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A B S T R A C T   

3-D braided composites are a promising material for manufacturing tubular structures. However, a thorough 
understanding of their damage mechanisms under torsion is required to maximize their potential applications. 
The present work constructed a multiscale equivalent model, integrating mesoscopic and homogeneous struc
tures to reveal torsional behavior of 3-D braided carbon fiber/epoxy resin composite tubes. The cumulative 
failure process, spatial stress distribution and interface damage were calculated to illustrate stress transfer and 
damage initiation and propagation. It is found that stress varies on the surface and internally within the 
representative unit cell (RUC). The yarns experience both axial tension parallel to the direction of torsion and 
axial compression perpendicular to the direction of torsion. The stress difference between them leads to damage 
initiation and propagation. Interfacial cracking as main damage mode hinders the stress transfer between resin 
and fiber bundles. The results show that the braided yarn path, axial stress dispersion in two directions and 
localization of damage effectively impede the torsional damage propagation.   

1. Introduction 

3-D braided composites feature fibers interlacing in three dimensions 
to form continuous structures, granting them superior strength and 
stiffness as well as greater damage resistance [1–6]. Torsion is an often 
occurred loading for tube structures such as driven shaft in vehicles and 
aircrafts [7,8]. The remarkable torsional properties of 3-D braided 
composite tubes provide durability and lightweight solutions that help 
improve the performance of the vehicles and aircrafts [9,10]. 

Examining the progressive damage mechanisms during torsion is 
vital to take full advantage of the 3-D braided composite tubes [11]. The 
macroscopic torsional behaviors have been gradually revealed by 
relying on advanced experimental techniques in existing studies [12]. 
The development of surface strain and cracks can be monitored using the 
3D-digital image correlation (DIC) technique [13,14]. Cumulative 
damage modes can be recognized by the frequency of acoustic emission 
(AE) signals [15–17]. Damage morphologies and their statistical quan
tification following failure can be captured with the assistance of 
micro-computed tomography (Micro-CT) [13,18]. Temperature changes 

resulting from failure can be measured with thermography analysis to 
unveil the damage propagation [19]. While these damage features have 
been mapped, the complexity of the 3-D braided structure still makes it 
challenging to understand how the internal microstructure affects the 
macroscopic performance. 

The development of multi-scale finite element analysis (FEA) 
methods has provided new perspectives for studying the mechanical 
behaviors [20–25]. The braided composites exhibit a periodic structure, 
which can be characterized by a Representative Volume Element (RVE). 
Previously, Zhang et al. [26] have successfully predicted the elastic 
constants of 3-D tubular braided composites through simulating RVE 
behaviors. The correlation between braiding parameters and torsional 
performance also can be investigated by a microscopic unit cell model 
[27,28]. Gong et al. [29] established an orthogonal anisotropic tubular 
macro-model to predict the torsional strength and stiffness of a 3-D 
braided composite drive shaft. Researches indicate that initial damage 
occurs at the fiber/matrix interface. As applied loading increases, the 
matrix damage expands and connects between interfaces, eventually 
resulting in failure. Despite the above-mentioned results, the current 
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investigations primarily concentrate on the impact of raw materials, 
loading conditions, and braiding structural parameters, etc., on the 
macroscopic torsional behaviors [13,30,31]. Investigations into the 
torsional spatial stress distribution, interfacial, and crack initiations and 
extensions are limited. 

This study is a comprehensive effort to unveil the damage imitations 
and propagations of the 3-D braided composite tubes. The structure- 
performance relationship and damage mechanisms were revealed by 
progressive damage modelling. The evolution of damage, distribution of 
internal stress and interfacial damage are described by transferring 
torsional responses from the macro-scale to the meso-scale, considering 
the multi-scale characteristics inherent in braided structures. Addition
ally, the 3D-DIC and micro-CT techniques are combined to understand 
shear strain and damage morphologies, verify the accuracy of FEA. This 
research focuses on a relatively unexplored aspect, enhancing our un
derstanding of torsional properties and contributing to the optimization 
of tube behaviors. 

