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Experimental and numerical study of the self-
loosening of a bolted assembly

Abstract 

The self-loosening of a bolted assembly is a phenomenon that has been studied sever-
al times in the past. Among the stresses present, it has been shown that transverse 
loading might cause the most severe loosening. Thus, different explanations have 
been proposed. In spite of their similarity, as they all consider sliding as the root 
cause, they can be distinguished from one another by the surface that is considered to 
slide. This paper aims to give another point of view of the overall problem in order to 
support Zadoks’ theory [7], which highlights the transverse sliding of components. 
For this, firstly, a double-shear assembly will be modeled. Its specificities are the pre-
load application by screwing the nut, and the use of a self-locking nut. Secondly, 
some tests will be done in order to validate the model built. The experiments will also 
take account of the effect of the thickness of the assembly in the self-loosening. 
Thirdly, the analysis of the numerical results and of the experiments, especially the in-
terface surfaces, will give us a clue enabling us to approach the sliding phenomenon, 
which is, according to Zadoks, the movement leading to self-loosening of the assem-
bly. 
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1 Introduction 

1.1 Industrial and scientific context 

When a structure is loaded, its bolted joints are also subjected to displacement or 
loading. This excitation might be the root cause of phenomena that imply degradation 
of the assembly. Some of them are characterized by a loss of the normal load within 
the bolt. If this loss is too great, the assembly might no longer behave as an embed-
ding and the structural integrity might be endangered. In order to increase the life of a 
bolted joint, it is often decided to increase the preload. Unfortunately, to avoid any 
plasticity within the bolt, the diameter of the screw then needs to be increased, leading 
to additional mass compared to the initial choice of component. It has been observed 
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that this loss of preload can be caused by the rotation of the nut on the screw [1]. A 
better understanding of self-loosening may reduce the weight of the structure without 
impacting its lifetime. 
 
In order to carry out a phenomenological study of the self-loosening of a bolted as-
sembly, the phenomena implying the loss of preload need to be understood. Numer-
ous researchers have taken an interest in this subject ([1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13]). However, it is important to distinguish two general aspects of the loss of pre-
load: untightening and unscrewing. On the one hand, untightening implies a loss of 
preload without any relative movement between the nut and the screw. Creep or rela-
tive dilatation can be one of its causes. On the other hand, unscrewing is mostly 
linked to the geometry of the threads as the nut or the screw will rotate whereas the 
other component will not [6, 9, 10, 12]. Self-loosening, the phenomenon studied in 
this paper, is one of the unscrewing behaviors. 
 
Several authors have worked on this phenomenon. The most outstanding works are 
presented below. 

1.2 State of the art on self-loosening 

Dinger [2] distinguished 4 different situations of loading which can lead to self-
loosening of a bolted assembly: 
 Cross-load: the stress is orthogonal to the bolt’s axis, 
 Axial centered load: the stress is coincident with the bolt’s axis, 
 Axial decentered load: the stress is parallel to, but not coincident with, the bolt’s ax-

is. 
 Rotational load: the bolt is subjected to a torque in a direction coincident with its 

axis. 
He concluded that transverse loading is the most severe stress in terms of self-
loosening. Since our aim is to study the most critical stress, in this paper, we shall on-
ly consider cross-loading. 
 
Junker [2] seems to be the first scientist to have studied self-loosening. He designed a 
specific test bench in order to study it. Thanks to this device, Junker highlighted the 
importance of nut or screw head sliding in the phenomenon. He also considered that 
the bending of the screw was the deformation that induced the sliding of these differ-
ent surfaces. Koch [1] proposed a deeper explanation based on Junker’s observations 
and further tests. He considered that self-loosening could be divided into 4 steps, Fig-
ure 1: 
 Step 1: the plate does not move relative to the frame 
 Step 2: the plate slips on the frame, the screw starts to bend as its nut and head are 

immobile relative to the plate but sliding occurs in the threads, 
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 Step 3: the screw continues to bend but, beyond a certain displacement, either the 
nut or the head starts to slide on the plate; loosening seems to occur during this 
step, 

 Step 4: the screw is again in a configuration where the nut and the head do not move 
with respect to the plate. 

