZ).

It can be seen that the two-dimensional failure envelopes for G,
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Fig. 15. Deformed shape of the joint for the LC15 (0.53 Ny + 0.42 My, +
0.42 Mj,) and G2 = 6 N/mm: (a) Front view showing debonding progression;
(b) 3D cut view showing deformation at failure.

Table 3
Interaction exponents found for the fracture toughness G.; = 7.5 N/mm, G2
=6 N/mm and G, 3 = 4.5 N/mm.

G =7.5N/mm G =6 N/mm G =4.5 N/mm
a=0.89 a=0.87 a=0.88
B =227 B =2.30 p=2.32
y=211 y=211 y =214
{=0.70 (=0.71 (=071

Ge,2, and G 3 presented consistent results between each other. The fitted
curves agreed very well with the numerical data obtained, with greater
deviations observed for the loading cases combining axial force and in-
plane bending moments (R?=0.995 for G¢,1 =7.5 N/mm). In general, it
was observed that the relationship between the ultimate axial force and
the ultimate vectorial combination of bending moments approaches a
quadratic polynomial function in all three planes (Ny +Mop, Nx +M;p and
Ny +Mip+Mop).

It can be also observed, through Table 3, that the exponents a, f, y
and ¢ exhibited slight variations when decreasing the fracture toughness
in 20% and 40%. The parameters y and ¢ presented the smallest changes,
with deviations of up to 1.4%, whereas a and g presented differences up
to 2.3%, thus indicating that these exponents are not significantly
affected by variations in interfacial strength and fracture toughness.

4.5.2. Interaction exponents calibration for a = 1.00
Nevertheless, in order to address practical design considerations, it
might be convenient to adopt an exponent a equal to 1.0. Therefore,
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based on the previous calibrated exponents reported in Table 3, the
exponent o was fixed as 1.0 and the remaining parameters were
manually fitted to the numerical data, aiming for a minimum R? in such
fitting scenario. Fig. 17 presents the resulting 2D failure envelopes for
a = 1.0. Identical exponents were adopted for all fracture toughness
values, and the parameters providing the best fit under the assumption
a = 1.00 were approximately = 2.25; y = 2.03 and ¢ = 0.65. In sum-
mary, the interaction exponents that best fit the numerical data shown in
Fig. 17 lead to the multi-axial interaction criteria expressed by Eq. (3),
where Ny, Mjp and M, represents the design axial force and the in-plane
and out-of-plane bending moments in the X-joint, respectively, while Ny
w Mijpyu and Mgy correspond to the associated ultimate values,
respectively.

N 1.0+ Mop 2.3Jr Mip 20 0’7_1
Nx, Mop, Mip, B

It can be noticed that satisfactory agreement was also achieved by
fixing the parameter a as 1.0. As can be seen in Fig. 17b, slightly greater
deviations are observed for G.2 = 6 N/mm in loading cases involving
combined axial tension and in-plane bending moments, with a small
reduction in the coefficient of determination R? from 0.998 to 0.996. In
general, although minor increase of deviations was observed when
compared to the previously derived exponents, the minimum coefficient
R? remained at 0.992 (see Fig. 17a), still indicating a very good agree-
ment. For full-multi axial loading cases (see Fig. 17¢), a minimum co-
efficient R? of 0.996 was found by fixing the parameter a as 1.0.
Moreover, the relationship between the ultimate axial force and vecto-
rial combination of in-plane and out-of-plane moments continues to be
well approximated by a quadratic polynomial function in all three
planes.

Furthermore, curves regarding different fracture toughness could be
well fitted using the same multi-axial interaction exponents, thereby
reinforcing that the multi-axial interaction exponents are not signifi-
cantly influenced by fracture toughness values. Therefore, Eq. (3) can
initially be proposed for the design of wrapped composite joints sub-
jected to combined loading conditions, including axial loads (Ny), out-
of-plane bending (M,p) and in-plane bending moments (Mjp). The re-
sults can be applied, for instance, by independently determining the
joint resistance under axial load and bending moments, either experi-
mentally or numerically, for different geometries and subsequently
applying the interaction exponents to verify the joint under multi-axial
loading conditions. This approach is consistent with current design
practices for welded joints [1,2,15,16,32], in which similar interaction
formulations are adopted.

Moreover, the presented results are transferable to other glass-fiber
composites with different volume fractions and fiber architectures,
provided they exhibit quasi-isotropic behavior. For instance, composites
with higher volume fractions and consequently, higher elastic moduli,
are expected to exhibit different fracture toughness thus different
debonding resistance. However, as demonstrated throughout this paper,
this would not affect the multi-axial interaction exponents, which are
not dependent on the fracture toughness.

Further validation against multi-axial experimental data is planned
for future work to establish the most appropriate set of exponents for
wrapped composite joints. The primary objective of this paper is to
demonstrate that variability in the interface fracture toughness does not
significantly influence the exponents defined in Eq. (3). This under-
standing may contribute to a substantial reduction in time and resources
waste, representing a valuable outcome for the development of future
design guidelines. This is particularly relevant when considering the
challenges associated with obtaining reliable fracture toughness pa-
rameters with a basis on fracture mechanics experiments, as well as the
high variability typically observed in composites material properties.

3
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Fig. 16. 2D numerical failure envelopes for G.; = 7.5 N/mm, G.2 = 6 N/mm and G 3 = 4.5: (a) plane Ny + Mop; (b) plane Ny + Mjp; () plane Ny + Mjp + M.

5. Conclusions multi-axial loading interaction criterion combining tensile axial force
with in-plane and out-of-plane bending load in the joint. Eighteen

A medium-scale X-shaped wrapped composite joint was simulated loading cases were considered to generate the failure envelopes corre-
using a 3D finite element model based on the CZM approach in order to sponding to three different values of fracture toughness (G.; =7.5 N/
assess the influence of the fracture toughness on the exponents of the mm, G¢2 =6 N/mm and G 3 =4.5 N/mm). Following conclusions can be
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Fig. 17. 2D numerical failure envelopes for a = 1.0: (a) plane Ny + M,p; (b) plane Ny + Mjp; (c) plane Ny + Mjp + Mop;.

drawn from this work:

e For all loading cases, the joint experiences a steady progressive
debonding between steel and composite materials at the level of
chord and braces, until ultimate load.

12



G. Cintra et al.

e Reductions of fracture toughness by 20% and 40% led to propor-
tionally less reduction of joint resistance to axial and bending loads
and the combinations thereof investigated here. Reduction of frac-
ture toughness by 20% (from 7.5 N/mm to 6.0 N/mm) led to
approximately 12% and 10% decrease of resistance to axial force and
bending moments, respectively. Similarly, reduction of fracture
toughness by another 20% (from 6.0 N/mm to 4.5 N/mm) led to
additional reduction of approximately 10% in resistance to axial
force and bending moments.

The multi-axial interaction exponents calibrated from the numerical
data presented minor variation for different fracture toughness
values, with differences lower than 2.3%, even when decreasing the
fracture toughness up to 40%. Therefore, it can be concluded that
these parameters are not significantly influenced by changes in the
interfacial strength or fracture toughness.

From an engineering perspective, these conclusions imply that var-
iations in interface quality, manufacturing methods or other factors
affecting the given fracture parameter do not significantly affect the
governing design check in terms of interaction exponents values.
Furthermore, this finding may represent an important contribution for
future design guidelines and offer a valuable simplification in the
calculation procedure, especially when considering the inherent vari-
ability of composite materials and the experimental challenges associ-
ated with accurately determining fracture toughness.
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