2. Multi-scale modelling 

2.1. Geometric model 

The mesoscale geometric model of 3-D braided carbon fiber/epoxy 
resin composite tube consists of tubular yarns (impregnated carbon fiber 
bundles) preform and epoxy resin matrix. The preform was braided 
through 1 × 1 four-step braiding process. The geometric arrangement of 
fiber bundles cycling from the inside to the outside in 3D space is 
determined from the trajectory of yarn carriers, as depicted in Fig. 1(a) 
(b). The meso-scale model is derived from RUC arrays. The RUC array 
comprises an inner unit cell and a surface unit cell, with the surface unit 
cell further divided into an internal surface unit cell and an outside 
surface unit cell. The RUC height is 6 mm. Fig. 1(c) shows the RUC solid 
model, drawn with CATIA V5R20 software. The developed multiscale 
model, which consists of a meso-scale model component around the 
failure area and homogenized macro-scale model components at both 
ends, is illustrated in Fig. 1(d). The homogeneous model spans 2 × 35 
mm and the mesoscale model measures 50 mm. 

2.2. Constitutive models and damage criteria 

The epoxy resin and braided yarns are modelled as isotropic and 
transversely isotropic materials, respectively. The bridging model [32] 
was used to calculate the stresses of constituents of the 3-D braided 
composites. In the bridging model, each segment has its own local co
ordinate system (1-2-3): 1 is the fiber direction and the 2–3 is the 
cross-section perpendicular to the 1 direction. Table 1 lists the material 
properties of carbon fiber, epoxy resin and braided yarn. The properties 
of the carbon fiber, and epoxy resin were provided from the manufac
turers. The mechanical properties of the yarns in the local coordinate 
system then need to be transferred to the global coordinate system, by 
Eq. (1) 
[
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]
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[
Tij
]

c

[
Sy
]

l

[
Tij
]T

c (1)  

where [Tij]c is a generalized rotation matrix. [Sy]g is the global compli
ance matrix of the yarn, [Sy]l is the local compliance matrix of the yarn. 
Fig. 1(c) shows the conversion relationships between local and global 
coordinate systems. In the meso-scale model component, the global 
compliance matrix of individual unit cells in the global coordinate sys
tem is obtained using the volume averaging method [26]. The stiffness 
matrix of yarns [Cy]

total
g can be expressed as Eq. (2): 
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where Vy is the volume of yarn in an individual unit cell. The compliance 
matrix of the homogenous component is given by Eq. (3): 

[S] = inv
(

Vy
[
Cy

]total
g +

(
1 − Vy

)
[C]

m
)

(3) 

For damage modelling, the ductile and shear criterion mode [33] is 
implemented here. This model assumes that damage initiation occurs 
when the following condition is met: 

ωi =

∫
dεpl

εpl
i (σi, ε̇

pl
)
= 1i = D, S (4)  

where ωi is a state variable that increases monotonically with plastic 

deformation, ε̇pl is equivalent plastic strain rate, D, S refer to ductile and 

Fig. 1. Multi-scale geometric model of 3-D braided composite tube. (a) Trajectory projection of carbon fiber bundles in 3D four-step braiding process. Columns (n) is 
32 and layers (m) is 3. (b) Geometrical relations of braided bundles in 3D space. (c) Solid models of inner unit cell and surface unit cell. (d) Equivalent model 
integrating homogenizations and meso-scale model. 
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shear, respectively. The equivalent plastic strain εpl
D is a function of stress 

triaxiality η and εpl
S is a function of shear stress ratio θs and strain rate: 

εpl
D
(
η, ε̇pl) εpl

S
(
θs, ε̇

pl) (5) 

Damage initiation leads to a gradual degradation of material stiff
ness, following the specified damage evolution. The damage evolution 
law utilized in ductile and shear failure relies on dissipated energy 
during the damage process, resulting in mesh element removal upon 
material failure. At any given time during the analysis, the stress tensor 
in the material is given by the scalar damage equation: 

σ=(1 − D)σ (6)  

where σ is the undamaged stress tensor computed in the current incre
ment. The overall damage variable, 0 ≤ D ≤ 1, captures the combined 
effect of all active damage mechanisms leading to material failure. 

