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ARTICLE INFO ABSTRACT

Keywords: The dominant failure mode in the non-welded wrapped composite joints made with GFRP composite material
Wrapped composite X-joints wrapped around steel circular hollow sections (CHS) is characterized as interface debonding. However, in the
Circular hollow sections (CHS) ultimate load joint experiments, debonding process was merely inferred from the surface strain distribution
D?§°nd}ng . obtained by the digital image correlation (DIC). A thorough understanding and explicit illustration of debonding
Digital image correlation (DIC) . . . .. . . . . . .

FE models mechanism in wrapped composite X-joints is needed with help of finite element modeling (FEM), in order to
CZM (cohesive zone modeling) provide prediction models for design of wrapped composite joints in engineering structures. In this paper, two FE
Four-linear traction-separation law models were developed to simulate the debonding behavior of small-scale and medium-scale wrapped composite
Numerical validation 45° X-joints in monotonic tensile tests previously conducted by the authors. A new strategy of modeling complex

composite geometry using 4-node tetrahedral elements (C3D4) without defining composite lay-up was proposed.
The cohesive zone modeling (CZM) approach was utilized to simulate the debonding behavior of composite-steel
interface with introduction of a new four-linear traction-separation law. The generated FE models were validated
by good agreement between numerical and experimental results in terms of load-displacement response and
surface strain distribution throughout the failure process at two joint scales. The validated models gained good
insight into the joint debonding mechanism and determined the surface strain threshold for quantifying the
debonding length. Development and validation of the FE models with unique set of parameters aligned well with
the experiment results at two different scales is an important step for prediction and design of wrapped composite
joints.

1. Introduction (continued)
FSDT first-order shear deformation theory
The welded circular hollow section (CHS) joints have been exten- 4 tensile stress in the composite wrap )
. . . . . . T shear stress at the composite-steel bonded interface
sively used in the jacket structures supporting offshore wind turbines, ¢ thickness of the composite wrap
which are subjected to long-term cyclic loading. There are generally two x the coordinate in the longitudinal direction along the bonded interface
reinforcing schemes related to welded CHS joints aiming to enhance C3D4 the 4-node linear tetrahedral element
their load capacity and mitigate stress concentrations and unfavorable C3D8 the 8-node linear hexahedral element
fail des: 1) steel reinforci h ioint inf d by steel CZM cohesive zone modeling
allure modes: steel reinforcing scheme, €.g., joints reinforce y stee . . .
CTOD crack tip opening displacement
collar plates [1-4], steel doubler plates [5], etc., and 2) FRP strength- SERR strain energy release rate
ening scheme, e.g., FRP-strengthened CHS T/Y-joints [6-14], X-joints COF coefficient of friction
[15-19], Gap K-joints [20,21], and KT-joints [22,23]. “p” onset of plasticity of the fracture process of the composite-steel bonded
interface
Nomenclature “c” onset of cracking of the fracture process of the composite-steel bonded
interface
“b” onset of fiber bridging of the fracture process of the composite-steel
CHS circular hollow section bonded interface
(continued on next column) (continued on next page)
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Fig. 1. a) The offshore wind jacket, the full-scale wrapped composite K-K joint [25], and the full-scale wrapped composite K-joint; b) the full-scale wrapped
composite 2Y 45° joint (further names as 45° X-joint), and the specimens of wrapped composite 45° X-joints in small-scale (Ss) and medium-scale (Ms) in the ultimate

load experiments [26].

(continued) (continued)

“f” failure of the fracture process of the composite-steel bonded interface r rupture

8p, 8¢, 8p, 8¢ CTOD at the stage of “p”, “c”, “b”, “f” cX45 wrapped composite joints, X geometry at 45 angle between braces and

Gp, Oc, Ob, cohesive traction at the stage of “p”, “c”, “b”, “f” chord

of Ss, Mg small-scale, medium-scale joints

Gie tip critical SERR at crack initiation in mode I fracture F, the ultimate load applied on the joint brace

Gie critical SERR at crack propagation in mode I fracture d brace diameter of the joint

Gt tip critical SERR at crack initiation in mode II fracture Ly, twn Wrapping length on the brace, nominal wrapping thickness

Grie critical SERR at crack propagation in mode I fracture

CSDMG damage variable of the cohesive interface in ABAQUS

KOF ﬁiize;:;ie:i‘;‘: In addition to the above-mentioned strengthening techniques for

L elastic load limit welded CHS joints, a new type of CHS joint, i.e., wrapped composite

i initiation of debonding from wrap root joints, has been proposed by the authors [24]. In this innovative joint,

B progression of debonding from wrap root the weld is excluded to eliminate the source of notch effects and residual

y Initiation °§ Sdte;’l y“i‘?ld“;g a stresses and to fully unlock the application potential of CHS restricted by
tiat: . .

: ;:ai(alﬁzo ebondiig from wrap en current welding technology. Unlike FRP-strengthened welded CHS

(continued on next column)

joints, in wrapped composite joints, the steel tubes are connected by a
much thicker FRP composite wrapping to ensure that the load is only
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transferred through the bonding between the FRP and steel tubes. The
wrapped composite joints are designed to be applied in offshore wind
jackets, aiming to enhance their fatigue resistance and contribute to the
energy transition.

The focuses of studies in terms of wrapped composite joints by the
authors [26-28] were on the K-K joint in offshore wind jackets as
illustrated in Fig. 1a, which are prone to tensile fatigue failure. Its ge-
ometry was simplified to K-joint to limit load conditions to uniplanar
tension aiming to facilitate understanding of its failure mechanism. The
K-joint was further designed as the 2Y 45° joint as shown in Fig. 1b with
comparable stress concentration to allow for application of laboratory
uniaxial tensile loads. The 2Y 45° joint was subsequently named as 45°
X-joint for simplification of nomenclature. Considering limitations of
laboratory machines in terms of load capacity and clamping devices, in
the performed lab tests the geometry of the full-scale wrapped composite
45° X-joint was downscaled to 1/3 and 1/12 as the small-scale and
medium-scale geometry, respectively [26-28]. The conducted fatigue
tests proved superior fatigue endurance of wrapped composite X-joints
over welded counterparts [27]. The ultimate load experiments shown
improved initial stiffness and elastic load limit of wrapped joints
compared to welded connections, and identified debonding of the
composite-steel bonded interface as the predominant failure mode [26].

Nevertheless, a comprehensive and thorough understanding of the
debonding process in the joints is missing attributed to the limitations of
digital image technique (DIC) technique, through which the debonding
process can only be inferred implicitly by analyzing the surface strain
variation. Finite element modeling should be developed to clarify the
debonding process after the FE model is calibrated by the experimental
data.

There are two key challenges to conquer in simulating debonding of
wrapped composite X-joints: 1) how to model the thick composite
wrapping with complex and curved geometry; 2) how to model the
bonding behavior of composite-steel bonded interface. The most rele-
vant research studies can be found in the literature regarding simulating
FRP-strengthened CHS T/Y-joints [6-14], X-joints [15-19], Gap K-joints
[20,21], and KT-joints [22,23]. In these studies the composite wrapping
was modeled using either the 4-node conventional shell element (S4R in
ABAQUS [29]) [6-12], [20-23] or the 8-node conventional element
(SHELL281 in ANSYS [30]) [13-19]. Both element types are shell ele-
ments that only enforce the Mindlin-Reissner plate theory also known as
first-order shear deformation theory (FSDT) [31-33]. The
through-thickness shear deformation is considered to be constant in this
case to represent shear modulus characteristics of FRP composites [34].
Using conventional shell elements to model FRP wrapping is applicable
in the case of FRP retrofitted joints considering that:

1) the layup configuration can be easily defined since the wrapping
thickness is relatively small without significant variation especially
at the intersection region (no more than 10 mm);

the through-thickness shear deformation of laminates is relatively
small since the main load is still transferred by the welds. Therefore,
the assumption that the through-thickness shear deformation is
constant during the loading process by FSDT would not penalize the
modeling results significantly [35].