 

 
Fig. 1. The 4 phases leading to self-loosening, from [3]. 

In addition to proposing an explanation for self-loosening, Koch also studied the early 
stage of the phenomenon. Like Sanclemente or Pai [2, 13], he highlighted the fact that 
self-loosening could occur even if sliding did not affect the whole surface of the con-
tact. Pai named this movement local slip. When the screw bends, the pressure distri-
butions between the nut, or the screw head, and the plate are modified. At some 
points, the pressure is sufficiently high for the tangential component to overcome the 
frictional force, implying slipping of the surfaces. At other points, it is weak and sur-
faces will stay together. The possibility of unscrewing under the sole effect of local-
ized slip is still disputed. 
 
Zadoks [7] also studied self-loosening under transverse loading. Unlike Dinger or 
Koch, he thought that the sliding in the threads was not only circumferential but might 
have other components. The only sliding he considered was the sliding of the head on 
the plate. He took the bending of the screw, the deformation of the plate and the influ-
ence of the transverse slip velocity into account. According to him, the transverse 
sliding modified the direction of the friction force, lowering the value of the friction 
torque. 

1.3 Aims of the study 

Most of the models built to study the self-loosening of bolts concentrate only on the 
screw, the nut being modeled as a threaded insert ([2, 3, 13]). The clamped parts are 
rarely considered ([1, 3, 6, 8, 9, 11, 13]). As the threads are not modeled most of the 
time, the preload is applied through a bolt load and by the relative rotation of the nut 
on the screw ([1, 2, 6, 9, 11]). This movement might deform the threads plastically 
and might impact the behavior of the bolt when it is cross-loaded. 
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In order to build a model that takes account of these remarks, a double lap assembly 
will be used, as shown in Figure 2.a. A deformed locking nut and an aeronautical 
screw will be considered. The screw is kept still during tightening by a hexagonal hol-
low on its threaded side. Figure 2 (b. and c.) presents these components. As the screw 
is not kept still by its head, it will not be subjected to any twist during tightening. 
 

   
        a.                                            b.                       c. 

Fig. 2. A double lap assembly (a.), an aeronautical screw (b.) and a self-locking nut (c.) 

The aim of the paper is to propose an explanation based on Koch [8] and Zadoks’ 
theories. Observations made during experiments and analysis of the numerical results 
and of the contact surfaces will be made in order to determine their sliding direction 
and amplitude. 

2 The numerical model 

2.1 Presentation of the model 

 
Abaqus software was used to model the self-loosening of the cross loaded double-lap 
assembly shown in Figure 2. It was composed of a 9.52 mm diameter, 31.31 mm long 
titanium aeronautical screw, having pitch and thread lengths of 1.05 mm and 10.65 
mm, respectively; a self-locking steel nut and three aluminum plates: two having a 
thickness half that of the screw and one a thickness equal to that of the screw. Clear-
ance between the screw rod and the plates was 40 µm. 

 
To obtain reliable results, the threads needed to be more finely meshed than the other 
parts of the bolt, so two parts were created in the screw model (Figure 3). The average 
element size was 0.1mm in the body while the thread element size was 0.01 mm. A 
rigid connection was specified between surfaces to keep the parts together. The same 
method was used to mesh the nut. 
 

 
Fig. 3. Meshing of the two parts composing the screw. 
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Three materials were described in the model by means of their Young modulus, Pois-
son coefficient and kinematic plastic law, defined by two (stress – strain) pairs that set 
the last point of elastic deformation, (σ1,ε1), and the last point before failure, (σ2,ε2). 
TA6V titanium was used for the screw (blue in Figure 4), the nut was made of A210V 
steel (yellow in Figure 4) and 2024 aluminum was used for the plates (green in Figure 
4). The parameters used are summed up in Table 1. 

