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INTRODUCTION

The analysis of contact stresses is a key is-
sue in mechanics and engineering, with signifi-
cant importance for the design and evaluation of 
the strength of various structural elements [1, 2, 
3]. These stresses, contact stresses, occur in the 
areas where two or more bodies come into con-
tact under the influence of external loads [4], and 
their accurate determination is essential for pre-
dicting the operational reliability of machines and 
structures [5]. The analysis of contact stresses is 
applied in many fields, primarily in mechanics. 
Contact stress evaluation is common in bolted 
and riveted joints [6], but also applies to bearings, 
cutting tool interfaces, and biomedical implants. 

Contact stress behavior is influenced by several 
factors, including geometry [7, 8], material prop-
erties, and surface conditions. For example, Chang 
et al. [9] proposed a hybrid FT-FEM method to 
model bolted joints by capturing micro- and mac-
ro-contact effects, showing improvements in stiff-
ness and vibration resistance. Material-related pa-
rameters such as Young’s modulus, yield strength, 
and viscoelasticity [10], as well as surface rough-
ness and micro-asperities as well as frictional 
interactions between contact surfaces affect the 
wear of components [11, 12], significantly affect 
contact stiffness and wear behavior [13]. Wang et 
al. [14] introduced a fractal stiffness model that 
includes asperity interaction and deformation, 
while thin coatings and films further complicate 
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elastoplastic behavior in contact regions [15]. 
External load characteristics and boundary con-
ditions also play critical roles in stress distribu-
tion [16]. Hertzian-based models, such as those 
enhanced by Flores et al. [17], incorporate hys-
teretic damping to address energy loss during 
contact. Similarly, new numerical techniques for 
contact analysis, such as the method proposed in 
[18], improve the simulation of deformation and 
force transmission in flexible mechanisms.

Analytical methods, including classical Hertz 
theory, are useful for simple geometries and elas-
tic materials [1, 19]. For example, Guo et al. [20] 
introduced a modified Hertz model to predict stress 
under spherical indentations in soft materials, while 
Skrinjar et al. [21] analyzed the performance of var-
ious contact models, including hysteresis effects. 
Askari [22] explored non-Hertzian alternatives for 
more realistic scenarios. However, real-world appli-
cations often involve complex geometries and non-
linearities that analytical solutions cannot capture. 
Experimental methods remain essential for validat-
ing theoretical and numerical approaches [23], par-
ticularly in assessing contact wear and deformation 
[24] as well as the nature of contact, such as pene-
tration, sliding, etc. Mohs and Tobi [25] examined 
tribological wear in Ti-6Al-4V alloys under various 
slip conditions. Their study compared finite ele-
ment simulations with observed wear patterns and 
fatigue crack initiation, emphasizing the relevance 
of experimental validation. 

Riveted joints are widely used in many in-
dustries. Accurate contact stress modeling is es-
sential for understanding their load-bearing be-
havior, enabling optimized design and minimiz-
ing failure risk. Numerical methods, particularly 
the finite element method (FEM), are widely 
applied to analyze complex contact phenomena, 
including nonlinearities, contact stiffness [26], 
plasticity [27], and friction [28]. In the study 
[29], FEM was used to simulate surface micro-
compression in thermal barrier coatings (TBC) 
produced via atmospheric plasma spraying 
(APS). The study showed that porosity signifi-
cantly affects stress distribution, force-displace-
ment characteristics, and plastic deformation 
behavior beneath the contact area. 

There are many factors influencing the distri-
bution and magnitude of contact stresses in riv-
eted joints. In work [30], a numerical analysis of 
the rivet shank upsetting process was conducted, 
with results compared to analytical estimates for a 
freely upset cylinder. Szymczyk and Jachimowicz 

[31] analyzed the damage caused by cyclic ten-
sion in lap joints, using FEM simulations of the 
riveting process and joint loading, complemented 
by static/fatigue tests and fractographic analysis. 
A critical factor is the material used for the rivet 
and connected components, particularly their me-
chanical properties such as Young’s modulus and 
yield strength [32]. Additionally, the accuracy of 
hole fabrication, drilling, riveting technique, riv-
et shaping, and clamping force (which introduces 
residual stresses) all affect stress distribution [33]. 
Finally, operating conditions, such as the magni-
tude and direction of applied forces, as well as en-
vironmental conditions, significantly influence the 
distribution of contact stresses and, consequently, 
the strength and capacity of the riveted joints.

