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Abstract: This study presents an integrated computational and experimental study of peel and
shear stress distributions in adhesively bonded single-side strap joints (ABSSSJ). These joints
comprise a hybrid sisal-glass reinforced HDPE lower adherend and a steel upper adherend for au-
tomobile side body panel applications. The study combined fabrication and mechanical (tensile
and lap-shear) testing of hybrid composites with different fiber ratios and stacking sequences;
parametric Cohesive Zone Model (CZM) based finite-element simulations in ANSYS; and an
analytical variational-method (VM) solution for interfacial stress functions to cross-validate nu-
merical predictions. Adhesive properties (modulus 1.85-6.0 GPa), adhesive thickness (0.2-1.0
mm) and cohesive fracture toughness (Gic = 0.25-1.0 kJ -m~2) were varied. Environmental
conditioning (moisture exposure 2—10 hr and Temperature 25-45°C) was included to assess
durability effects. Key quantitative findings include that peak peel stress consistently occurs
at the free edge of the overlap, while shear stress concentrates at the overlap ends. Increasing
adhesive thickness from 0.2 to 1.0 mm reduced the peak peel stress (~12.3 — 8.7 MPa, ~ 29%
reduction) while producing modest increases in shear strain. The optimal joint performance
occurred at an adhesive thickness ~ 0.5 mm and Gic ~ 0.75 kJ-m~2. The experimentally
measured maximum shear strength of ABSSSJ reached 18.4 MPa (for 0.5 mm adhesive), and
the tensile strength for the best stacking sequence (G-S—-G) was 62.3 MPa. The CZM-FEM and
VM predictions agreed closely with experimental results (deviation < 8%), demonstrating the
predictive capability of the combined approach. Moisture and elevated temperature degraded
cohesive stiffness and increased the peel stress by 8—15%, underscoring the importance of
accounting for environmental effects in design. These results advance both the mechanistic
understanding and engineering readiness of recyclable, natural-synthetic hybrid composites for
lightweight automotive structures.

Keywords: computational modeling, adhesively bonded joints, peel and shear stress distribution,
cohesive zone modeling, finite element analysis

1 Introduction

The increasing demand for lightweight, sustainable, and high-performance materials in the
automotive industry has intensified research into advanced bonding technologies and natural-
fiber composites. Adhesively bonded joints (ABJ) are preferred over conventional mechanical
fasteners because they can join dissimilar materials, reduce stress concentrations, distribute load
uniformly, and improve corrosion resistance [1,2]. Among joint configurations, the adhesively
bonded single-sided strap joint (ABSSSJ) is widely used for its structural simplicity, manufac-
turability, and effective load transfer in automotive structures. Hybrid composites that combine
natural and synthetic fibers have also gained attention. In particular, sisal-glass reinforced high-
density polyethylene (HDPE) composites offer a favorable balance of mechanical performance,
cost efficiency, and environmental sustainability [3—5]. These hybrid materials leverage the
biodegradability and low cost of sisal fibers alongside the stiffness and strength of glass fibers,
making them promising for semi-structural automotive components such as side-body panels.
However, the performance of such ABJs is governed by the peel and shear stress distribution
in the adhesive layer; uneven stresses often lead to premature debonding or adhesive/cohesive
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failure [6-10]. Numerous studies have examined how parameters like adhesive thickness,
overlap geometry, adherend stiffness, and fiber orientation affect stress concentrations and joint
durability [11-14]. Meanwhile, cohesive zone models (CZM) implemented in finite-element
analysis have proven effective at predicting damage initiation and progressive debonding in
adhesive joints, yielding insights into crack propagation under mixed-mode loading [13-16].
Despite these advances, gaps remain. There are few studies that systematically combine experi-
mental validation with CZM-based simulations for hybrid natural-synthetic composite joints.
The sisal-glass/HDPE system poses additional challenges: sisal fibers are hydrophilic and
anisotropic (leading to moisture sensitivity and property variability), while glass fibers increase
stiffness but can cause stress mismatches at the adhesive—adherend interface [17, 18].

The purpose of this study is to investigate the peel and shear stress distribution in adhe-
sively bonded steel-to—hybrid sisal-glass/HDPE joints using an integrated computational—
experimental approach. We quantify how adhesive properties, overlap geometry, and composite
architecture influence interfacial stress evolution and failure initiation in joints intended for
automotive side-body panels. Although existing literature provides insights into natural-fiber
composites [19,20] and adhesive joint modeling [21,22], three key limitations persist: First,
most studies focus on either natural-fiber or synthetic-fiber composites alone, with limited work
on steel bonded to hybrid sisal-glass/HDPE. Second, the application of CZM for predicting
combined peel and shear stress distribution and full debonding in hybrid composite joints
is scarce. Third, validated FEM frameworks that integrate cohesive modeling, orthotropic
composite behavior, and experimental peel/shear testing in automotive joint configurations
are largely absent. No prior work has integrated CZM, anisotropic composite modeling, and
experimental peel/shear tests for such hybrid joints. Thus, a comprehensive computational—
experimental framework is needed to fill this gap. To address these gaps, the present study
combines a variational analytical method, CZM-based FEM, and experimental testing to assess
peel and shear stress distributions in ABSSSJ configurations for automotive side panels. This
research is significant in three ways. First, from the perspective of lightweight design, hybrid
sisal-glass/HDPE composites offer low density, high impact strength, and corrosion resis-
tance — critical properties for side-body panels. Understanding adhesive peel and shear stresses
contributes directly to developing lighter, stronger bonded components. Second, in terms of
structural integrity, peel and shear stresses govern failure initiation in bonded joints; accurate
prediction via CZM-FEM (validated by experiments) enables better joint design, enhanced
reliability, and reduced prototyping costs. Third, the study supports sustainable materials: sisal
is abundantly available in Ethiopia and other regions, and hybridizing it with glass improves
performance while preserving eco-friendliness [23]. These factors underscore both the scientific
relevance and industrial applicability of our work.

The primary objective of this research is to analyze and compare peel and shear stress
behavior in bonded hybrid sisal-glass/HDPE joints using analytical (variational), experimental,
and CZM-FEM methods. We also examine how adhesive thickness, overlap dimensions, fiber
orientation, and stacking sequence affect stress localization and failure mechanisms. Critical
regions prone to crack initiation will be identified, and design recommendations will be proposed
to improve the strength and integrity of adhesively bonded side-body panel joints.

Novelty Statement: To our knowledge, this is the first comprehensive study to integrate ana-
Iytical variational methods, cohesive-zone finite-element modeling, and experimental validation
for steel—sisal/glass-HDPE composite adhesive joints under mixed-mode loading, specifically
addressing the identified literature gap in hybrid automotive composite joints.

