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Abstract
Bolted joint modeling is a challenge that connects research to industrial applications. Past research has pro-
duced various analytical solutions for a bolt’s effect on the response of a structure. A common industrial
approach to the finite element method (FEM) solution is to couple the nodal displacement of a joint’s op-
posing interfaces. This approach can be combined with empirical studies investigating the pressure cone
diameter found in typical assemblies. At this point, an adaption of the modeling approach can be appropri-
ate. The greatest challenge might be to find an acceptable trade-off between accuracy and applicational effort
while maintaining a strong connection to the real physical effects. This paper aims to create awareness for
the modeling uncertainties regarding bolted joint models for industrial use and to evaluate options that make
model application more efficient. The application of completed empirical research to industrial models is
investigated. A current industrial model is reviewed and compared to a new empirical-analytical model.

1 Motivation

With high production volumes and one single variant, Ford’s Model T and the early Apple iPhone models
may be considered as economical benchmarks. However, customer markets eventually demand increasing
personalization. Expanding the product line demands either new designs or the creation of new products
using existing designs. Impeding efficiency and driving costs, this is where complexity, the counterpart to
the desirable simplicity, arises. Complexity in industrial production has been treated in different ways by the
world’s leading enterprises. SpaceX builds the Falcon Heavy from three modified 1st stages of the Falcon 9
instead of coming up with one larger design. For this example, we can assume that the lower design costs
outweigh the reduced revenue constituted by the lower payload capabilities compared to a more efficient new
design. This concept is called modularity. Most automotive OEMs use vehicle platforms, a special case of
modularity, to increase their product portfolio while controlling design costs. German car manufacturers tend
to use the same drivetrain modules for several vehicle types within one category and build distinct bodies
around the invariant drivetrain. This approach can lead to excessive connecting elements. Part of the japanese
approach is to construct different vehicles from different categories with the same modules, but on a smaller
scale. Examples are door-locks, keys, seals, and many others. The japanese approach additionally pays
special attention on yet one lower level, the interface-level. The number of approved fasteners engineers can
use is stated to be as low as 200 in some cases. Engineers have to file extra forms if they want to use a fastener
that is not pre-approved. Comparing the number of fasteners per vehicle, the number of vehicles sold, and
lastly the estimated approved number of fasteners yields how many applications one fastener model finds.
This motivates engineers to determine the fastener’s properties and its effect on the connected structures as
accurately as possible.

Because the properties of fasteners are still challenging to predict, extensive research-effort goes towards
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model-development. Ewins [5] analyzes simplifications, approximations, assumptions, and selections made
in modeling processes. He discusses two types of uncertainty, aleatoric and epistemic. The first ”relates
to imprecision or a lack of knowledge of the precise numerical values of individual parameters”, while
”epistemic uncertainty refers to the inadequacy or incompleteness of a set of parameters that are used to
describe behavior”. He describes the appropriate modeling of joints as a major challenge within structural
analysis. Ewins [5] criticizes model updating for a lack of predictability due to it being based on observed
behavior and not on a description of the physical system. As has become apparent to the broader public
in recent years through the hype of machine learning and artificial intelligence, additional issues that can
arise within model updating are under- and over-testing. As joints present a significant epistemic uncertainty
issue, the completed research notes that excessive detailing within a joint model will not necessarily be
effective. The modeling process is not limited in terms of computational power, but rather through a lacking
understanding of the underlying physics. Ewins [5] lists possibly missing features in current joint models
as follows: non-flatness of jointed surfaces, micro-wear effects, and assembly-sequence. Hence, a focus on
model-upgrading instead of model-updating is proposed.

The core idea behind this paper is to evaluate, whether there is a feasible modeling substitution for bolts.
Omitting the bolt, static load-cases, as well as contact-mechanical investigations promises to save time. Data
that are lost through this omission are the bolt’s mass and moments of inertia, the bolt’s stiffness and damping
properties, its interaction with the joint members’ surfaces, and the pre-stress effect. Each of these aspects
will be treated in 2.