Riveted joints consist of two or more com-
ponents connected by rivets that are deformed to 
ensure a durable connection and structural integ-
rity. During assembly, contact between the rivet 
and hole generates stresses that affect the load 
capacity and fatigue strength of a joint [34]. Key 
stress zones include the rivet-hole interface (shear 
and normal stresses), the area under the rivet head 
(compressive stresses), and the rivet shank (cir-
cumferential stresses) [35]. Liu et al. [36] inves-
tigated the impact of forced installation caused 
by hole misalignment on the three-dimensional 
stress distribution and damage in a composite 
bolted joint. They proposed an analytical mod-
el of stresses distributed around composite holes 
and, using Hertz’s theory, derived the maximum 
extrusion load through a deformation expression. 
The predicted stress distribution from the analyti-
cal model was compared with finite element (FE) 
simulation results that accounted for composite 
damage. The findings show that hole misalign-
ment introduces a centrally symmetric stress dis-
tribution. As the misalignment increases, the com-
posite strength decreases due to extrusion-induced 
damage. Existing analytical models, such as the 
classical Hertz contact theory, provide useful ap-
proximations for local stresses under idealized 
contact conditions but often fail to capture the 
complex, nonlinear interactions arising from real 
geometries and materials. On the other hand, FEM 
offer high fidelity but are computationally expen-
sive and often not suitable for rapid engineering 
design. Modern contact stress analysis extends be-
yond classical Hertz theory, combining analytical, 
numerical, and experimental methods to address 
material nonlinearity and surface complexity. Ap-
plications range from astronaut training systems 
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[37], pneumatic actuator control [38], and piston 
synchronisation [39], to 3D roughness measure-
ment [40], coating transparency tests [41], and 
studies on the aerodynamic effects of coating age-
ing in aerospace structures [42].

 The aim of this experimental study was to 
determine the effect of the hole chamfer in a sin-
gle-lap riveted joint on contact stresses. The ana-
lytical model is compared through finite element 
simulations and experimental tests performed on 
aluminium sheet specimens joined by blind riv-
ets. The novelty of this study lies in introducing a 
geometric correction factor into the Hertz model 
and correlating it with physical hole chamfer size 
and angle. The combined experimental, numer-
ical, and analytical results provide new insight 
into the local stress fields of riveted joints under 
different loading conditions.

ANALYTICAL MODEL OF CONTACT 
STRESSES 

Classical Hertz contact theory 

Accurate analytical modeling of contact 
stresses is essential for understanding the me-
chanical behavior of riveted joints under load. 
Classical contact theories, such as Hertz’s solu-
tion [43, 44], provide closed-form expressions 
for estimating stresses and deformations in con-
tact zones between elastic bodies. However, their 
assumptions - perfectly smooth surfaces, isotrop-
ic materials, no friction, and a relatively small 
contact area compared to the size of the bodies – 
limit their applicability to real-world engineering 

problems involving geometric complexity and 
material nonlinearity [45, 46]. Hertz’s theory 
specifically addresses contact between curved 
elastic bodies, including sphere-to-flat, sphere-
to-sphere, and cylinder-to-cylinder configura-
tions [44]. It defines parameters such as contact 
area, pressure distribution, indentation depth, as 
well as contact force, based on material proper-
ties and body geometry [43]. The graphic defini-
tion is presented in Figure 1. 

The most important values used in the calcu-
lations of stresses according to Hertz were:
	• a relative diameter of curvature is defined as:
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where:	d1 – the diameter ofz the female part (neg-
ative), d2– the diameter of the male part 
(positive).

An equivalent module of elasticity for materi-
als of cylinders is:
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where:	E1 – Young’s Modulus of the material of 
part 1, E2 – Young’s Modulus of the mate-
rial of part 2, v1 – the Poisson’s ratio of the 
material of part 1, v2 – the Poisson’s ratio 
of the material of part 2.