We adopted a surface-based cohesive zone model (CZM) to model 
interface damage between yarns and resin matrix. The linear elastic 
traction-separation model provided with commercial finite element 
software ABAQUS for interface nodes assumes linear elastic behavior 
initially, followed by damage initiation and evolution. The elastic 
behavior can then be written as: 

T=

⎧
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⎭
=Kδ (7)  

where T and δ are traction vector and separations respectively. n, s, t 
represents the normal and two shear components. K is the initial 
modulus of the interface. Damage can occur once the damage initiation 
criterion given by Eq. (8) is met: 

max
{

〈tn〉
to
n
,
ts

to
s
,

tt

to
t

}

= 1 (8)  

where ton, to
s , tot refer to the peak values of the interface contact traction at 

separation in the normal and two shear directions, respectively. Upon 
reaching the corresponding initiation criterion, the cohesive stiffness is 
degraded. The damage evolution under the mixed-mode condition is 
defined as follows: 

K =(1 − D)K (9)  

The damage variable D increases from 0 to 1 after damage initiation 
upon further loading. K refers to the initial stiffness matrix. Following 
damage initiation, the Benzeggagh Kenane (B–K) fracture criterion 
based on fracture energy, expressed by Eq. (10), is employed to describe 
the progression of damage. 

GC
n +

(
GC

s − GC
n

)
{

GS

GT

}η

=GC (10) 

where GC
n ,GC

s ,GC
t refer to the critical fracture energies required to 

cause failure in the normal, the first, and the second shear directions, 
respectively. η is a cohesive property parameter. Table 2 gives the 
interfacial parameters used in the model. 

2.3. Modelling discretization and interaction 

The numerical calculations were performed using ABAQUS version 
6.14–4. The yarns were discretized with C3D8R element type (8 node 
solid brick elements with reduced integration points) with scanning 
mesh technique. The yarn model mesh size was 0.35 mm. The resin 
component within the meso-scale model component was discretized into 
the C3D4 element type (4 node solid brick elements) with free meshing 
techniques. The resin model mesh size was 0.5 mm. The macro-scale 
homogeneous model component was discretized using co-node scan
ning mesh technique applied to the contact surfaces with the mesoscale 
model. The boundary conditions were depicted in Fig. 1(d). 

3. Specimen preparation and tests 

3.1. Manufacturing of thin-walled tubes 

The 3-D braided composite thin-walled tubes were fabricated using 
carbon fiber bundles (SYT49S–12K from Zhongfu Shenying Carbon 
Fiber Co., Ltd, China) and JC-02A/JC-02B epoxy resin (provided by 
Changshu Jiafa Chemical Inc, China). Fig. 1(a) shows the braiding 
process. Resin impregnation was accomplished by vacuum-assisted resin 
transfer molding. Afterward, the composite underwent curing at 90 ◦C 
for 2 h, followed by 110 ◦C for 1 h and 130 ◦C for 4 h. The specimens 
were polished and cut to the size of 30.70 mm (inner diameter) × 2.25 
mm (wall thickness). The fiber volume fraction is 35.2 ± 2 %. The 
braiding angle is 45◦. Fig. 2 (a) shows an optical micrograph of a tubular 
specimen. 

3.2. Torsional experiments and characterization techniques 

Static torsion tests were carried out with MTS System equipment 
(CTT1503) applying twist at a torsion angle rate of 6◦/min. Load was 
applied until the specimen failed. In total, five specimens were tested. A 
3D-DIC system aided in revealing the evolution of shear strain (εxy). The 
speckles were formed by some black paint spots sprayed randomly on a 
white paint background before testing. Images were captured at a rate of 
10 frames/s. An in-depth analysis by micro-CT was employed for failure 
specimens to obtain spatial damage characteristics. Fig. 2 (b) shows the 
test set-up. 

4. Results and discussions 

4.1. Validation of the multiscale model 

The torque-torsion angle curves (Fig. 3) exhibited a linear upward 
trend under torsional loading, indicating that the material undergoes 
elastic deformation. The critical torque and torsion angle were 587.24 
N*m and 8.28◦, respectively. After reaching the critical torsion angle, 
the torque rapidly declined and the tube lost its load-bearing capacity. 3- 
D stereo images of the failed specimens were obtained by employing 
micro-CT (Fig. 3(b)). The damage volume was 2.13 %. The damage 
showed a spiral pattern (regions marked in red) propagating along the 
pipe wall. As shown in Fig. 3, the results of the FEA matched the 

Table 1 
The material properties of carbon fibre, epoxy resin and braided yarns.   

E11 (GPa) E22 = E33 (GPa) G12 = G13 (GPa) G23 (GPa) v12 = v13 v23 Density (g/cm3) 

Epoxy resin 2.4 0.89 0.35 1.13 
Carbon fiber 230 14 9 5 0.25 0.3 1.8 
Yarns 169.49 8.13 3.59 2.77 0.25 0.42 1.62  

Table 2 
Interfacial parameters of surface-based cohesive behaviours model.   

