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Tie-bolt rotors are commonly applied in aeroengines and gas turbines, and interference fits ensure accurate positioning for disk
assembling. +is paper presents experimental and numerical studies on the stiffness and damping properties of a tie-bolt rotor
with interference fits under different preloads. An FEmodel incorporating thin-layer elements is used to carry out model updating
to predict the contact stiffness and damping characteristics. A two-step model updating approach of the tie-bolt rotor using the
response surface optimization is implemented. Finally, a quasistatic FE simulation concerning the interference fits and sensitivity
analysis is performed to validate the experimental results. Press fit induces a bilinear contact stiffness. Also, modal damping
demonstrates a more sensitive and nonmonotonic behavior versus preload.

1. Introduction

Tie-bolt rotors are widely used in turbomachinery such as
aeroengines and gas turbines. In the framework of aero-
engines, the requirement of a high thrust-to-weight ratio
renders a more complex structure connected by bolted joint
and spline coupling joint [1, 2]. Concerning gas turbines,
two combined rotor profiles can be distinguished: multistage
disks are clamped either by a central tie-bolt [3, 4] or by
several circumferentially distributed rods [5, 6]. Further-
more, combined rotor with a single central tie-bolt is also
applied in centrifugal compressors [7, 8].

+e advantage of tie-bolt rotors lies in a better stiffness
behavior and easy manufacturing. Furthermore, the config-
uration allows a complex interior profile that is usually in-
dispensable to account for cooling passages in gas turbines.
On the other hand, discontinuous connection also introduces
interface nonlinearity. +erefore, typical nonlinear behavior,
such as resonance shift induced by different excitations [9]
and jump phenomena due to bolt loosening [10], causes

difficulties for prototyping and health monitoring of com-
bined rotor systems. Detection of bolt loosening is achieved
by different methodologies involving experimental modal
testing [11], impact modulation [12], and noncontact laser
tests [13]. Time-varying stiffness and the corresponding dy-
namics have been discussed in [14, 15]. +e strength of
nonlinearity is determined by the contact status of interface
that is influenced not only by the preload of the tie-bolt but
also by external forces [16]. Actually, a linear modal analysis
can be acceptable if the structural integrity is guaranteed. For
instance, dynamics of rod-fastened rotors used in heavy-duty
gas turbines are merely influenced by the contact stiffness [5].
However, in the context of jet engine, heavy loads as well as
high speed yield a considerable stiffness loss due to joint
connection. It is essential to take the stiffness variation under
different working conditions into account [2, 17, 18]. Con-
cerning a seven-stage compressor, a disparity of 14% natural
frequency has been reported in [8]. Dynamics of the tie-bolt
rotor incorporating nonlinear contact stiffness have been
discussed in [18, 19].
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Stiffness and damping are two main parameters for
dynamic analysis of the jointed structure. Concerning the
nonlinear phenomenon, a detailed review of existing
models for simulation has been presented in [20–22]. As
stated in [22], the dynamical behavior can be described by
existing models quite well and the efficiency has become a
concern for industry applications. Zero-length elements
and thin-layer elements have been commonly used to
consider the influence of the contact interface in the dy-
namic analysis. Applying the zero-length elements, cou-
pling interfaces are connected by a user-defined
constitutive model such as spring-damper element [23, 24].
+e contact properties are either calculated by analytical
models [25, 26] or determined by modal experiments
[27, 28]. In contrast, thin-layer element was firstly used in
the soil-structure interaction in the 1980s [29]. It is quite
convenient to account for the contact effects in commercial
FE software. Elasticity of the thin-layer elements is adjusted
to consider the variation of contact stiffness versus pre-
tension of bolts. Damping of the contact interface is a key
factor that reflects the energy dissipation of the jointed
structure. With the well-developed model, the contact
stiffness can be well predicted while the prediction of
damping is challenging, especially when macroslip occurs
between the coupling interfaces. Furthermore, experi-
mental tests are usually applied to obtain modal parameters
for model updating [28, 30–32].

