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Abstract

In a steel structure, choosing the connections type are one of the most important parameters in design consideration. How
a connectiontype affects the vibration ofteel beamhas been investigated this paperThe most effective connection

type in reducing beam vibration has been highlighted. The study was conducted using different finite element models to
simulate each connection type. Firstlye model wasalidated by comparings results with the results obtained by the
analytical approach. In the numerical modellireear frequency analysiwas performed to determine beam natural
frequency, then it has been compared withabeespondingalue obtained by the Eul&ernoulli approximations for

simply supported beamé\fter that two analysis procedusehave been executed, steatiyte analysignd transient
analysis. h the steadygtate analysis, a harmonic load witifferentfrequenciesvas applied to the beam raigban while
animpulsiveload has beeapplied inthetransient analysisThe results indicate théte deflection could be reduced by

72% furthermoresteady vibration of thbeamcanbe reduced by 81%ith using one of the moemt connections instead

of the traditional shear connection

Keywords Vibration Analysis; Steel Beam; Finite Element Modeling; Steady State Analysis; Transient Analysis

1. Introduction

The full potential of structure composing mateisdhe main goabf structual engineers for a long time. The modern
construction techniques led tizeas thehighest strength to weight performance as possible. A direct consequence of
this new design trend is a considerable increase in problems related to unwanteibfadimme. For this reason, the
structural floors systems become vulnerable to excessive vibrations produced by impacts or othdf koLineesain
objective of thisresearchs to present the effectivenees connection typén reduchg beamvibration Where the
incorrect choice of connection type in steel structure could be led to serviceability problem. Therefore, the most effective
connection in reducing beam response to vibration has been highlighted in this work €Btigation was done through
anextensive finite element modelingingABAQUS software Steadystate and transient anaggshave been performed
to measure the connection effect on beam resgonderation. The modelvasvalidated by comparing tHeeamnatural
frequency obtained from finite element simulatigith the corresponding value obtained from the traditional analytical
approachafter that multi connections were simulated and its response to vibration was pointed out.
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2. Literature Review
2.1 Vibration

The vibration problems one of themost seriousserviceability issues caused by design optimization where
lightweight members and high strength materials are required. Even though the vibration issoetsrdferso strength
problems, it can cause humgiscomfort and rise serviceability problems that make the structure unuBadlkdynamic
aspectsnust be considered in detf]. Therefore, irmany times vibration controls over strength and defled8pn

Reducing vibration effects has interested many researchers szainalsbidin and Jaini (2013] where they tried
to reduce the vibration by attaching a dynamic vibration absorber (DVA) to a fixed end beamudyéghlighted the
exited beam response at resonance and how the absorber can reduce the vibration successfully at resonance and othel
frequencies.

Damping system can be used to minimize vibration problems as mentioned eaZlgnidabidin and Jain2013)
[4]. Since the damping system can be expensive, therefore it is recommended to avoid them by change design
methodologies to minimized vibratid8], and that is the main goal of this research.

Following some related researches that concern about the improvement and behavior of steel structure response
excited due to vibration;

1 MéalagaChuquitaype and llkanaev (201@esented the improvement of incorporate resonators in new novel beam
configuration and how it can enhance the vibration comfort response of timber flooring systems while retaining
the original environmental benefits of wood in construction by using finite element simulation, the results pointed
out the dynamic advantages uding the new novel beam; decreasing the peak displacement has been noticed
when the steadgtate analysis was conducted. Furthermore, when performing a hammer impact test, the
acceleration at mid span has been decreased signifi¢ahtly

1 Varsha et al. (201Atudied the effect of including damage/cracking of the materials in the dynamic analysis for
steel structure by using finite element simulation, where a cantilever beam with | section profile was tested. The
results indicted that the damage/cracking could alter the dynamic properties of the steel beam like its natural
frequency, mode shapes, and stiffness especially when the crack is located near th§g$Lppder and Raikar
(2017)concermrd with that conclusion, where they studied the behavior of fixed ends composite beam, by using
numerical analysig7].

9 Ghodge et al. (2018hvestigated the dynamic behavior of cantilever and simply supported beams witbndiffer
materials (gray cast iron, structural steel, copper alloy, and aluminum alloy), by using finite element simulation to
obtained the beams natural frequencies. The results pointed out that; the structural steel has the highest natural
frequencieg8].

To improve dynamic connection behavior a new beam to box column connection has been proRegeaddryand
Younesi(2016)[9]. The connection consists of eight stiffeners in line with beam flangkBve horizontal bar mats in
concretefilled tube columns, the results pointed out an increase in strength and rigidity by 8.08% and 3.01%
respectively, furthermore, an improvement in ductility and energy dissipation capacity has been noticed.

In a multi-story building, the load position could affect the dynamic propertigsesented irChandravanshi and
Mukhopadhyay (20133tudies[10], where they noticed that the natural frequency of the building is higher when the
load is appliedn first floor than if itis applied inthe second floor Furthermore, if the load is applied tite second
floor the natural frequency is lowdrantheunloaded structure.