Kn (N/ 
mm3) 

Ks = Kt 

(N/mm3) 
t0n 
(MPa) 

t0s = t0t 
(MPa) 

Gc
n (N/ 

mm) 
Gc

s = Gc
t 

(N/mm) 
β  

4× 106 1× 106 120 150 0.8 1.2 1.0  
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Fig. 2. Specimen and test set-up. (a) Optical micrograph of a tubular specimen. (b) Test systems of loading, 3D-DIC and micro-CT.  

Fig. 3. The torque-torsion angle curve and failure characteristic validate both EXP and FEA. (a) Torque-torsion angle curves. (b) Failure morphology from micro-CT 
(grey and red image) and FEA (blue). 

Fig. 4. Spatial progressive damage and surface morphology during torsional loading. (a) Spatial stress distribution from FEA. (b) Photographed surface topography.  
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torsional behaviors observed in experiments. 

4.2. Progressive damage processes 

The progressive failure processes are described from morphology 
and component (resin and yarns) stress distribution, as shown in Fig. 4. 
Five feature points were selected for detailed investigation, including 1/ 
4, 1/2 and 3/4 of the critical torsion angle, a point just before fracture 
and the fracture point. These points are labelled E1-E5 for the experi
ments and F1–F5 for the FEA results, as shown in Fig. 3(a). 

In the initial stage of E1-E3, fine resin cracks began to appear on the 
specimen surface with slight cracking sounds. The distribution of micro- 
cracks were scattered. During the E4 stage, the cracking sounds gradu
ally intensified and continuous long cracks occurred. When the torque 
reached the critical value (E5), the tube instantly fractured in a brittle 
manner, with a loud “bang” sound. There was a lot of debris flying 
around. Observations from modelling during the F1–F3 stage revealed 
no visible deformation in the internal braided yarns and matrix. At the 
F4 stage, localized damage manifested as yarn deformation and resin 
cracking. The specimen retained its load-bearing capacity at this point. 
The damage accumulated rapidly leading to specimen failure when the 
loading was applied to the F5 moment. The fracture morphology indi
cated that cracks initially initiated within resin-rich zones between 
yarns, progressively extending into adjacent interlaced regions along the 
thickness and braided direction simultaneously. 

4.3. Spatial stress analysis 

Fig. 5 displays the stress distribution in the composite at the positions 
of 1/4, 1/2, 3/4 along the axial direction of the meso-scale model 
component, as well as at the 1/2 axial section. The carbon fiber bundles 
bear the majority of the torsional stress and their stress increment was 
greater than that of the resin at each stage, as indicated by the color 
distribution. Zooming in on the magnified regions, there was a variation 
in stress distribution between the outer and inner walls for both the resin 
and the braided yarns. Additionally, an oblique alternating pattern of 
dark blue and light blue blocks can be observed on the tube wall, indi
cating a periodic stress distribution. 

Outer surface path 1 and inner surface path 2 were selected along the 
axial direction to evaluate the stress distribution differences, as shown in 
Fig. 6 (a). The nodal stress distribution exhibits periodic fluctuations, 

with peaks located in reinforced regions and valleys in resin-rich re
gions. This emphasize that the stress distribution is dependent on the 
reinforcement structure. The wave amplitude increased gradually as the 
feature time increased from F2 to F4. This reveals that the stress gap 
between the resin and yarn is gradually increasing. It can also be shown 
that the load-bearing capacity at the inner surface is lower than that at 
the outer surface at the same time step. At the moment of F4, the mean 
value of stress on path 1 is 66 MPa, while the mean value of stress on 
path 2 is 57 MPa. 

Fig. 6 (b) provides an in-depth analysis view for exploring the 
characteristics of the reinforcement structure. A RUC consisting of four 
yarns was selected and labelled as yarns A, B, C, and D. The yarns A 
transition from the outside surface unit cell to the inner unit cell, with 
mean stress shifting from 685.44 MPa to 748.19 MPa. Likewise, yarns D 
move from the inner unit cell to the internal surface unit cell, under
going mean stress alteration from 737.67 MPa to 590.83 MPa, respec
tively. The stress distribution of yarns in the braided structure follows 
the sequence of inner unit cell > outer surface unit cell > inner surface 
unit cell. The inner cell, located between the outside and internal sur
faces, serves as a bridge for stress transfer. It undergoes bidirectional 
stress transfer in both inward and outward directions that hinders stress 
dispersion. Moreover, the fiber density within the inner cell is greater 
than that in the internal and outside unit cells, further complicating 
stress transmission. According to Fig. 1(c), the inner unit cell consists of 
four yarns, while both the internal and outer unit cells consist of two 
yarns. While the internal surface fibers are closer to the mid-point of the 
tube for less deformation, which results in lower stress on them. As an 
individual yarn cycles spatially from the interior to the exterior and back 
again along the braided path, it has continuous stress changes at various 
unit cell positions. This leads to stress jumps at unit cell junctions, 
thereby elevating the risk of yarn breakage. 