2

—

However, establishing the layup configuration for the composite
wrap in wrapped composite joints using conventional shell elements like
S4R or SHELL281 is challenging, primarily due to the large variability in
thickness and complex geometry, especially in the region where the steel
components intersect. The difficulty in building up layup configuration
can be overcome by using continuum shell (CS) elements, which possess
more nodes to depict the thickness and can be stacked to represent the
sublaminates [34]. Nevertheless, as a type of shell elements being
incompressible and inextensible, CS elements are not able to deform in
thickness direction and therefore simulation of through-thickness shear
deformation is penalized. If good accuracy in simulating significant
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through-thickness shear deformation is required, as in the case of
modeling wrapped composite joints, neither conventional nor contin-
uum shell elements suffice [35]. Having a similar topology to CS ele-
ments, 3D solid elements are able to accurately capture
through-thickness shear behavior, as they do not incorporate the FSDT
considering that their thickness is not necessarily constant during
analysis. However, an alternative damage criterion should be proposed
using 3D solid elements to simulate through-thickness shear behavior.
This is because the Hashin damage criteria [36], normally used to
simulate damage of composite laminates modeled by thick shell ele-
ments in the previous studies [6-8], [12,20], is not able to simulate
out-of-plane behavior and is not implemented for solid element in
ABAQUS.

Most of the above-mentioned studies [6-14], [22,23] considered the
composite-steel interface as a perfect bond state in the finite element
modeling (FEM). This strategy is feasible in modeling FRP-strengthened
steel joints, as the bonded interface remains intact during the loading
process considering that the main load is transferred through welds. Part
of these studies [20,21] utilized the surface-based cohesive contact to
simulate the interface behavior between composite laminates and steel,
but the bond-slip behavior was assumed elastic. Obviously, these two
modeling strategies are not applicable to modeling wrapped composite
joints, where accurately simulating the progressive debonding of the
composite-steel interface is essential. As the debonding of the
bi-material interface exhibits non-linear fracture behavior, it cannot be
adequately modeled using linear elastic fracture mechanics (LEFM).
Instead, the cohesive zone modeling (CZM) approach can be employed
to simulate the non-linear interface behavior, where the constitutive
behavior of the fracture process zone (FPZ) is defined by a
traction-separation law. However, currently the CZM was mainly
applied to simulation of delamination within composite laminates
[37-42]. Limited studies were conducted on application of CZM to
modeling interface behavior between steel and composites [43,44]. The
difficulties in using CZM to model debonding between composites and
steel surfaces can be summarized in three aspects:

1) High dependency of the traction-separation law on the surface
treatment of steel, fiber layup, and types of adhesives;

2) The inherent presence of mode mixity due to loading asymmetry and
material asymmetry across the interface [45];

3) Influence of friction on the fracture behavior of the interface.

The research presented in this paper focused on the development of
the finite element (FE) model to simulate debonding process of small-
scale and medium-scale wrapped composite X-joints subjected to a
monotonic tensile load. To accurately simulate the large through-
thickness shear deformation of composite wrap, the 4-node tetrahedral
(C3D4) element was used. The “smeared crack approach” normally used
in modeling concrete was utilized in modeling the composite wrap with
complex geometry, where the mesoscale damage of composite plies is
equivalently simulated by plastic deformation of the macroscale lami-
nates. The surface-based CZM approach was utilized to simulate the
debonding behavior of composite-steel interface with introduction of a
new four-linear traction-separation law. The mode I and mode II cohe-
sive laws were obtained through double cantilever beam (DCB) and end
notched flexure (ENF) tests, respectively, conducted at the material level
by the authors [46,47]. Additionally, mode mixity was taken into ac-
count. The FE joint model was validated by good agreement between the
experimental and numerical results in both global response and local
surface strain distribution throughout the debonding process. The vali-
dated joint model revealed the debonding mechanism of wrapped
composite joints and determined the threshold of surface strain in
quantifying the debonding length in monotonic experiments.
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Table 1
Overview of test series of wrapped composite 45° X-joints.

Test Specimens Scale Figure number of
series geometries
1 cX45-Ss-T_S1/2/3/4/  Small-scale Fig. 2a
5
2 ¢cX45-Ms-T_S1/2/3 Medium- Fig. 2¢
scale

2. Geometry and material of wrapped composite 45° X-joints

This section gives a short review on the configuration of wrapped
composite 45° X-joints in monotonic tensile tests performed by the au-
thors in the previous study [26]. Two series of tests are conducted on the
small-scale and medium-scale X-joints, respectively, as summarized in
Table 1. Geometries of the joints with dimensions are illustrated in
Fig. 2. 45° X-joints at small-scale are composed of two CHS 60.3/4 brace
members and one CHS 108/5 chord member, while joints at
medium-scale consist of two CHS 219/6 brace members and one CHS
324/10 chord member. The joint dimensions at medium-scale are 30 %
of the real-scale in off-shore jacket supporting structures for wind tur-
bines, where the brace and chord members are typically within
600-1200 mm range in diameter. At two scales, different values of
wrapping length (4 times the brace diameter at small scale, 2.5 times the
chord diameter at medium scale) and different values of the parameter
2 L/D (5.6 at small scale, 4.3 at medium scale) were chosen. The aim is
to calibrate and validate the unique set of material properties used in the
numerical model. The aim of conducting monotonic tensile tests at two
scales is to investigate the size effect on the debonding mechanism. The
following naming convention of the joint specimens is used: cX45 —
wrapped composite joints, X geometry at 45 angle between braces and
chord; Ss, Ms — small-scale and medium-scale, respectively; T — mono-
tonic tensile load scenario; S1/2/3/etc. - nominally identical specimens,
number 1, 2, 3, etc.

The CHS profiles of all specimens are made of mild steel with grade
S355. CHS tubes are connected by E-Glass fiber mixed with thermoset
resin with volumetric fraction ranging 30-32 % and wrapped (lami-
nated) around steel hollow sections. It should be noted that the com-
posite wrap is directly bonded on the steel tubes without application of
intermediate adhesive layer so that the failure mode related to adhesive
is eliminated. Steel tubes are grit blasted and chemically degreased as
surface preparation prior to wrapping to ensure good bonding strength
between the composite wrap and the steel tubes. The alignment of the
steel tubes is controlled to be less than 0.5 mm misalignment. The hand
lamination (wrapping) procedure is fulfilled in a couple of steps with
quality control to ensure smooth thickness transition, good compaction
and avoiding air gaps. The maximum thickness of the composite wrap is
14 mm and 26 mm at small and medium-scale, respectively, at the root
location, and decreases to 0 mm at the end of the bonded connection, see
Fig. 2. No post-curing is applied to the wrapped specimens. The
repeatability of the production is assured by using only certified lami-
nators in the factory where the joints are produced. Temperature, hu-
midity, surface roughness and cleaning, peroxide type and content, resin
shell, and cleaning of the glass fiber and mats are strictly controlled
through the quality control and assurance program.

E-Glass fiber is composed of bidirectional woven fabric and chopped
strand mat to perform quasi-isotropic behavior. The used resin is
toughened vinyl ester resin aiming for improvement of the elastic load
limit and failure displacement of the joints [48]. Mechanical properties
of the mild steel and the composite laminate are summarized in Table 2.
The standard tensile/compressive/in-plane shear/double beam shear
coupon tests are conducted to obtain these material properties based on
ISO standard [49-54].

