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Abstract: The paper deals with estimation of a stress concentration factor in the hole area during tensile loading. The load carrying capac-
ity and fatigue performance of sheet samples (made of 2024 aluminium alloy) with open and riveted holes are compared. Tests confirm 
the insignificant influence of riveting on ultimate strength, however, it strongly affects fatigue life. The material cold working around the hole 
causes a decrease in maximum principal stress values as well as stress concentration moves away a few millimetres (about half a rivet ra-
dius length) from the hole. During tensile loading the maximum stress values increase slower around the riveted hole than at the open one 
and consequently in the former case the yield stress is achieved later. 
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1. INTRODUCTION 

The object of analysis are riveted joints used in aircraft struc-
tures to fasten skins with the frame. High-strength aluminium 
alloys 2xxx (with copper) or 7xxx (with zinc) are thought of as the 
aircraft alloy because of their strength and excellent fatigue resis-
tance however the copper content makes them extremely difficult 
to weld. The tens or even hundreds of thousands rivets used 
in a typical aircraft structure have a significant influence on the 
service life and this is the reason of the last decades research 
concerning fatigue performance improvement.  

The load carrying capacity and fatigue resistance of riveted 
joints depends on many structural, manufacturing and material 
factors (Szulżenko and Mostowoj, 1970; Godzimirski, 2008; Mat-
wijenko, 1994; Jachimowicz and Wronicz, 2008) like: connection 
type (overlap or butt, symmetric or asymmetric), size, rivet pitch 
and spacing (distance between rivets and rivet rows), sheet thick-
ness, diameter of rivet shank and rivet type (i.e. universal, mush-
room or countersunk). The most advantageous stress states 
occur for symmetric joints (where uniaxial or biaxial tension 
is dominant). Unfortunately, they can be rarely used in practice. 
The non-symmetric joint is very unfavourable because of eccentric 
tension (secondary bending). The secondary bending influence 
is estimated by comparing maximum bending stress in the con-
centration area with the nominal stress in the reduced section 
or with local tension stress. In the paper a uniaxial tension of the 
sheet with an open and riveted hole are analysed. The values and 
fields of principal stress obtained for this case provide a base 
of more accurate evaluation of the other factors (e.g. secondary 
bending) influence on fatigue life. 

The manufacturing factors include mainly: a method and qual-
ity of riveting (hole drilling, finishing the edges, concentricity 
of holes in joining sheets and rivet squeezing) (Gruchelski et al., 
1969; Godzimirski, 1998; Szymczyk and Jachimowicz, 2007; 
Szymczyk, 2010; Deng and Hutchinson, 1998; Muller, 1995; 

Rans, 2007). Static cold riveting (with a press) or dynamic 
(with a pneumatic hammer) are used to assemble components 
of an aircraft fuselage. A residual stress state in the joint results 
from the riveting process. Despite local exceeding of the yield 
stress, it has a profitable influence on fatigue performance. In this 
paper the influence of residual stress (regarding the various mag-
nitude of squeezing force) on the stress fields during tensile load-
ing is analysed. 

The calculations are performed for sheets with open holes 
and riveted ones. Two types of the hole shape are analysed: 
cylindrical one and with a conical socket for a countersunk (flush) 
rivet. Countersunk rivets are used for external surfaces of an 
aircraft, which airspeed is higher than 300 km/h, in order to reduce 
aerodynamic resistance. The theoretical case of symmetric 
squeezing is analysed for the sheet with a cylindrical hole 
to obtain the most profitable - uniform stress distribution around 
the hole (Abibow, 1982). The actual stress state is nonuniform; 
higher values of stress are in the sheet on the driven rivet head 
side (Szymczyk, 2010; Rans, 2007). 

For an aircraft purpose sheets of thickness from 0.6 mm to 4 mm 
are used. In the paper a sheet of  2 mm thickness and rivet of 4mm 
diameter (mushroom and countersunk) are analysed. Aluminium 
alloys 2024T4 for sheets and PA24 (corresponding to 2117) for rivets, 
widely used in aircraft industry, are undertaken in the paper. The load 
carrying capacity of sheets depends on rolling direction (the difference 
can reach 5%). This condition is not concerned in numerical models 
where isotropic materials are assumed. 