+e prediction of contact stiffness and damping of
jointed structures have been widely studied [21]. However,
most investigations are based on simple beam connections.
Tie-bolt rotor that is composed of several disks clamped by
multiple tie-bolts, usually demonstrates a more complex
behavior. Furthermore, the influence of interference fits on
the contact status as well as on the corresponding modal
parameters has not been studied thoroughly.

In this paper, the influences of bolt preload on the modal
parameters will be investigated by performing an experi-
mental modal test. An FE model incorporating thin-layer
elements will be used to consider the contact effects in modal
analysis. Interface stiffness and damping will be determined
by a two-step model updating approach. Furthermore,
sensitivity analysis is provided to better understand the
modal behavior. +e manuscript is organized as follows:
Section 1 describes the experimental tie-bolt rotor with
different preloads. Section 2 presents the procedure of the
modal test. Section 3 collects the experimental results while
Section 4 offers a further discussion. Finally, Section 5
concludes the paper.

2. Experimental Modal Testing

2.1. Tie-Bolt Rotor Description. Figure 1 depicts the cross
section of the tie-bolt rotor with distributed connections of
tie-bolts. +e rotor is composed of 2 shafts, 2 disks, and 3
connecting segments (see the green parts). +e rotor
components are clamped by four groups of circumferentially
distributed bolts. M16 bolts connect the shafts and the
connecting segments while M20 bolts connect the disks and
the connecting segments. +ere exist 6 contact pairs

tightened by tie-bolts. Furthermore, press fits between 6
circular surfaces assure radial position of rotor disks.

For the preload controlling approach, it is necessary to
determine the contact pressure and status information at the
interface. Because there are 30 tie-bolts under pretension, it
is more convenient to use disk springs to get the axially
preload with the help of force-deformation relationship as
depicted in Appendix A.+erefore, in order to get the modal
parameters with a varying preload, different torques are
applied at two types of tie-bolts, i.e., M16 and M20.

2.2. Experimental Modal Testing. A free-free boundary im-
pact testing is performed to investigate the influence of
preload on natural frequency and modal damping. Seven
PCB accelerometers (sensitivity: 10.22–10.38mV/ms−2) are
located at 7 axial positions. +e rotor is suspended by an
elastic cable at two locations, see Figure 2. Hence, the mode
shape can be obtained directly by a single modal test.

+e rotor is tightened by two groups of tie-bolt, i.e., M16
and M20, respectively. To study the influence of axially
distributed preload on modal parameters, experimental
modal testing with two sequentially varying pretensions is
carried out as shown in Table 1. Firstly, an experimental test
is performed by changing the torque at the M16 bolt from 10
to 90Nmwhile the torque at the M20 bolt is kept constant at
110Nm. +e corresponding nominal pressure at contact
interface 1 and 6 varies from 3.17 to 7.81MPa while the
nominal pressure at contact interface 2–5 is 7.48MPa. +en,
the modal response is obtained by altering the torque at M20
from 10 to 110Nm with a constant torque of 90Nm at M16
bolt in Case 2. Consequently, the nominal pressure at
contact interface 2–5 is increased from 3.17 to 7.81MPa with
the nominal pressure of 7.48MPa at the contact interface 1
and 6.

Concerning the data acquisition system, a resolution of
0.32Hz with the frequency range from 0 to 2560Hz has been
used. A roving hammer impact test has been carried out five
times for one preload case to obtain modal results. Fre-
quency response functions (FRFs) that measure the system’s
output in response to a known input signal have been ob-
tained as shown in Figure 3. +e peaks denote five lateral
natural frequencies. +e corresponding mode shape is
collected in Figure 4 that displays five lateral mode shapes
clearly. We observe that the symmetry of the modes is not
well presented (e.g., the response at accelerometer no. 2) that
might be caused by the connection status of accelerometers.
In order to obtain the corresponding modal parameter
(frequency and modal damping), an experimental modal
analysis is carried out. Natural frequency and modal
damping ratio are obtained using the PolyMAX frequency-
domain method in LMS TestLab [33].