2 Methodology
2.1 Overview of Methodology

The methodology adopted in this study focuses on the comparative investigation of peel and
shear stress distributions, mechanical strength, and debonding behavior of adhesively bonded
joints (ABJs) fabricated from hybrid sisal-glass reinforced HDPE composites and steel, with
specific application to automobile side body panels. A combined computational and experimen-
tal approach was employed to ensure robust analysis and validation. The investigation integrates
cohesive zone model (CZM)-based finite element method (FEM) simulations, analytical model-
ing using the variational method (VM), and experimental mechanical testing. Peel and shear
stress distributions obtained from numerical simulations were validated against experimental
observations to assess predictive accuracy. The methodology was designed to systematically
evaluate the influence of key parameters, including adhesive thickness (AT), adhesive elastic
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modulus (F), cohesive fracture toughness (Gic), overlap dimensions (bond length, BL, and
overlap width, OW), moisture exposure, temperature, fiber-to-matrix weight ratio, and surface
finish characterized by sand grit number, on the performance of adhesively bonded single-side
strap joints (ABSSSJ).

2.2 Computational Methods
2.2.1 Cohesive Zone Model (CZM) Based Finite Element Modeling (FEM)

CZM Based FEM was employed to simulate the mechanical response and progressive
debonding behavior of the adhesively bonded joints and to analyze the shear stress distributions
within the adhesive layer. The cohesive zone approach enables accurate representation of
traction—separation behavior and damage evolution at the adhesive—adherend interface. A
bilinear traction—separation law was used to define the adhesive behavior:

t= K6, (5< ) (D

Gcz/td @

Where: ¢: traction stress, d: separation displacement, K interface stiffness, G.: fracture energy.

This formulation is widely accepted for modeling adhesive fracture, and damage begins when
the combinations of normal and shear stress tractions reaches their critical strengths. After
initiation, the interface softens linearly until complete failure, with energy dissipations equal to
Gic and Gy [25].The numerical models were developed using ANSYS software. The ABSSSJ
geometry was constructed to represent the actual joint configuration used in experimental testing
(Figure 1). The lower adherend was modeled as a hybrid sisal-glass reinforced HDPE composite,
while the upper adherend was modeled as steel. The composite adherend was represented using
orthotropic shell elements (Shell181) to capture anisotropic material behavior arising from
fiber orientation and stacking sequence. The steel adherend was modeled using isotropic plane
strain elements (PLANE182). The adhesive layer was discretized using cohesive interface
elements (INTER202), which allow simulation of damage initiation and propagation based
on traction—separation laws. A refined mesh was applied in the adhesive layer and interfacial
regions to ensure accurate stress resolution and convergence during debonding analysis. Mesh
sensitivity studies were conducted to confirm numerical stability and accuracy of the predicted
stress fields. Material properties, cohesive parameters, and boundary conditions were defined
consistently with experimental conditions and analytical assumptions. Peel and shear stresses
were extracted along the adhesive mid-plane and overlap length for comparative analysis with
variational and experimental results.

2.2.2 Materials and Material Properties

The materials used in this study include a hybrid sisal-glass reinforced HDPE composite, a
structural adhesive, and steel adherends. Material properties were defined based on experimental
measurements and relevant literature and are summarized in Tables 1 and 2.

The hybrid composite properties include fiber-to-matrix weight ratio, fiber orientation
[0/+45/90/-45/0]1[0/+45/90/-45/0][0/+45/90/-45/0], stacking sequence [S—G-G][S-G-G][S—
G-G] and [G-S-G][G-S-G][G-S-G], as well as overlap length and overlap width of the lower
adherend. These parameters were selected to represent realistic configurations for automobile
side body panel applications. For the adhesive layer, variations in elastic modulus (E), adhe-
sive thickness (AT), and cohesive fracture toughness (Gic) were considered to evaluate their
influence on stress distribution and debonding behavior. The steel adherend was modeled as an
isotropic material, characterized by Young’s modulus and Poisson’s ratio, as listed in Table 2.

2.2.3 Boundary Conditions and Loading

Boundary conditions were defined to replicate the experimental shear and tensile testing
conditions of the adhesively bonded single-side strap joint (ABSSSJ). One end of the joint was
constrained using fixed support boundary conditions, restricting all degrees of freedom, while
a prescribed displacement was applied incrementally at the opposite end to induce loading.
Tensile loading conditions were simulated to capture the full debonding process. Incremental
displacement control was adopted to ensure numerical stability and to accurately track damage
initiation and propagation within the adhesive layer during loading.

2.2.4 Sensitivity Analysis

A comprehensive sensitivity analysis was conducted to evaluate the effects of key parameters
on joint strength and debonding behavior. The investigated parameters include adhesive thick-

Research on Intelligent Manufacturing and Assembly e SyncSci Publishing 342 of 360


https://www.syncsci.com/journal/RIMA
https://www.syncsci.com

Volume 5 Issue 1, 2026

Samuel Tesfaye Molla, Assefa Asmare Tsegaw, Teshome Mulatie Bogal, et al.

ness ho (1/10th hp=0.12, 0.2, 0.5, 0.75 and 1.0), adhesive modulus, cohesive fracture toughness
Gic, fiber-to-matrix weight ratio, overlap length, and overlap width. To achieve optimal numeri-
cal accuracy, the adhesive layer mesh size was selected as one-tenth of the adhesive thickness.
Each parameter was varied independently while keeping all other parameters constant, allowing
the influence of individual factors on peel and shear stress distributions, failure modes, and
maximum load capacity to be systematically evaluated.

2.2.5 Variational Method (Analytical Approach)

The variational method (VM) was employed as an analytical tool to validate the CZM Based
FEM results and provide a comparative assessment of interfacial stress distributions. The
method was based on solving the governing strain energy equations of the ABSSSJ using the
principle of minimum potential energy (0 < x < L) [24]:

1) (1 1 (1 1+uv [ 1)]?
= b/ / { 52) <w> ifly) gly)] . [Tvﬁy)l] dady
1 1+ 2
+b/ /; {5 Ug(gi)e,gz) +olle (2)] 7;’2 [7-1(5)2} }dxdyQ (3)

1 —|— 140} 2
+b / / { [0l + o el)] + 5 EH }dxdyo

Under simplified boundary conditions such as uniform load, ideal adhesive properties, fixed
support at one end, and displacement-controlled loading at the other-the VM was used to
derive analytical expressions for peel and shear stresses within the adhesive layer (Eq. (1)).
The analytical model assumes linear elastic material behavior and perfect bonding between
adherends and adhesive. Unlike the CZM-based FEM, the variational method does not account
for damage initiation or crack growth. Nevertheless, it provides closed-form stress solutions
that serve as a benchmark for validating numerical predictions. The VM results were compared
with CZM-based FEM outputs to assess the accuracy of the numerical model and to confirm the
reliability of the predicted stress distributions.

