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Summary: This paper presents the finite element modeling of bolted joints for structural
dynamic analysis to achieve a reasonable accuracy in simulation results. Non-linear
effects in splice connected joints involve normal compressive loads holding components
together combined with dynamic lateral loads inducing some amount of shear slip in
contact interaction between elements of splice connection joint. The complexities of the
slip process are responsible for the nonlinear nature of the interfaces, both in terms of
stiffness and dissipation. Exploring the physics of joints directly is not readily done
because key interactions takes place at the interface of surfaces, where instrumentation
cannot be placed without changing the problem. Consequences of the specific conditions
of joint connections are increased dynamic problems related to vibrations and dissipative
processes in structure connection joints. Structural joints are the main reason for the
significant level of energy dissipation and source of structural damping. The aim of this
paper is to present some problems regarding research of structural damping and the
importance of study Contact Mechanics to better understand the problem of structural
damping.
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1. INTRODUCTION

The exact determination of dynamic properties of real engineering structures is a rather
formidable task. There are various approximate methods to evaluate the inertia, stiffness
and damping properties of a structure, of which stiffness is most determinable.

Figure 1. Experimental and numerical cantilever beam with bolted splice connection

On the other hand, the prediction of dissipative properties of a structure can be evaluated
only experimentally, with a very careful and precise experimentations. The complex
nature of energy dissipation process stems from the nonlinear contact interaction behavior.
Effects of bolted joints of one single connection extracted and examined separately from
the main structure indicate that the addition of bolted joints decreases the structure natural
frequency by adding an additional mass of connection elemnts to the structure.
Furthermore, the main difference and impact of the usage of bolted connection joints are
that significantly increase the damping ratio. Using software such as the Abaqus and the
Ansys, must be utilized for a better definition of bolt connection mechanical property and
numerical parameters. It is important to remark that by using the aforementioned software,
it is not possible to accurately describe the behavior of bolted connections and energy
dissipation processes, because the contact interaction of the two bodies is still not fully
understood. In addition to the above, we can consider Coulomb's law of friction to be exact
only in certain cases.

This paper presents one part of numerical verification of experimental investigation of
characteristics of bolted splice connection joint.

2. THEORY

The relationship and complexity of structural damping and contact surfaces interaction
can better be comprehended if we observe Greenwood-s model [1-2]. The Greenwood-s
model is based on Hertz-s contact theory and represents simple and often applied method
of describing rough surfaces. The question that arises is how big the actual-real contact
surface is, by which contact is made, from that directly follows the magnitude of a contact
force inside the contact interaction. Based on Hertz theory and Greenwood model we can
set the basic equations of normal contact, that is, a total number of points that come in
contact N, the surface of contact A and normal contact force Fx, [2]. On the other hand,
if we observe contact of two or more bodies as an interaction of deformable continuum
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bodies for finite deformations we could say that analysis of contact of two or more bodies
belongs to especially demanding nonlinear problems [3-5]. The nonlinearity of the
analysis problem from now does not depend only on material and geometrical
nonlinearity, which is usually studied in deformed bodies, but from contact conditions that
are now included in the equation. Considering the contact problem, the equation of
equilibrium for the N bodies in the contact on the right-hand side next to the expression
of the external virtual work also contains the virtual work of the contact interaction (1). If

L bodies are involved in the contacts L =1,...,N; where 'S_ represents the total contact

surface of each body, then the principle of virtual work for N number of bodies at time t
is defined by the following expression, [3,5]:

ZN: j‘rﬁs[eﬁ d'v =§N: j“ffé‘)ui d‘V+j‘fi58uiS d's +§N:T‘f;5uf ds (1

L=1 | ty L=1 | ty ‘Sr L:ltSC

Where part of a braces corresponds to the usual terms, while the last summation sign
gives the force influence in a contact. As we can see contact force is represented as an
exterior force. Components of equation of equilibrium are:

e 'S, : complete contact area for each body L, L=1,..., N at the time t

e 'f7 : component of the contact traction act over the areas 'S,

e 'f’: components of the known externally applied tractions act over the surface
e 'S, :surface at time t on which external tractions are applied

e du’ : components of the virtual displacement on the contact surface

e 1. : Cauchy stress tensor

: strain tensor corresponding to virtual displacements

e Su. : components of virtual displacement vector imposed at time t

e 'V : volume at time t

e 'f® : components of externally applied force per unit volume at time t

o Su} =0u, : components of virtual displacement vector

The objective of aforementioned text is to gain basic insights in the complexity of studying
contact mechanics and cause of structural damping formation. For a detailed treatment of
this subject the reader should consult the literature, e.g. [1-5]