The width of the contact surface for a cylinder-
cylinder contact (the parameter b) is defined as:

	

1
𝑑𝑑∗

= 1
𝑑𝑑1

+ 1
𝑑𝑑2

 

 

1
𝐸𝐸∗

= 1 − 𝜈𝜈1
2

𝐸𝐸1
+ 1 − 𝜈𝜈2

2

𝐸𝐸2
 

 

𝑏𝑏 = (2𝐹𝐹
𝜋𝜋𝜋𝜋 ∙ 𝑑𝑑∗

𝐸𝐸∗
)

1 2⁄
 

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝐹𝐹
𝜋𝜋𝜋𝜋𝜋𝜋 = √2𝐹𝐹𝐸𝐸∗

𝜋𝜋𝜋𝜋𝑑𝑑∗
 

 

𝐴𝐴𝑐𝑐 = 𝜋𝜋𝑑𝑑𝑐𝑐 ∙ 𝑙𝑙𝑐𝑐 + 𝜋𝜋𝑟𝑟𝑐𝑐
2 

 

𝜎𝜎𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚 = ( 6𝐹𝐹𝑛𝑛
𝜋𝜋𝜋𝜋𝜋𝜋) ∙ 𝑓𝑓𝑐𝑐(𝛼𝛼) 

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚∗ = 𝐹𝐹
𝑑𝑑1𝐿𝐿 

 

𝑆𝑆 =  √∑ (𝑥𝑥𝑖𝑖 − 𝑥𝑥)2𝑛𝑛
𝑖𝑖=1
𝑛𝑛(𝑛𝑛 − 1)  

 

 

	 (3)

Figure 1. Geometric definition of the Hertz problem
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The maximal stress located in the geometric 
center of contact is:
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Modified Hertz model for rivet 		
– hole interface

In this case of single-lap riveted joints with 
blind rivets with specific chamfering angles (e.g., 
30°, 45°, 60°), the actual contact geometry sig-
nificantly deviates from the classical scenarios 
described by Hertz. The contact area becomes a 
hybrid between cylindrical and conical contact, 
leading to increased local stress concentrations 
and a reduction in the effective contact length. 
Furthermore, the presence of friction, possible 
material plasticity, as well as the relationship be-
tween contact radius and chamfering geometry 
must be considered [20, 46]. 

For countersunk holes with a typical depth 
of approximately 0.5 mm and an angle of 45°, a 
correction factor of approximately fc ≈ 1.3 was 
used. As the chamfering angle increases, the 
contact tends to become more point-like, which 
intensifies the local stress concentration effects. 
To account for these geometric and physical dif-
ferences, a modification to the classical Hertzian 
model was proposed, which includes:

Accounting for the actual contact area, given 
by the expression:
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where:	dc – effective contact diameter (typically 
equal to the rivet diameter), lc – cylindri-
cal contact length after subtracting the 
chamfered region, rc – effective contact 
radius corresponding to the chamfered 
(conical) zone.

The generalization of the contact stress equa-
tion was formulated as:
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where:	Fn – normal force (rivet-to-hole clamping 
force), d – rivet diameter, fc(a) – chamfer 
angle correction factor, which accounts 
for the geometric and stress distribution 
effects specific to the presence of coun-
tersunk holes.

In this study, fc(a) was calibrated using results 
from finite element simulations. Three variants of 
chamfer size were modeled (0 mm, 0.1 mm, and 
0.5 mm), and the resulting contact stress distribu-
tions were compared with those predicted by the 
classical Hertz model. A nonlinear least squares 
fitting procedure was applied to determine a cor-
rection function. For the tested range of chamfers, 
a value of α = 0.65 yielded the best agreement with 
FEM results.

Results of the analytical analysis

For the analyzed riveted joint, the diameter 
dimensions were determined experimentally us-
ing an optical microscope. Next, by using the 
material properties listed in Table 2 and applying 
equations of the modified model Hertz, the stress-
es were calculated for different forces. To validate 
the obtained values, simple strength calculations 
typical for a riveted joint were conducted, as illus-
trated in Figure 2. These calculations assumed no 
clearance, considering only compressive stresses. 
The stresses were determined using Equation7. 
The computed stress results for the analyzed 
loading force values are summarized in Table 1.
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The analytical calculations determined the 
stress values (Hertzian and pressure) as a function 
of the applied force for the analyzed rivet joint. 
The analysis showed that increasing the size of 
the hole chamfer leads to a significant rise in the 
contact stress values. For all analyzed load mag-
nitudes, a systematic increase in stress is observed 
both in the Hertz model and in the approach ac-
counting for surface pressure without clearance. 
For example, for a load of F = 800 N, the Hertzian 
contact stress increases from 305.58 MPa (f = 0 
mm) to 397.25 MPa (f = 0.5 mm), which repre-
sents an increase of over 30%.