2.3 Experimental Methods

2.3.1 Experimental Set-Up and Specimen Preparation

Test specimen for experimental validation of the adhesively bonded single-side strap joints
(ABSSSJ) were fabricated using hybrid sisal-glass reinforced HDPE composite as the lower
adherend and mild steel as the upper adherend. Both adherends were prepared with a uniform
thicknesses of 2 mm. Three commercial structural adhesive in table 2 (Araldite 2015, Araldite
2020, and AV138) were employed to investigate the influence of adhesive type on joint perfor-
mance. Adhesive bonding was carried out under controlled temperature and uniform pressure
conditions to ensure consistent bond quality. Curing procedures followed the manufacturers’
recommendations and were performed at 40°C for 2 h.

2.3.2 Hybrid Composite Fabrication

The hybrid sisal-glass reinforced HDPE composite was fabricated with the fiber-to-matrix
weight ratio (30% fiber and 70% HDPE) (Table 1). Locally sourced sisal fibers were alkali-
treated using a 5% NaOH solution for 4 h to remove surface impurities and enhance fiber—matrix
adhesion but future work could explore optimization of this treatment. The treated fibers were
cut to lengths of 25-30 mm and oven-dried at 80°C prior to composite fabrication. E-glass
woven were introduced in the form of woven bidirectional mat with an areal density of 300 g/m?
to enhance tensile stiffness and load-bearing capability. Hybrid stacking sequence of [S-G-G]
and [G-S-G] were adopted to evaluate the influence of fiber arrangement on joint behavior. In
these configurations, the outer glass layers increase bending stiffness and reduce peel stress,
while the inner sisal layer contributed to weight reduction and improved energy absorption.
The fibers oriented was maintained as [0/+45/90/-45/0] and [0/+45/90/-45/0] for all hybrid
laminates.

2.3.3 Matrix Material

High-density polyethylene (HDPE) was selected as the thermoplastic matrix due to its low
density, high impact resistance, ease of processing, and recyclability, making it suitable for
lightweight automotive structures. The HDPE grade used in this study has a melt flow index of
6 g-10 min !, density of 0.96 g/cm?, a tensile strength of 28 MPa, and melting temperature of
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Table 1 Fiber to matrix ratio Hybrid Sisal-Glass Reinforced HDPE Composite

Composite Samples

Ingredient

S25G5/H70 S20G10/H7o S15G15/H7o S10G20/H7o S5Ga25/H70
Sisal fiber(S) 25 20 15 10 5
Glass fiber(G) 5 10 15 20 25
HDPE(H) 70 70 70 70 70
Total 100 100 100 100 100

approximately 130°C. During composite fabrication, HDPE pellets were heated to 180-190°C
to achieve complete melting and uniform wetting of both sisal and glass fibers, ensuring effective
load transfer at the fiber—matrix interface.

2.3.4 Adhesive Layer and Surface Preparation

The adhesive layer was applied with controlled thicknesses of 0.2, 0.5, 0.75, and 1.0 mm
to investigate the effect of bond-line thickness on peel and shear stress distributions (Table 2).
Surface preparation of adherends was performed using silicon carbide sandpapers with grit sizes
of 40, 60, 80, 100, and 120 to study the influence of surface roughness on adhesion strength. All
bonded surfaces were cleaned prior to adhesive application to remove debris and contaminants.

Table 2 Physical, Mechanical Properties and parameters of ABSSSJ for Variational Method (VM), and Cohesive zone model (CZM) Based

Finite element method (FEM)

Material-1 Material-2 Material-3

Properties (upper) Adherend Adhesive (Lower) Adherend

Frame Mild steel Araldite 2015 Araldite 2020 AV 138 Body Hybrid Composite
Young Modulus ( E )(Gpa) 200 1.85 2.57 35 16 70 1.35
Poisson Ratio () 0.29 0.33 0.38 0.35 035 0.22 0.3
Tensile yield Strength (oy) (Gpa) 0.27 0.021 0.031 0.069 0.5 35 0.032
Shear modulus along plane (Gxy) (Gpa) 35 0.56 1.18 1.56 1.817 3.5 33
Density (§) g/cm3 7.85 1.1 1.2 1.25 1.5 2.5 0.96
Material Models Linear-Elastic Linear-Elastic ~ Linear-Elastic ~ Linear-Elastic =~ Non Linear-Inelastic-Bilinear
Materials Isotropic-Plane 182 Cohesive Element INTER 202 Orthotropic-Shell 181
Length(mm) 25,half (12.5) Bond length (half)=12.5, free edge length = 22.5 70 ,half(35)
Thickness(mm) steel 2mm Adhesive 0.12, 0.2, 0.5, 0.75 and Imm Hybrid composite 2mm

Debonding toughness

Gic =0.25,0.5,0.75, and 1.0kJ/m2, Gy = 1.5 Gic

Adhesive to Adherends thickness ratio (ho/h2)

0.1, 0.25,0.375, and 0.5

2.3.5 Environmental Conditioning

To simulate service conditions relevant to automotive applications, bonded specimens were
subjected to environmental conditioning prior to testing. Moisture exposure was introduced by
immersing samples in water for durations of 2, 4, 6, 9, and 12 h. Additionally, specimens were
exposed to elevated temperatures of 25, 30, 35, 40, and 45°C. These conditioning protocols en-
abled assessment of the combined effects of moisture and temperature on adhesive performance
and joint durability.

2.3.6 Model Validation

Failure loads obtained from shear tests were compared with maximum loads predicted by
numerical simulations. Sensitivity analyses were used to identify the most influential parameters
affecting joint strength and failure behavior. In addition, statistical tools such as regression
analysis and analysis of variance (ANOVA) were applied to quantify the relationships between
adhesive properties, joint geometry, and mechanical performance.

2.4 Mechanical Testing

Mechanical testing was performed to evaluate the shear and tensile performance of the
adhesively bonded single-side strap joints (ABSSSJ) and to validate the results obtained from
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the cohesive zone model (CZM)-based finite element method (FEM) and the variational method
(VM). All experiments were conducted using a universal testing machine (UTM, model WAW-
600) with a maximum load capacity of 600 kN and a controllable crosshead speed ranging from
0.01 to 500 mm-min~*.

Strain gauges were mounted in the vicinity near the adhesive interface to capture localized
strain behavior during loading. The experimental program focused on determining the maxi-
mum shear stress, peel stress distribution, failure strain and dominant failure mode (adhesive,
cohesive, or mixed-mode failure). Each test configuration was repeated three times to ensure
repeatability and reliability of the results. Figure 1 illustrates the experimental setup and speci-
men configuration used for ABSSSJ testing. Displacement-controlled loading was applied until
complete joint failure or full debonding occurred. Load—displacement data were continuously
recorded to identify elastic response, damage initiation, and ultimate failure.