Riveted joints are areas of stress concentrations where crack 
initiation of an aircraft fuselage is likely/tends to start (Rans, 2007; 
Kocańda et al., 2007; Howland, 1930; Hartman, 1961). The aim 
of this paper is analysis of stress state around the hole in the 
sheet with regard to rivet type and residual stresses and their 
influence on fatigue performance of sheets. Stress concentration 
magnitude is estimated in the hole area during tensile loading 
as a result of the numerical calculations. 



2. EXPERIMENTAL TESTS 

The static tension test of 2024T4 aluminium alloy 
craft fuselages is carried out to obtain the stress
(Fig. 1). Yield strength is of 330 MPa. The values of 
are calculated using the experimental data 
decreasing of specimen cross section during tension) 
following well known formula: σrz = σ(1+ε).  

Fig. 1. Stress-strain curves for aluminium alloy 2024T4

Afterward, the sheet samples of 2mm thickness, 30 mm width 
and 170 mm length with centrally localised hole 
are made of 2024T4 alloy. Some samples are
tersunk rivets with angle of 90º [BN 70/1121-
drill. The load carrying capacity of such samples 
compared with ultimate tensile strength of a
a hole. The applied tensile stress and the nominal 
reduced cross section for cylindrical and countersunk holes are 
compared in Tab. 1.  

Tab. 1. The load carrying capacity for samples of 1.

specimen  
type 

without 
hole 

cylindrical
hole 

applied stress 
[MPa] 

445 ± 6 336 ± 12 

nominal 
stress [MPa] 

445 388 

Tab. 2. Fatigue life of samples with open holes  
            for applied stress range of 134 MPa 

sample 
number 

hole 
type 

number
of cycles

p1 cylindrical 

p2 cylindrical 

p3 cylindrical 

p4 with socket 

p5 with socket 

p6 with socket 

The samples with holes are subjected to cyclic tension with an 
applied stress range from 3 to 134 MPa and frequency of 20 Hz. 
Fatigue life (number of cycles to damage) is presented in 

Subsequently, the samples with holes riveted 
or countersunk rivets are prepared and subjected
(Tab. 3). For all samples with mushroom rivets the crack initiation 
starts in a full cross section at some distance from
Fatigue life for samples with countersunk rivets 
lower than for mushroom ones, however, near

0

100

200

300

400

500

600

0 0,04 0,08 0,12

st
re

ss
 [M

P
a]

strain

engineering

real

acta mechanica et automatica, vol.6 no.1 (2012)

2024T4 aluminium alloy used in air-
the stress-strain curve  

values of real stress 
sing the experimental data (with respect to the 

during tension) and the 

 
strain curves for aluminium alloy 2024T4 

of 2mm thickness, 30 mm width 
hole of 4 mm diameter 
are prepared for coun-

-03] using a spotting 
samples is estimated and 

ultimate tensile strength of a sample without 
nominal stress in the 

for cylindrical and countersunk holes are 

les of 1.99 mm thickness 

ylindrical hole with 
socket 

 327 ± 11 

394 

number 
of cycles 

65 296 

77 773 

72 306 

63 992 

56 452 

61 264 

The samples with holes are subjected to cyclic tension with an 
applied stress range from 3 to 134 MPa and frequency of 20 Hz. 
Fatigue life (number of cycles to damage) is presented in Tab. 2. 

holes riveted using mushroom 
subjected to fatigue load 

m rivets the crack initiation 
from the hole (Fig. 2). 

for samples with countersunk rivets is over three times 
nearly two times higher 

than for samples with open hole
the reduced section in the latter cases

Tab. 3. Fatigue life of samples with rivet

nr  rivet type 
applied stress

[MPa]

n1 mushroom 
3 … 134
3 … 200

n2 mushroom 
3 … 167
3 … 200

n3 mushroom 3 … 200

n4 countersunk 3 … 200

n5 countersunk 3 … 200

n6 countersunk 3 … 200

Fig. 2. Fatigue crack of the sheet with 

The influence of rivet squeezing on 
of the sheet with a hole is also examined. 
are presented in Tab. 4. It is possible to observe
of the rivet has no effect on ultimate 
the fatigue performance of such sheets.