3. EXPERIMENTAL AND MODEL DESCRIPTION

This experiment is performed on the bolted splice connection joint of the IPE-80 steel
cantilever beam with modulus of elasticity of E =210 GPa, and Poisson's ratio of v=10.3,
Fig. 2. IPE cantilever beam with bolted connection was rigidly bonded to the concrete wall
via rigid angles and steel plate of thickness d = 20 mm and d = 30 mm. The IPE cantilever
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beam was welded to a 20 x 200 x 200 mm connection steel plate and additionally stiffened
with rigid angles. All of it is then welded together for a carrying steel plate of 550 x 350
x 30 mm. The aforementioned dimensions of the carrying steel plate have been determined
so that adequate connection and support of the complete system to a 300 mm thick
concrete wall could be ensured. The complete system is connected to the concrete support
with four M 20 bolts as shown in Fig. 2. The above-described method has achieved almost
ideal clamped restraint which was primarily considered by a detailed numerical model.

. The bolt connection was tested
oyl ol M) for three levels of tightening of
Carrying stee] plate d=30 mm the bolts, for a tightening force of
Connection steel plate d=20 mm 30%, 50% and 100% of the
Rigid angles, d=8 mm L maximum tightening torque.
Bolted spliced conception or
welded connection joint

Bolted splice
connection
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Figure 2. Layout of tested cantilever beam with joint detail

The splice connection is positioned near the support of the clamped beam, 250 mm from
the support in order to receive as much momentum as possible. The splice connection joint
should be loaded at 70 % of full capacity. In this way micro and macro slipping inside of
connection contact interaction are accomplished with as little disturbing force as possible.
A direct consequence of micro and macro slipping is the occurrence of structural damping
due to friction in the connection joints. The bolted connection consists of the upper flange
splice plate 65 x 45 x 2 mm in size and the two of lower small flanges splice plate 65 x 18
x 2 mm each, the web splice plates are 65 x 50 x 2 mm.

Table 1 Value of tightening torque and tightening bolt force

Pfercentages Tightening | Tightening
o1 maxirum torque bolt force
tightening M,, [Nm] E, [kN]
torque +4 %
30% 7 5
50 % 11.5 8
100 % 23 16

The connection was made with four M8 screws for the upper and lower flanges and six
M6 screws for connecting the web. The bolted connection was tested for three different
tightening forces in the bolts: 30%, 50% and 100% of the maximum allowable tightening
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torque for M8 and M6, 8.8 bolt quality, Table 1. The tightening torque of the screws is
controlled by a torque wrench with a range of 4 to 40 Nm. A mass of 25 kg is fixed at the
end of the cantilever beam to reduce the natural frequencies of the beam. Cantilever beam
was excited with impulse load, accomplished with an instant released a mass of 100 kg
with the cutting of the cable on which mass was hanged.

4. MODAL TESTING

For the experiment of utmost important is third mod (vertical). In the frequency
response there is no major difference between a cantilever beam with a bolted
connections. The reason for approximately the same modal frequencies for the
three connection joints with different stiffness is the low mass of the modal
hammer and therefore the small disturbing force by which the beam is excited.
Due to the lack of sufficiently strong disturbing force slippage within the
connection contact interaction could not occur, and the influence of frictional
structural damping could not be activated. A slight oscillation of the modal
frequency can be seen in the bolted connection with the tightening force of 30% -
B30 of the maximum tightening torque. The occurrence of deviation is directly
related to the micro slipping within the contact interaction of bolts, flange and
flange splice plates, [6]

5. NUMERICAL MODELING AND VERIFICATION OF THE
EXPERIMENTAL MODEL

A numerical FEM model is made using the Abaqus. The aim was to build
numerical models to represent experimental models as accurately as possible. The
model of the beam with bolted joints was developed with a 1 mm gap between
bolts and the holes. Also 2 mm gap is provided between two solid parts of the IPE-
80 profile, as in the experiment setup. Friction coefficient of 0.35 was adopted for
all contact interactions, Abaqus [7].

MBS - 8.8 bolts with
applied tensile bolt load 16 £
kN (maximum tightening
torque is 22 Nm) Surface to surface
“_ contactinteraction
—— behweenall elements
/ol splice commection
Joint

MG - 8.8 bolts with
applied tensile bolt load =
8.7 kN (maximum
tightening torque s 9 Nm)

Figure 3. Detail of application of bolt load in Abaqus - left, dental of interactions
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The clamping force of 16 kN was applied at the horizontal middle surface of the
bolt to the M8 bolts and 8.7 kN for M6, Fig. 3. Choice of the element type has a
great impact on analysis. After detailed analysis, numerical model built with 78
870 elements was adopted. When modeling, it is important to model a credible
and accurate model with an optimal number of finite elements. It is easy to check
that with poor mesh and an insufficient number of elements the required
oscillation frequency can vary by up to 10%. Meshes with excessively high
densities lead to costly calculations and in some cases increased numerical
rigidity.