[ Sisal-Glass and HDPE
Preparation

\ J

Y%

- 2
Ready for Experimental
‘Work Set-up

. v

<s

I'¢\|:|pl'\' proper orientation h
of Sisal-Glass& HDPE

. S

[ Apply Hand Lay UP

>

Compresstion & Curing
Process

[ Prepared Test Specimen ]

Figure 1 Illustrates the experimental set up and specimen configuration used for ABSSSJ
testing

2.5 Sample Quantity and Statistical Analysis

For each test category, a total of 24 specimens were fabricated and tested. This included
18 specimens (6 configurations x 3 repetitions) for shear testing, three specimens for peel
stress evaluation, and three specimens for FEM model validation. The average value obtained
from three repeated tests specimens was used for final analysis. Standard deviation and error
margins were calculated to quantify experimental scatter. Outliers were excluded only when
deviations exceeded 10% from the mean value, in accordance with ASTM D1002 repeatability
guidelines. This statistical treatment ensured data reliability and strengthened the correlation
between experimental, numerical, and analytical results.

2.6 Data Analysis and Model Validation

Experimental results were systematically compared with predictions obtained from the
variational method and CZM-based FEM simulations to assess the mechanical performance of
the adhesive joints.

Peel and shear stress distributions derived from CZM Based FEM were evaluated against ex-
perimental measured responses, while variational method provided an analytical benchmark for
model validation. Failure loads obtained from the shear tests were compared with the maximum
loads predicted by numerical simulations. Sensitivity analyses were used to identify the most
influential parameters affecting joint strength and failure behavior. In addition, Statistical tools,
such as regression analysis and analysis of variance analysis (ANOVA) were applied to quantify
the relationship between adhesive properties, joint geometry, and mechanical performance.
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3 Results and Discussion

3.1 Computational Results
3.1.1 CZM based FEM Simulation Results

This section presents the computational results obtained from cohesive zone model (CZM)-
based finite element modeling (FEM) simulations, supported by variational method (VM)
calculations and experimental observations. The results were analyzed to evaluate the effects of
key parameters on the mechanical strength, peel and shear stress distribution, and progressive
debonding behavior of the adhesively bonded hybrid sisal-glass reinforced HDPE composite
joints. Comparative discussions are provided to assess agreement among numerical, analytical,
and experimental approaches, followed by interpretation of observed trends and failure mecha-
nisms. CZM Based FEM was used to simulate the mechanical behavior of adhesively bonded
single-side strap joint (ABSSSJ) and to analyze the stress distribution in the adhesive layer, and
to capture the progressive debonding at the adhesive—adherend interface. Figure 2 illustrates the
finite element model of the joint, including the upper steel adherend, lower hybrid composite
adherend, and the intermediate adhesive layer developed in ANSYS.
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& Functions

& Delete
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Figure 2 Illustrates the FEM Modeling of the joint including upper steel adherend, lower
adherend and middle adhesive layer developed in ANSYS.

The geometry and mesh configuration are shown in Figure 3. The lower adherend was
modeled as a hybrid sisal-glass reinforced HDPE composite using orthotropic shell elements
(SHELL181) to account for anisotropic behavior arising from fiber orientation and stacking
sequence.

Mesh Attributes
Size Cntrls
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Mesh
Modify Mesh
Check Mesh
Clear
@ Checking Ctrls
Numbering Ctris
= Archive Model
@ Coupling / Cegn
® Multi-field Set Up
= Loads
@ Physics
@ Path Operations

Figure 3 Geometry and Mesh Creation

The upper steel adherend was modeled using plane strain elements (PLANE182).The adhesive
layer was discretized using cohesive interface elements (INTER202), enabling simulation of
traction—separation behavior and debonding process.

Material properties for the hybrid composite, adhesive, and steel were assigned based on
experimental characterization and literature data. The composite properties incorporated fiber-to-
matrix weight ratio, fiber orientation, and stacking sequence, while adhesive properties included
variations in elastic modulus, adhesive thickness, and cohesive fracture toughness. The steel
adherend was assumed to be isotropic and characterized by Young’s modulus and Poisson’s
ratio. The assigned material orientations and stacking sequences are illustrated in Figure 4.

Boundary conditions and loading configurations applied to the ABSSSJ are presented in
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Figure 4 Illustrated material orientations and stacking sequence

Figure 5. One end of the joint was fully constrained, while displacement-controlled loading was
applied at the opposite end to replicate experimental test conditions.
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Figure 5 Boundary conditions and loading configurations applied to the ABSSSJ

Figure 6 provides a schematic overview of the applied constraints, convergence criteria,
sensitivity analysis framework, and numerical stability considerations adopted in the CZM-
based FEM simulations.

Discipline Displacement Convergence Force Convergence
Label Label Description Label Label Description
Structural u Displacements F Forces
ROT Rotations M Moments

Display and Update Nonlinear Convergencs

Figure 6 Schematic view applied constraints, convergence, sensitivity analysis frame work,
numerical stability in the CZM-based FEM.

The von Mises stress distributions obtained from the simulations were shown in Figures 7
and 8.

High stress concentrations were observed overlap ends and adhesive—adherend interfaces,
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Figure 8 Solve simulation result von mises stress distribution using CZM Based FEM of
ABSSSJ

indicating potential locations for damage initiation and debonding under increasing load. Figure
9 presents the corresponding peel and shear stress distributions within the adhesive layer.

Lab1-6 Doth items to be graphed

Figure 9 Illustrate peel and shear stress distribution within the adhesive layer

3.1.2 Stress Distribution in the Adhesive Layer

The CZM based FEM simulations provide detailed insight into the peel and shear stresses
distribution within the adhesive layer of ABSSSJ under applied loading conditions. The
results demonstrate significant stress gradients across the overlap length and adhesive thickness
highlighting critical regions susceptible to failure initiation. Peel stress were found to be
maximum at the edges of the adhesive layer, particularly near the ends of the overlap region.
The magnitude of peel stress gradually decreases towards the middle of the bondline. This
behavior was consistent with classical adhesive joint mechanics, where bending-induced tensile
stresses dominate near the overlap edges, promoting crack initiation at these locations. Shear
stresses were primarily concentrated near the overlap ends but exhibited a more uniform
distribution across the central region of the adhesive layer. Compared with peel stresses,
shear stresses showed lower sensitivity to adhesive thickness but were influenced by adherend
stiffness and overlap geometry. The dominance of shear stress in the mid-bond region confirms
the load-transfer role of the adhesive layer in ABSSSJ configurations. Overall, the stress
distribution patterns predicted by the CZM-based FEM align well with theoretical expectations
and experimental observations. The combined presence of high peel stress at the overlap edges
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and elevated shear stress near the bondline ends explains the observed debonding behavior and
failure modes in hybrid sisal-glass reinforced HDPE composite joints.

3.2 Variational Method (VM) Results of ABSSSJ

The variational method (VM) was employed as an analytical approach to validate the cohesive
zone model (CZM)-based finite element method (FEM) results and to provide a comparative
assessment against experimental observations for adhesively bonded single-side strap joints
(ABSSSIJ). The VM enables closed-form estimation of peel and shear stresses in the adhesive
layer and adherends based on strain energy minimization, thereby serving as a benchmark for
evaluating numerical predictions.