Engineering Structures 321 (2024) 118969
3. Review of the experimental work

The monotonic tensile tests of wrapped composite 45° X-joints per-
formed by the authors in the previous study [26] are briefly reviewed in
this section. An extensive experiment program was conducted to
investigate the debonding behavior of the joints at small-scale and
medium-scale. Fig. 3 illustrates the test set-up and the failure modes of
small-scale X-joints under monotonic tensile load. The specimens are
installed in the Universal Testing Machine (UTM) with 800 kN loading
capacity equipped with hydraulic clamping heads in Stevin lab 2 of TU
Delft. The axial load on braces is applied through gripping the ends by
pairs of preloaded steel clamps with pins inside, as shown in Fig. 3b, in
order to obtain uniform stress distribution in cross section at load
introduction. Load is applied by displacement control with rate of
1 mm/min to provide quasi-static loading condition. The predominant
failure mode is full debonding of the bonded interface on the braces (See
Fig. 3b), followed by the final pull-out of the steel brace member from
the composite wrap.

Fig. 4 shows the test set-up and the failure modes of wrapped com-
posite X-joints at medium-scale. The monotonic tensile experiment is
conducted in the 6-meter-high loading frame with 2.5 MN loading ca-
pacity. The specimen is pin connected to the loading frame through the
ear plates with #100 mm cylindrical hole, which are welded through
end plates to the braces. Load is applied by controlling the hydraulic jack
moving upward, with the displacement control with rate of 1 mm/min
to obtain quasi-static loading condition. Similar to small-scale joints, full
debonding on the bonded interface on the brace followed by final pull-
out of steel brace member from the composite wrap is the predominant
failure mode at the medium-scale. In addition, delamination at the root
of wrap and at the end of wrap on braces is observed, see Fig. 4b.

In the tests at both scales, the 3-dimensional (3D) Digital Image
Correlation (DIC) system is used to measure both longitudinal extension
between ends of the specimens and distribution of surface strain of the
joints to indirectly track the propagation of the debonding crack, see
Fig. 4. GOM Aramis adjustable base 12MPx system is used which in-
cludes two cameras with 12-megapixel resolution, controller, and
graphical analysis software to acquire and process test data. Two
measuring volumes are used corresponding to two scales. The
1900 x 1400 x 1400 mm? measuring volume is utilized in the medium-
scale tests, while the 750 x 610 x 610 mm? measuring volume is used
in the small-scale tests. Speckle patterns are applied on the specimens’
surface by spray method with grain size of approximately 2 and 4 mm in
small-scale and medium-scale experiments, respectively, see Fig. 3 and
Fig. 4. Polarized blue light is used to limit the influence of variation of
ambient light on measurement accuracy. The experimental response and
failure mechanism were explained in great detail by the authors [26].

4. Finite element modeling (FEM)

This study employed ABAQUS [29] to simulate debonding behavior
of wrapped composite 45° X-joints sustained to monotonic tensile load,
due to its excellent performance in non-linear analysis and contact
analysis in the present numerical investigations. The through-thickness
shear deformation of composite wrap was properly modeled without
tedious work to build up layup configuration in complex and curved
laminate geometry. The cohesive contact approach was utilized to
simulate  progressive = debonding process. The associated
traction-separation law parameters were chosen in accordance with the
interface test results conducted by the authors [46,47]. The effectiveness
of the joint model was demonstrated.

4.1. Geometries and dimensions
Geometries of the FE models of the 45°X-joints at small-scale and

medium-scale are illustrated in Fig. 2b and Fig. 2d, respectively. In order
to save computational costs, only half geometry was built for each type
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Fig. 2. Geometries of wrapped composite 45° X-joints in monotonic tensile experiments: a) small-scale X-joints in experiments; b) small-scale X-joints in FEM - front
and back view; ¢) medium-scale X-joints in experiments; d) medium-scale X-joints in FEM - front and back view.
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Table 2
Mechanical properties of mild steel and composite laminate used in production
of wrapped composite X-joints.

Material Mechanical properties Average value Standard
(and CoV [%])
Mild steel Tensile modulus — E 210000 MPa ISO 6892 —1
(5.74) [49]
Yield strength - o, 360.91 MPa
(4.86)
Composite In-plane tensile strength 216 MPa (5.78) 1SO 527 -1
laminate inx/y direction—fy ; = fy,t [50] and
In-plane tensile modulus 11798 MPa 527 —2[51]
in x/y direction — Ey (6.37)

=Ey;
In-plane compressive
strength in x/y direction —

Sre=Fye

200 MPa (3.79) ISO 14126[52]

In-plane compressive 12077 MPa

modulus in x/y direction (4.50)

— Ex,c= Ly,

In-plane shear strength — 72.2 MPa (2.59) 1SO 14129(53]
fryw

In-plane shear modulus — 3120 MPa (6.81)

Gyy

Out-of-plane shear 1SO 19927[54]
strength — fy, v
Out-of-plane shear

modulus - Gy,

35.74 MPa (4.85)

2686 MPa (7.35)

of joint, based on the original geometry. The dimensions of the circular
hollow sections and the composite wrap in the models are consistent
with those in the experiments to eliminate the influence of joint geom-
etry on the modeling results.

4.2. Boundary conditions, load application and analyses method

The boundary conditions used in the FE models of small-scale and
medium-scale 45 X-joints are illustrated in Fig. 5b and Fig. 6b, respec-
tively, compared to experimental set-up shown in Fig. 5a and Fig. 6a. At
both scales, the symmetry boundary condition in the global Z direction
is applied to the mid-plane of the joint’s half geometry, with respect to
the symmetric tensile load.

In the tensile test of small-scale 45 X joints, the load is transferred
through gripping the brace members by the steel clamps. Since no
sliding occurs between the clamps and the braces, simplified boundary
conditions are used where geometry of the clamps, pins, and the part of
braces gripped in between are not considered. Two reference points
(RPs), named “Top” and “Bottom”, are created at the center of the

Support on the frame
with load cell inside

- Clamping Force
Brace
Speckle patterns
Chord

- Clamping Force

Steel clamp
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circular cross-sections of the top and bottom braces, which are posi-
tioned on the edges of the steel clamps. The circular cross-sections are
kinematically constrained (coupled) to the two RPs in all degrees of
freedom to replicate the load transfer in the tests. The displacement-
controlled failure loading in experiments is replicated by imposing
displacement/rotation boundary conditions at the RPs “Top” and “Bot-
tom”. The negative vertical displacement (U2) is applied to the RP
“Bottom” while the in-plane rotation UR3 is released at both RPs “Top”
and “Bottom” to simulate the load application as in the tests. It should be
noted that 2/3 is designation for the global Y/Z direction. All other
degrees of freedom (DOF) at the two RPs are fixed. The values of the
vertical displacement (U2) and the vertical reaction force (RF2) at the
RP “Bottom” are extracted for analysis of the joint global response.

In the medium-scale joint model, the stiffness of the steel ear plates
(the orange parts), and the steel connection plates (the blue parts)
cannot be regarded infinite compared to the joints, see Fig. 6. Therefore,
their geometries are included in the joint model to ensure good matches
of global stiffness to the test results. Two RPs, “Top” and “Bottom”, are
created at the center of the hollow cylinder of the top and bottom ear
plates, respectively, and are kinematically constrained (coupled) to the
hollow cylindrical surfaces in all degrees of freedom to replicate the load
transfer in the tests. The displacement-controlled failure loading in ex-
periments is replicated by imposing the displacement/rotation bound-
ary conditions at the RPs “Top” and “Bottom”. The positive vertical
displacement (U2) is applied to the RP “top” to replicate the load
application as in the tests, while the in-plane rotation UR3 is released at
both RPs. All other DOF are fixed. To allow for analysis of the joint
global behavior, the vertical reaction force (RF2) is extracted at the RP
“top”, while the vertical displacements (U2) are extracted from points
located 100 mm away from the two RPs, “Top” and “Bottom”, aligning
with DIC measurements in the experiments, as shown in Fig. 6b.