Since Weck [15] and Oexl [10] find that high-grade surface finishes promote high contact stiffnesses in
the normal direction kN, and since Schulz [14] acknowledges that the stiffness in tangential direction kT
is proportional to surface roughness, it seems plausible that these two stiffnesses could be linked with the
friction coefficient µ. The authors would like to propose the following approach for replacing a part of a
virtual assembly and applying its stiffness to the surfaces of the neighbouring bodies it interacts with in the
real assembly:

kN(1 + µ) = kanalyt. and kT = µ · kN (1)

where kN is the normal stiffness, kT is the tangential stiffness, and kanalyt. is the calculated analytical stiffness
in the load-direction of the substituted part.
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2 Identification and Quantification of Joint Stiffness

Stiffness of the unthreaded portion

Stiffness of the threaded portion

Bolt

Stiffness of Member 1

Stiffness of Member 2

Interface Stiffness

Members

Figure 1: Stiffness components of a bolted joint. The members and the interface act as springs in series, as
do the threaded and unthreaded portion of the bolt, respectively. The bolt and the member compound then
act as springs in parallel. The interface stiffnesses corresponding to the contact area between bolt head and
the upper member, as well as to the contact area between the threads and the lower member for tapped joint
configurations, are neglected in this sketch for clarity’s sake.

A lot of research is conducted in order to obtain member stiffnesses from models assuming smooth surfaces in
contact. These analytical models take into account for contact at the joint interface, which is described by the
clamping length, the pressure cone’s starting diameter, and the pressure cone angle. Essentially, the volume
under the influence of pre-stress caused by the bolt’s clamping force is regarded as monolithic, while the
remaining areas are assumed to be out of contact and to have no influence on additional stiffness introduced
to the system through bolts. Because the surfaces in contact are modeled to be smooth, these models only
put out normal stiffness, in contrast to e.g. tangential stiffness. Shigley [4] presents the commonly accepted
model following up on Rötscher’s [13] theories. Nawras [9] presents an improved model taking into account
non-symmetrical problems as well as partially developed pressure cones, which can be caused by comparably
slender beams.

Since we want to model the members and substitute the bolt, we are interested in the analytical bolt stiffness
here. According to Shigley [4], the axial stiffness of the bolt can be modeled as two springs in series,
composed of the threaded and the unthreaded portion of the bolt within the grip. The stiffness of the threaded
region of the fastener is given as kt =

AtE
lt

, while the stiffness of the unthreaded region of the fastener is
given as kd = AdE

ld
. Hence, the overall bolt stiffness is kb = AdAtE

Adlt+Atld
.
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3 Experiments

3.1 Description of test specimen

Beam 1

Beam 2

Figure 2: Test Specimen - tool steel (C45); The beams, measuring 0.2m×0.04m×0.004m, are assembled
via tapped joints using seven M10×16 − 10.9 metric bolts with a nominal bolt diameter d of 0.01m, a bolt
length l of 0.016m, a tensile strength Rm of 1000Nm−2, and a yield strength of 900Nm−2.

Figure 2 shows the investigated structure. The assembly consists of two beams that are joined by seven bolts.
No washers or nuts are used in this assembly, thus we speak of a tapped joint configuration.

3.2 Experimental Modal Analysis

Experimental modal analysis (EMA) creates a linear model of a non-linear physical structure. The exper-
imental procedure consists of the excitation, the detection, and the evaluation, according to Ewins [6]. An
impulse, which is generally generated by a modal hammer and covers a frequency band up to 10 kHz, is
utilized for the present structure’s analysis. A laser detects the structure’s surface speed, one single measure-
ment point suffices to determine a natural frequency. However, in order to identify the corresponding mode
shape, one has to include additional measurement points. By interpolating between the measurement points,
the spanned sections and eventually an entire model solution can be obtained. The bolted asembly and the
individual beams are analyzed with a laser Doppler vibrometer (LDV). For this purpose, a Polytec Scanning
Vibrometer PSV-400 Scanning Head is used together with the PSV-Data-Acquisition-Analyser software. The
data evaluation is performed by a Polytec OFV-5000 Vibrometer Controller coupled with the Polytec Data
Management System and PSV-Evaluation by Polytec, as well as ME’scopeVES by Vibrant Technology.