Tab. 4. The load carrying capacity 

Sample type 

applied stress [MPa] 

nominal stress [MPa] 

3. NUMERICAL MODELS 

3D numerical models of the 
section are prepared using Patran. Finite element mesh
rivet neighbourhood in the sheets for countersunk and cylindrical 
holes are presented in Fig. 3. The case of theoreti
riveting is considered for a cylindrical hole
beneficial uniform stress field in the sheet.
is modelled due to plane symmetry 
surface. The rivet and sheets models consist of eight
isoparametric solid elements with a tri
and eight integration points. A r
elements close to the rivet holes and larger elements a bit further 
from the rivet region are taken into account.
carried out with Nastran and Marc codes.

The specimens are made of
in aircraft structures and rivets are made of PA24 alloy (corr
sponding to 2117). The nonlinear elasto
are taken into consideration. The stress
from a compression test of the rivet sample and tension of the 
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holes. The cracks propagate through 
er cases. 

mples with riveted holes 

applied stress 
[MPa] 

nominal 
stress 
[MPa] 

number 
of cycles 

3 … 134 
3 … 200 

155 
232 

340 000 + 
255 176 

3 … 167 
3 … 200 

193 
232 

276 000 + 
109 883 

3 … 200 232 422 000 

3 … 200 242 131 046 

… 200 242 100 680 

3 … 200 242 117 863 

 
with a hole riveted with mushroom rivet 

The influence of rivet squeezing on the load carrying capacity 
also examined. The results of the test 

It is possible to observe that squeezing 
the rivet has no effect on ultimate tensile strength but increases 

the fatigue performance of such sheets. 

The load carrying capacity of riveted sheets 

with  
mushroom 

rivet 

with 
countersunk 

rivet 

336 ± 8 328 ± 14 

388 396 

the samples described in the previous 
Patran. Finite element meshes of the 

rivet neighbourhood in the sheets for countersunk and cylindrical 
3. The case of theoretical symmetric 
cylindrical hole to achieve the most 

beneficial uniform stress field in the sheet. One half of the sheet 
symmetry with respect to its middle 

ivet and sheets models consist of eight-noded, 
with a tri-linear interpolation function 
A rounded mesh shape and small 

elements close to the rivet holes and larger elements a bit further 
from the rivet region are taken into account. The calculations are 
carried out with Nastran and Marc codes. 

The specimens are made of aluminium alloy 2024T3 used 
rcraft structures and rivets are made of PA24 alloy (corre-

sponding to 2117). The nonlinear elasto-plastic material models 
are taken into consideration. The stress-strain curves (obtained 
from a compression test of the rivet sample and tension of the 
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sheet one) are shown in Fig. 4. The yield value for the multiaxial 
state is calculated using the von Mises criterion. 

a)

b)

Fig. 3. Models of rivet neighbourhoods: a) countersunk hole, 
           b) cylindrical one. 

Fig. 4. Material stress-strain curves 

The classical updated Lagrange formulation (with large strain 
plasticity option) for elastic–plastic materials is used due to lar
geometrical and material nonlinearities. 

The riveting tools (bucking bar and punch/riveter
scribed using rigid elements. Contact with friction is defined b
tween the mating parts of the joint. The Coulomb model with trial 

friction coefficient µ = 0.2 is used. The penalty method is applied 
to implement numerically the contact constraints. The contact 
stiffness is proportional to stiffness of mating elements and their 
sizes. 

The iterative penetration checking approach allows

a) σmax = 351 MPa   

 
   

0 34.6 69.3 

Fig. 5. Principal stress fields close to the rivet hole: a) sheet with an open hole b) with 
           c) with an upset rivet and with consideration of material hardening (residual stress
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a) countersunk hole,  

 

classical updated Lagrange formulation (with large strain 
plastic materials is used due to large 

punch/riveter) are de-
Contact with friction is defined be-

tween the mating parts of the joint. The Coulomb model with trial 

0.2 is used. The penalty method is applied 
the contact constraints. The contact 

l to stiffness of mating elements and their 

tration checking approach allows changing 

of the contact condition within the Newton
Using this procedure, the iteration process is done simultaneously 
to satisfy both the contact constraints and global equilibrium. 

