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Abstract: Although bolted joints may appear simple and are easy to manipulate, they are challenging
to model and analyze due to their complex structural patterns and statically indeterminate nature.
Ensuring the structural integrity of these joints requires maintaining proper bolt preload and clamping
force, which is crucial for preventing failures such as overload, excessive bearing stress, fatigue, and
stripping caused by seizing or galling. Achieving the necessary clamping force involves carefully
controlling the input tightening torque, which is divided into the pitch torque and the friction torques
at the bolt or nut bearing surfaces and in the engaged threads. The resulting clamping force is critical
for generating the required force within the bolt. However, the achieved bolt force depends on
several factors, such as friction at the joint’s contact surfaces, grip length, and the relative rotation
between the bolt and nut during tightening. Friction at the contact surfaces, particularly beneath the
bolt head or nut and between the threads, consumes a significant portion of the applied tightening
torque—approximately 90%. This paper explores the three existing bolt internal pitch, bearing, and
thread friction torques that are generated by the external applied torque in a bolted joint, as well as
their contributions and variations throughout a loading cycle composed of three phases: tightening,
settling, and untightening. An analytical model is developed to determine these torque components,
and its results are compared with those obtained from finite element (FE) modeling and experimental
testing from previous studies. Finally, this study examines the torque—tension relationship during
bolt tightening, offering insights into the required accuracy of bolt and clamped member stiffness.
The bolt samples used in this study include M12 x 1.75 and M36 X 4 hex bolts.

Keywords: threaded fastener; joint tightening and untightening; stiffness; friction torque; pitch torque

1. Introduction

Among the non-permanent clamping methods, bolted joints are the most popular,
as they provide easier features for their assembling and disassembling. Having sufficient
clamping force in a bolted joint is very important as it ensures structural integrity and
reliability of the clamped products. In the bolted joints, the bolt force generated due to
tightening depends on the torque applied on the bolt, which is critical to estimate as it
is dependent on certain conditions, such as the material specifications, contact surface
conditions, and the type of threads. Insufficient torque results in a joint with inadequate
clamping force, whereas an excessive amount of torque can be the reason for joint failure,
and therefore possible damage to the components can take place. It is thus important to
determine the proper installation torque for a bolted joint to ensure sufficient clamping
force to avoid joint separation as well as overstretching of the bolt.

Several factors must be considered when determining the input tightening torque, as
the clamping force can vary with the identical input torque. These include joint geometry,
material strength, inclusion of washers, contact surface conditions, and types of loadings [1].
Frictions at different contact surfaces are highly important to count in, as small variations

Machines 2024, 12, 654. https:/ /doi.org/10.3390/machines12090654

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12090654
https://doi.org/10.3390/machines12090654
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0001-9740-8456
https://orcid.org/0000-0002-4817-0709
https://doi.org/10.3390/machines12090654
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12090654?type=check_update&version=2

Machines 2024, 12, 654

2 of 14

in friction torques bring significant change in the torque as well as in joint tension. The first
torque-tension relationship was presented by Motosh [2] for threaded joints as follows:

T, = F, (2?; + - tsr;g + m,rb) (1)
where T, = external input torque, F, = bolt load, p = thread pitch, y; = thread friction
coefficient, y, = bolt head bearing friction coefficient, f = thread profile angle (half),
1y = effective bearing friction radius, and r; = effective thread friction radius. The three
components on the right-hand side of Equation (1) are three different torque components
known as pitch torque T}, thread friction torque T}, and bolt head bearing friction torque
Ty, respectively. The tension or preload in the bolted joint is developed by the pitch torque
component Ty, which provides the clamping force in the joint by stretching the bolt. On the
contrary, the other two torque components, T; and T, are used to overcome the friction at
contact surfaces: the former being in between the bolt head or nut and the corresponding
clamped member surface in contact, and the latter between the engaged threads of the bolt
and nut. Though this equation is a strong basis of the torque-tightening method, lack of
accuracy of the tightening torque resulted from not considering the thread helix angle, effec-
tive radii of bearing and thread contacts, and contact pressure distribution. Usually, almost
90% of the input tightening torque is consumed by the two frictional torque components [3].
Also, the clamping force of a bolted joint highly depends on the friction coefficients at
different contact surfaces, as small changes in the roughness percentages of the joint parts
can significantly change the predicted amount of clamping force and thus affect the joint
stability [3,4]. Although the values of friction coefficients can be known based on the
material being used, in real practice these values change as the contact surfaces and the
techniques highly depend on the contact surface geometries, loading, and environmental
factors [5]. Therefore, it is highly important to properly determine these friction coefficients
for the accurate measurement of friction torques that in turn provide the required clamping
force of the joint and ensure its integrity. Inaccurate measurement of T}, can lead to joint
leakage, separation, loosening, and fatigue failure, whereas T; can cause material failure
because of overstress.