In Case 1, natural frequency and modal damping ratio of
five bending modes versus preload, varying from 10Nm to
90Nm on M16 bolts, are collected in Figures 5 and 6. +ere
is only a minor rise in natural frequency of less than 2.2%.
Compared to natural frequency, modal damping ratio is
more sensitive to the change of preload, see Figure 6. Also,
the overall trend of the damping ratio of less than 0.5% is
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decreasing versus a growing preload. However, a non-
monotonic behavior with a peak at the preload of 50Nm can
be witnessed. It may be induced by a bilinear behavior in
contact status due to interference fits. A further discussion is
presented in Section 4.1.

By contrast, in Case 2, we keep the torque on M16 bolts
as constant and change the torque onM20 bolts from 10Nm
to 110Nm. +e natural frequencies under free-free
boundary conditions versus preload are collected in Fig-
ure 7. Similarly, a general growing trend is expected.
Moreover, mode 3 and mode 5, with an increase of 9.0% and
5.4% over the preload, are more sensitive to the preload than
other modes. More details can be found in a sensitivity
analysis in Section 4.2. As shown in Figure 8, the modal

damping ratio is decreasing with a growing preload. For
mode 3 andmode 5, we witness a nonmonotonic behavior of
the modal damping with increasing torque that is explained
in Section 4.2. Compared to Case 1, the influence of pre-
tension on the modal parameters is better demonstrated in
Case 2 that will be used for model updating in the following
part. Furthermore, it can be observed that modal damping
demonstrates a more sensitive behavior than natural fre-
quency, especially for Case 1.

3. Model Updating Analysis

Model updating aims at obtaining an accurate FE model to
predict the dynamic behavior that agrees with the experi-
mental modal testing. To make it concise, modal parameter
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Figure 2: Arrangement of accelerometer and suspension locations for the tie-bolt rotor.
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Figure 1: Experimental tie-bolt rotor with distributed pretension by tie-bolts.

Table 1: Experimental modal testing with different preloads.

Modal tests Torque (Nm) (M16) Torque (Nm) (M20)
Case 1 10–90 110
Case 2 90 10–110
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Figure 3: Frequency response function (FRF) obtained from seven
accelerometers.
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Figure 4: Experimental mode shape of the tie-bolt rotor.
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estimations are performed according to the modal testing
results of Case 2. +in-layer elements are introduced be-
tween contact interfaces 2–5, and as a result, material
properties of the thin-layer elements are updated to take the
influence of preloads into account. +e 3D FE model in-
corporating thin-layer elements is shown in Figure 9. In the
modal analysis, the nonlinear characteristics will be ignored.
All contact interfaces are bonded in the simulation. To
denote the influence of preloads of tie-bolt, elasticity of the
thin-layer interfaces, as shown in the zoom plot, is altered
according to modal experiment.

To improve the efficiency of model updating and to
distinguish between the influence of contact stiffness and
contact damping, a two-step modal updating strategy is
applied as shown in the flowchart, see Figure 10. In Step 1,
the contact stiffness is updated by performing an undamped
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Figure 5: Modal testing results of Case 1: modal frequency versus
preload on M16 bolt.

0.60

0.50

0.40

0.30

0.20

0.10

0.00
10.0 30.0 50.0 70.0 90.0 110.0

Torque (Nm)

M
od

al
 d

am
pi

ng
 ra

tio
 (%

)

Mode1
Mode2
Mode3

Mode4
Mode5

Figure 6: Modal testing results of Case 1: modal damping ratio
versus preload on M16 bolt.

9.0%

5.4%

0

100

200

300

400

500

600

700

800

900

1000

Fr
eq

ue
nc

y 
(H

z)

Mode1
Mode2
Mode3

Mode4
Mode5

70.0 90.010.0 30.0 110.050.0
Torque (Nm)

Figure 7: Modal testing results of Case 2: natural frequency versus
preload on M20 bolt.
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Figure 8: Modal testing results of Case 2: modal damping ratio
versus preload on M20 bolt.