At the same time, the comparison between 
the two approaches indicates that the stress values 
obtained from the Hertz model are significantly 
higher than those calculated from surface pressure. 
These differences are particularly evident in the 
absence of a chamfer or when the chamfer is small 
– for f = 0 mm, the Hertzian stresses are on aver-
age 36% higher than the contact stresses calculated 
assuming no clearance. This results from the fact 
that the Hertz model assumes a very small, point-
like contact area, which leads to higher localized 
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stresses. In contrast, the pressure stress (no clear-
ance) approach reflects a more realistic distribution 
of force over a larger contact surface, accounting 
for effects such as plasticity. As the chamfer ra-
dius increases, this difference gradually decreases, 
reaching only about 1.5% for f = 0.5 mm. This 
suggests that with a sufficiently large chamfer, the 
contact area becomes geometrically constrained by 
the chamfer itself, reducing the effect of extreme 
stress concentrations. For large chamfers, the re-
sults for both models showed that the dominant 
factor influencing contact stress values becomes 
the geometric limitation of the contact surface.

The described and analyzed values of Hertz-
ian contact stress and pressure stress are presented 
on the graphical plots below (Figure 3, Figure 4). 
The curves with marked values clearly illustrate 
the influence of the hole chamfer on stress with 
different load values.

EXPERIMENTAL STUDIES ON RIVET 
JOINTS WITH A BLIND RIVET 

The geometry of joints and materials

In the presented work, a single-lap joint with 
blind rivets was examined. The geometry of the 
riveted joint is illustrated in Figures 3 and 4. The 
dimensions of the joint were taken from ISO 
12996 [47]. The sheets were made of EN AW 
2017A aluminum alloy with a thickness of 1 mm, 
and the blind rivets were made of EN AW 5251 
aluminum alloy with a diameter of 4 mm. Ac-
cording to the standard [47], to ensure the axial 
nature of the load, additional plates should be 
glued to the ends of the joined sheets (Figure 5). 
The mechanical properties of the sheet and blind 
rivet materials are presented in Table 2.

Results of the experimental analysis

The static strength tests of lap joints were con-
ducted by ISO 12996 guidelines (Figure 6). The 
shear tests were performed using a Zwick-Roell 
tension machine equipped with an extensometer 
and a force transducer with a nominal force value 
of 50 kN. The static tests were carried out at a tra-
verse speed of 4 mm/min, allowing for the creation 
of a shear diagram for the investigated riveted joint.

During the joint shear test, the actual force F 
(with a measurement accuracy of 0.12% of the 
nominal force value) and the sheet displacement 
s (measurement uncertainty 0.5 μm) were moni-
tored and recorded. For each hole chamfer size, 
15 samples were made. The following designa-
tions were adopted for the respective geometric 
configurations of the samples: A0 for f = 0 mm, 
A01 for f = 0.1 mm, and A05 for f = 0.5 mm. All 
results of the tests and series were summarized 
on the graphs. Subsequently, the experimental re-
sults were statistically analyzed, and representa-
tive curves were selected for further analysis. The 
results were illustrated in Figure 7.

Figure 2. Stress between two objects in contact 
(without clearance)

Table 1. Results of analytical analysis of contact stress 

Force
F [N]

f = 0 mm f = 0.1 mm f = 0.5 mm

Hertz contact 
stress [MPa]

Pressure stress 
(no clearance) 

[MPa]

Hertz contact 
stress [MPa]

Pressure stress 
(no clearance) 

[MPa]

Hertz contact 
stress [MPa]

Pressure stress 
(no clearance) 

[MPa]
200 76.39 48.8 84.03 54.3 99.31 97.8

600 229.18 146.6 252.1 162.9 297.94 293.4

800 305.58 195.5 336.14 217.3 397.25 391.2
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Figure 3. Hertz contact stress of riveted joints for different chamfer sizes and loads