Several studies have been conducted on developing the correlation between the
input torque and the clamping force of joints. Nassar and Yang [6] performed a study on
developing an analytical relationship between tightening torque and clamping force for
joint applications where a difference was shown between theoretical and experimental
results of clamping force by a torque-angle control technique. In another study, Nassar and
Zaki [7] tested the impact of coating thickness and showed a noticeable effect of the bearing
and thread friction coefficients, highlighting the sensitive impact of frictional changes on
the torque—clamping force relationship. The torque equation of Motosh discussed earlier
was improved by Nassar and his colleagues [8,9], where they presented analytical models
of effective radii of bearing and thread frictions to calculate bearing and thread friction
torques, respectively. The former highlighted the significance of correctly determining
the bearing friction coefficient considering four different contact pressure distribution
scenarios on a bearing surface, whereas the latter focused on analytically improving the
thread friction torque component considering five complex pressure distribution scenarios
between the mating thread surfaces in contact. Izumi et al. [10] highlighted a deviation
coming up from the comparison of the preload—-tightening torque relationship with that
from classical theory due to the underestimation of non-uniform contact pressure at a bolt
bearing surface. Contrary to conventional theory, they figured out the starting point of
joint loosening as due to the occurrence of complete thread slip before bolthead slip occurs
under shear loading, which is a key point to consider in the joint design for preventing early
loosening. Huang and Julo [11] restructured the torque—tension relationship considering
all the forces and moments that act in the bolted joints instead of only relying on axial
force as carried out earlier in the classic method by Motosh. They used FE modeling to
validate their results. Fukuoka [12] showed the importance of the tightening method with
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a hydraulic tensioner over the torque method because the former does not get influenced
by the helical friction coefficient of mating threads and circumferential friction coefficients
on the bolt or nut bearing surfaces, thus giving less error. He evaluated the effective tensile
coefficient, the ratio of required clamping force to the initial tension, which has the primary
influence of grip length with minimal impact of bolt nominal diameter.

Jiang et al. [13] experimentally found that the friction coefficients in a bolted joint can
be affected by repeated tightening. The bearing friction coefficient does not change much
after repeated tightening, but the thread friction coefficient tends to increase after a certain
number of tightening and untightening. Liu et al. [14] also noticed while investigating
the behavior of friction coefficients under repeated tightening that the friction coefficients
become higher by repeated tightening without lubrication. However, friction coefficients
tend to stabilize or decrease with lubrication after repeated tightening. The impact of
different types of lubricants was experimentally investigated by Zou et al. [15] in altering
the torque—tension relationship and the friction coefficients of a bolted joint. Among the
three, the solid-film lubricant types gave lower friction coefficient values compared to
the greases and oils, thus providing a higher clamping force with the same input torque.
Grabon et al. [16] experimentally studied the impact of tribological factors on the contact
surfaces of bolted joints to understand how the actual contact area between surfaces changes
during tightening, which is complex to predict. They found higher values for bearing
friction coefficient compared to that for engaged thread when tightening and observed a
parabolic increase of total tightening torque instead of having linearity as per standard
expectation. Nonetheless, a quantitative benchmark to evaluate the tightening performance
is lacking, thus making the approach less feasible for industrial applications. Fernando
etal. [17] formulated the relationship between bolt tension and torque, considering the three-
dimensional thread helical geometry and the nut dilation effect, improving upon Nassar’s
model [5]. Jiang et al. [18] developed a model based on Motosh’s theory [2] to investigate
the distribution of input torque using the energy method, where the effects of parameters
such as effective bearing contact radius, thread contact radius, and spiral angle were
analyzed. Zhang et al. [19] introduced an innovative method to enhance the torque—tension
relationship of threaded fasteners by incorporating a differential geometric representation
of the thread surface and accounting for pressure distribution on contact surfaces.