Monotonic failure analysis of the joints is modeled in the quasi-static
manner using the ABAQUS/Explicit solver [29] because it does not have
the usual convergence issue as does the Implicit solver. To enhance the
computational efficiency, the massing scaling method is utilized. How-
ever, this method tends to increase the inertia forces in the modelling
and sometimes leads to useless results. A compromise should be found
between the acceptable computational costs and the quality of the re-
sults. In the present study, mass scaling with desired time increment of
0.002 s is finally used in the joint modeling. Quality of the modeling
results is verified by matching applied and reaction forces during the
displacement application process. The desired time increment is selected
when a linear match is reached between input and output forces with no
fluctuations, as shown in Fig. 7.

Platform with
hydraulic jack inside

Fig. 3. Monotonic tensile experiments of wrapped composite X-joints at small-scale: a) test set-up; b) failure modes [26].
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Hydraulic jack

Load cell
Hinge with pin

Brace

Speckle patterns

Fig. 4. Monotonic tensile experiments of wrapped composite X-joints at medium-scale: a) test set-up; b) failure modes [26].
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with load cell inside

a)

4~ Clamping Force

Brace

Speckle patterns

Chord

Platform with
hydraulic jack inside

b)

U1=U2=U3=0; UR1=UR2=0
Reference point
"Top"

Coupling constraint
in U1/2/3, UR1/2/3

Symmetry boundary
condition
U3=URI1=UR2=0

[l Steel members
[l Composite wrap

L.

Reference point

"Bottom" *—_Coupling constraint
Uzl in U1/2/3, UR1/2/3

U1=U3=0; UR1=UR2=0

Fig. 5. Boundary conditions in b) the FE model of small-scale 45 X joints based on a) experimental set-up.

4.3. Modeling strategy of composite wrap and steel tubes

A notable characteristic of wrapped composite joints compared to
FRP-strengthened joints [6-14], [20-23] 1is the significant
through-thickness shear deformation of composite wrap due to absence
of welds. The reason of the considerable through-thickness shear
deformation within the composite wrap is explained with reference to
Fig. 8a ~ Fig. 8c. Fig. 8a illustrated the equilibrium of an infinitesimal
element of composite wrap, and the equilibrium is expressed in Eq. 1:
[55].

z (€Y

where ¢ and 7 are the tensile stress in the composite wrap and the shear
stress at the interface, respectively, t is the thickness of the wrap, and x is
the coordinate in the longitudinal direction. Fig. 8b and Fig. 8c show the
through-thickness shear stress distribution along the thickness of the
composite wrap at the crack tip, the bonded region, and the debonded
region, generated from the calibrated FE model. In an idealistic case

without friction at the cracked interface, the load is transfer merely by
the axial stress of the wrap (do = 0), and the shear stress 7 at the cracked
interface is equal to 0. Consequently, the through-thickness shear stress
at the debonded region is rather low and is increased slightly close to the
interface due to friction effect, as shown in Fig. 8b. In the bonded region,
the shear stress 7 at the interface is significant either due to bonding or
friction at the bonded interface. Therefore, the through-thickness shear
stress within the wrap is more pronounced than the debonded region,
see Fig. 8b. The through-thickness shear stress t at the crack tip is
dominated, as shown in Fig. 8b, attributed to the axial stress concen-
tration of the composite wrap and the shear stress concentration at the
interface in this location. It should be noted that large through-thickness
shear stress t within the wrap leads to significant decrease of its thick-
ness t. If the composite wrap is modeled using shell element being
incompressible and inextensible, simulation of large through-thickness
shear deformation of composite wrap is prohibited, meaning that ac-
curate simulation of debonding on the interface is hindered. Conversely,
3D solid elements can be used to capture this behavior accurately, which
do not incorporate the FSDT as their thickness is not necessarily constant
during analysis and are selected to model composite wrap in the present
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simulation work.
There are two strategies to build the geometry of the composite wrap
using solid elements.

1) A mesoscale model: build the geometry of all plies within the com-
posite laminates and each ply is meshed with solid elements
individually.

2) A macroscale model: create the geometry of composite wrap as a
bulk piece to equivalently model the behavior between plies, without
defining layup configuration of the laminates. Meshing is generated
in the entire balk piece.

Creating a detailed layup geometry for the composite wrap is rather
challenging, especially when dealing with its complex geometry at the
region where steel members intersect, as well as in the region where the
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composite wrap tapers off to zero thickness. Even if individual plies were
built, the constitutive law needed to simulate delamination between
adjacent plies remains unknown, introducing additional material input
to the joint model. Moreover, aspect ratio limitations exist when using a
solid element to mesh an individual composite ply. A lamina should not
have the other two dimensions larger than about 10 times the thickness.
This would lead to a very refined mesh, resulting in a computationally
expensive solution [34]. To prevent these problems, the second strategy
is utilized in the current joint modeling.

Fig. 9 visualizes the above-mentioned modeling strategy and mesh of
composite wrap and steel hollow sections. The 4-node linear tetrahedral
(C3D4) element is used in meshing the composite wrap. The tetrahedral
element adapts well to the varied thickness of laminate in the complex
intersection region where it is challenging to mesh using hexahedral
elements. To accurately capture large through-thickness shear defor-
mation of composite laminate as a consequence of stress concentrations
at the crack tip, a relatively fine element size (2 mm in the small-scale FE
model and 4 mm in the medium-scale FE model) is used to mesh the
composite wrap in the region close to the bonded interface. To save
computational costs, the element size of composite wrap gradually in-
creases towards the outer surface (8 mm in the small-scale FE model and
16 mm in the medium-scale FE model), see the zoom-in view in Fig. 9.
The mesh size used was determined through a trade-off analysis
involving considerations of simulation accuracy, computational cost,
and the dimensions of the joint geometry in a mesh sensitivity study
performed by the authors [56]. The mesh sensitivity analysis also indi-
cated that the variable mesh size is applicable since it helps enhance
computational efficiency without sacrificing modeling accuracy. A
comparison between the numerical results using linear and quadratic
elements showed that, given the utilization of a relatively fine mesh,
linear elements do not significantly reduce numerical accuracy. The
brace and chord members were meshed by the 8-node hexahedral
(C3D8) element with constant size (2 mm in small-scale and 4 mm in
medium-scale). A local seed of 4 elements is assigned to the
through-thickness direction to accurately simulate its bending defor-
mation, as shown in Fig. 9.

4.4. Modeling strategy of composite-steel interface

The cohesive contact approach was employed to simulate behavior
of the composite-steel bonded interface, which is primarily applied to
situations as in wrapped composite joints where the interface thickness
is negligibly small. In this approach, the traction-separation law intro-
duced by CZM is assigned to the contact surface pairs. The contact
surfaces consist of the inner surface of the composite wrap and the outer
surface of the CHS members, as depicted in Fig. 10.