Figure 4. Pressure stress (no clearance) of riveted joints for different chamfer sizes and loads

Figure 5. Geometry of joint [48]

All curves show nonlinear behavior, with a 
distinct peak followed by a force drop, indicat-
ing permanent plastic deformation and failure of 
the riveted joints. The displacement at maximum 

force and the force magnitude differ for each 
curve, showing differences in the failure behav-
ior. As it can be seen from this graph, for the 
joint with f = 0 mm (A0), the maximum force is 



195

Advances in Science and Technology Research Journal 2025, 19(11) 189–205

955 N and the displacement s = 1.63 mm before 
failure. The curve declines sharply after reaching 
the maximum capacity, indicating the shear of the 
rivet. The results for A01 showed that the maxi-
mum force was at the higher displacement (s = 2 
mm). The decline after the peak is more gradual 
than A0, suggesting better plastic deformation 
capacity. The shear curve for A05 showed the 
highest maximum force (F = 1191 N) and dem-
onstrated the largest displacement s = 2.5 mm be-
fore failure. The curve showed a gradual increase 
and a smoother decline, indicating a complex 
stress state. Initially, bending occurred, followed 
by shear of the riveted joint. The results of experi-
ments showed that the capacity and the displace-
ment depend on the chamfer size.

Due to the limited number of specimens 
tested for each geometric configuration, the 
measurement uncertainty was estimated using 
the Student’s t-distribution [50]. The standard 
deviation S of the mean value obtained from the 
experiments was calculated based on the fol-
lowing formula:
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where:	n – number of samples, xi – value obtained 
in the i-th sample, x – arithmetic mean of 
the values obtained in n samples.

For joints with f = 0.5 mm configuration, 
the standard deviation was 55.94 and for riveted 
joints without chamfer (f = 0 mm) was 38.28. The 
standard deviation was small, indicating the re-
peatability of the results and the stable behavior 
of the riveted joints in the experimental tests.

Additionally, the cross-sections of riveted 
joints were prepared. For all geometrical con-
figurations, the shear process of the rivet was 
interrupted at different stages of loading. Next, 
the joints were covered by the epoxy resin. After 
the hardening of the resin, the joints were cut and 
polished. The prepared cross-sections from the 
experimental analysis and photos from the micro-
scope allowed for the visualization of the defor-
mation state of the riveted joint. The author’s 
technology of making riveted joint cross-sections 
was developed during a static tensile test [51]. 
Figure 8 (for joint without chamfer f = 0 mm) and 
Figure 9 (for joint with f = 0.5 mm) show shear 
curves with cross-sections of the riveted joint at 
the chosen and critical points of the shear process. 
In both cases, small deformations of the rivet and 
hole were observed at low loads. When the ap-
plied force approached its maximum value (for 
f = 0 mm, in case F = 900 N, Figure 8), visible 
deformation of the rivet occurred, primarily due 
to the shear process. The initially smooth internal 
cylindrical surface of the rivet became distorted 
and displaced as a result of localized high shear 

Table 2. Mechanical properties of the materials examined [49]

Aluminum alloy Young modulus E [GPa] Poisson’s ratio Yield stress Rp0.2 [MPa] Ultimate tensile 
strength UTS [MPa]

EN AW 2017 A 72 0.3 140 210

EN AW 5251 68 0.3 110 200

Figure 6. Geometry, load, and boundary conditions of joints used in experimental analysis
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stresses. Additionally, at the advanced stage of 
loading, a gap between the joined materials was 
observed (Figure 9). In contrast, a markedly dif-
ferent rivet deformation pattern was observed in 
specimen A05 (with a chamfer f = 0.5 mm) (Fig-
ure 9). At a high load of F = 1100 N, the rivet 
underwent significant bending deformation. No-
tably, no internal shift of the cylindrical surface is 
detected in this case.

NUMERICAL ANALYSIS 

Discrete model 

Numerical analysis of single-lap riveted joints 
with blind rivet configurations was conducted 
using 3D finite element models developed and 

evaluated with the commercial finite element soft-
ware ANSYS. The geometric model employed in 
the numerical study corresponded to the riveted 
joints used in the experimental work (Figure 3).