Figure 9: FE model with thin-layer element for model updating
analysis.
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modal analysis. +e material properties of the FE model are
defined in Table 2. +in-layer element is assumed to be
isotropic, and therefore, elasticity of four contact interfaces
Econt is chosen as the parameter for updating. Several un-
damped modal analyses are performed, and five natural
frequencies are selected as output. +en, a response surface
can be developed and the multiobjective genetic algorithm
(MOGA) is used to find the optimized elasticity under
multiple objectives (modal frequency from testing as target
fi, i � 1 − 5 ) as well as multiple constraints (error bound for
every frequency εfreq � 2%). For a clear comparison, the
optimization is conducted using three different FE models
with the thickness of thin-layer element z� 0.1mm, 0.5mm,
and 1mm. Consequently, the optimized contact stiffness kn

is given by

kn �
Econt

z
. (1)

Figure 11 collects the optimized contact stiffness for the
thin-layer element of three different thicknesses. A bilinear
stiffness behavior can be seen from the curve with the torque
of 70Nm as the turning point.+e bilinear stiffness behavior
is due to the change of the contact status that is further
discussed in Section 4. +e stiffness variation for three
models agrees well. +e optimized contact stiffness versus
preload has been validated by conducting the undamped
modal analysis, and Figure 12 summarizes the error of five
mode shapes using the thin-layer element with the thickness
z � 1mm.

Concerning the thin-layer element, the thickness of
1mm is applied for the updating of contact damping. To
denote the damping property in the FE model of the tie-bolt

rotor, it is possible to consider the influence by introducing
two parameters: material damping coefficient and joint
damping coefficient that belongs to the stiffness proportional
damping. In the framework of Raleigh damping, the mass
proportional damping is set as zero. +erefore, the damping
can be incorporated in the model by the definition of the
complex stiffness matrix as
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Figure 10: Flowchart of a two-step model updating approach.

Table 2: Material property of the tie-bolt rotor.

Density ρ (kg · m− 3) Elasticity Emat (Pa) Poisson’s ratio ]
7850 2.06 × 1011 0.3
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Figure 11: Updated stiffness using thin-layer element of three
different thicknesses.
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∗
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m

βmKm + i 
c

βcKc. (2)

+erefore, two coefficients are selected as input for the
optimization according to the experiment results. +e re-
sponse surface optimization is carried out using MOGA.
Based on the updated contact stiffness in the first step, ten
constraint conditions including 5 frequencies (error
εfreq < 2%) and 5 modal damping ratios (error εdamp < 100%)
are used for the optimization. It should be mentioned that
updating of modal damping represents a process of trial and
error that is far more difficult than updating of frequency.
Using two proportional coefficients with a stricter error
tolerance yields no results. On the other hand, it is possible
to tune the damping ratio with a lower error by introducing
more control parameters. However, the tendency under
different preloads is lost with a higher computational cost.
+erefore, only two parameters with the modal damping
error of 100% are used. Two proportional coefficients, i.e.,
the factor of the rotor without contact parts βm and the factor
of the thin-layer element βc, are introduced. +e optimized
modal damping factors are collected in Figure 13. Generally,
the coefficient βc demonstrates a decreasing trend versus
preload that is more than ten times as the coefficient βm. It is
easy to understand since the joint damping is usually 10–100
times as the material damping [34]. As expected at the
turning point of the bilinear stiffness, i.e., the torque of
70Nm, the stiffness factor, i.e., βm and βc, shows a different
behavior. Concerning the error of the modal analysis in
Figure 14, the higher frequency at mode 4 and 5 shows a
larger magnitude since higher frequency response will be
overdamped if only stiffness proportional damping is used.
+e convergence plot of modal damping at the torque of
50Nm is shown in Figure 15. +erefore, three optimized
parameters, denoting the contact stiffness and damping, are
obtained using a two-step model updating approach that
agrees well with the modal testing results. +e advantage of
the two-step updatingmethodology is a clear classification of
the influence of modal parameters. Furthermore, it entails a
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better convergence behavior because a global optimization
using three input parameters is likely to suffer from nu-
merical problems with no results.

4. Discussion

Experimental modal testing and model updating has been
presented above. One interesting phenomenon concerning
contact stiffness and damping is the turning point at a
specific preload that is due to the interference fits. To explain
the results, a nonlinear quasistatic FE simulation is applied
in Section 4.1. Another topic to be discussed is the sensitivity
of the mode shape with respect to preload. As displayed in
Figure 7, mode 3 and mode 5 are more sensitive to the
preload than other modes. Section 4.2 will give a detailed
explanation.