In the simulation of the progressive debonding failure process of
wrapped composite joints, the additional slip resistance provided by
friction at the bonded interface is non-negligible. Residual confinement
of wrap arising from contraction of the composite laminate on the steel
tubes enhances the frictional resistance of the bonded interface.
Contraction of the composite laminate is recognized to stem from the
curing process of the composite laminate during manufacturing of the
joint as well as from Poisson’s ratio effects of the composite wrap
generated from the tensile load application. In the current modeling, the
additional slip resistance of the bonded interface provided by friction
was considered by assigning the coefficient of friction (COF) to the
contact surface pairs illustrated in Fig. 10. A sensitivity analysis in terms
of the value of COF was performed by the authors in the joint modeling
to validate the contribution of friction to the debonding resistance [56].
The COF was increased from O (frictionless) to 0.6 with an increment of
0.1. The results showed that the ultimate load of the joints increased
monotonically with the increase in COF, and the ultimate loads in the
case of COF = 0.6 were 33 %~75 % larger than in the frictionless case.
To determine the COF values used in the joint modeling, a COF test was
conducted using the Rtec MFT-5000 tribometer in Stevin Lab 2 at TU
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Fig. 10. Contact surface pairs assignment in cohesive contact approach — an
example of small-scale 45 X-joint model.

Delft [56]. The test coupons were composed of steel and composite
plates, which were cut from the debonded interface of the joints after the
monotonic tensile tests, with a contact surface of 25 mm x 10 mm. The
test results indicate that the value of COF between composite wrap and
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steel is within the range of 0.5-0.6.

4.5. Material model of composites, steel, and composite-steel interface

As explained in Section 4.3, using shell elements to simulate
considerable through-thickness shear deformation in the composite
wrap is inconceivable due to their incompressibility and inextensibility.
Alternatively, 3D solid elements can accurately capture this behavior, as
they do not employ the FSDT since their thickness varies throughout the
analysis. However, an alternative damage criterion should be proposed
using 3D solid elements to simulate through-thickness shear behavior.
This is because the Hashin damage criteria [36], normally used to
simulate damage of composite laminates modeled shell elements [6-8,
12, 201, is not able to simulate out-of-plane behavior and is not imple-
mented for solid element in ABAQUS.

In the present research study, the smeared crack approach [57,58]
was utilized in modeling the material behavior of the composite wrap. It
assumes the cracked composite material to remain a continuum and
relies on the modification of the mechanical properties of the composite
laminate at the meso-scale (stiffness degradation) to account for the
effect of cracking within composite plies and delamination between
adjacent plies at the micro-scale. In other words, the anisotropic plas-
ticity model is used in the current study to equivalently simulate the
overall softening behavior of the composite laminate due to the com-
bination of damage occurring at the micro-level of matrix, fibers and the
interlaminar interfaces. Using the anisotropic plasticity model with 3D

a)
c
% () | | p: onset of plasticity
E ' fetip c: onset of cracking
= : b: onset of bridging
z ' f: failure
'-g . Gl,soft-
(&) ]
© 1
= 1
()'b -
]
]
!
0
0,
CTOD (mm) f
o (o )____C b p: onset of plasticity
cnP c: onset of cracking
. b: onset of bridging
g f: failure
é Gp - -
s |
"8 1 GIIc,ﬁp
[0
= : . GII,soft
: /. GII,br
1
1
1
f
1
0%

)

f
CTOD (mm)

Fig. 11. Schematic view of the cohesive laws in a) pure mode I and in b) pure mode II [46,61].
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Table 3
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Cohesive parameters of the cohesive laws in mode I and mode II fracture process of composite-steel bonded interface [46,47].

Onset of plasticity - stage “p” Onset of cracking - stage “c”

Onset of fiber bridging - stage “b”

Failure - stage “f” Critical SERR

Mode I Sy Gp (MPa) [ [ 8y Op ¢ of Gie,tip Gre
(mm) (mm) (MPa) (mm) (MPa) (mm) (MPa) (N/mm) (N/mm)
0.0015 14.67 0.012 14.67 0.054 1.47 0.394 0 0.17 0.76
Mode I 5y 6, (MPa) dc [ Sp [N S Of Giic,tip Grie
(mm) (mm) (MPa) (mm) (MPa) (mm) (MPa) (N/mm) (N/mm)
0.0015 14.67 0.025 22 0.069 22 0.087 0 0.45 1.6
2.0 - Table 4
verview of global response in experiments vs o oints at the small-
18- (0] i f global resp: in experi FEA of 45X joi h 1l
' scale and the medium-scale.
= 1.6 R
E Crack initiation Specimen or FE Initial stiffness [KN/  Elastic load limit ~ Ultimate load
s 1.44 —=—Crack propagation model mm N
S 1.4 Crack t del ] [kN] [kN]
o 1.2 €X45-85-T_S1 159.0 183.9 339.5
% 1.0- cX45-Ss-T_S2 163.3 182.2 346.5
n cX45-Ss-T_S3 160.3 180.5 347.4
w 0.84 €X45-Ss-T_S4 171.9 180.4 346.0
:,.% 0.6 - cX45-Ss-T_S5 170.3 184.9 344.9
6 . Average 164.9 (3.15) 182.4 (0.98) 345.7 (1.01)
0.4- (and COV [%])
¢cX45-Ss-T_FEM 173.4 182.1 346.5
0.2+ Deviation (%) 5 0.1 0.2
0.0 . . . . . Specimen or FE Initial stiffness [kKN/ Elastic load limit Ultimate load
0.00 0.25 0.50 0.75 1.00 model mm] (kN] [kN]
Mi fi cX45-Ms-T_S1 349.2 1193 1483
IX ratio X45-Ms-T_S2 345.2 1139 1353
Fig. 12. Strain energy release rate for crack initiation and crack propagation in CX45-Ms-T_S3 3415 1053 1640
function of mode mix ratio in CZM Average 345.3 (0.92) 1128 (5.11) 1492 (7.88)
’ (and COV [%])
cX45-Ms-T_FEM 351.4 1048 1659
solid elements to simulate the material behavior of composite wrap in Deviation (%) 2 7 11

ABAQUS is based on the three prerequisites:

1) The joint model is subjected to monotonic loading, thereby circum-
venting any differences in permanent deformation within the mate-
rial due to plasticity or damage resulting from a hysteretic load.
The composite laminate used in wrapped composite joints exhibits
significant non-linear behavior, particularly in the through-thickness
shear direction, owing to enhanced fracture toughness of resin and
design of the composite ply material and configuration.

The composite wrap is deliberately designed with sufficient thick-
ness to prevent major crack. This ensures the feasibility of employing
the smeared crack approach in the current modeling.

2

—

3

-

The mechanical characteristics of the anisotropic plasticity model for
the composite laminate in ABAQUS are determined based on the results
of the material coupon tests summarized in Table 2. To validate the
anisotropic plasticity model, it is incorporated into a 4 x 4 x 2 mm
cuboid part in ABAQUS meshed with C3D4 elements. Good agreement is
reached between the numerical stress-strain curves and the coupon
experiment stress-strain curves in terms of various loading scenarios (in-
plane tensile, in-plane shear, and out-of-plane shear loads [56]).

The non-linear behavior of steel tubes is simulated by an isotropic
plasticity model in ABAQUS. The elasticity properties for a S355 steel
grade such as the elastic modulus (E = 210 GPa), nominal yield stress (f,
= 355 MPa) and nominal ultimate stress (f, = 510 MPa) in combination
with isotropic hardening are defined in the plasticity model.

A four-linear traction-separation law is introduced to simulate the
fracture process of the composite-steel bonded interface with three
distinct phenomena: 1) crack tip deformation [40], [59], [60], 2) soft-
ening [46], [47], and 3) fiber bridging [59]. They are distinguished by
four critical stages: “p” — onset of plasticity; “c” — onset of cracking; “b”
— onset of fiber bridging; “f” — failure. The shape of the cohesive laws in
pure mode I and mode II are shown in Fig. 11a and Fig. 11b, respec-
tively, with the cohesive parameters summarized in Table 3. They were
obtained through double cantilever beam (DCB) and end notched
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flexure (ENF) tests, respectively, conducted at the material level by the
authors [46], [47]. It can be seen that fiber bridging is governing in
mode I, while the softening phenomenon contributes the most to the
fracture toughness in mode IIL.