Table 1. Definition of the materials. 
Material Young Modulus Poisson Coefficient (σ1,ε1) (σ2,ε2) 
TA6V 114 000 MPa 0.34 (780 MPa, 0.00684) (860 MPa, 0.10684) 

A210V 210 000 MPa 0.3 (680 MPa, 0.00324) (800 MPa, 0.12324) 

Al2024 73 000 MPa 0.33 (324 MPa, 0.00444) (469 MPa, 0.19444) 

 
In order to be closer to a real assembly, several contacts were defined, the friction co-
efficients of which were measured in torque – preload tests. The plates were coated 
with primer and the threads were lubricated: 
 Contact n°1: between the head of the screw and the upper plate, f = 0.27, 
 Contact n°2: between the middle plate and the upper or lower plate, f = 0.35, 
 Contact n°3: between the lower plate and the nut, f = 0.43, 
 Contact n°4: between the hole of the plate and the screw, f = 0.35, 
 Contact n°5: between the threads of the nut and those of the screw, f = 0.07. 

2.2 Numeric simulation 

The penalty method was chosen to model the normal and tangential behaviors. Four 
steps were considered to correctly simulate the self-loosening of the assembly: 
 Step 1: deformation of the nut in order to self-lock it, Figure 4.a, 
 Step 2: tightening of the nut, Figure 4.b, 
 Step 3: relaxation of the assembly, Figure 4.c, 
 Step 4: cross-loading of the assembly, Figure 4.d. 
 

              
            a.                                b.                                             c.                                         d.  

Fig. 4. The four steps of simulation. 
 

Deformation and the tightening of the nut 
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The first step is the deformation of the nut. Plastic strain due to three radial forces 
(Figure 4.a) makes the nut oval. 
The second step of the model is the tightening of the bolt by screwing the nut at a 
torque of 22 Nm, corresponding to an average preload of 60% of the Ultimate Tensile 
Strength. As the nut is self-locked, a locking torque needs to be overcome before ac-
costing the plate as shown in Figure 5. Three main parameters need to be validated: 
the locking torque, the preload and the tightening torque. These characteristics can be 
deduced from the evolution of the preload and the tightening torque during this step, 
as shown in Figure 5. 

 

  
Fig 5. Evolution of the tightening torque (on the left) and the preload (on the right). 

The values of the tightening torque and of the deformation load used to deform the 
nut during step 1 were chosen in order to be in agreement with Airbus standards for 
this kind of bolts. The preload was measured from the evolution of the axial compo-
nent of the stress in the screw rod. As can be seen in Figure 6.a, the screw is in ten-
sion whereas the plates are compressed. However, as can be seen in Figure 6.b and c, 
the tightening steps create some plastic strain, even in the threads. 
 

  
a. 

 
                   b.                                                                              c.  

Fig. 6. Axial stress distribution (a.), and magnitude of the plastic strain at the integration point before 
tightening (b.) and after tightening (c.) 

Final torque 

Locking torque 
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Cycling 

After a relaxation step, the last step to be simulated is the cross-load of the assembly. 
A sinusoidal load of 31 kN is applied to the middle plate. Once the transverse load 
overcomes the friction between the clamped parts, the medium plate slides on the up-
per and lower ones. As soon as the medium plate contacts the screw, the latter starts 
to bend. The transverse sliding of the nut can be observed when the transverse load 
reaches a certain value. Figure 7 highlights the evolution of the transverse relative 
displacement between the nut, or the screw head, and its bearing surface.  

 
Fig.7. Transverse sliding of the nut (in red) and the screw (in blue) 

According to Zadoks, this movement would also imply the rotation of the nut and thus 
its loosening. It can be noted that the curve is not symmetric. In its initial configura-
tion, the bolt might not be centered in the hole of the plate, so the transverse sliding 
might differ according to the direction. Moreover, because of different friction coeffi-
cients, the amplitude of displacement is bigger for the nut than for the screw, and 
therefore the rotation of the nut should be greater than that of the screw. In order to 
check this theory, the rotation of the nut and the screw have been drawn Figure 8. The 
results are presented for the first five cycles. Assuming that the loosening speed re-
mains the same over the whole step, the loosening angle after 500 cycles should be 
73°. 

 
Fig. 8. The loosening angle of the screw (in blue) and the nut (in red) 

In order to obtain results representing the self-loosening of a real assembly as closely 
as possible, the value of the cross-load, implying the loosening of the bolt, needed to 
be determined. Thus, specific tests were carried out to determine the amplitude of ro-
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tation of the different components for a specific load after a predefined number of cy-
cles. They are presented below. 