However, there is still a lack of studies to answer the concerns regarding how various
torque components are distributed in the joint contact surfaces and how they act while the
joint undergoes tightening and untightening cycles and remains at rest in between. This
paper proposed a detailed finite element-based method to evaluate individual contribu-
tions of the three torque components: bearing friction torque between the bolt head or
nut and the corresponding clamped member in contact, thread friction torque between
engaged threads, and pitch torque in a bolted joint, and their variations during tighten-
ing, untightening, and states at rest condition between both cycles. A three-dimensional
(3D) M12 x 1.75 hex bolt is modeled, including threads to imitate the joint-tightening and
untightening phenomena through bolt and nut relative rotation for analyzing the relation-
ship among the external input torque, resulting bolt force, and rotation between the bolt
and the nut. The bolted joint undergoes tightening and untightening cycles with different
values of friction coefficients for bearing and thread contacts to observe the correlation
between bolt force and input torque.

2. Analytical Model

It is important to consider the equilibrium condition to properly analyze the assembly
of a tightened bolted joint made up of a bolt, a nut, and two clamped members held together
by friction. The input torque applied to tighten the joint must be of an amount enough
to overcome the torques resulting from the friction forces under the bolt head T; and in
between the engaged threads T; to resist rotation, as shown in Figure 1. Therefore, external
input torque T, > Ty, + T [20].
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Figure 1. Moment equilibrium: (i) tightening, (ii) at rest after tightening, and (iii) untightening.
The pitch torque T}, resulting from the contact pressure on engaged threads acts in the

loosening direction. Thus, the following equilibrium conditions occur during the tightening
and untightening of the joint:

Te > Ty, + Tt + T), (tightening)

Ty + Ty — Tp =0 or, Ty = T}, + T} (at rest after tightening) (2)
Te > Ty, + Tt — T), (untightening)

2.1. Underhead Bearing Friction Torque

While tightening the bolt, the uniform contact pressure acting under the bolt head
is pp = Fp/ Ay, where F, is the bolt tension force, A, = n(r%o — rii) is the area of the bolt
underhead, and 1y, and r}; are the maximum and minimum radii of the underhead contact
surface area. The equilibrium of the elementary forces can be written as

— — -
dFp, + dFbe =0 3)

where Ty, is the tightening torque in the contact surface area under the bolt head,
—

N
dFrp = dFTebgds and dFryr = ybpbgds, as illustrated in Figure 2. p; is the friction

coefficient of the contact surface between the bolthead and the clamped member in contact.
— —
i and j are the radial and tangential unit vectors, respectively. The bearing friction torque

T} resulting from the friction force Frr under the bolt head opposes the tightening input
torque under head T,; therefore, T}, = T,;,. The elementary bearing friction torque dTj, due

H
to dFryy is calculated as
— — —
4T, = <7 x dFbe) k= ybpb<7 x ?) - kds = pypyrdrde @)

where ds = rdrd6 for the plane contact surface. By integrating Equation (4) on the contact
area, the bearing friction torque T}, can be found as follows:

T, = ybff pyprdrd (5)
Oy
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Figure 2. Free body diagram of friction on underhead bearing contact surface.

2.2. Thread Friction and Pitch Torques

Following a similar approach, the force equilibrium equation with the bolt being
tightened is composed of the elementary friction force in the thread contact surface resulting
from the tightening input torque T, (Figure 3). In addition, pitch torque is added. Therefore,

— — — -
dFre + dFTp + dth =0 6)

— —
where dFr, is the elementary thread pitch force. dFr, = ytpt?ds is the elementary friction

force and y; is the friction coefficient of the thread contact surface. p; = (F,/ A;) - 171 is the
average contact pressure where A; = nn(r% - rii) is the thread contact area; r4, and ry; are

the maximum and minimum radii of the thread contact area, respectively. n is the number
= . o
of engaged threads. w; is the unit vector normal to the thread contact surface, which is

defined by the cross product of radial and tangential vectors 1y and vy that are parallel to
the thread contact surface. Therefore,

17 y ; tana
w = L J =coswcosfB| tanf (7)
Uy Ut‘ 1

where & and B are the half of the thread profile angle and the thread helix angle, respectively.
N N . ——— -
uy and v; can be found from the local coordinate system (u# v w), as shown in Figure 2:

N cos & N 0
u,=| 0 and vy = | cosf (8)
—sina —sinf
The elementary thread pitch force in the loosening direction can be written as