Determining mode mixity of the fracture behavior of the bonded
interface is essential for simulating debonding of wrapped composite
joints, given its prevalence in the bi-material fracture problem. In the
current modeling in ABAQUS, the mode mixity is defined in the manner
of energy [29], with the mix ratio determined as a ratio of the critical
strain energy release rate (SERR) in the shear direction to the total
critical SERR. Five mix ratios, i.e. 0 (pure mode I), 0.25, 0.5, 0.75 and 1
(pure mode II), are included in the cohesive zone modeling. The rela-
tionship between the critical SERR and the mix ratios is defined as
exponential to be aligned with the findings in the current literature [37],
see Fig. 12.

5. Validation of FE models of small-scale and medium-scale 45°
X-joints

The modeling strategy and input parameters presented in Section 4
are validated by comparing the joint numerical results to the joint
experimental results. This comparison encompasses the load-
displacement response, the debonding crack pattern at the composite-
steel interface and the analysis of surface strains.

5.1. Comparison of load-displacement response

Table 4 summarizes the comparisons involving global response as-
pects in terms of initial stiffness, elastic load limit and ultimate resis-
tance between the FE models and experimental tests at both the small-
scale and the medium-scale. A comparison of the load-displacement
curves obtained from the FE models versus the curves from joint ex-
periments is shown in Fig. 13. The elastic load limit in the FE model is
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Fig. 13. Load-displacement response of 45 X joint experimental tests and FE models at the a) small-scale and b) medium-scale.

determined by analyzing the stiffness of the load-displacement response
combined with the analysis of the damage variable (CSDMG) of the
bonded interface. The point on the load-displacement curve where the
decreasing rate of tangential stiffness suddenly grows and the crack
starts to initiate, as indicated by the CSDMG value, is identified as the
elastic load limit.

Table 4 indicates that the initial stiffness and the elastic load limit
from numerical simulation match well with the average values in ex-
periments, with a deviation ranging within 5 % and 7 %, respectively.
Fig. 13 shows scattering in ultimate resistance and failure displacement
in small-scale and medium-scale test specimens. This scattering is due to
variations in the coefficient of friction (COF) and mode II interface
fracture toughness among the tested specimens. To elaborate on these
variations, we have conducted model updating and sensitivity analysis
in terms of COF and mode II fracture toughness, see Section 6 for details.
In this Section, to facilitate comparison of the debonding process, we fit
the small-scale and medium-scale FE models to individual test speci-
mens (X45-Ss-T_S4 at small-scale and X45-Ms-T_S3).

It can be seen from the comparison of debonding process below that
at both scales, the joint fails due to full debonding on the braces. The
difference in the failure process is that debonding on the chord is mild
featuring more moderate softening after the elastic stage (200-300 kN)
at small-scale, while it is more sudden at medium-scale with a load drop
occurring between 3-7 mm applied displacement, as shown in Fig. 13.
The reasons are twofold: a) different values of 2 L/D of the chord
members at two-scale which influence the interaction of chord ovali-
zation and chord debonding; b) different ratios of chord diameter to
wrapping thickness. At the medium scale, the relative wrapping thick-
ness is smaller, making debonding on the chord more pronounced.

In summary, the global response of the joints obtained by the FE
model exhibits an acceptable relationship with the experimental test
results, thereby validating the selected modeling strategy and the

Table 5
Displacement and load magnitude at the critical stages of the debonding process
in FE models and experimental tests.

Critical stages Small-scale Medium-scale

X45-Ss- X45-Ss-T_FEM X45- X45-Ms-
T S4 (and Ms- T_FEM (and
deviation T_S3 deviation
[%]) [%])
Elastic load Disp. 1.11 1.05 [5.4] 3.31 2.98 [10.0]
limit (mm)
(stage 1e) Load 180.4 182.09 [0.9] 1053 1048 [0.5]
(kN)
Initiation of Disp. 1.78 1.49 [16.3] 4.64 5.82[25]
debonding (mm)
from wrap Load 234.4 234.2 [0.3] 1106 1108 [0.2]
root (stage (kN)
ir)
Initiation of Disp. 3.84 3.76 [2.1] 9.09 9.83[8]
steel (mm)
yielding Load 321.5 321.6 [0.03] 1571 1579 [0.5]
(stage y) (kN)
Initiation of Disp. 5.39 4.74 [12.1] - -
debonding (mm)
from wrap Load 341.5 340.7 [0.2] - -
end (stage (kN)
ie)
Rupture Disp. 6.75 6.60 [2.2] 20.36 19.44 [4.5]
(stage 1) (mm)
Load 346.0 346.5 [0.03] 1640 1659 [1.2]
(kN)

associated input parameters. This conclusion provides impetus for a
more in-depth comparison of the models and experiments in the
following section, delving into the composite-steel interface debonding
process.

Intersection region of the joint

Wrap end

{

Wrap root

Tensile load

h

Primary bonded interface

Tensile load

—

L

Secondary bonded interface

Fig. 14. A schematic overview of identified failure regions during the debonding process of wrapped composite X-joints (cross-sectional view).
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Fig. 16. Surface strains at linear elastic stage (stage A — 170 kN) on a) test specimen and on b) FE model, and c¢) damage variable of bonded interface of FE model

indicating fracture process.

5.2. Comparison of debonding process of composite-steel interface

The motivation for the comparison of the interface debonding pro-
cess in joint experiments and FE models is threefold:

1) Further validate the robustness of the defined modeling strategies
and the input parameters in joint FE models;

2) Understand the debonding process and interaction of failure modes
of wrapped composite joints by FE models, which cannot be achieved
explicitly from experiments;

3) Quantify the threshold of the principal strain on the surface of the
composite wrap to identify the debonding crack front in DIC analysis.

To facilitate more effective comparisons of the debonding process,
five critical stages are defined: stage l. — elastic load limit; stage i, —
initiation of debonding from wrap root; stage y — initiation of steel
yielding; stage ie — initiation of debonding from wrap end; stage r —
rupture. A schematic overview of the failure regions during the
debonding process is illustrated in Fig. 14. To mitigate the impact of
variability in the debonding behavior of X-joints in experiments,
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comparisons of the failure process is conducted between the FE models
and an individual specimen at the small-scale (X45-Ss-T_S4) and the
medium-scale (X45-Ms-T_S3), respectively. The values of the applied
displacement and the monotonic load at the defined critical stages in the
FE models are compared to those of the two specimens, as summarized
in Table 5.

5.2.1. Debonding process in the small-scale joint specimen X45-Ss-T_S4 and
the FE model

Comparisons of the load-displacement behavior between the small-
scale specimen X45-Ss-T_S4 and the FE model are shown in Fig. 15
with the critical stages marked by solid circles. The comparison of the
load and displacement magnitudes at the critical stages manifests a
resilient correlation, with deviations remaining below 6 % in Table 5,
except at stage i, and stage i.. A possible reason is underestimation of
debonding on the secondary bonded interface and underestimation of
debonding at the wrap root in the FE model.

Surface strains (principle strains) of the test specimen X45-Ss-T_S4
and the FE model at the marked stages in Fig. 15 during the interface
debonding process are compared in Fig. 16 to Fig. 22. The damage
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Fig. 17. Surface strains at initiation of debonding from wrap root (stage i, — 234 kN) on a) test specimen and on b) FE model, and c¢) damage variable of bonded

interface of FE model indicating fracture process.
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Fig. 18. Surface strains at stage B — 289 kN on a) test specimen and on b) FE model, and c¢) damage variable of bonded interface of FE model indicating frac-

ture process.

variable output — CSDMG from FEA is also illustrated to visualize the
debonding length on the bonded interface.