Degrees of freedom, corresponding to 
testing machine, are fixed on each end
in the latter model (with cylindrical hole)
related to the plane symmetry are fixed

Two steps of loading are carried out
sponding to the rivet squeezing, the bucking bar 
punch is driving to achieve shop (driven 
to riveting standards. Afterwards, 
In the second step the sample 
of samples with open holes only the 

4. NUMERICAL ANALYSIS 

The aim of the paper is to explain the influence of riveting 
on the fatigue life of the sample with a hole. The rivet affects it in 
two ways. The rivet as a rigid element filling the hole 
deformations and, as a result, limits 
diameter. Moreover, during riveting the sheet material around the 
hole is squeezed (cold worked) what
yield stress increase in cyclic loading).
is performed for the sheets with mushroom and counters
in order to estimate the influence of 
in fatigue life of the sample. The material effort in terms of fatigue 
life is better described by the 1st principal stress tha
equivalent stress. 

In the first step, the analysis of the sheet with a cylindrical hole 
is performed. The comparison of a stress state for an open hole 
and a hole with a rivet shank set inside, both loaded with 184 
MPa, is shown in Fig. 5. The calculations confirmed that filling the 
hole with a rivet shank (without squeezing) has a negligible infl
ence on the maximum stress level at the rivet hole. Otherwise, 
material cold working around the rivet hole causes about 20% 
reduction of the principal stress maximum value in this area. 
Stress concentration still occurs in the reduced hole cross section, 
however, no longer takes place exactly/strictly at the hole edge.

 
b) σmax = 381 MPa   c) 

  
        

104 139 173 208 242 277 312 346 381

rincipal stress fields close to the rivet hole: a) sheet with an open hole b) with a rivet shank set inside the hole (without squeezing) 
material hardening (residual stress state due to riveting)  

0,14 0,16

rivet

sheet

d = 2r

b σσ

σ
x

σ
x

the contact condition within the Newton-Raphson iteration loop. 
Using this procedure, the iteration process is done simultaneously 
to satisfy both the contact constraints and global equilibrium.  

, corresponding to grip condition in the 
ixed on each end of the sheets. Additionally, 

in the latter model (with cylindrical hole), degrees of freedom 
fixed in normal direction. 

carried out. In the first step, corre-
sponding to the rivet squeezing, the bucking bar is fixed and 

driven head) diameter according 
 the riveting tools are removed. 

second step the sample is tensile loaded. In the case 
only the latter step is done. 

The aim of the paper is to explain the influence of riveting 
the fatigue life of the sample with a hole. The rivet affects it in 

he rivet as a rigid element filling the hole restricts its 
limits the decreasing capacity of the 

during riveting the sheet material around the 
what leads to its hardening (the 

yield stress increase in cyclic loading). The numerical FE analysis 
sheets with mushroom and countersunk rivets 
the influence of these factors on the growth 

The material effort in terms of fatigue 
principal stress than Huber-Mises 

In the first step, the analysis of the sheet with a cylindrical hole 
is performed. The comparison of a stress state for an open hole 
and a hole with a rivet shank set inside, both loaded with 184 

e calculations confirmed that filling the 
hole with a rivet shank (without squeezing) has a negligible influ-
ence on the maximum stress level at the rivet hole. Otherwise, 
material cold working around the rivet hole causes about 20% 

al stress maximum value in this area. 
Stress concentration still occurs in the reduced hole cross section, 
however, no longer takes place exactly/strictly at the hole edge. 

σmax = 312 MPa 

 
 

381 

rivet shank set inside the hole (without squeezing)  
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Fig. 6. The σI stress field in the sample with an upset rivet  
            (the same scale as in Fig. 5) 

a) τmax = 124 MPa  b) τmax = 207 MPa 

 
      

-207 -169 -132 -94.1 -56.5 -18.8 
      

18.8 56.5 94.1 132 169 207 

Fig. 7. The shear stress fields: a) sample with an open hole  
            b) sample with an upset rivet 

a) σmax = 510 MPa  b) σmax = 524 MPa 

 
      

50 93.1 136 179 222 265 

      
309 352 395 438 481 524 

Fig. 8. Equivalent stress fields: a) specimen with an open hole  
           b) specimen with a riveted hole 

The principal stress values (334 MPa) exceed the yield stress 
as a result of increasing applied stress to 244 MPa, whereas the 
stress distribution (Fig. 6) remains nearly the same as in elastic 
range (Fig. 5c). 

