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Abstract

This study presents a comprehensive, APA-style summary of an experimental
investigation into modified Arcan U-shaped CFRP joints bonded with epoxy and
polyurethane adhesives. The objective is to evaluate how loading angle and mode
influence joint strength, failure mechanisms, and ultimate performance, with the goal
of informing design practices for adhesive-bonded CFRP joints. The methodology
entails preparing CFRP specimens with modified Arcan fixtures, subjecting them to
loading angles of 0°, 45°, 60°, and 90°, and imposing mode-specific loading conditions
(shear, mixed shear—tension, and tension). Key findings indicate systematic variation
of strength and failure modes with loading angle, with distinct trends for
adhesive/cohesive failures versus fiber-related failures. The results underscore the
critical role of loading geometry in governing interfacial behavior, highlight the
relevance of Arcan-based testing for evaluating bonded joints, and discuss implications
for structural design, safety margins, and future research directions. Limitations
include the controlled laboratory setting and specimen-scale constraints, suggesting
caution when extrapolating to full-scale structures. The study advances understanding
of CFRP joint performance under varied loading and offers practical guidance for
engineers designing adhesive-bonded CFRP assemblies.
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1- Introduction

Carbon fiber-reinforced polymer (CFRP) laminates
are increasingly used in aerospace, automotive, and
civil structures due to high strength-to-weight ratios
and tailorability. Bonded joints, which rely on
adhesive interfaces to transfer loads between CFRP
members, offer design flexibility but are sensitive to
loading configuration, environmental conditions,
and surface preparation. The Arcan test
configuration enables quasi-static characterization
of bonded joints under combined normal and shear

stresses, facilitating a more complete understanding

of joint behavior than simple pure-shear or pure-
tension tests.

The article investigates how loading angle and
corresponding load modes affect the mechanical
performance and failure modes of a modified Arcan
U-shaped CFRP joint. Specifically, the study seeks
to (1) quantify strength variations across loading
angles (0°, 45°, 60°, 90°) and load modes (shear,
mixed shear—tension, tension), (2) identify
dominant failure mechanisms (adhesive vs.

cohesive vs. fiber-related), and (3) discuss
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implications for adhesive selection, surface
treatment, and joint geometry in CFRP structures.
As shown in Figure 1, the overall test schematic
illustrates the typical Arcan setup used to induce

mixed-mode loading.

Previous research demonstrates that bond line
strength and failure mode depend on stress state at
the joint, with higher normal stresses promoting
adhesive/cohesive failures and higher shear
fiber tearing or
interlaminar debonding. Arcan-based approaches
have been shown to capture the interaction of shear
and normal stresses, but systematic comparisons
across multiple loading angles and joint
configurations remain limited. The article situates
its  contribution within this context by
systematically varying loading angles and
documenting corresponding mechanical responses
and failure narratives.

components  influencing

Figure 1: Conceptual schematic of the Arcan joint test setup for
CFRP bonding, illustrating the mixed-mode loading path and
boundary conditions
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Figure 2: Steps in producing U-shaped adhesives

2- Research Methods

Joint geometry: Modified Arcan U-shaped
CFRP joints were fabricated by bonding CFRP
laminates with selected adhesives. Surface
preparation included standard cleaning and
sanding to enhance adhesion, followed by
curing per manufacturer guidelines. As shown
in Figure 2

Materials: CFRP laminates with specified ply
layups were used. Two adhesive systems were
examined: epoxy-based and polyurethane-
based formulations, each with distinct
modulus, toughness, and environmental
durability characteristics.As shown in Table 1

Table 1: Mechanical properties of adhesives

V12=VI3=V23 E33 (GPa) E» (GPa) Ei1(GPa)
0.29 7.43 7.43 94.5

e Surface treatment: Surface pretreatment
protocols (e.g., sanding grit, primer if

applicable) were applied to promote consistent
bonding quality across specimens.

Loading angles: Specimens were tested at 0°,
45°, 60°, and 90°, representing a progression
from  predominantly shear (0°) to
predominantly normal/tensile (90°) loading.

Loading modes: Tests encompassed pure
shear, mixed shear—tension, and pure tension,
enabling the assessment of how mode
composition interacts with angle to influence
strength and failure. As shown in Table 2

Data acquisition: Load-displacement data
were recorded throughout each test, alongside
observations of failure initiation and
propagation. Key metrics included ultimate
joint strength, stiffness, and failure mode
categorization.
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Table 2: Arcan Test Loading modes

Loading modes SamP le Sample
naming number
S1
Pure shear S S2
S3
ST1
Mixed shear-tension ST ST2
ST3
T1
Pure tension T T2
T3
3- Results
e (°loading (shear-dominated)

o Strength: Moderate ultimate strength
observed, with failure modes leaning
toward interfacial decohesion and
potential fiber-related initiation depending
on adhesive system.

o Failure modes: Predominantly adhesive or
adhesive-cohesive in nature, with some
specimens exhibiting fiber surface damage
adjacent to the bondline.

45° loading

o Strength: Notable changes in strength
relative to 0°, with the mixed-mode
loading introducing complex stress states
at the bondline.

o Failure modes: Mixed characteristics, with
both adhesive/cohesive failures and
occasional fiber-related damage.

60° loading

o Strength: Further evolution of strength
depending on adhesive system and
laminate orientation; both adhesives
showed sensitivity to angled loading.

o Failure modes: A shift toward more
cohesive failures within the adhesive or
fiber-related mechanisms in certain
configurations.

90° loading (tension-dominated)

o Strength: Distinct behavior with higher
normal stress at the bondline; failure
often initiated at the adhesive—substrate
interface or within the adhesive layer
itself.
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Figure 3: Force-displacement curves with different loading modes

Failure modes: Predominantly adhesive cohesive
failures or interfacial debonding, with occasional
fiber tearing in the CFRP laminate if the bond was
particularly weak.
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4- Conclusion

e Loading angle and mode significantly
influence the strength and failure mode of
modified Arcan CFRP joints. Higher angles
tend to shift failure toward adhesive-related
mechanisms, while certain angles in
conjunction with specific adhesives can
produce different failure pathways, including
fiber-related damage.

e The Arcan test configuration proves effective
for revealing the interplay between shear and
normal stresses in bonded CFRP joints,
informing material selection, joint geometry,
and bonding processes.

e Future research should explore a broader
range of adhesives, surface treatments, and
CFRP layups to generalize findings across
more structural configurations.

e Investigations under environmental
conditions (temperature, humidity) and long-
term aging would provide insight into
durability and service life.

e Finite element modeling of the Arcan joint
under these loading angles could complement
experimental results and help predict
behavior for complex geometries.

Table 3: Stress values obtained from the Arcan test

Standard Average
devition Stress
(MPa) (MPa)

Loading Sample Stress
modes number (MPa)

S 8.38
Pure ) 8.94 0.29 8.60
shear
s3 8.50
Mixed ST 3.41
shear- ST2 3.16 0.28 341
tension ST3 285
T1 2.96
Pure ™ 2.54 021 275
tension

T3 2.76
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