Elasto-plastic material models were analyzed, 
with the true stress-strain curves for the bilinear 
material model of the sheet and blind rivet de-
picted in Figure 10. The material properties used 
to define these models are summarized in Table 3.

The numerical analysis was based on as-
sumptions reflecting loading conditions from 
earlier experimental tests. Accurately model-
ling the axial load from the static tensile test 
was essential to ensure consistency between ex-
perimental and numerical results. The following 
FEM boundary conditions were applied: the right 
end of the sheet and the right additional surface 
were constrained (fixed support - all degrees of 

Figure 7. Shear curves for single-lap riveted joints with different sizes of hole chamfer

Figure 8. Shear curve for a riveted joint with chamfer f = 0 mm
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freedom were fixed); the left end of the sheet and 
the left additional surface allowed displacement 
in the x-direction (free), while displacements in 
the y and z directions were constrained to 0. An 
external force F [N] was applied in the x-direc-
tion at the left end. Contact models were selected 
based on the simulations replicating the joint’s 
working conditions and aligned with prior stud-
ies. Defined contacts included sheet-to-sheet and 
hole-to-rivet frictional interfaces, both with a co-
efficient of 0.2. The FE model comprised three 
bodies (rivet and two sheets, Figure 11), meshed 
with over 900,000 10-node tetrahedral elements. 
A simplified rivet model (Figure 11a), previously 
used in riveting process simulations, was adopt-
ed. Mesh size and density were refined through 
convergence studies.

Results of the numerical analysis

As part of the numerical analysis of a rivet 
connection subjected to axial tension, several 
loading forces were selected for the analysis. The 
maximum load capacity of the tested joint was 
955 N for A0. Therefore, the tests considered 
forces of 200 N, 600 N, and 800 N, which repre-
sent approximately 80-90% of the total strength 
of the joint, just before the failure of the riveted 
joint. To provide a clearer explanation of the size 
chamfer effect and its impact on the deformation 
behavior, the publication discusses the stress dis-
tributions for all chamfer sizes for 800 N.

The results were illustrated in Figure 12. For 
f = 0 mm, the lowest maximum equivalent stress 
value was observed among all analyzed configu-
rations. The maximum stress was 244.02 MPa oc-
curred at the edge region of the sheet in contact 
with the rivet shank, where a pronounced stress 
concentration was identified (Figure 12a). The 
absence of a chamfer leads to a strong localised 
stress at the contact interface. For the configura-
tion with a chamfer f = 0.1 mm (Figure 12b), the 
maximum equivalent stress increased to 669.52 
MPa. The stress distribution was more symmet-
rical and dispersed around the rivet shank, with 
concentrations evident in the lateral and lower re-
gions of the sheet. The highest maximum stress 
value was noted for the configuration with f = 0.5 
mm - 748.65 MPa (Figure 12c). The widespread 
zone of elevated stress, extending across both the 
upper and lower sheets and over a substantial area 
of the rivet, was observed. The observed stress 
field indicates a strong interaction at the contact 
interface, which implies enhanced utilization of 
the material and joint load capacities.

Figure 13 shows the contact pressure for riv-
eted joints. When analyzing the load case with 
a force of 800, the lowest contact pressure was 
observed for the configuration without a cham-
fer (Figure 13a), with a value of 187.03 MPa. 
In this case, no significant stress concentrations 
were identified, and the pressure distribution 
remained uniform, primarily along the lateral 
surfaces of the hole. An increase in chamfer 

Figure 9. Shear curve for a riveted joint with chamfer f = 0.5 mm 
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depth led to a considerable rise in the maximum 
contact pressures within the single riveted joint, 
from 443.27 MPa (Fig. 13b) for f = 0.1 mm to 
613.09 MPa for f = 0.5 mm (Figure 13c). Ad-
ditionally, the pressure distribution is sharper 
near the central contact area. For higher cham-
fer sizes observed the pressure gradient is steep, 
showing that most of the load is concentrated in 
a smaller area, which may lead to higher local-
ized deformation or potential wear.

COMPARISON OF RESULTS

To compare the experimental and numerical 
deformation results, extreme cases of the joint 
configuration are presented in Figures 14 and 15. 