1mm gap
around M8
bolts.

1 mm gap
around M6

3D stress element C3DSR for /7 e il
2mm thi e and web / f bolts

2mm thick flange and
splice plates. with approximate 3D stress element C3DER for IPE 80 solid
global size 2 mm parts, with approximate global size 3 mm

Figure 4. Bolted splice connection geometry with element type and mesh

The support structure and stiffening elements (concrete wall, M20 carrying bolts,
3 mm thick carrying steel plate, 2 mm thick connection steel plate and rigid
angles) were modeled with three - dimensional hexahedral (C3D8R) elements.
IPE-80 cantilever beam profile is modeled with two-dimensional (S4R) elements
[7], while bolted and welded connection detail, Fig. 6 were modeled separately
with three dimensional hexahedral (C3D8R) elements and jointed with two pieces
of IPE-80 profile (S4R) using options Shell to solid coupling of elements. These
elements were chosen since they can provide reasonable accuracy for the stress
state during non-linear behavior at contact surfaces. The mesh was defined after
thorough convergence check and dimensions of elements are shown in Fig. 4. In
setting up the model the contact surfaces are built with finite elements of different
size, in a way that slave surface (loaded surface) has a denser FEM mesh than
master surface (loading surface) region, Fig. 3, 4. In this way, penetration between
contact surfaces and initial overclosure were prevented. Also, better convergence
rates were accomplished. Initial displacement was induced with load at the free
end of cantilever, in the same way as in experimental setup. Load diagram is given
in Figure 5, where Phase I represents loading and unloading process, while Phase
II represents free vibration.
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Figure 5. Load diagram

During modeling, significant influence of load release time t; was noticed. In
order to calibrate numerical model, detail analysis of dependence of first four
acceleration amplitudes versus release time is made. According to these results,
t;=15 ms is adopted.

6. NUMERICAL VERIFICATION OF THE EXPERIMENTAL MODEL

As we have previously concluded, accurate experimental testing of the mechanical
characteristics of the connection joints requires sufficiently precise support
conditions for the experimental model in this case of the cantilever beam. If there
were some flexibility of support, even the small vibrations and displacements, the
overall response of the structure would not be correct. Consequently, it would be
impossible to separately study the influence of the bolted splice connection on the
dynamic response of the cantilever beam. Numerical verification and analysis
need to provide appropriate design recommendations of the elements and
stiffeners to ensure that the constructed support is as close as possible to the
mathematical model. By comparing the modal frequency of an ideally clamped
numerical model with a numerical model designed to provide sufficiently rigid
support for a cantilever beam, we will determine whether the links and stiffener
are sufficient to provide clamped support, [6]. Further experimental verification
and comparison of the experimentally obtained results with the numerical results
showed that the construction of the experimental model has a satisfactory support
stiffness, i.e. that an ideal clamped restraint is obtained. Numerical frequencies for
the third and fourth mode are 15.78 and 68.51 Hz and experimental frequencies
are 16 and 66.3 Hz. Comparison of the results of the numerical and experimental
model, shows a small difference in the modal frequency, 1.68% for the third modal
shape and 2.66% for the fourth modal shape.

7. RESULTS AND DISCUSSION

By analyzing experimentally obtained results of tested models it was obtained originally
assumed a high difference of damping between bolt conection with tightening force of 100
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% - (B100), 50 % - (B50) and 30 % - (B30). Experimental results of bolted connections
give structural damping in the range of 0.007 to 0.06 depending on tightening torque of
bolts. Accelerations in time domain along X direction are obtained for the and of the
cantilever beam, where the accelerometer is positioned see Fig. 2. The envelope is
obtained following equations of a system with single DOF. The equation of motion of free
damped vibrations of this system, for damping less than the critical, is as follows:

y=Ae™" sin(a,t) 2)

where ,is free vibration frequency of the damped system and phase angle is ¢ = 0.
Acceleration is obtained after derivation of this equation with respect to time. Envelops
are obtained for [ sin(w,t)=+1]

P=—Aew], =Ae ", 3)