The complex braided structure also resulted in a staggered distri
bution of stress and strain, as depicted in Fig. 7. The areas with low stress 
and high strain are typically situated in the resin-rich gaps between 
yarns, while areas with high stress and low strain are usually located in 
the interlaced sections of yarns. Stress concentrations mainly occurred 
in buckling sections where the fiber bundles interlaced. This is due to the 
complex interlocking and extrusion bending of the yarn at interlacing 
points, which inhibits stress propagation from the bending section to the 
straight section. 

Fig. 5. The stress distribution in the composite at positions located at 1/4, 1/2 and 3/4 along the axial direction and the 1/2 axial section.  

L. Xun et al.                                                                                                                                                                                                                                      
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4.4. Progressive damage mechanisms 

The braided yarns were categorized into two groups, labelled as 
Group 1 (G1) and Group 2 (G2), based on yarn braiding direction, to 
reveal damage initiation and propagation mechanisms. G1 was sub
jected to axial tension in the direction of loading, while G2 experienced 
axial compression perpendicular to the loading direction (Fig. 8). This 
implies that the yarns were subjected to both axial compression and 
axial tension during torsion. Within all braided yarns, the stress mag
nitudes of G1 and G2 showed that axial tension slightly exceeds axial 
compression (Fig. 8(b)). At the moment of F4, the G1 stress is 822 MPa, 
and the G2 stress is 791 MPa. Focusing on the localized region of initial 
damage, absolute stress levels are extracted in this area, revealing a 
magnified disparity between axial tensile and compressive stresses 
(Fig. 8 (c)). Eventually, the gap gradually accumulated over time, 
resulting in the initial damage in that region. The yarn breakage at the 
interlacing points extends from the initial damage region to the sides, 
thus forming a failure path. The failure path aligned with the direction of 
fiber bundle braiding. This confirms the conclusion drawn in Section 4.2 

that the interlacing points of the fiber bundles are more susceptible to 
failure due to stress fluctuations. The G1 experienced more breakages 
than G2. The unique braided structure introduces a complex damage 
propagation path. Also, the interlacing fiber bundles are subjected to 
axial stresses in both directions simultaneously which aids in stress 
dispersion and balance. Overall, the mutual interaction of these features 
limits the damage spreading in 3-D braided structure. 

Besides the main form of yarn breakages, other types of yarns 
damage were analyzed, as shown in Fig. 9. The three categories are 
deformation, breakage and mixed. Yarns can either remain in their 
original state or undergo great deformations and splitting (Fig. 9(a)). 
Yarn break encompasses lapped failure and separation according to the 
degree of breakage. Yarn breakages consist of different sectional fea
tures i.e., neat cuts and oblique untidy cuts. A weak section is susceptible 
to becoming the subsequent break section, leading to the formation of 
multiple breakage states (Fig. 9(b)). In Fig. 9(c), the mixed pattern re
sults from the superimposition of multiple damage mechanisms. 

Fig. 6. Differences in stress distribution in resin matrix and yarn reinforcement, respectively. (a) The Mises stress values along Path 1 on the outer surface and Path 2 
on the inner surface. (b) Stress analysis in outside unit cell, inner unit cell and internal surface unit cell of a RUC. 

Fig. 7. Characteristics of stress and strain distributions analyzed by FEA, 3D-DIC, and actual tested sample of the braided structures.  