The shear stress fields in the sample with the open hole and 
with the riveted one (for an applied stress 184 MPa) are shown 
in Fig. 7. Analysis of the principal and shear stress states pre-
sented in Fig. 6 and 7, respectively, leads to the conclusion that 
a crack tends to initiate from the specimen free edge (in the area 
showed in Fig. 2), especially if an existence of positive normal 
stresses in this area of the sample edged by milling is considered.  

There are not observed any important differences in equiva-
lent stress states between the sample with the open hole and the 
riveted one subjected to ultimate stress equal to 360 MPa (Fig. 8). 
This result is in good accordance with tests during which load 
carrying capacity of both samples (with an open and riveted hole) 
is determined to be at the same level.  

The aim of the above stress analysis for the selected load lev-
els is qualitative explaining of the increase in fatigue life of riveted 

samples in comparison to samples with open holes but first of all 
pointing out the reason of crack initiation movement from the 
reduced cross section. 

Secondly, quantitative analysis of changes in principal stress 
(equal to σx component in load direction) is performed during 
tension of the sample with an open and riveted cylindrical hole. 
The normalised stress values (related to sheet yield stress Re) are 
presented in the below figures to simplify the comparison among 
various models. The comparison of stress values as well as 
places of their concentration in the hole cross section are marked 
in Fig. 9.  

 

a)  

b)  

c)  

Fig. 9. Principal stress graph vs. applied stress in sheet  
           with cylindrical hole: a) open hole c) riveted hole c) comparison 

 
Fig. 10. Stress concentration graph for sheet  
             with cylindrical hole vs. applied stress  
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The maximum principal stress values for the sheet with an 
open hole exceed the yield stress for applied stress of 33% Re, 
while for the sheet with a riveted hole, due to residual stresses, 
the increase in principal stress values is remarkably slower (over 
seven times slower than for an open hole sample). Consequently, 
the yield stress is obtained for the applied stress level of 66%Re 
(two times greater than in former case). The increase in maximum 
principal stress values (for the sheet with riveted hole) is uniform 
in almost the whole range of loading. The exceeding of the yield 
stress has no effect on the maximum stress growth rate. Only 
in the last stage of loading, when the hole cross section is in the 
plastic state (nominal stress values in this section reach the yield 
stress level), principal stresses change faster. 

 

a)  

b)  

Fig. 11. Principal stress graph vs. thickness distance  
             and applied stress for riveted sample: a) 4 mm from hole axis  
             b) at the edge of the hole 

 

 
Fig. 12. Principal stress graphs vs. tensile load and distance  
            from the hole axis for riveted sample 

In the elastic stage of tensioning the stress concentration 
(maximum stress value related to nominal stresses in reduced 
section) for the sheet with an open hole is equal to 2.64 and for 

assumed dimensions of sheets is in very good accordance with the 
analytical value (Howland, 1930). After exceeding the yield stress 
value of the coefficient gradually decreases. The initial stress con-
centration value approaches infinity for a riveted sample since the 
nominal applied stress value is equal to zero while residual principal 
stress is greater than zero. The stress concentration magnitude 
decreases rapidly while the load increase and for applied stress 
of 20% Re reaches the same value as for an open hole, then it still 
decreases and remains below the corresponding value for an open 
hole.  

During tensile loading in the stress concentration area the 
principal stress axis is the same as load direction therefore the 
maximum principal stress (σI) is equal to σx component.  

The principal stress (σx component) values for symmetrical 
riveting are practically constant in the whole reduced section  
(Fig. 11a). Small distortions only occur at the edge of the hole. 

The maximum residual stress (after squeezing) occurs not at 
the edge of the hole but inside the sheet material, at half the 
radius length from the edge approximately. During tensile loading 
the distance from the edge to the stress concentration area even 
increases (Fig. 12). The stress  graph on the outer surface (sec-
tion AB) changes similarly to those on the middle one (section 
CD) but under a driven head is less regular. 