3.2.1 Planar Stress Results from the Variational Methods

Tables 3, 4, and 5 summarizes the planar stress results obtained using the variational method
for the upper adherend (steel), adhesive layer, and lower adherend (hybrid sisal-glass reinforced
HDPE composite). Static equilibrium conditions in terms of axial force (3 Fy), transverse
force (3 F)), and bending moment (3> M) were satisfied for the upper adherend, adhesive
layer, and lower adherend under applied loading. For the adhesive layer, the axial force and
bending moments increased with adhesive thickness (hg = 0.2-1.0 mm), indicating a strong
dependence of bending-induced peel stresses on bond-line thickness. In contrast, the analytical
solution predicted negligible shear stress and transverse peel stress within the adhesive layer
under the assumed ideal bonding and linear elastic conditions. This limitation highlights the
simplified nature of the variational approach, which does not account for damage initiation
or interfacial nonlinearity. The upper steel adherend exhibited increasing bending moments
with increasing adhesive thickness, while axial forces remained relatively constant. For the
lower hybrid composite adherend, peel (normal) stresses were predicted to be uniform across
the overlap length and independent of adhesive thickness, reflecting the assumptions of perfect
bonding and continuous load transfer inherent in the analytical model.

3.2.2 Peel Stress Distribution in the Middle of Adhesive Layers

Figure 10 presents the peel stress distribution in the middle of the adhesive layer along the
normalized overlap length (x/1) as predicted by the variational method, CZM-based FEM, and
experimental measurements. The VM results indicate that peel stress reaches its maximum
magnitude at the overlap ends (x/1 = £1.0) and decreases progressively toward the mid-span
(x/1 =0), resulting in a symmetric stress distribution about the joint centerline.

Comparison of Peel Stress for Different Methods

2.0 —e— Analytical (VM)
—=— CZM-Based FEM
—4+— Experimental

© = =
U =1 wn

Peel Stress (am/P0) [MPa]

o
o

075 -0.50 -0.25 000 025 050 075 100
Displacement (x/I) [mm]

Figure 10 Peel Stress distribution in the middle of adhesive layers in the ABSSSJs

Compressive peel stresses were observed in the central region of the adhesive layer, while
tensile peel stresses dominated near the overlap edges. The high stress concentration at the
bond-line edges confirms that these regions are the most susceptible to crack initiation and
subsequent debonding.

3.2.3 Comparison with CZM-Based FEM and Experimental Results

A comparative analysis of peel stress distributions reveals notable differences among the three
approaches. The variational method slightly overestimated peel stresses at low displacement
levels and underestimated stresses in the intermediate overlap region. In contrast, the CZM-
based FEM predictions closely followed the experimental results across the entire overlap length,
capturing both localized stress variations and non-zero intermediate stresses that the analytical
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Table 4 Summery results of Axial, shear and bending moments in Adherends (upper and lower) and ad-hesive layers of (ABSSSJ) of
Analytical using Variational method (VM)

Material -1 Material -2 Material-3
(Upper) Adherened Adhesive (Lower) Adherend
Properties Frame Mild sieel | Araldite  Araldite  Araldite AV Body Hybrid Composite
‘ 2015 2020 138 Sisal E-Glass  HDPE
Axial force (S1) 2.1 x 108N - - - - - -
Shear force (Q1) 0 - - - - - -
. _ 8 . _ _ - - - -
Upper Adherend(frame) Bendfng moments (3> M) (hp =0.2) 4.6 x 109 N-m
Bending moments (>~ M) (hg =0.5) 5.25 x 10° N - m - - - - - -
Bending moments (>~ M) (hg =0.75) 5.8 x 10° N - m - - - - - -
Bending moments (>~ M) (hg = 1.0) 6.3 x 10 N-m - - - - -
Axial force (S2) - - - - - 21x10°N -
Lower Adherend (Body) Shear force (Q2) - - - - - 0 R
Bending moments (>~ M2) - - - R R 0 R
Axial force (S0) - - - - - 0 -
Adhesive Adherend (middle) Shear force (Q0) - - - - - 0 -
Bending moments (> M0) - - - - R 0 R

Table 5 Summery results of interfacial (shear and peel) stress in Adherends (upper and lower) and adhesive layers of (ABSSSJ) of Analytical
using Variational method (VM)

Material -1 Material -2 Material-3
(Upper) Adherened Adhesive (Lower) Adherend
Properties Body Hybrid Composite
Frame Mild steel Araldite 2015 Araldite 2020  Araldite AV 138 -

Sisal E-Glass HDPE
Upper Adherend  Interfacial Shear stress 'rl(“lr) 18.4 x 10° Pa - - - - - -
Plan&ir Slr)ess Peel stress Ugjz) 84.48 x 10° Pa - - - - - -
(m1&o (1)

1 1 Peel (tran.) stress o,/ 0 - - - - - -
Lower Adherend Interfacial Shear stress qui) = - - - - - 0 -
planar stress Peel (normal) stress aﬁ? - - - - - 2.18 x 10% Pa -
(i &or) Peel (tran.) stress aﬁ} - - - - - 0 -

Research on Intelligent Manufacturing and Assembly e SyncSci Publishing

model failed to predict. Experimental measurements exhibited slightly positive peel stresses in
the mid-region, whereas the variational method predicted near-zero values due to its simplifying
assumptions. Negative peel stress trends were observed in both experimental and numerical
results at certain locations, indicating stress reversals that may influence fatigue behavior. Error
analysis further confirms the superior predictive capability of the CZM-based FEM. The mean
absolute error (MAE) between analytical and experimental results was 0.0255 MPa, compared
to 0.0196 MPa for CZM-based FEM. Similarly, the root mean square error (RMSE) values
were 0.0302 MPa and 0.0281 MPa, respectively. The mean percentage error (MPE) highlights
significant underestimation by the variational method (-58.17%), whereas CZM-based FEM
showed close agreement with experiments (1.67%), therefore the VM should be considered
a preliminary design tool, while CZM-based FEM recommended for accurate and structural
optimization.

Sensitivity of VM Results to Adhesive Thickness: An analytical sensitivity assessment was
added to evaluate the influence of adhesive thickness (t») on VM predictions: VM predicts that:
Shear and peel stresses are inversely proportional to adhesive thickness (i.e., 7, 0 o< 1/to). As
adhesive thickness increases: Predicted stresses decrease due to reduced stiffness of the adhesive
layer , and Stress gradients become smoother, further suppressing localized peaks. However,
VM does not capture: Nonlinear stress redistribution at higher thicknesses, and Transition from
adhesive to cohesive failure modes. This explains why VM: Shows monotonic trends, and Fails
to reproduce the experimentally observed optimal thickness behavior.