4.1. Influence of the Interference Fit. +e tie-bolt rotor with a
press fit of 0.04% contact overlap is analyzed by a multistep
quasistatic simulation. To this end, the nonlinear contact
pairs are firstly defined and then followed by a subsequent
multipreloads on the bolts. To model the effects of an in-
terference fit, an offset of the contact surface is defined. +e
nonlinear contact pair is developed with the frictional co-
efficient of 0.15. +e resulting stress of the interface con-
nected byM16 andM20 bolts is displayed in Figure 16.+en,
a pretension is applied on the multiple bolts according to the
torque-pretension curve displayed in Figure 17 in Appendix
A. +e maximal equivalent stress of the contact interface is
collected in Figure 18. It can be observed that there is a
sharper increase for the M16 andM20 bolts when the torque
on the bolt reaches 50Nm and 70Nm, respectively.
+erefore, the quasistatic contact simulation denotes an
explanation for the bilinear stiffness behavior as well as the
abrupt turning point of modal damping.

4.2. Sensitivity Analysis of the Mode Shape. Another issue
needs to be clarified is that mode 3 and 5 entail a higher
sensitivity to preload than other modes concerning modal
parameters as shown in Figure 7. +e eigenvalue of the FE
model concerning the flexural stiffness of the joint can be
defined by [35]

zλ
zK

c
n

� ϕT
j

zK

zK
c
n

− λ
zM

zK
c
n

 ϕj � φR
j,n − φL

j,n 
2
≈ θ2n. (3)

+erefore, we obtain the sensitivity of the contact pair
fastened by M20 bolt that is collected in Table 3. As a result,
we can see a clear disparity between the five bending modes.
+e sensitivity of the third and fifth eigenfrequency with
respect to the stiffness of the contact is larger than other
three modes.

5. Conclusions

In this paper, the contact stiffness and damping properties of
a tie-bolt rotor have been studied. Experimental modal
analysis is performed with varying pretension of tie-bolts.
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Figure 16: Equivalent stress distribution of the contact surfaces
with interference fits.
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Table 3: Sensitivity of the natural frequency with respect to the
contact stiffness for modes 1–5.

Mode 1 2 3 4 5
θ2n 6.71 × 10− 3 2.36 × 10− 1 5.44 × 10− 1 6.94 × 10− 2 1.09
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Based on the experimental results, the contact stiffness and
damping are determined by model updating. Main con-
clusions can be summarized as follows.

+e stiffness and damping properties of the tie-bolt rotor
are varied according to the applied torque. With an

increasing pretension, natural frequency is increased while
the overall damping ratio is reduced. Modal damping is
more sensitive to the natural frequency with respect to
different preloads.

+in-layer elements are used to update the FE model
according to the experimental results. A two-step updating
approach renders a clear distinction between the influence of
contact stiffness and damping. Natural frequency can be
tuned quite well by updating the elasticity of contact in-
terfaces while the updated Rayleigh damping, i.e., the
proportional factor with respect to the stiffness of the rotor
βm as well as the stiffness of the contact interface βc, can be
accomplished with a relatively larger error of 100%.

+e influence of interference fits on the modal param-
eters is demonstrated experimentally and is further validated
by a quasistatic numerical simulation. +e interference fit
yields a bilinear stress distribution within the contact pairs
and subsequently results in a bilinear contact stiffness.
Concerning modal damping ratio, the interference fit in-
duces a nonmonotonic behavior with a turning point at a
specific preload. +e abrupt change in modal damping may
be useful for the detection of the contact status with press
fits.

Mode 3 and mode 5 are more sensitive to the pretension
of the M20 bolts that is justified by a sensitivity evaluation.