For the results for the joint without cham-
fer (f = 0 mm) and with F = 800 N (Figure 14), 
a strong correlation with the numerical model 
was observed. The experimental cross-section 
revealed separation of the sheets, deformation of 

Figure 10. Stress-strain curve of the bilinear material model for sheets and a rivet [6]

Table 3. Material properties of the bilinear material model
Material data Aluminum alloy EN AW 2017A (sheet) Aluminium alloy EN AW 5251 (rivet)

Density [kg/mm3] 2700 2700

Young’s modulus [GPa] 72 68

Poisson’s ratio 0.3 0.3

Yield strength [MPa] 210 140

Tangent modulus [MPa] 1200 1000

Figure 11. Mesh: a) rivet; b) riveted joint (cross-section)
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the rivet head, and a characteristic outward ex-
trusion of the rivet pin (Figure 14a). The numeri-
cal analysis indicated considerable displacement 
of the upper sheet and rotation of the rivet shank 
(Figure 14b). In both cases, notable similarity 
was observed in the actual displacement distribu-
tion, deformation of the rivet shank and sleeve, 
and the response of sheets to increasing load. 
The riveted joint with a chamfer of f = 0.5 mm 
exhibited the greatest deformations compared to 
smaller chamfers (f = 0.1 mm) (Figure 15). Even 
under moderate loading conditions (F = 800 N), 
a noticeable loss of symmetry was observed, and 
at maximum load, significant displacement and 
damage to the rivet occurred. The FEM models 

accurately replicated the deformation behavior, 
particularly in the hole and sheet regions. While 
the use of a larger chamfer improves rivet form-
ing efficiency, it simultaneously increases the 
risk of local overloading.

Table 4 presents the experimental and nu-
merical values of the total deformations for the 
applied loads. For the numerical models, the total 
deformation maximum was higher by an average 
of 19% (for F = 200 N and f = 0 mm) than the 
experimental results of deformations. For higher 
loads (600–800 N), the numerical model showed 
good agreement with experimental data, especial-
ly for chamfer sizes 0.1 mm and 0.5 mm, where 
errors remained mostly below 10%.

Figure 12. The equivalent stress of the single-lap riveted joint for F = 800 N: a) f = 0 mm, b) f = 0.1 mm,
c) f = 0.5 mm



200

Advances in Science and Technology Research Journal 2025, 19(11), 189–205

In order to compare the obtained analytical 
and numerical contact stress results for all con-
sidered configurations are presented in Table 5. 
A comparison between the numerical and analyt-
ical contact stress results (with percentage error 
between Hertz and numerical) for different hole 
chamfer configurations revealed clear trends in 
model agreement. The maximum contact pres-
sures obtained numerically (Contact Pressure 
Max) were consistently higher than those cal-
culated analytically using Hertzian theory and 
pressure stress without clearance. However, the 

degree of this discrepancy varied depending on 
the chamfer size and load level. In the configura-
tion with f = 0 mm, the differences between the 
numerical and analytical results were relatively 
moderate. The maximum contact pressure in this 
case was only about -8% lower than the pres-
sure stress and -39% lower than the Hertzian es-
timate, suggesting that the simplified analytical 
models approximate the stress behavior reason-
ably well for geometries without a chamfer. In 
contrast, for f = 0.1 mm, the numerical model 
showed significantly higher values. At 800 N, 

Figure 13. Contact pressure for F = 800 N: a) f = 0 mm, b) f = 0.1 mm, c) f = 0.5 mm
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Contact Pressure Max reaches 443.27 MPa –  ap-
proximately +104% higher than pressure stress 
and +32% higher than Hertz stress. The largest 
differences were noted for f = 0.5 mm. Here, the 
numerical contact stress exceeds both analytical 
estimates by a large margin. These represent in-
creases of over +137% and +140%, respectively. 
This suggests that the numerical model captures 

significant nonlinearities and localized effects – 
such as stress triaxiality and asymmetric deforma-
tion - which analytical methods tend to overlook.