3.3 Pressure Distribution

To visualize the pressure distribution, a two-ply FUJIFILM PRESCALE pressure measurement film for the
10-50MPa range is used. The real pressure distribution caused by a tightening torque MA of 30Nm is
shown in pink color, cf. Figure 3. A dark pink color indicates a pressure level of around 50MPa.

3.4 Sensitivity analysis - joint parameter variations

After we have established the joint properties that ought to be modeled, the sensitivities of these joint pa-
rameters are of interest. First we investigate the variation of the pre-load force and then the reproducibility
of the dynamic model behaviour after loosening and tightening.
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Figure 3: Visualisation of the real surface pressure distribution via two-ply FUJIFILM PRESCALE pressure
measurement film.
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Figure 4: While the eigenfrequencies corresponding to the bending modes rise together with increasing
tightening-torque, the latter seems to lower the eigenfrequencies corresponding to the torsional modes for
torques MA greater than 30Nm, cf. Langer et al. [12].

Concerning the repeatability, the first three bending frequencies of the bolted beam structure are considered.
The members are first separated and then re-joined after each measurement series. The positions of the bolts
remain unchanged. In a second series of measurements, the bolt positions are arbitrarily varied. Ten mea-
surements of the bolted structure are performed within each series. Figure 5 shows the results of the two
series. The arithmetically averaged relative deviations over 10 samples εm of the first three bending modes
are calculated with (2):

εm =

(
fmax − fmin

fm
− 1

)
× 100 , (2)

where fmax and fmin are the maximum and minimum eigenfrequencies in one measurement series and fm is
the eigenfrequency averaged over ten measurements. The shaded regions indicate the overall measurement
uncertainty, cf. Figure 5. The relative deviation rises with higher eigenfrequencies and reaches a maximum
εP of 0.51%. This shows a very high reproducibility and little sensitivity towards fastener positions. It is
worth noting that the variations of the natural frequencies are also within the given overall uncertainty of the
measurement.
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Figure 5: EMA - Measurement uncertainties resulting from ten assembly-disassembly-cycles for arbitrary
and constant bolt positions, cf. Langer et al. [12].

4 State of the art model description

The search for a good bolt model is complicated and intricate. By which standard may we judge a model
as ”good”? Looking to automotive tire models suggests that both empirical as well as physically-based
nonlinear models are wide-spread. TMeasy is a semi-physical model that represents handling based on a
three-dimensional slip approach. FTire is a non-linear model based on structural dynamics that describes the
tire belt as a flexible ring approximated by elements with bending stiffness. While the required calculation
time determines the application (TMeasy is real-time capable and can be used during a race, while FTire
is not and finds application during tire development and ride comfort simulations), these models do share
important traits. Both have a good relative trade-off between computational time and quality of the results,
and both are easy to understand and use.

The industry’s vision is that the fastener manufacturer delivers an accurate simulation model to the OEM
together with ordered physical fasteners.

Wentzel [16] remarks, ”A good joint model should be as simple as possible and still capture all the important
physical properties of the actual joint.” He considers the force-displacement behaviour, the hysteresis, the
damping, and the influence of velocity as the most important properties of a joint model.

Rohaizat et al. [11] list the use of the solid bolt model, the spider bolt model, the bolt stiffness value, and a
linearized version of Hertzian contact theory as FE models to represent bolted joints. Concerning modeling
approaches for joint interfaces, Rohaizat et al. [11] mention spring-damper compounds, Jenkins elements,
and the Iwan model. Rohaizat et al. [11] uses CBEAM elements for the bolt shanks, RBEs for the bolts’
heads and nuts, and CELAS elements for the interface model.

Wentzel [16] names six joint modeling techniques found in the literature meaningful. The linear visco-
elastic model and the linear complex stiffness model are mentioned first. These aim to match the energy
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dissipation to the expected frictional dissipation in the joints. Wentzel [16] treats models that replace the
actual joint next. The Iwan networks model, a spring-slider network calibrated to mimic the dissipative
force-displacement relations, replaces the joint. More complicated, the Valanis model employing a first order
differential equation reflects plasticity can be tuned to reproduce the force-displacement characteristics. The
Bouc-Wen model uses sign functions in addition to the time derivatives. Wentzel [16] concludes that a
detailed FE model can be used to simulate the micro-slip in the joint.