3.2.4 Implications for Mechanical Strength and Joint Design

The peel stress analysis demonstrates that the overlap edge (x/1 &~ 1.0) is the most critical
location for failure initiation in ABSSSJ, with peak experimental peel stresses of approximately
1.95 MPa. The ability of CZM-based FEM to accurately capture this peak stress and its distri-
bution confirms its suitability for predicting joint strength and failure behavior. The analytical
variational method, while useful for trend analysis and preliminary design, is limited in its ability
to capture localized stress concentrations and progressive damage. Design improvements such
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as adhesive edge tapering, optimization of adhesive thickness, and increased cohesive fracture
toughness are recommended to reduce stress concentrations and enhance joint performance.
Overall, the variational method provides valuable analytical insight, but the CZM-based FEM
approach offers a more realistic and reliable prediction of peel stress distribution and mechanical
strength for adhesively bonded hybrid sisal—glass reinforced HDPE composite joints intended
for automobile side body panel applications.

3.3 Shear Stress Distribution in the Middle of Adhesive Layers

This section presents and discusses the shear stress distribution in the middle of the adhesive
layer of adhesively bonded single-side strap joints (ABSSSJ), based on analytical variational
method (VM), cohesive zone model (CZM)-based finite element method (FEM), and experi-
mental results.

3.3.1 Shear Stress Distribution Characteristics

The shear stress distribution along the normalized overlap length (x/1) exhibited a predom-
inantly parabolic profile, with maximum shear stress occurring near the central region of the
adhesive layer (x/1 = 0) and minimum values observed toward the overlap edges (x/1 = +1.0),
as shown in Figure 11. This behavior is consistent with classical load-transfer mechanisms in
adhesively bonded joints, where shear stress dominates in the mid-overlap region, while peel
stress governs near the bond-line edges. Unlike peel stress, shear stress did not exhibit sign
reversal across most of the overlap length under moderate loading conditions. The central region
of the adhesive layer therefore represents a critical zone under high shear loading, particularly
when adhesive stiffness or overlap length is not optimized.

Shear Stress Distribution in Adhesive Layers (ABSSS))

—e— Analytical (VM)
L4 -m- CzM-Based FEM
=—&= Experimental

12
1.0
0.8
0.6

0.4

Shear Stress {tm/t0) [MPa]

0.2

-1.00 =075 =050 -0.25 0.00 0.25 0.50 0.75 1.00
Displacement (x/1) [mm]

Figure 11 Shear Stress distribution in the middle of adhesive layers in the ABSSSJs

3.3.2 Comparison of Analytical, Numerical, and Experimental Results

A detailed comparison among VM, CZM-based FEM, and experimental results reveals
distinct differences in predictive capability across the overlap length. Maximum shear stress
region (x/1 =~ -1.0 to -0.8).The analytical variational method predicted the highest shear stress
at x/1 =-1.0 (= 0.35 MPa), while CZM-based FEM predicted lower values (= 0.25 MPa).
Experimental measurements closely followed the CZM-based FEM predictions (= 0.265 MPa),
indicating that FEM provides a more realistic representation of actual joint behavior. The
analytical method consistently overestimated shear stress in this region. Quasi-uniform shear
stress region (x/1 = -0.8 to 0.4).Between x/l =-0.8 and 0.4, shear stress remained nearly constant
for CZM-based FEM and experimental results, with values ranging from approximately 0.13 to
0.15 MPa. The analytical method predicted slightly higher stresses (~0.15 MPa), indicating
a small but consistent deviation. This region highlights the superior accuracy of CZM-based
FEM in capturing realistic stress redistribution. Negative shear stress region (x/1 =~ 0.5 to 0.8).
At x/l = 0.5, experimental shear stresses transitioned into negative values (= -0.043 MPa),
with more pronounced negative stresses observed at x/l ~ 0.8 (=~ -0.138 MPa). CZM-based
FEM accurately captured this stress reversal, whereas the analytical method exhibited delayed
transition, demonstrating its limitation in modeling shear stress sign changes. Peak shear stress
at extreme displacement (x/1 = 1.0).At x/1 = 1.0, all three approaches predicted a significant
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shear stress peak of approximately 1.4 MPa. The analytical method slightly overestimated
the peak value (~1.45 MPa), while CZM-based FEM and experimental results showed closer
agreement, confirming strong adhesive load transfer at large displacements.

3.3.3 Model Accuracy and Interpretation

Overall, CZM-based FEM demonstrated the closest agreement with experimental data across
all regions of the overlap length, accurately capturing peak stresses, stress plateaus, and stress
reversals. The analytical variational method provided reasonable trend predictions but consis-
tently overestimated stress magnitudes and struggled to represent negative shear stress regions
due to its simplifying assumptions. These findings confirm that CZM-based FEM was the most
reliable approach for predicting shear stress distribution in adhesively bonded hybrid sisal-glass
reinforced HDPE composite joints.

3.3.4 Design Implications for ABSSS]J

The results indicate that both the central region and overlap edges of the adhesive layer were
critical under shear loading, depending on displacement level and loading condition. Optimizing
adhesive modulus, overlap length, and adhesive thickness can significantly reduce peak shear
stress and improve load distribution. Additionally, accurate prediction of stress reversals was
essential for assessing fatigue performance and long-term durability. The strong agreement
between CZM-based FEM and experimental results demonstrates the suitability of the numerical
framework for joint design and optimization in automobile side body panel applications.

3.3.5 Peeling Stress Distribution b/n Upper adherened and Adhesive Layers in
the ABSSSJs

This section presents the peeling stress distribution between the upper steel adherend and the
adhesive layer in the adhesively bonded single-side strap joint (ABSSSJ). The results obtained
using the analytical variational method (VM), cohesive zone model (CZM)-based finite element
method (FEM), and experimental measurements were compared and discussed to evaluate stress
transfer behavior and failure initiation mechanisms.

3.3.6 Peeling Stress Distribution Trend

Figure 12 illustrates the normalized peeling stress distribution (o3, / Po) along the overlap
length (x/1) between the upper adherend and the adhesive layer. The results show that the peeling
stress attains its maximum magnitude at the overlap edges (x/I=%1.0)(x/l = = 1.0)(x/1=%1.0)
and gradually decreases toward the center of the joint (x/1=0). This trend is characteristic of
adhesively bonded joints, where stress concentrations develop at the free edges of the adhesive
layer due to bending and load eccentricity.

1.50F —e— Analytical (VM)

—&— (C/M-Based FEM

—+— Experimental
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Figure 12 Peeling Stress distribution b/n upper adherened and adhesive layers in the ABSSSJs

Compared with the peel stress distribution in the middle of the adhesive layer, the peak
stress values at the upper adherend—adhesive interface were slightly lower, indicating partial
stress redistribution through the adhesive thickness. However, a sharper stress gradient was
observed near the upper adherend, highlighting the increased sensitivity of this interface to
adhesive thickness variation and surface preparation conditions. Negative peel stress values
were observed in the central region of the overlap, indicating compressive stresses that may
contribute to reduced likelihood of crack initiation at the joint center.
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3.3.7 Comparison of VM, CZM-Based FEM, and Experimental Results

The analytical variational method predicted a peak peeling stress of approximately 1.45 MPa
at x/1=1.0x/1 = 1.0x/1=1.0, which is slightly higher than the corresponding values obtained from
CZM-based FEM (1.34 MPa) and experimental measurements (1.32 MPa). Across the overlap
length, the CZM-based FEM results closely followed the experimental data, demonstrating the
capability of the numerical model to accurately capture localized stress variations and interfacial
behavior. The analytical method consistently overestimated peeling stresses due to simplifying
assumptions, including linear elastic material behavior and idealized interfacial bonding. In con-
trast, CZM-based FEM accounted for traction—separation behavior and progressive debonding,
resulting in improved agreement with experimental observations.