Nomenclature

Di: Inner diameter of disk springs (m)
βm: Stiffness proportional damping coefficient of the

rotor
βc: Stiffness proportional damping coefficient of the

thin-layer element
Km: Stiffness matrix of the rotor
Kc: Stiffness matrix of the thin-layer element
K∗: Complex stiffness matrix of the tie-bolt rotor
λ: Eigenvalue of the tie-bolt rotor
Kc

n: Stiffness matrix of an individual contact part
ϕj: jth eigenvector of the whole rotor (j� 1–5)
K: Stiffness matrix of the tie-bolt rotor
M: Mass matrix of the tie-bolt rotor
φL

j,n, φR
j,n: Components of jth eigenvector on the left and

right nodes of the thin-layer element
θn: Rotational angle of the thin-layer element
P: Pitch of the tie-bolt (m)
d2: Nominal bolt diameter (m)
Df: Average of the bolt cap and shaft diameter (m)
μT: +read friction coefficient
μH: Bolt head friction coefficient
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Disk spring
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Figure 19: FE model to calculate the force-deformation relationship of disk springs.
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tionship of disk springs: FE simulation and the formula of
DIN2093.
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Figure 21: Torque-deformation curve of a combination of 8 disk
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Table 4: Parameter of tie-bolt M20 and M16 to determine the
torque-pretension relationship.

P (mm) d2 (mm) μT μH Df (mm) α (m)
M20 2 20 0.6 0.6 26 0.015
M16 1.5 16 0.6 0.6 20.8 0.012
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T: Torque on the bolt (Nm)
F: Pretension on the bolt (N)
z: +ickness of the thin-layer element (m)
E: Elasticity of the tie-bolt rotor (Pa)
Econt: Elasticity of the thin-layer element (Pa)
ρ: Density of the rotor (kg/m3)
F: Pretension on the bolt (N)
kn: Normal contact stiffness of the thin-layer element

(N/m3)
]: Poisson’s ratio
fi: Natural frequency of the ith mode (i� 1–5)
Di: Modal damping ratio of the ith mode (i� 1–5)
fi: Updated natural frequency of the ith mode

(i� 1–5)
Di: Updated modal damping ratio of the ith mode

(i� 1–5)
εfreq: Error of natural frequency for model updating
εdamp: Error of modal damping for model updating.

Appendix

Torque-Pretension Relationship of the Disk
Spring for M16 and M20 Tie-Bolts

According to European standard DIN 2093 [36], the authors
obtain the formula of two kinds of disk springs for bolts M20
and M16. Furthermore, a quasistatic FE simulation can be
used to verify the force-displacement curve, as displayed in
Figure 19.+e displacement is exerted on one basement, and
the reaction force can be obtained from the other side.
Contact is set to be frictional between the disk spring and the
two additional parts.

+e force-deformation curve obtained from the formula
as well as FE simulations is collected in Figure 20. As can be
seen, the corresponding force increases with a growing
frictional coefficient. Furthermore, the FE simulation
demonstrates a good agreement with the results from the
formula of DIN2093 in the linear region.

Due to symmetry of the structure, the preload is applied
uniformly on the bolt M16 and M20 by the torque wrench
ranging from 10Nm to 110Nm. A combination of 8 disk
springs, i.e., 4 parallel stacked springs in series, has been used
to determine the axial preloads because the linear approx-
imation is met. +e deformation of disk springs with respect
to multiple bolts is measured, and the average value is
obtained. +erefore, the torque-deformation curve of the
disk spring can be achieved as shown in Figure 21.

+e pretension of the tie-bolt F corresponding to an
applied torque T is usually calculated via an empirical
formula [22]:

T � F 0.159P + 0.578d2μT + 0.5DfμH  � αF, (A.1)

where P is the bolt pitch, d2 is the nominal bolt diameter, and
Df is the average of the bolt cap and shaft diameters that are
summarized in Table 4. Furthermore, the torque-preload
relationship of the tie-bolt can be derived by a linear curve
fitting as shown in Figure 17. +e coefficient derived from
the empirical formula (α � 0.012, 0.015) is a bit larger than

the slope of the linear curve, i.e., 0.01. +e reason is probably
due to a reduced frictional coefficient of the bolt head in the
tie-bolt with disk spring.+erefore, the relationship between
torque and preload obtained from experiment is reasonable.

Data Availability

+e data used to support the findings can be obtained by
contacting via lipu1215@xjtu.edu.cn.
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