—

%
dFyy = pe(w) - ©) - vds (9)

Here, ds = rdrdf/ (51 5) is the elementary thread contact surface. The equilibrium
equation of torques about the joint axis center O is given by

T =Ti+ T (10)

The thread pitch torque T}, can be written as follows:

1= [ (7 « dP?p) ¥ =tan B[ perdrde (11)
Q Q
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The thread friction torque dFry due to the force can be given by
— —
T, = ff (7 X dth> -k =yt cosa cos ,Bff pir*drdd (12)
Qt Qt

Figure 3. Free body diagram of friction on thread contact surface.

2.3. Stiffness of Joint

The total stiffness of the bolted joint, considering all its components are in series,
results from the stiffness of the individual components, which can be expressed by the

following equation:

1 1 1 1
i E i 13
kj kg km o ki (13)

where subscripts j, sh, m, and tc stand for joint, shank and head, member, and threaded
connection.

2.3.1. Bolt Stiffness

The stiffness of the bolt, including its head and shank, is as follows:

Ab Eb ﬂdZEb
ksp = Leq = 4Leq (14)
Here, L, = L +0.2{(d> + H?)/H} is the equivalent bolt length with the joint grip
length L and the portion resulting from the combination of bolt diameter and head thickness.
A few studies came up with different recommendations to calculate L¢; based on a single
parameter, such as adding 50% of bolt head and nut thickness each [3], 40% of head and
nut diameter each [21], or 60% of head diameter and 70% of nut diameter [22]. A recent
study [23] showed a noticeable impact of the combination of bolt nominal diameter and
head thickness on Ly, and recommended using 20% of the parameter { (d*> + H?) /H} to
add in the calculation.

2.3.2. Stiffness of Threaded Connection

The stiffness of the threaded connection that includes the nut and part of the bolt that
is threaded to it can be written as follows [24]:

1 coshAM —1

kie = :
7 Ay +0u)sinp  sinhAM

(15)

where subscripts b and 7 are used for bolt and nut, respectively. M is the nut height.

1/2
A= {(l/AbEb +1/AnEn)/ (1/kby + 1/kny) } . kpy = 1/8ysinfand kny = 1/6, sin p
are the stiffness of the unit axial length of the bolt and nut due to the unit force, respectively.
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On

dp

0 is the total axial elastic deformation of the thread, which is composed of thread bending
deformation 41, thread shear deformation J,, thread root inclination deformation 3, thread
root shear deformation J4, and radial extended deformation for the nut or radian shrinkage
deformation for the bolt d5. Therefore, for the bolt,

= 01p + 0o + O3 + Oap + J5p

1-12 1+ 1-12 1-12 d (16)
= 0.034< E,,”) +1.08( ) +0.229( E;,b> —|—1.18< Ebb) +0.056(1 — vp) £

and for the nut,

= 01 + 02n + 03n + Oan + O5p
2 2
=0073( 152 ) + 115 (152 ) +0294 (18 ) + 114 (1) + 0.056("’"”*’ + Un) - a7

d%—d% Enp

where v and E are the Poisson’s ratio and Young’s modulus, p is the pitch, and d, and d,
are the pitch diameter of the bolt and the outer diameter of the nut, respectively [24].

2.3.3. Stiffness of Clamped Members

The same study [23] also proposed a more accurate method to calculate the stiffness
of clamped members k;, for bolts of different sizes based on the bolt head bearing contact
width instead of joint hole diameter previously used by many studies. The stiffness of the
clamped members is expressed as follows:

Ky = [2.0726(%) 4 0.6134] End, (18)

Here, w and d, are bearing contact width and hole diameter, respectively.

2.4. Angle of Nut Rotation

Assuming no plastic deformation, the angle of rotation of the nut with respect to the
bolt to generate a force is given by

p I
G_ZPhﬂ+Fb(E+cotsr;5> (19)
pk] Gb]b/Leq

where G, = E,/2(1+ vy) is the shear modulus and J, = md* /32 is the polar moment
of area of bolt. The first term of Equation (19) refers to the nut rotation due to the axial
displacement of all the joint components, whereas the second term corresponds to the nut
rotation caused by the twisting of the bolt shank as a result of the applied external torque.