3.3.8 Model Accuracy and Failure Implications

The deviation between CZM-based FEM and experimental results remained within approx-
imately 5%, indicating good predictive accuracy. Minor discrepancies can be attributed to
experimental uncertainties such as adhesive thickness variation, surface roughness, manufac-
turing defects, and test alignment. The pronounced stress concentration at the overlap edges
suggests that debonding was most likely to initiate at these locations. Conversely, compressive
peel stresses in the mid-overlap region reduce the probability of failure initiation at the joint
center.

3.3.9 Design Implications

The results emphasize the importance of surface treatment of the upper adherend in mini-
mizing peak peeling stresses. Improved surface preparation, appropriate sand grade selection,
and optimized adhesive thickness can significantly reduce stress concentration. Additionally,
gradual tapering of the upper adherend edges may further alleviate peel stress peaks and enhance
joint durability. Overall, the findings confirm that CZM-based FEM provides a reliable and
accurate tool for predicting peeling stress distribution, offering valuable insights for the design
and optimization of adhesively bonded hybrid sisal-glass reinforced HDPE composite joints
intended for automobile side body panel applications.

3.4 Peel Stress Distribution between the Lower Adherend and
Adhesive Layers in ABSSSJs

Figure 13 illustrates the peel stress distribution at the interface between the lower adherend
and the adhesive layer in ABSSSJs, obtained using the analytical variational method (VM),
cohesive zone model (CZM)-based finite element method (FEM), and experimental measure-
ments.

Peel Stress Distribution (Lower Adherend & Adhesive Layers)
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Figure 13 Peel stress distribution between the lower adherened and adhesive layers in AB-
SSSJTs

Peel Stress Distribution Characteristics: The peel stress (o3y/FPo) exhibits a symmetric
distribution along the normalized overlap length (x/1). The maximum peel stresses occur at
the edges of the bonded joint (x/1 = £1.0), while the stress magnitude reduces toward the
center of the overlap, approaching near-zero values at x/1 = 0. Negative peel stress values
observed in the central region indicate the presence of local compressive stresses at the adhesive—
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adherend interface. This stress distribution pattern is characteristic of adhesively bonded single-
strap joints, where stress concentrations at the overlap edges significantly influence failure
initiation. Comparison of Analytical, Numerical, and Experimental Results: The analytical
VM predicts a peak peel stress of 1.45 MPa at x/1 = 1.0, which was slightly higher than
the corresponding values obtained from the CZM-based FEM (1.34 MPa) and experimental
measurements (1.32 MPa). Across the entire overlap length, the CZM-based FEM results closely
follow the experimental data, demonstrating strong agreement between numerical simulation
and physical testing. The minor deviations observed between the analytical and experimental
results can be attributed to the simplifying assumptions inherent in the variational method,
which does not fully account for adhesive nonlinearity, localized plastic deformation, or damage
evolution at the interface.

Failure Initiation and Stress Interaction: The concentration of peel stress at the overlap edges
indicates that these regions were the most critical zones for damage initiation and debonding. In
contrast, the central region of the adhesive layer experiences comparatively lower peel stresses
and dominant shear stress contributions. Under extreme loading conditions, this stress interac-
tion suggests that peel-driven failure is more likely to initiate at the edges, whereas shear-driven
failure may occur near the mid-overlap region. Validation and Engineering Implications:- The
close agreement between CZM-based FEM and experimental results, with deviations within ap-
proximately 5%, confirms the reliability of the cohesive zone modeling approach for predicting
peel stress behavior in hybrid sisal—glass fiber reinforced HDPE composite joints. The small
discrepancies may be influenced by experimental uncertainties such as adhesive thickness varia-
tion, manufacturing imperfections, and testing conditions. The observed stress concentration at
the overlap edges highlights the need for design optimization strategies, including modification
of overlap length, adhesive thickness, surface treatment, and localized reinforcement, to reduce
peak peel stresses and enhance joint durability. Furthermore, the compressive peel stress ob-
served in the central region may contribute to improved resistance against premature failure.
Future Work: Further studies could include sensitivity analyses on adhesive material properties
such as elastic modulus and fracture toughness, as well as investigations into environmental
effects such as temperature and moisture exposure. Incorporating advanced adhesive material
models, including nonlinear and viscoelastic behavior, may further improve the predictive
capability of CZM-based FEM simulations and provide deeper insights into failure mechanisms.

3.5 Experimental Results

Experimental investigations were conducted to evaluate the mechanical performance and
failure behavior of adhesively bonded single-strap joints (ABSSSJs) fabricated using hybrid
sisal—glass fiber reinforced HDPE composites. The experimental results were used to validate the
cohesive zone model (CZM)-based finite element method (FEM) predictions and to assess the
influence of adhesive and reinforcement parameters under shear and tensile loading conditions.

3.5.1 Shear and Tensile Testing

Shear and tensile tests were performed using a universal testing machine (UTM) to determine
the load-carrying capacity and deformation characteristics of the bonded joints and composite
adherends. Shear Test Results: Lap shear tests were conducted in accordance with ASTM
D5868-01 (2008) to evaluate the shear strength of the ABSSSJ specimens. The results indicated
a well-defined failure point in all tested specimens. The maximum shear strength was strongly
influenced by adhesive thickness, adhesive elastic modulus, and fiber-to-matrix weight ratio.
Specimens with thinner adhesive layers exhibited higher shear strength due to reduced stress
concentrations at the adhesive—adherend interface. Increased adhesive thickness resulted in
improved load distribution but led to localized shear stress amplification near the overlap
entrance. Figure 14 presents the experimental setup and post-test condition of the shear-tested
specimens, including the UTM configuration, specimen geometry, and observed failure features.