Unknown values are initial amplitude and damping ratio. By varying these values and
harmonization of the envelope with acceleration graph, calibrated estimated values of
initial amplitude and damping factor are obtained Fig.6. Based on compared diagrams for
bolted models B30, B50 and B100 there can clearly be seen the difference in structural
damping. It is noticeable that the amplitudes of oscillation fit in the envelopes of linear
system of single DOF only in the beginning time, that is, already after a few oscillations
amplitudes of oscillation cross the envelopes and are continuing to oscillate long after a
total equalization of envelopes with X-axis. Faster deviation of amplitudes for model B30
with 30% tightening force than for model B100 with 100% tightening force indicates to
greater dissipation at B30 model than at B100. Initial amplitudes of oscillation which
occur after impact of impulse force are amplitudes of oscillation which originates while
there was still enough energy in the beam after inducing impulse so the friction force in
connections was exceeded and slipping in bolted connections has occurred which cause
higher structural damping.

30 Response comparison of an experimental model for E
30 %, 50 % and 100 % of maximum bolt torque u 30 % of maximum bolt torque 50 % of maximum bolt torque

: //'}_mumad experimental : / Eetimated kxperimental

damping, £ = 0.03 — damping, { = 0.06

100 % of maximum bolt torque

Acceleration [m/s?]

20 —— 30 % of maximum bolt torque JE SR
R ax r . Jhpsses T
30 % of maxinmum holt torque il Estimated experimental
» —— 100 % of maximum bolf torque » damping. £ = 0.007

Time [s]
Figure 6. Model response with envelopes for Bolted connection joint for 30 % - B30,
50 % - B50 and 100 % - B100 of the maximum bolts tightening torque
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While wasting energy the level of oscillations inside the beam and movement of contact
surfaces inside bolted connection (flanges, bolts, and splice plates) is lowering so thereby
also reducing damping. Micro slippings and constant process of contact asperities
plastification as well as changing of contact surfaces geometry while interacting are
always present in isolated regions between bolts. We could adopt totally fixed state - Stick
state, to exist only between contact surfaces in small diameter around the body of high
strength bolts.

Comparison of experimental and numerical results for models B100 and B30 are given in
Fig. 7 and 8. The Abaqus model was calibrated only for the first several amplitudes, and
afterward, disagreements with experiment are evident. Calibration of the first two
amplitude highly depends on impulse force - the time of load release. As mentioned in
section (5) time release is adopted as 15 ms. Although responses are not as those of one
DOF system, damping is estimated using the logarithmic decrement approach for the first
part of oscillation. Initial tests in Abaqus show that a perfectly symmetric model has
negligible horizontal acceleration, but when small asymmetry is introduced at supports,
this value significantly increases. Comparing the numerical model with the experimental
model B100 and B30, we see that there is a much larger difference in the B30 model than
in the B100 model. The reason for the increased deviation of the experimental model B30
from the numerical model is the much larger nonlinear effects in the bolted connection
with 30% of the tightening force of the B30. In this case, the slippage is higher and the
effect of the contact interaction on the damping is more significant than in the case of a
connection with the full tightening force - B100.

Experimental and numerical respons for model B100

Experimental anvolope, damping & = 0.007

w /’
Experiment = Abaqus model
0

Time [s]

Figure 7. Experimental and numerical response for Bolted connection joint - B100

Experimental and numerical respons for model B30

Acceleration [mn/s?

T
> . .
Experimental anvolope, damping £ = 0.03 Experiment = Abaqus model
T'ime [s] 30

Figure 8. Experimental and numerical response for Bolted connection joint - B30

As the presented numerical model is analyzed using Modal Dynamics that is suitable for
describing linear systems, where it is not possible to describe nonlinear phenomena and
discontinuities within the contact interaction itself. When analyzing using Modal
Dynamics, all elements remain in their places and slipping and moving of the connection
elements in relation to each other is not allowed, therefore nonlinear effects are not
included in the numerical response of the structure. For a better approximation of the
experimental results, it is necessary to use an explicit analysis that allows the inclusion in
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the calculation of nonlinear effects within the contact interaction of the connection
elements. It should be noted that due to the complex nature of friction and contact, it is not
possible to fully simulate the nonlinear effects of contact interaction using an explicit
method because the numerical code implemented in Abaqus software relies directly on
Coulomb's law and cannot take into account geometry and real area of contact. To more
accurately describe damping and energy dissipation in bolted connections, the greatest
application and progress to date has been made by applying Iwan's Model for Mechanical
Connections, [8].

8. CONCLUSION

This paper presented experimental and numerical investigations performed on a beam
element. The goal was to investigate the effects of joints on the dynamic response of a
structure, especially the damping characteristics. For this purpose a different cantilever
beam models with bolted joints were experimentally tested. It's evident that the dumping
is highly impacted by the bolts tightening force and friction. The main reason for the
increase in damping is the contact frictional process between contact surfaces which are
non-conservative and highly nonlinear. From this experiment, we can see the necessity of
a better understanding of contact mechanics to enhance better understanding and define
structural damping.