The joint behaves elastically with low strains distributed uniformly
on the joint surface as shown in Fig. 16 — stage A at 170 kN. The end of
elastic behavior is reached at approximately 180 kN (stage 1¢) attributed
to plasticity of the bonded interface at the wrap root and local bending of
the composite wrap at the middle of the chord member. Debonding on
the primary bonded interface is initiated from wrap root due to shear
stress concentrations indicated by the localized increase of surface
strains and the occurrence of damaged region at the wrap root shown in
Fig. 17 - stage i, at 234 kN. Debonding on the secondary bonded
interface is initiated simultaneously at this stage. Subsequently, the
debonding crack propagates steadily along the primary and the sec-
ondary bonded interfaces at stage B — 289 kN indicated by large regions
of elevated surface strain and by large regions of damage at the bonded
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interface (Fig. 18). The debonding crack is observed to propagate
consistently, depicted by continued growth of elevated surface strain
regions and the regions of bonded interface damage in Fig. 19 at stage y
— 321 kN. Meanwhile, yielding of the steel braces is seen to initiate
outside the composite wrap. At this stage the regions of debonding on
the primary bonded interface is found to be moderately larger in nu-
merical results than in experimental tests results. One potential expla-
nation is linked to the more substantial yield strain found on the braces
in the experiments, dissipating a larger proportion of external energy
from the loading system and thereby decreasing the strain energy
release due to the progression of the debonding crack.

The surface strain of the steel brace becomes excessive at stage ie —
341 kN, leading to the contraction of the cross section. This results in
development of peel stresses at the interface, leading to a mixed-mode
dominated debonding at the wrap end, as shown in Fig. 20. However,
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ture process.

as the applied monotonic tensile load increases to its peak magnitude at
stage C, the mixed-mode debonding process from the wrap end does not
propagate further in the FE model (Fig. 21). This is probably due to the
overestimation of the interface fracture toughness defined in the mixed-
mode cohesive law. Meanwhile, the debonding crack from the wrap root
propagates steadily and reaches a maximum length at the rupture stage r
(Fig. 22) prior to full debonding failure. On the contrary, in the test
specimen, the debonding crack propagates significantly from wrap end
indicated by a growth of low surface strain regions shown in Fig. 21a. It
dissipates most of the strain energy such that debonding from the wrap
root ceases to propagate. Subsequently, the debonding crack from the
wrap end increases to a critical length at stage r (Fig. 22) prior to the
final failure due to coalescence of debonding cracks originating from the
wrap end and the wrap root.
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To quantify the aforementioned debonding progress on the primary
bonded interface, a path is defined along the middle of the measured
surface in both the test specimen and the FE model, spanning from the
wrap end to the wrap root, along which surface strain is extracted.
Similarly, a path is defined along the middle of the primary bonded
interface in the FE model where the scalar damage variable (CSDMG) is
extracted. The surface strains are scaled to the strain level obtained at
the elastic stage (stage A) to eliminate the strain accumulation due to
elasticity and thereby to obtain the strain magnitude exclusively asso-
ciated with the debonding process. The threshold magnitude of CSDMG
(0.913) at stage “c” in the mode II cohesive law (Fig. 11) is utilized to
define the debonding crack front location in the FE model. The scaled
surface strain magnitude at the crack front is utilized as the threshold
strain magnitude to define the debonding crack on the primary bonded
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interface in the FE model.

The scaled strain obtained in DIC and in the FE model, as well as
CSDMG obtained in the FE model are plotted together in Fig. 23 in solid
lines, short dashed lines and dashed lines, respectively, to quantify the
debonding length at the critical stages. The debonding crack front at the
vicinity of the wrap root and wrap end are identified as the location
where the scaled surface strains abruptly increase. However, in the re-
gion with unform wrap thickness, the crack front is defined by the
threshold surface strain magnitude of 0.06 %. The decrease of surface
strain from the wrap root region to the uniform region is steadier in the
FE model than in DIC, potentially attributed to differences in ply drops
between the model and the test specimens. Moreover, the debonding
length is almost identical between DIC and the FE model until stage y.
Thereon, the more moderate yielding strain on braces obtained in the FE
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model results to a higher extent of debonding from the wrap root,
leading to a larger debonding length. Debonding on the wrap root in
experiments ceases to propagate once the load reaches stage i, where
debonding on the wrap end initiates and significantly propagates until
coalescence of both cracks. In contrast, in the FE model the debonding
crack on the wrap root consistently propagates to the wrap end, whereas
there is limited initiation of a debonding crack observed originating
from the wrap end.

In summary, the FE model is able to adequately replicate the
debonding process observed in the joint experiments. This substantiates
the modeling strategy and the appropriate calibration of the associated
input material models.
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critical loading stages of small-scale 45° X-joints, quantifying the debonding length.

5.2.2. Debonding process in the medium-scale joint specimen X45-Ms-T_S3

and the FE model

Similar to the small-scale joint, a sound alignment in the global
response is obtained between the medium-scale specimen X45-Ms-T_S3
and the FE model, as illustrated in Fig. 24. The deviation of displacement
and load values between them is within 10 % at all the critical stages
except for the displacement at stage i, (see Table 5). It can be seen from
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Fig. 24 that the load drop between 3-7 mm is more sudden in the FE
model than in the test specimen. The possible reason is that in the test
specimen at medium-scale, the loss of stiffness is due to interaction of
chord interface debonding and chord composite wrap leading to a more
gradual transition of stiffness. By defining through-thickness shear
plasticity using solid element, the FE model can only partially capture
the delamination behavior. Therefore, with the current modeling
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Fig. 25. Surface strains at linear elastic stage (stage A — 1000 kN) on a) test specimens and on b) FE model, and c¢) damage variable of bonded interface of FE model

indicating the fracture process.

strategy, we cannot alleviate the sudden load drop. However, for the
design purposes we do not consider it a problem since the ultimate load
and the brace debonding process are well aligned between experiments
and the simulation.

Surface strains of test specimen X45-Ms-T_S3 and the FE model, as
well as the interface CSDMG in the FE model, are compared at the
critical debonding stages in Fig.s 25-29. At stage A the joint is still in the
elastic state with relatively low and uniformly distributed surface
strains, as shown in Fig. 25. When stage 1. is reached, the elastic stage
ends due to plasticity of the bonded interface at the wrap root and local
bending of the composite wrap. Subsequently, debonding is initiated on
the secondary bonded interface and propagates consistently. It is fol-
lowed by the initiation of debonding on the primary bonded interface at

18

stage i, due to shear stress concentrations. It is observed from the surface
strain distribution in Fig. 26 that debonding on the chord is over-
estimated by the FE model presumably attributed to the limitation of the
material model in its capacity to simulate the out-of-plane tension
behavior of the composite wrap. Nevertheless, the debonding on the
brace obtained from the FE model accurately fits that obtained from the
experimental model. It features a steady propagation until stage y and
stage B, as shown in Fig. 27 and Fig. 28, respectively. Yielding of the
brace is initiated outside the composite wrap at stage y however as
opposed to small-scale joints yielding does not result in debonding from
the wrap end. At stage r, debonding on the brace from the wrap root
reaches the critical length and leads to the subsequent full debonding
(Fig. 29).
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Fig. 27. Surface strains at stage y on a) test specimens (1571 kN) and on b) FE model (1579 kN), and c¢) damage variable of bonded interface of FE model indicating

the fracture process.