The described, compiled, and compared val-
ues of analytical contact stress and numerical 
contact pressure are presented graphically in the 
charts below (Figures 16–18). The curves with 
marked values clearly illustrate the trends and 

Figure 14. Cross-section of the riveted joint with f = 0 mm and load F = 800 N from: a) experiment,
b) numerical analysis

Figure 15. Cross-section of the riveted joint with f = 0.5 mm and load F = 800 N from: a) experiment,
b) numerical analysi

Table 4. Comparison of the elongations of the riveted joint obtained numerically and experimentally, for different 
force values, with the percentage error to the experimental value

Chamfer size f [mm] Force F [N]
Experiment [mm] Numerical analysis [mm] Numerical analysis [%]

Total deformation maximum

0

200 0.1443 0.1722 19.33

600 0.3517 0.3915 11.32

800 0.5103 0.4862 4.7

0.1

200 0.3449 0.3912 13.42

600 0.8348 0.912 9.3

800 1.1149 1.1762 5.5

0.5

200 0.2050 0.2299 12.14

600 0.6087 0.7101 16.7

800 0.7938 0.8528 7.43



202

Advances in Science and Technology Research Journal 2025, 19(11), 189–205

Table 5. Comparison of contact stress of the riveted joint obtained numerically and analytically, for different force 
values and three configurations of hole chamfer size, with percentage error

Force 
F [N]

f = 0 mm f = 0.1 mm f = 0.5 mm

Hertz 
contact 
stress 
[MPa]

Pressure 
stress (no 
clearance) 

[MPa]

Contact 
pressure 

max 
[MPa]

Δ 
Hertz 

vs 
Num. 
[%]

Hertz 
contact 
stress 
[MPa]

Pressure 
stress (no 
clearance) 

[MPa]

Contact 
pressure 

max 
[MPa]

Δ 
Hertz 

vs 
Num. 
[%]

Hertz 
contact 
stress 
[MPa]

Pressure 
stress (no 
clearance) 

[MPa]

Contact 
pressure 

max 
[MPa]

Δ 
Hertz 

vs 
Num. 
[%]

200 76.39 48.8 42 81 84.03 54.3 108.51 22 99.31 97.8 234.98 57

600 229.18 146.6 107.43 113 252.1 162.9 326.13 22 297.94 293.4 407.32 26

800 305.58 195.5 187.03 63 336.14 217.3 443.27 24 397.25 391.2 613.09 35

Figure 17. Comparison of contact stress for f = 0.1 mm for the examined loads

Figure 16. Comparison of contact stress for f = 0 mm for the examined loads

changes in stress values for a given geometric 
configuration of the riveted joint sample. 

CONCLUSIONS

The main goal of this study was to conduct an 
analysis of the influence of the hole chamfer size 

of a single lap joint with a blind rivet on the de-
formation and contact stresses. In this work, ex-
perimental results of blind rivet joints were pre-
sented. Contact stresses and stress distribution in 
the riveted joint cross-section were analyzed. The 
results of the experimental analysis were not only 
compared with numerical results, but also using 
the modified Hertz stress mathematical model. 
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The results obtained from these investigations led 
to the following conclusions:
1.	The size of the hole chamfer has a significant 

impact on both the magnitude and distribution 
of contact stresses in riveted joints. 

2.	The highest maximum equivalent stress was 
observed for joints with a chamfer size of f 
= 0.5 mm, reaching up to 748.65 MPa. This 
configuration also exhibited the most exten-
sive plastic deformation, especially in the rivet 
shank and sheet regions.

3.	Experimental cross-section analysis con-
firmed that larger chamfer sizes promote more 
symmetrical deformation and improve rivet 
forming.

4.	For joints without chamfer (f = 0 mm), the 
maximum contact pressure was lowest and 
stress distribution was more uniform, but the 
strength capacity was significantly reduced 
compared to chamfered configurations.

5.	The modified Hertz model incorporating 
chamfer geometry showed better correlation 
with numerical results for smaller chamfers, 
reducing the error margin between analytical 
and FEM results to less than 2%.

6.	Comparative analysis between experimental 
and numerical results showed strong qualita-
tive agreement in deformation and stress dis-
tribution, validating the robustness of the com-
bined methodology used.

7.	The study provides a comprehensive meth-
odology for evaluating riveted joint perfor-
mance under axial loads, offering insights for 
improved joint design in aerospace and struc-
tural applications.
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