Bograd et al. [2] compare three different modeling methods. They use a Jenkins friction element for node-
to-node contact simulation, a thin layer element employing hysteretic damping and linear stiffness, as well
as a zero thickness element with nonlinear normal and tangential stiffness. They recommend the thin layer
element approach for large structures and for use with currently available commercial FE software. Bo-
grad et al. [2] report that the calculation times of the approach using zero thickness elements with an impulse
response simulation in time and frequency domain following a preloading step are ”extremely long”. While
some of the above approaches, namely Jenkins elements and hence also the Iwan model are used to model
micro- and macro-slip, this may not be essential for selected industrial applications. Bograd et al. [3] point
out that for typical applications, the joint pressure is high enough in order to ensure that macro-slip is avoided
entirely in order to fulfill functionality requirements like leakage minimization in case of a cylinder head and
crankcase compound. The exclusion of macro-slip drastically decreases the amoung of dissipated energy in
the joint.

In the following, the authors would like to present a list of existing models that set the benchmark for the
developed joint model.

Model Type 1 2 3
Description Tie constraint, full interface Tie constraint, 2xD Abaqus/CAE 6.13-1

Table 1: Overview of the model types.

• Type 1: Here, a constraint is applied to the entire interface. The simplest approach is to kinematically
tie all nodes on the opposing joint interfaces.

• Type 2: A refinement is to apply a tie constraint twice the size of the bolt head’s diameter. The
industry’s state of the art approach for modal analysis is to kinematically tie the members’ interfaces
with anulli twice the diameter of the bolt head concentric to the bolt holes.

• Type 3: Abaqus/CAE 6.13-1 offers a range of built in functionalities that can be used to model joints.
For this model type, all bodies are modeled with their geometrical and material properties, and their
interactions are simulated. In an effort to exhaust the existing features, a tie constraint couples the bolt
head and the upper member, a numerical contact model simulates joint interface interaction, another
simulates the contact between the threads and the lower member. The thread simulation requires intial
clearance values and contact directions at the slave nodes fot the small-sliding formulation. Other
parameters for the threads’ contact simulation within the static load step are the half-thread angle α,
the pitch ρ, and the bolt major thread diameter d or bolt mean thread diameter dm. The estimated
pre-load force also acts as an input for a static load case. This force can be calculated analytically
from the tightening torque, as demonstrated by Roloff and Matek [8]. With MA equal to 30Nm and
the friction coefficient’s uncertainty, the lower and upper boundaries for the pre-load force are 11 and
19 kN, respectively. The static step introduces stiffness to the model as contact pairs form and non-
linearities occur. With the newly formed contact pairs and other sources of stiffening through pre-load,
the modal analysis can ensue.
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4.1 Developed FE-model

The introduction instigated thought about how a structural part of an assembly could be replaced by appli-
cation of its properties to the neighbouring parts in a physically meaningful way. To stay true to this cause,
the authors radically reduce the modeling parameters of the joint. There is no geometrical model of the bolt,
the stiffening pre-load effect is neglected, and all contact interactions are neglected. The proposed model
accounts for the bolt’s mass, its stiffness, and the contact area of the joint interface. The experimentally
determined contact area, cf. Figure 3, is kinematically tied, cf. Figure 6d. The mass of each bolt is added
with a point mass on a reference point, cf. Figure 6b. This reference point is fixed to a partition with the
size of the bolt head diameter on the upper member by Continuum Distributing Couplings. This simpli-
fication is reasonable, as the center of mass can be found almost exactly underneath the head of the bolt.
The calculation of the axial bolt stiffness assuming ”short” bolt dimensions, reduces itself to kanalyt. =

AtE
lt

,
cf. Shigley [4]. This analytical axial stiffness is then, aided by the friction coefficient µ, split into tangential
and normal components as proposed in the introduction: kN(1 + µ) = kanalyt. and kT = µ · kN. A wire holds
a Cartesian Connector that uses stiffness in three degrees of freedom as input. The Connector uses values for
the bolt stiffness in the normal and tangential directions. These components are subsequently applied to the
joint members, the lower and the upper beam. With Continuum Distributing Couplings, two reference points
are fixed to the area of contact between the bolt head and the upper member, and the bolt’s threads and the
lower member, respectively, cf. Figures 6a and 6c. The size of the partitions are determined by the bolt head
on the one side, and the threads’ length on the other.