Similar to the small-scale joint analysis, a path is defined on the
measured surface in both the medium-scale test specimen and the FE
model to compare surface strains. Likewise, a path is established on the
primary bonded interface in the model to represent the damage variable
(CSDMG). The surface strains are scaled to the elastic stage (stage A),
and the value of CSDMG (0.913) at stage “c” in the mode II cohesive law
(see Fig. 11) is utilized to define the debonding crack front location in
the FE model.

The scaled path strain obtained in DIC and in the FE model, as well as
the CSDMG in the FE model from the respective paths are plotted
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together in Fig. 30 in solid lines, short dashed lines, and dashed lines,
respectively, to quantify the debonding length at the critical stages. The
debonding crack front at the vicinity of the wrap root is identified as the
location where the strain level abruptly increases. At the uniform
wrapping thickness region, the crack front is defined by the threshold
surface strain magnitude of 0.1 %. It can be seen that the debonding
length is almost identical in DIC and in the FE model for all critical
stages. Therefore, the FE model adequately replicates the debonding
process observed in the joint experiments. This substantiates the
modelling strategy and the appropriate calibration of the associated
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input material models.
6. Model updating through sensitivity studies
This section presents the results of modeling updating through

sensitivity studies, including a mesh sensitivity analysis and sensitivity
studies on COF and mode II interface fracture toughness Gyy.
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6.1. Mesh sensitivity study

A mesh sensitivity study was performed on the medium-scale X-joint
model using three different element sizes (2 mm, 4 mm used in the
numerical validation, and 8 mm) to investigate the influence of element
size on joint modeling. Additionally, modeling results using 4-node
tetrahedral elements (C3D4) and the 10-node tetrahedral elements
(C3D10) were compared at the size of 4 mm to investigate the effect of
mesh geometric order.

The comparison is presented using the relative load-displacement
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behavior shown in Fig. 31, where the relative failure displacement and
the relative ultimate resistance are considered as 100 % using the 4-mm
C3D4 element. It can be seen that doubling the reference element size
leads to a 4 % increase in ultimate resistance, while halving it results in a
5 % decrease in ultimate resistance. This allows the usage of a medium-
size mesh without the risk of overestimating the joint resistance.

Moreover, using

overestimating t

calibrated based
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quadratic elements leads to an 8 % increase in ultimate

resistance, exhibiting the same trend as using a smaller element size.
Using linear elements saves computational cost and prevents the risk of

he joint resistance. Therefore, in the numerical valida-

tion, the material and interface properties used in the joint model were

on the linear medium-size elements.
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6.2. Sensitivity of coefficient of friction and mode II interface fracture
toughness

It can be seen in Section 5 that the load-displacement behavior of
small-scale and medium-scale test specimens exhibits variations in ul-
timate resistance and failure displacement. To explain the variations, the
sensitivity analysis was performed on values of COF and mode II inter-
face fracture toughness Gry.

According to the range of COF values determined by the COF tests
performed by the authors [56], three COF values (0.5, 0.55 used in the
numerical simulation, 0.6) were used in the sensitivity study. The
load-displacement behavior shown in Fig. 32 indicates that at both
scales the ultimate resistance and the failure displacement of the joint
increase with the COF values with notable sensitivity.

To understand the sensitivity of the joint behavior to the mode II
interface fracture toughness, three values of Gy, were used in the
medium-scale joint modeling. These values correspond to the reference
value used in the numerical validation (1.60 N/mm), and values
decreased (1.28 N/mm) and increased (1.92 N/mm) by 20 %, respec-
tively. The load-displacement curves illustrated in Fig. 33 show that the
failure displacement and ultimate resistance increase with the value of
Gy with notable sensitivity.

Based on the results of sensitivity studies, it can be concluded that
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variations in ultimate resistance and failure displacement of the test
specimens are due to a combination of variations in the coefficient of
friction and mode II interface fracture toughness of their bonded
interface.

7. Design recommendations

Based on the results of the numerical modeling in accordance with
the joint experiments performed at two scales, a preliminary mechanic-
based formula was proposed for the design and application of wrapped
composite X-joints, as shown in Eq. 2: [55].

F, d
=A—+B
7l *

twn

(2)

where F, refers to the ultimate load, d is the brace diameter, and L, and
tyn refer to the wrapping length on the brace and the nominal wrapping
thickness, respectively. A and B are constants. This formula indicates
that the average shear resistance of the bonded interface is inversely
proportional to the ratio of the brace diameter to the wrapping thick-
ness, see Fig. 34. The values of A and B are —0.67 and 11.64, respec-
tively, according to the linear regression analysis. There might be a non-
linear dependency of the average debonding resistance on the d/t,,
ratio. However, considering limited test results (only two scales), we
assume the dependency is linear and is validated only within the brace
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Fig. 34. The relationship between the average shear resistance of the bonded
interface and the ratio of brace diameter to wrapping thickness.

diameter range of 60-219 mm and the d/t,, ratio range of 3.9-7.6.
Additionally, a wrapping length shorter than 2.5 times the brace
diameter is not recommended, based on observations of crack propa-
gation behavior. In the future, for successful application of wrapped
composite joints, the interface roughness should be as high as possible,
and the high roughness resin should be used.

8. Conclusions

This paper focused on replication of debonding behavior of small-
scale and medium-scale wrapped composite 45° X-joints in monotonic
tensile tests conducted by the authors [26] using the developed FE
models with introduction of new modeling strategies of composite wrap
and new interface cohesive law. The FE models were validated by good
agreement to the experimental results in terms of global response
(load-displacement behavior and ultimate load) and surface path strains
analysis throughout the debonding process. Based on the comparisons
and the numerical results, the following conclusions can be drawn:

1) When modeling complex composite wrapping geometries that
involve significant through-thickness shear deformation but do not
exhibit major cracking under monotonic load conditions, it is pref-
erable to model the composite wrap as a 3D solid geometry without
defining the layup configuration and to mesh it with 4-node linear
tetrahedral (C3D4) elements. The anisotropic plasticity material
model is suitable to equivalently and efficiently simulate the overall
softening behavior (stiffness degradation) of the laminate due to the
aggregate of micro-damage in the matrix, fibers, and the interlam-
inar interface, etc.
Wrapped composite 45° X-joints show rather ductile debonding
failure under monotonic tensile load. The elastic resistance of joints
is governed by the initiation of debonding. The ductile debonding is
attributed to the relatively large fracture toughness on the interface
and the remaining friction along the bonded interface which is
provided by the circumferential geometry of the joint. The circum-
ferential geometry results in a normal pressure to the bonded inter-
face caused by the circumferential contraction of the composite wrap
and Poisson’s effect. The ultimate resistance of joints governed by
the complete debonding is approximately 40 % larger than the
elastic load limit governed by the initiation of debonding.
3) Debonding on the chord leads to loss of joint stiffness while complete
debonding on the brace results in ultimate failure. The FE model

2

—
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reveals that in the small-scale joint, debonding starts to propagate
simultaneously on the brace and on the chord. Propagation of
debonding on the chord is mild and loss of joint stiffness is gradual.
In the medium-scale joints, debonding firstly propagates on chord in
a more pronounced manner and loss of joint stiffness is abrupt. Once
propagation of debonding on the chord is developed to a steady state,
debonding starts to propagate on the brace.

The preliminary mechanic-based formula was given for calculation
of the average shear resistance of the interface within the brace
diameter range of 60-219 mm and the d/t,,, ratio range of 3.9-7.6. A
wrapping length shorter than 2.5 times the brace diameter is not
recommended. The interface roughness should be as high as possible,
and the high toughness resin should be used for successful applica-
tion of wrapped composite X-joints.
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