3 Experimental validation 

The tests needed to validate the numerical model could also be used to highlight some 
specifications linked to Zadoks’ explanation. According to him, the loosening of a 
bolted assembly is due only to the cross-load and to the sliding at the bearing surfaces 
of either the nut or the screw; the thickness of the clamped plates should not have any 
influence on the loosening process. In order to verify this theory, three different 
thicknesses were tested: 2D, 3D and 4D, D being the diameter of the bolt. A test sam-
ple can be seen Figure 2.a. Its geometry is the same as the modeled one. The tighten-
ing torque was the same as for the numerical model and the tests were load driven us-
ing a 100 kN fatigue test bench (INSTRON 850l). A sinusoidal shape, with R = -1 
and frequency = 3Hz, was chosen for the cross-load. Its amplitude started at 1 kN, and 
was increased by steps of 2 kN every 500 cycles. We considered that a rotation of 80° 
was equivalent to a complete loss of preload, as such a rotation was caused by the 
tightening torque. The rotation was measured every 500 cycles and the test was 
stopped if rotation exceeded 80°. 
For each thickness, the bolt started to loosen for a cross-load of around 32 kN as can 
be seen in Table 2. Thus the thickness of the assembly does not seem to have any im-
pact on its behavior. Moreover, for every test, only the nut rotated and its average 
amplitude of rotation was 80°, which is equivalent to a complete loss of preload. The 
rotation at the end of the tests can be seen in Table 2, where the cross-load at the start 
of the loosening is also given. It can be seen that the rotation of the nut obtained in the 
numerical model matches the experimental results: the model seems to reproduce the 
self-loosening of the real assembly. 

Table 2. The maximum angular rotation and the cross-load for 3 different thicknesses 

4 Self-loosening explanation 

According to Zadoks’ theory, the sliding of either the nut or the screw on their bear-
ing surfaces will imply the self-loosening of the bolt. Moreover, as shown before, on-
ly the nut loosens, so the contacts between this component and the plate will be ana-
lyzed. The plates are painted with primer and sliding of the nut might remove the 

Thickness Cross-load Maximum angular rotation Numerical results 
2D 31 kN 83° 73° 
3D 35 kN 78° 74° 
4D 33 kN 85° 78° 
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coating where the nut has slid. If we take a closer look at the nut (Figure 9.a), a dam-
aged area can be seen. 

          
a.                                            b.  
Fig. 9. Damage of the paint under the nut. 

To determine the sliding displacement, the nut was removed after the test and the 
marking due sliding was analyzed. As the diameter of the nut was known, the approx-
imate external positions of the nut during the slip could be determined (Figure 9.b). A 
relative displacement of 0.52 mm was measured between these two positions. Such 
sliding is the root cause of loosening according to Zadoks’ explanation. Thanks to the 
numerical model developed, this value of transverse sliding was also calculated. The 
maximum value found was 0.527 mm, which matches the experimental measurement. 

5 Conclusion 

Since the beginning of the 1970s, sliding has been considered as the root cause of 
self-loosening. Junker was the first to propose an explanation based on experiments 
performed on a specific test bench. He based his explanation on sliding movements, 
which were due to the bending of the screw when the assembly was cross-loaded. Za-
doks showed that, beyond a certain transverse load, the nut or the screw slides on the 
bearing surface, leading to the loosening of the joint. 

 
In order to prove that either the nut or the screw was sliding on the plate, a numerical 
model was developed. In comparison to existing studies, the specificity of the model 
lay in the complete modeling of the threads, the plastic deformation of the nut to self-
lock it, and the tightening of the joint thanks to the rotation of the nut of the screw. 
The model was verified by experiments. In addition, the tests also highlighted that the 
thickness of the assembly had little influence on the behavior of the cross-loaded as-
sembly. An analysis of the surface under the nut showed that the nut slipped on the 
plate. According to Zadoks’ theory, this sliding is sufficient to loosen the bolt. 

0.52 mm 
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