2.5. Nut Factor

The nut factor is an experimentally derived constant that links the external applied
torque T, to the resulting preload Fj,. The equation is given by

T, = F,Kd (20)

The dimensionless nut factor K accounts for factors influencing the generation of
the load, including the stiffness of the joint as a result of torsion, bending, and material
deformation of all components, but mostly the effect of friction between them. However,
for a specific lubricant, it must be determined experimentally, although it may not be
a single number. In addition, the preload corresponding to an input torque can only be
predicted within a range. Also, the nut factors evaluated in laboratory conditions often show
noticeable differences from those existing in real practice; this assessment encompasses
various factors including operator proficiency, tool precision, bolting techniques, as well as
lubrication and thread conditions [3].



Machines 2024, 12, 654

8 of 14

Therefore, most of the lubricant manufacturers and research laboratories do not use
the nut factor but rather rely on test results based on the coefficient of friction in general. It
can be calculated using the tightening external torque T, of Equations (2) and (20) such that

7Tb+Tt+Tp

K Fpd

(21)

The pitch, bearing, and thread friction torques T,, T;, and T; are given by
Equations (5), (11), and (12). From Equations (1) and (20), an expression of the nut factor
can be found in terms of the coefficient of friction as follows:

14 it
-+ + Upty
K — 27 cosdﬁ (22)

3. Finite Element Model

Figure 4 represents the schematic of the entire bolted joint with its various components,
which consists of a M12 x 1.75 hex bolt, a nut, and two clamped members, each with an
equal thickness of 10 mm in this case. The thread dimensions of the bolt and nut used in this
analysis are based on the British Standard ISO Metric Screw Threads (BS 3643) [25]. ANSYS
workbench [26] is used to develop the complex 3D model with hexagonal geometries of
a bolt and nut, including threads (Figure 5). The mechanical properties of the bolt, nut
and clamped members are listed in Table 1. All the dimensions are based on the standard,
including the single-side contact interface between the mating threads to enhance the
model’s relevance to practicality. Since this study aims at investigating and determining ac-
curate values of the torque components at contact surfaces to ensure proper joint-clamping
force and a very small change in the friction coefficient values significantly amplifies these
parameters, it is necessary to consider such 3D complex geometry into modeling even
though the entire process is computationally expensive and time-consuming. To resolve
this issue, a high-performance computer (HPC) is used for running the model.

Bolt —p|

1

Clamped members

|

Nut —p

Figure 4. Schematic of a bolted joint with its components.

Table 1. Mechanical properties of bolt and nut (SA-193 B7) [27] and clamped members
(SA-285 Gr C) [28].

Material Properties Bolt and Nut Clamped Member
P (SA-193 BY) (SA-285 Gr C)
Ultimate tensile strength [MPa] 860 450
Yield strength [MPa] 720 205
Young’s Modulus [GPa] 206.8 206.8

Poisson’s ratio 0.3 0.3




Machines 2024, 12, 654

9of 14

DOF constraint
bolt head

DOF con-
straint in
radial (x, ¥)
clamped

members

(a)

Reference points for input
rotation: nuf sides

(b)

Figure 5. Three-dimensional FE model of bolted joint showing engaged thread elements: (a) complete
model with constraints and thread mesh details; (b) nut rotation.

Constraints

To prevent spatial displacement of the model, singularity, and rigid body motion,
horizontal displacement constraints are applied to two diametrically opposed symmetrical
points of the upper and lower plates while allowing axial displacement of the bolt, as
shown in Figure 5a. The preload is generated in the bolt by application of an external
rotation to the nut, while the bolt is fixed in rotation and other degrees of freedom of the
nut are restrained. Target and contact elements are used between the clamped members,
between the bolt head and the upper clamped member, and between the nut and the lower
clamped member. The bolt friction coefficient is set to 0.12, a commonly used value for
metal-to-metal contact surfaces of the bolt.

The FE methodology involves tightening of the joint by applying torque T, to induce
the required amount of bolt force F; and then untightening the joint with reverse torque to
bring the clamping force down while recording the levels of the different torque components.
Therefore, the joint is first tightened gradually in steps to achieve a clamping force of around
41 kN with a torque of 81 kN/mm. Since the model has a threaded bolt and nut, the preload
is achieved by applying a proper amount of rotation to the nut as shown in Figure 5b. The
next step is to untighten the bolt by applying a rotation to the nut in the opposite direction to
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loosen the joint to 25 kN. The torque required for the untightening is lower than the tightening
torque as the thread pitch torque component T), acts in the loosening direction [18].