REFERENCES

[1] K.L. Johnson, “Contact Mechanics”: Cambridge university press, 1985

[2] Valentin L. P., “Contact Mechanics and Friction — Physical Principles and
Applications”, Berlin, Springer, 2017

[3] Wriggers P., Computational Contact Mechanics,: Berlin, Springer, 2006

[4] Vladislav A. Yastrebov, “Computational Contact Mechanics — geometry, detection
and numerical techniques”, Ph.D. dissertation,:Paris, MINES Paris tech, 2011

[5] Klaus J.B., “Finite Element Procedures”: Watertown, Prentice-Hall, Pearson
Education, 2016

[6] Mijatovi¢ O., Miskovi¢ Z., Salati¢ R., Mandi¢ R., Golubovi¢-Bugarski V., Relja G.,
Experimental analysis of structural damping for bolted and welded splice connection
joint for IPE-80 steel profile, 14th international scientific and professional conference
on contemporary theory and practice in construction —-STEPGRAD, Banja Luka, p.p.
32-42, 2020.

[71 ABAQUS User Manual, Version 6.12, DS SIMULIA Corp, Providence RI, 2012.

[8] Daniel J. Segalman, Danny L. Gregory, Michael J. Starr, Brian R. Resor, Michael D.
Jew, James P. Lauffer, & Nicoli M. Ames. Handbook on Dynamics of Jointed
Structures, Sandia National Laboratories Albuquerque, New Mexico 87185 and
Livermore, California 2009

| 3BOPHMK PAJOBA MEBYHAPOOHE KOH®EPEHUWJE (2021) |



th
8 INTERNATIONAL CONFERENCE

Contemporary achievements in civil engineering 22-23. April 2021. Subotica, SERBIA

HYMEPNYKA U EKCIIEPUMEHTAJIHA AHAJIM3A
KOHCTPYKTHUBHOI IPUT'YHIEIbA BUJYAHE BE3E

Pesume: Osaj pao npedcmasma HyMepUuKo MOOen08arve SUjUaHUX 6e3a NPUMjeHOM
KOHAYHUX eNeMHAma y OUHAMUYKO] aHAAU3U KAKO OU ce noCmuaia pasymua moyHocm
pesyamama cumyrayuje. Henuneapnu egpexmu y MOHMANCHUM HACMABYUMA YKBYUY]Y
HOPMAIHU NPUMUCAK KOjU OpofcU Oujenoge 8ese 3ajeOHO Y KOMOUHAyuju ca OUHAMUYKUM
oounum onmepehierouma Koja Y3pokyjy cmuuyhe npokauzaearve y KOHMAKMHOJ
unmepaxyuju  enemenama 6eze. Cama KOMWIEKCHOCM —npoyeca NPOKIUIABAHA
KOHMAaKmue uHmepakyuje 002080pHA je 34 HEeIUHeApHOCMU Koje ce jaemajy, KaKo y
noenedy Kpymocmu maxko u y oucunayuju. Henocpeono ucmpadgcusare @usuxe
Mexanuukux ée3a Huje mozyhe us paznoea Hapywasarba KOHMaxKmHe unmepaxyuje usmely
NOBPUWUHA Y KOHMAKMY NPUMjeHOM UHCmpyMeHama u mjepue onpeme. Ilocmweouye
cneyu@uyHux yCcu08a MexXaHuyKux 6esd jecy YClodCrbasgarbe OUHAMUYKUX npodiema
6e3anux ca eubpayujama u OUCUNamueHum npoyecuma y eesama. Mexanuuke seze cy
2NA6HU pa3noz 3a OUCUNAYU]Y eHepauje U nojagy KOHCmpyKmuseHoe npuzywersa. L{um ooz
pada jecme npedcmagumu oopefiene npobieme Yy 8e3U € UCHPAACUBAFEM
KOHCMPYKMUBHO2 Npucyuierbd, me HeonxoOHOCm Npoy4yasarsa KOHMAKMHE MeXAHUKe
paou 0ybsee u bowez pazymujesarba npodiemMamure KOHCMPYKMUBHO2 NPUYUierbd.

Kawyune peuu: koncmpykmusHo npucyuierbe, OUHAMUUKe Kapakmepucmure, MOHMAdICHe
6e3e, KOHMAKMHA MEXAHUKA

| CONFERENCE PROCEEDINGS INTERNATIONAL CONFERENCE (2021) | k{1Y4