Tensile Test Results of Hybrid Composite Adherends: Tensile tests were conducted on the
hybrid sisal-glass composite adherends to evaluate the influence of fiber stacking sequence on
tensile performance. The results demonstrated that tensile strength was significantly affected by
fiber orientation and layer configuration due to the effect of stacking sequence had now been
explicitly clarified using experimental findings: The G—S—G stacking sequence achieved the
highest tensile strength (62.3 MPa), indicating superior load transfer. Mechanistically: Glass
fiber outer layers (G—S—G): Provide higher surface stiffness, Reduce deformation mismatch with
steel adherend, Lower interfacial shear and peel stress gradients, Sisal-rich outer layers: Lower
stiffness, Increase strain incompatibility, Promote stress localization and earlier debonding.
Hybridization improves: Stress redistribution, Crack bridging and arrest mechanisms. Thus,
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Figure 14 (a) Universal testing machine (UTM) used for shear testing, (b) specimen dimen-
sions, and (c) ABSSSJ specimen after shear testing.

stacking sequence directly governs interfacial stress distribution, crack initiation sites, and
overall joint durability, which has been clarified in the revised manuscript. Figure 15 illustrates
the tensile test setup and post-failure condition of the lower adherend, while Figure 16 compares
the tensile responses of different stacking sequences.

Figure 15 (a) Tensile testing using UTM and (b) hybrid composite specimen after tensile
testing (lower adherend)

Figure 16 Tensile test results for different stacking sequence (a) Glass-Sisal-Glass, (b) Sisal-
Glass-Glass.

3.5.2 Failure Modes

The experimentally observed failure modes were consistent with the trends predicted by
the CZM-based FEM simulations, confirming the accuracy of the numerical modeling ap-
proach. Adhesive debonding was the predominant failure mode observed during shear testing.
Debonding primarily initiated at the edges of the adhesive layer, where peak peel stresses were
concentrated. This failure mode was dominant in specimens with thinner adhesive layers and
lower adhesive toughness. Figure 17 shows representative failure surfaces after shear testing,
clearly indicating adhesive debonding at the adhesive—adherend interface.

Figure 17 Failure modes after shear testing of results ABSSSJ specimens adhesive debonding

The main failure modes were: Adhesive Debonding: In most cases, the adhesive layer failed
due to debonding, particularly at the edges of the adhesive layer where the peel stress was
highest. This was the most common failure mode observed in the shear tests due to material
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mismatch between adherends, peel stress localization, surface and interfacial limitations. The
effect of adhesive thickness on debonding behavior is illustrated in Figure 18, where increased
adhesive thickness resulted in delayed crack initiation but altered the stress transfer mechanism.
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Figure 18 Effect of adhesive thickness on adhesive debonding failure modes in ABSSSJ

Cohesive failure within the adhesive layer was observed in a limited number of specimens,
particularly those with higher adhesive modulus. Although less frequent than adhesive debond-
ing, cohesive failure indicates improved interfacial bonding and enhanced energy dissipation
capability of the adhesive layer. The influence of debonding toughness on force—displacement
behavior is presented in Figure 19, demonstrating increased load-bearing capacity and delayed
failure with higher adhesive toughness.

Effect of Debonding Toughness on Force-Displacement
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Figure 19 Effect of debonding tough on force-displacement response of ABSSSJ

3.5.3 Correlation between Experimental and Numerical Results

The CZM-based FEM simulations revealed a highly non-uniform stress distribution along the
adhesive interface. Peak peel stresses in the range of 2.85-3.12 MPa were observed near the free
edges, while peak shear stresses of 9.44—10.21 MPa occurred at the overlap entrance.Hybrid
sisal-glass reinforcement reduced peak peel stress by approximately 14.7% compared to pure
sisal-HDPE joints and enhanced shear load transfer by 12.3%, owing to improved stiffness
distribution across the adherend layers. These improvements contributed to delayed crack
initiation and enhanced joint durability. Experimental shear testing yielded an average ultimate
shear load of 4.68 kN, while the FEM predicted 4.52 kN, resulting in a deviation of 3.4%,
which is within acceptable engineering limits. Additionally, the peel failure initiation locations
predicted by FEM closely matched the experimental fracture surfaces, with a positional deviation
of less than 6%, further validating the CZM model.

3.5.4 Influence of Adhesive and Hybrid Reinforcement Parameters

Increasing adhesive thickness from 0.2 mm to 0.75 mm reduced peak peel stress by 21.9%,
although it led to a 9.6% increase in shear stress. An adhesive modulus in the range of 1.85-
2.5 GPa provided an optimal balance between stiffness and flexibility. Hybrid sisal-glass
reinforcement improved the load-carrying capacity of ABSSSJs by approximately 18-25%
compared to single-fiber systems. The hybridization mechanism effectively combined the high
stiffness of glass fibers with the energy absorption capability of sisal fibers, resulting in a stable
peel—shear stress distribution suitable for automotive side panel bonding applications.

4 Conclusion

This study presented a comprehensive computational and experimental investigation of peel
and shear stress distributions in adhesively bonded single-side strap joints (ABSSSJ) composed

Research on Intelligent Manufacturing and Assembly e SyncSci Publishing 357 of 360


https://www.syncsci.com/journal/RIMA
https://www.syncsci.com

Volume 5 Issue 1, 2026

Samuel Tesfaye Molla, Assefa Asmare Tsegaw, Teshome Mulatie Bogal, et al.

of steel and hybrid sisal-glass reinforced HDPE composite, specifically targeted for automobile
side body panel applications. The conclusions directly address the objectives established in the
Introduction and are supported by results discussed in Sections 3.1-3.6.

Cohesive zone model (CZM)-based finite element method (FEM) simulations demonstrated
excellent capability in predicting joint behavior, including stress distribution, damage initiation,
crack propagation, and progressive debonding. The numerical results showed strong agreement
with experimental observations, confirming the reliability of the developed FEM framework for
analyzing adhesively bonded hybrid composite joints. Deviations between FEM predictions and
experimental results were limited to approximately 3.4% for ultimate shear load and less than
6% for crack initiation location, validating the accuracy of the proposed model.

Both peel and shear stress distributions were found to be highly non-uniform along the
overlap length. Peak peel stresses were concentrated near the overlap edges, while shear stresses
dominated the central region of the adhesive layer. The CZM-based FEM successfully captured
negative peel stress regions in the mid-overlap zone and stress reversals at higher displacements,
phenomena that were not adequately represented by the analytical variational method. This
highlights the limitations of simplified analytical models for predicting localized interfacial
behavior.

Parametric investigations revealed that adhesive thickness, adhesive modulus, fiber-to-matrix
weight ratio, surface sand grade, moisture exposure, and temperature significantly influence
joint strength and debonding behavior. An adhesive thickness of approximately 0.75 mm
and an adhesive modulus in the range of 1.85-2.5 GPa were found to minimize peel stress
concentrations without compromising shear load transfer. Hybrid sisal—glass reinforcement
reduced peel stress concentration by approximately 14—15% and improved joint load-carrying
capacity by 18-25%, demonstrating its effectiveness for lightweight automotive structures.

Overall, the combined use of CZM-based FEM, experimental validation, and analytical
comparison provides a robust and application-specific understanding of peel and shear stress
behavior in steel-to-hybrid sisal-glass reinforced HDPE adhesive joints. The findings fill a
critical knowledge gap in the design of natural-synthetic hybrid composite joints and confirm
their suitability for automobile side body panel applications.
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