 

a)  

b)  

c)  

Fig. 13. Principal stress graph vs. applied stress in sheet with counter- 
             sunk hole: a) an open hole c) riveted hole c) comparison 
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At the next stage, the calculations for a sheet with a counter-
sunk hole are performed to make a comparison with a cylindrical 
one. The Maximum principal stress diagrams versus applied load 
for a sheet with a countersunk hole (open and riveted) are shown 
in Fig. 13. Principal stress for a sheet with an open hole exceeded 
yield stress for applied stress of 27% Re. The growth of principal 
stresses for the riveted hole (due to residual stresses) is much 
slower (seven times than for an open one) and, as a result, the 
yield stress is reached for applied stress of 50% Re (almost two 
times greater than in former case). Stress concentration occurs 
at the edge of the hole in the area where a cylindrical part turns 
into a conical one (Fig. 13a). The growth of maximum principal 
stress for the sheet with a riveted hole is relatively uniform almost 
in the whole analysed load range but for applied stress between 
34% Re and 66% Re graph becomes slightly irregular what 
is connected with the change of the stress field in the reduced 
cross section (the stress concentration area moves from  the 
sheet surface on the driven head side to the outer edge of the 
conical part of the hole) (Fig. 13b).  

The coefficient of stress concentration (Fig. 14) for the sheet 
with a countersunk riveted hole is lower than a corresponding 
value for an open hole (practically in the whole load range) what 
is similar to results obtained for a cylindrical hole. 

 
Fig. 14. Stress concentration graph for sheet  
             with countersunk hole vs. applied stress 

 

a)  

b)  

Fig. 15. Principal stress graph vs. thickness distance and applied stress 
             for a riveted sample: a) 3.5 mm from the hole axis  
             b) at the edge of the countersunk hole 

 

a)  

b)  

Fig. 16. Principal stress graphs vs. distance from the hole axis and 
applied stress for riveted sample (countersunk rivet) 

 

a)  

b)  

c)  

Fig. 17. Principal stress graphs vs. distance from the hole axis  
             for riveted sample (countersunk rivet) for selected applied  
             stress levels: a) 16% Re, b) 46% Re, c) 66% Re 
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A conical shape of the socket in the hole has an important in-
fluence on the principal stress state (Fig. 15). After squeezing, the 
stress concentration occurs on the sheet surface on the driven 
head side (D point). During tensile loading (for applied stress 
of 36% Re) a change in stress field appears. The stress concen-
tration area is being moved to a conical part of the hole (A point). 
The most irregular stress state is recognised at the edge of the 
hole under the driven head (Fig. 15b) 

Similarly as for a cylindrical hole, the stress concentration oc-
curs not at the edge of the hole but inside material approximately 
at half the radius length from the cylindrical edge (Fig. 16a). Dur-
ing tensile loading the stress concentration area is being moved to 
the conical part of the hole (Fig. 16b and 17). Stress values on the 
outer surface of the sheet (section AB) change similarly as on the 
middle surface (section CD) but under a driven rivet head (point 
A) negative stress values (compression) are nearly two times 
larger. 

The comparison of principal stress values for the cylindrical 
hole and for the hole with a socket is shown in Fig. 18. In the 
elastic range maximum values of principal stress are a few per-
cent higher for the hole with a socket, what is a result of a smaller 
area of the reduced cross section. The principal stress values 
over the yield stress for an open hole are practically independent 
on the shape of the hole. However, for a riveted hole the corre-
sponding curves are almost parallel in the whole load range. 
Slight irregularities can be observed for applied stress from 35% 
to 65% of the yield stress, in this scope for the hole with a socket 
the change in stress state occurs - the stress concentration ap-
pears at the edge of the hole in the conical part (Fig. 13). 

 
Fig. 18. The comparison of principal stress for samples  
             with cylindrical and countersunk hole 

 
Fig. 19. The comparison of stress concentration for samples  
              with cylindrical and countersunk hole 

The stress concentration (Fig. 19) for riveted holes only 
slightly depends on the shape of the hole while for the hole with 
a socket is a bit higher (about 1%). The concentration coefficient 
for the sheet with an open hole within the elastic range is about 
20% higher for the hole with the socket. However, it is almost at 
the same level for both the hole types over the yield stress. 

The analysis of the stress concentration coefficient (Fig. 19) 

does not provide a sufficient information about the state 
of a riveted joint with regard to the results of fatigue tests (pre-
sented in chapter two). Much more information can be obtained 
from the principal stress graph (Fig. 18). It seems to be especially 
important to compare these values with the yield stress, but only 
analysis of stress fields for a selected applied stress level can be 
used for a deeper insight on fatigue performance. 