The model uses a structured hexahedral mesh, which offers advantages not only in
reducing CPU time but also in extracting data. Especially the nut bearing and the engaged
thread contact surfaces are the important contact regions where sufficient mesh refinements
are performed by continuous increment of the number of elements until 1% convergence
on the thread contact pressure is obtained in the engaged thread and nut and underhead
bearing contact surfaces. The final model consists of 172720 elements in total.

4. Results and Discussion

Figure 6 shows the comparison between the result from the analytical model described
earlier and the experimental result of Eccles [27] from the tests conducted on M12 standard
hex bolts and nuts with low coefficients of friction of 0.061 and 0.07, respectively, during
tightening and untightening. The analytical model curves for the tightening and untighten-
ing of the joint match well the experimental data. It is to be noted that the untightening of
the joint requires a lesser amount of torque compared to that of the tightening. According
to the result, the developed analytical model can replicate accurately the actual cycle of the
tightening and untightening of any size bolt used with any lubricant.

30

- O- Analytical . D(I)
2% g Experimental (Eccles, 2014) ﬁ:
£} g,
) B
s 15 ﬁ |
T 1
5 1
2 10 g 1
> B
£ 5 Hi
c I
)
£ 0@ E :
2 1
B, ]
g oo~ U=0.07 '
- =~ =0. |
2 %%&ﬁ:‘:ﬂ%ﬁ !
-15 |
=0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Bolt Preload, kN

Figure 6. Comparison of analytical and experimental results [29] showing tightening and untighten-
ing stages.

A correlation between the bolt force and the required angle of rotation of the nut
to achieve the bolt force is presented in Figure 7, where both the analytical and FE
model results are compared with the same coefficient of friction for the bolt and threads,
u = pp = yy = 0.12. The external torques required in both models are in close agreement
with each other.

A slight nonlinearity is observed with the FE results of external torque as a function
of nut rotation in the beginning because initially the contact surface of the threads under
the nut and head is partial; thus, the load is not evenly distributed, making the joint less
rigid. The remaining matting surfaces get in contact with further nut rotation. When the
settlement of the bearing surfaces is completed, after around 3°, the curve becomes linear.
As a result, a slightly higher nut rotation is observed with FEM in the beginning of the
tightening as compared to the analytical results to achieve the desired amount of torque
and bolt force.

Since both the analytical and FE models show reasonable agreement in reproducing
the tightening and untightening processes for a particular friction coefficient so far, it is
better to investigate other friction conditions, including no friction as well. Figure 8 gives
an overall picture of both the tightening and untightening torques for different friction
coefficients for the M12 hex bolt. A comparison among the results of FE, the analytical
model, and the Motosh model (Equation (1)) shows perfect agreement for all friction
conditions. Since the Motosh equation is a simplified version for torque evaluation and is
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limited to only tightening loads and single bolted joints concentric with the bolt axis [3],
the current model can be considered an improvement without such limitations.

x 104 x 104
9 5
Torque (Analytical)
8 — = = Torque (FE) L 14
Bolt force (Analytical) .7

7 7 {4
£ — — = Boltforce (FE) , 77
£ .’

’
Z“ 6 :,/ 3 =
] A -
g‘ 5 /,,’ ’ 3 8
= b4 l5
o b w
L A4 2
-— PR =
g 27 o
53 Py 2@
< 47
X e
w 2 ”’ 1
/
’(/
1 Phd 1
0 z 1 1 1 1 0
0 5 10 15 20 25

Nut Rotation, deg

Figure 7. Torque and bolt force with respect to nut rotation for analytical and FE tightening cycles.

x 10%
2.0

Analytical model

18 | — —FE Model

Motosh egn

>

»

N

External Torque, Nmm
& &

=4
o

5
Bolt Force, N x 104

Figure 8. Torque and bolt force in M12 x 1.75 bolt for different friction coefficients.

As the analytical model shows good agreement with FE results and the Motosh model for
the M12 bolt so far, a bigger-sized bolt such as the M36 x 4 hex bolt is also tested and compared
between the analytical and Motosh models. Figure 9 shows that the current analytical model
is diverse enough to encompass wide ranges of bolt sizes and coefficients of friction.