(a) Continuum distributing coupling (CDC) -
upper member

(b) Continuum distributing coupling (CDC) for
the bolt’s mass, where the bolt’s head connects
to the upper member.

(c) CDC - lower member (d) Interfacial tie constraint

Figure 6: Visualization of the model’s components. The 3-dimensional bolt stiffness is applied to a Carte-
sian Connector linking the reference points corresponding to the CDCs on the upper and lower member
cf. Figure 6a and 6c.
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5 Results

For our calculations, we use the following system of consistent units:

ton mm s N MPa

Table 2: System of consistens units.

The interfacial contact diameter is experimentally determined as 17.6mm, cf. Figure 3. The mass of each
bolt is 14 g.
The length lt of the threaded fastener shaft in axial direction is roughly 8.3mm. According to Shigley’s [4]
tabular overview, the cross-sectional area of the threaded portion in grip, the tensile-stress areaAt, is 58mm2

for the used screws. Assuming ”short” bolt dimensions, one bolt’s relevant stiffness kanalyt. = AtE
lt

cal-
culated with Shigley’s [4] method is hence 1.47× 106Nmm−1. Using µ = 0.3 and with (1), kN =
1.13× 106Nmm−1 and kT = 0.44× 106Nmm−1.

Single beams Length l [mm] Height h [mm] Width w [mm]
Beam 2 200.20 4.00 40.10
Beam 1 200.20 3.95 40.05

Table 3: Averaged geometrical data of the physical single beam structures under influence of measurement
uncertainty according to Bär [1].

Single Beams Young’s modulus E [MPa] Density ρ [kg/cm3] Poisson’s ratio ν [-]
Beam 2 212170.00 7.83E-03 0.26
Beam 1 210700.00 7.84E-03 0.27

Table 4: Physical single beam structure’s resulting material data averaged corresponding to measurement
uncertainty according to Bär [1].

Property Young’s modulus E [MPa] Density ρ [kg/cm3] Poisson’s ratio ν [-] Mass [g]
Value 210000.00 7.90E-03 0.29 14

Table 5: Material data for each of the seven tool steel M10 bolts with a metric ISO thread.

Figure 7: Visualization of mode shapes resulting from numerical modal analysis, cf. Langer et al. [7].
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Mode shape Experiment Proposed Model Type 1 Type 2 Type 3

1st bending 1020 903 992 961 1041

2nd bending 2705 2308 2724 2465 2690

1st torsional 2752 1829 2738 1845 2421

3rd bending 5020 4122 5294 4402 4738

Table 6: First four eigenfrequencies from the physical experiments and four virtual models of the double-
beam assembly [Hz].

The deviations of the proposed model with respect to the experimental results shown in Table 6 are expected.
The areal density of the joints makes the assembly very stiff and even close to the analytical solution for
monolitical beams. In most engineering applications, the joint stiffness has less influence on the assembly’s
global modes. The results show that the proposed model is lacking in stiffness with regard to the torsional
mode. Here, the authors are able to observe significant penetration at the joint interface.

6 Concluding remarks and recommendations

The authors proposed a bolted joint model based on the interfacial contact radius, the analytical axial fas-
tener stiffness, the bolt mass, and the members geometrical and material properties. The analytical fastener
stiffness was applied to the upper and lower members partially in axial and partially in tangential direction.
The modeling effort was comparable to that of the industrial standard. However, the proposed technique
additionally took into account the real contact radius and the physical properties of the bolt.

The results showed that especially torsional modes lacked stiffness. Towards the beams’ outer borders, model
collisions were observed. While a contact model could mitigate this inaccuracy, it would make non-linear
analysis and contact search algorithms necessary.

An alternative modeling approach is to use thin-layer-elements or zero-thickness-elements without a con-
tact model. This approach may solve collision issues and the corresponding stiffness matrix may still be
reasonable to populate.
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