Fatigue tests of sheets with open holes are carried out at ap-
plied stress of 40% Re. The maximum principal stress for a cylin-
drical hole and a hole with a socket at this load level are practi-
cally the same and over the yield stress (110% Re). This is the 
reason for comparable low fatigue life of this sheets. It can be 
observed in Fig. 18 that for applied stress of 30% Re fatigue life 
of the sheet with a cylindrical hole should remarkably increase. 

Tests for sheets with riveted holes are performed at applied 
stress of 40% Re. According to Fig. 18, it leads to maximal princi-
pal stress lower than the yield stress – 80% Re, what suggests 
high cycle fatigue strength confirmed in tests. Secondly, tests 
at applied stress of 60% Re are performed causing damage 
of samples with countersunk rivets. The maximum principal stress 
for this load level is above the yield stress (106% Re) as it can be 
read in Fig. 18 and stress concentration appears at the hole sur-
face (Fig. 13b) what suggests slightly higher fatigue life than for 
a sheet with an open hole (in experiments almost two times 
higher). The damage character for samples with a mushroom rivet 
is different than for other cases. The failure does not appear in the 
reduced section. In this case the maximum principal stress level 
is about 96% Re (lower than yield stress) as it can be observed 
in Fig. 18, however, it seems to be more important that stress 
concentration occurs inside sheet material at a remarkable dis-
tance from the hole (longer than hole radius). 

The residual stress state is a significant feature of a riveted 
sheet. It depends on squeezing force (and driven head diameter). 
Accordingly to riveting standards the driven head diameter should 
be equal to 1.5d with tolerance of 0.1d, where d is a rivet shank 
diameter. The diagram of maximum principal stress (for a driven 
head diameter of 1.4d ,1.5d and 1.6d) during tension tests 
is shown in Fig. 20. The increase in squeezing force, estimated 
from a driven head diameter, leads to the increase in residual 
stress nevertheless the higher residual stress values the increase 
rate of principal stresses is slower. As a result, with the increase 
of driven head diameter (from 1.4d to 1.6d) principal stress values 
reach the yield stress level at applied stress of 44 % Re ,50% Re 
and 60% Re, respectively. At the first stage of tensile loading, the 
maximum principal stress values increase with the increase 
of a driven head diameter. The situation is entirely opposite for the 
applied stress of 30% Re and higher. As assumed, the maximum 
residual stresses (corresponding to the driven head diameter 
of 1.6d) proved to be the most advantageous.  

 
Fig. 20. Principal stress graph vs. driven rivet head diameter  
            (squeezing force) 
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5. CONCLUSIONS 

Filling the hole with a squeezed rivet has no effect on the ulti-
mate strength of the sheet with a hole, however, it remarkably 
increases its fatigue life. 

The material cold working as a result of riveting is the main 
reason for the fatigue life growth of riveted samples. The per-
formed tests and calculations allow the conclusion that the local-
ization of the crack initiation at the sheet edge is not only a result 
of the stress state, but also depends on sheet width and most 
of all on existence of a free surface at the edge of the sheet. 

Numerical calculations allow the estimation of maximum 
stress values close to the notch and consequently the stress 
concentration magnitude (which is the base of fatigue life estima-
tion of parts with notches [3,9]) for various stress amplitudes 
of a fatigue cycle. 

The material effort in terms of fatigue life is better described 
by the 1st principal stress than by Huber-Mises equivalent stress. 
The analysis of the maximum principal stress values during tensile 
loading allows the evaluation of the influence of different factors 
(like shape of the hole, residual stress state, applied load) 
on fatigue life of the sheets. 

The equivalent residual stress values in the hole neighbour-
hood obtained from squeezing exceed the yield stress. On the 
other hand, the 1st principal stress magnitudes are at the level 50-
60% Re and what is more important they are moved from the hole 
surface inside material volume. During tensile loading, the growth 
of the maximum principal stress values is considerably slower for 
the sheet with a riveted hole and consequently they reach the 
yield stress level later (for higher applied load).  

The 1st principal stress graph versus the applied stress pro-
vides more information than the graph of the stress concentration 
magnitude, however, only the stress state analysis for selected 
levels of applied load allow the localization of the crack initiation 
point and a deeper insight on fatigue performance. 
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