5
10 2107 . . . : . . .
No friction
9 Tightening (Analytical) = 05
= = =Untightening (Analytical)
8r Tightening (Motosh) 1
= = = Untightening (Motosh)
e 7 n=04
S
=z 6 i
g
g 5 r= 0j3
©
c 4 1
*i—'? p=0]2
w 3 4
2 |
p =001
W = - 1
0 = r =0
0 0.5 1 1.5 2 25 3 3.5 4 4.5
Bolt force, N x10%

Figure 9. Comparison of analytical and Motosh models with torque and bolt force in M36 x 4 bolt
for different friction coefficients.
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Figure 10 presents the relationship between the coefficient of friction and the corre-
sponding nut factor with different methods and bolt sizes. According to Bickford [3], the
nut factor K is approximately 0.04 greater than the corresponding coefficient of friction.
As can be seen in the figure, the curves of the analytical and Motosh models are superim-
posed to fit in a line and agree well with Bickford’s assumption, the expression of which is
as follows:

K = 1.16p + 0.02 (23)
0.70
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X
[
S 040 |
Q
©
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s 030
4
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0.10 = O = M36 (Motosh)
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Figure 10. Comparison of nut factor as a function of friction coefficient.

To find the amounts of various torque components (Ty, Tt, and T)) during both the
tightening and subsequent untightening sequences resulting from the external torques (T),
a detailed comparison of the analytical and FE model results for a particular coefficient of
friction is presented in Figure 11. The results are quite satisfactory, as both agree very well.
In particular, the amounts of torque components when the joint is at rest can be known
when the input tightening torque is removed after achieving the desired bolt force. Table 2
shows the percentage difference of the different torque components between the analytical
and FE models.

x 10 7 X 104
9 4.5
4 1 4.0
5 1 3.5
1 3.0
2 1258
g 1 o
> 120%
< =
o . [}
e 159
-3 110
5 105
-7 0.0
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Time Step
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= = = Nut friction torque (AN) —e— Nut friction torque (FE)
= = = Thread friction torque (AN) = —&— Thread friction torque (FE)
— = = Pitch torque (AN) ——6— Pitch torque (FE)
Bolt force (AN) Bolt force (FE)

Figure 11. Analytical and FE results of torque components during tightening and untightening.
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Table 2. Comparison of various torque components after tightening and untightening.
Tightening Untightening
Torques Analytical FE Percentage Difference (%)  Analytical FE Percentage Difference (%)

T, 81,083 81,000 0.1 59,474 58,479 1.7
Ty 42,708 37,476 14 26,719 23,697 12.7
T; 26,894 30,813 12.7 16,828 17,075 1.5
Ty 11,487 11,344 0.9 7188 7138 0.7

According to both the analytical and FE results, almost 85% of the input tightening
torque is absorbed by the bearing and thread friction torque components in overcoming
friction. The amount of the bearing friction torque is higher than that of the thread friction
torque in both cycles, which was experimentally tested earlier by Grabon et al. [16]. More-
over, the amount of torque to untighten the joint after being tightened to the desired level
is less than the required tightening torque according to both models, which can be seen in
Figure 8.

5. Conclusions

The phenomenon of loosening of a bolted joint is complex in nature, especially when
it comes to investigating critical parameters like individual torque components between
the tightening and untightening sequences. This study introduces a comprehensive FE
method to quantitatively assess the individual contribution and impact of the bearing
friction, thread friction, and pitch torque components in a bolted joint. Also, it shows their
fluctuations during the tightening and untightening sequences under static conditions.
An analytical model is developed for the evaluation of the three torque components and
compared with experimental data obtained from the literature [29], which was conducted
on the M12 bolted joint during the tightening and untightening sequences. The validated
analytical model is also tested against the FE modeling, and the results are compared well.
A direct correlation between the angle of nut rotation to achieve the desired clamping force
and the resultant input tightening torque shows logical agreement between them, which
has a major role in the joint stiffness. Both models agree very well with the change in the
coefficient of friction during the tightening and untightening of the bolted joint. Finally,
the torque components are quantitatively measured and compared during tightening
and untightening, including at the condition of rest. Given the versatility of the current
approach, this study can serve as a valuable reference for future studies that examine the
variations in torque components of joints subjected to repeated tightening and untightening
over time, considering factors such as adhesion due to material corrosion and thread plastic
deformations, relaxation, vibration, and self-loosening.
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