L. Xun et al.                                                                                                                                                                                                                                      
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4.5. Interfacial damage propagation 

Interfacial damage is typically an important factor when investi
gating damage progression. Fig. 10 shows the development of interfacial 
damage at different locations in the axial direction. At F4, interfacial 
damage first appeared on the inner and outer surfaces and swiftly 
accumulated and extended inward through the entire tube wall. Damage 
extended less along radial directions and more along circumferential 
directions. The nodes’ stress-time histories were extracted and graphed 
to evaluate the impact of interfaces on stress transfer. As shown in 
Fig. 11 (a) (b), two resin nodes 1 & 2, one braided yarn node and in
terfaces A & B between resin and yarn were focused on. When the 
CSDMG value is 0, it indicates that the interface is well bonded at that 
location. In this case, the stresses applied to the resin and yarns exhibit a 
continuous linear increase. When the CSDMG reaches 1, the interface 
cracks. Two conditions were observed: Condition one is when interface 
A damaged earlier than interface B (Fig. 11(a)). The stress of the braided 
yarn decreased by 5 %, yet the yarns still have the load-bearing capacity. 
The stress at resin node 1 started to continuously drop, while node 2 
stress continued to grow unaffected by interface A. By the time interface 
B broke, the braided yarn stress decreased by 63 % and the stress of the 
resin at node 2 also began to decline. Condition two is when the in
terfaces A and B failed simultaneously (Fig. 11(b)), causing stress 
reduction in resin nodes 1 and 2 as well as yarn nodes concurrently. 

Disparities in component properties lead to non-uniform de
formations, consequently influencing stress transfer and giving rise to 
local stress concentrations. Interfacial failure occurrences result from 
interface stress surpassing the interface strength threshold. When the 
interface is fully bonded, the load applied to the surface is effectively 
transferred from the resin to the yarn through the interface. The resin 
and yarn share the interface to carry the loads. The yarn loses contact 
with the resin once the interface breaks, hindering stress propagation. 
The analysis of the two interface failure cases reveals that interface 
damage only affects the stress transfer on both sides of this interface and 
does not affect the stress transfer in the neighboring interfaces across 
this damaged interface. That is, damaged interfaces are characterized by 
localization in hindering stress propagation. 

Interfacial damage will distort the stress distribution pattern of 
yarns. Fig. 12 illustrates the interface damage and stress distribution of 
yarns within a unit cell. The interface damage corresponds to the stress 
transition regions. In Fig. 12(b), two interface damages are observed at 
the stress trough (F3). The interface damage gradually extends under 
loading over time (F4), disrupting the stress transfer of the yarns. 
Eventually, the accumulation of interface damage results in the yarn 
failure (F5). 

Fig. 8. Progressive damage mechanisms. (a) Spatial stress distribution of interlaced yarns. (b) and (c) S11 stress within the initial damage area and whole 
braided yarn. 
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5. Conclusions 

The present paper reports the torsional progressive failure mecha
nisms of 3-D braided composite tubes. An equivalent hybrid model 
combining mesoscale modelling around the damage region and macro
scale homogenization away from the damage region was proposed to 
analyze spatial stress distribution and interfacial damage propagation. 
The strain evolution and reconstructed failure morphologies obtained 

from experiments by using 3D-DIC and micro-CT supported the FEA. 
It was found that there is non-uniform spatial stress distribution in 

braided tubes because the load-bearing capacity differences between 
resin and carbon fibers. The interlacing points of braided fibers are 
subjected to stress concentration due to buckling. Additionally, the 
braided fiber bundles experience continuous periodic stress fluctuations 
at different unit cell positions within an RUC. The yarn stress is highest 
when the yarn passes through the inner unit cell, lower when it passes 

Fig. 9. Failure patterns in yarns. (a) Buckling deformation. (b) Fracture. (c) Mixed damage.  

Fig. 10. Evolution of yarn/resin interfacial damage at positions located at 1/4, 1/2 and 3/4 along the axial direction and the 1/2 axial section from FEA and 
Micro-CT. 
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through the outer surface unit cell and lowest when it passes through the 
inner surface unit cell. The yarns undergo both axial compression and 
axial tension during torsion. The stress differences between compression 
and tension gradually accumulate over time, resulting in initial damage 
which extends to the sides, eventually forming a failure path along 
interlacing points. 

We also found that the interface cracking due to differences in stress 
distribution is the main torsional damage mode. Damaged interfaces 
hinder efficient stress transfer between the fiber bundle and resin, dis
rupting the regular stress propagation pattern on the fiber bundles. The 
damage propagation becomes trapped among fiber bundles due to the 
complex braided paths, axial stress dispersion in two directions and 
multi-scale structural characteristics. This enhances the damage toler
ance and highlights the superiority of the 3-D braided structure. 
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