The impact of mechanical equipment (such as electrical generatbcoapressors) on steel structure production
platform has been investigated@uilherme et al. (201€)L1], where a numerical analysis was performed to study the
dynamic behavior; a steadyate analysis was conducted, whére éffect of vibration on human comfort has been
presented.

The effect of vibration on material properties has been investigatiadiivavet al. (2016) studield 2], where they
performed a harmonic analysis to steel plates ntlaterial properties such as elastic modulus and stiffness have been
determined in terms of natural frequency, where they experimentally tested a free ball impact on steel plates. The tests
results indicated that modulus of elasticity, stiffness, anddionehtal frequency remains approximately the same under
various impact energy.

Aggogeri et al. (2017investigated the use of hybrid material to reduce vibration. The selected material has high
dynamic characteristics and capacity to damp mechanical wabsafi hey studied the dynamic properties of Al Foam
sandwiches (AFS), Al Corrugated sandwiches (ACS), and materials reinforced by carbon fibers (CFRP). The properties
were evaluated using experimental tests and numerical analysis. The results inditattes AiS could give damping
coefficient 20 times greater than the conventional steel, the CFRP could reduce weight by 48.5% and satisfy the
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requirements, and finally the ACS presents a good inéfdeetween damping and stiffnefds3].

Soltani et al. (20163valuated the natural frequency of qaismatic beam sitting on an elastic foundation by using
the finite difference method. The work objective was to simplify the feortler differential equation of motion, thus
newcoefficients have been presented withirelative error of 0.190.3%[14].

2.2 Connections

The structural members rarely fail; most faiki@e caused by poorly designed connections. Therefore, the
connections of steel structures are one of the most important parameters in design congitigr&ioa way to choose
the connection iso determine the force direoth acting on fastend6]. Following are some of the main connection

types.

a. ShearResisting Connections

When the connections between members transmit sheamdthlyalmostno momentit is referred to as shear
connection andan be treated as singgupport[15]. As shown in the shear connectionFéfure 1; the beam flanges
are not connected to the column, and the web connection is designed to be flexible enough to allow some relative rotation
at the joint. Only a very small rotation is necegdar a connection to be treated as pinfis].

The failure modes for such connection was investigatddamg (2018)17] where they tested the connection up to
failure. They recommended to comar the following failure modes; shear fracture in the connecting plate, holes bearing
failure, net section fracture, and weld fracture if it is used.

i

Figure 1. Small rotation in the shear connectiorj15]

b. Moment-Resisting Connections (Welded Flange)

If the beam flanges are connected to the column via welding as shdvigune 2; moment can be tramitedin
addition to the sheaf his kind of connections is refedto as moment connectigh5].

Figure 2. Moment resisting connectior{15]

c. Moment Resisting ConnectionBolted Flange)

Another kind of moment connection is showrFigure3, where the beam flanges are attached to the plates via bolts
[15].
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Figure 3. Moment resiging connection (bolted flange)

d. End Plate Connections

In some cases plate is welded to the beam ends and bolted to the columns or another beam as Blypwed4,
this kind of connections is refedto as end plate connection. However, if the web is only connected it can be treated
asashear conneain and if the flanges are welded to the plate, a momenbaitiansmitted through this connection

[15].

Simple—shear only Four-bolt unstiffened

il

Four-bolt stiffened Eight-bolt stiffened

Figure 4. End Plate connectiong15]

3. Finite Element Modeling

Forthe numerical analysis, the steel beam was simulated in a 3D $pashell elements were adopted to simulate
the beam web and flanges as well as all connections of interest. The vibration study was contlutiexlamialysis
procedures as flow.

3.1 AnalysisProcedures

e. Steady state analysis

The Steadystate dynamic analysis can predict the linear response of a structure subjected to a continuous harmonic
excitation. Steadgtate linear dynamic analysis in Abaqus uses a set of eigenmodes to measur¢idhgsotiress as
a function of the frequency for certain excita-stdteon. Ab

2321



Civil Engineering Journal Vol. 5, No. 11 November 2019

linear dynamic analysis, wherein the direct procedure the equations of motion are solved directly without eigenmodes
usage, while in the subspace procedure, the equations of motion are dependent in the preselected eigenmodes. These
multiple options are projected for; frequerdgpendent system, when the damping is included, or when the governing
equations are not symmetfil8].

The projection of the equations of motion of the syst

RooGR 1N aiQ ‘M Agm o &)
Wheren) is the response amplitude at modeb is the damping, is the undamped frequendy, is the mass, and
M M A@® s the force associated with the modg 4nd the frequency [18].

n O QAga o 2

Where"Q Q "Q is the projected load vector amplitud®, is the transfer function amplitude for the
associated mode, and is the response phase andl8].

The geadystate dynamic analysis provides 8teadystate amplitude and phase of the response of a system due to
harmonic excitation at a given frequency. Usuadlych analysis is done as a frequency sweep by applying the loading
at a series of different frequencies and recording the respbimsmodebased steadgtate dynamic analysisgs been
adopted in this simulation so thitte response is based on modal superposition techniques; the modes of the system
must first be extracted using the eigenfrequency extraction procd®jre

Damping is almost always specified for a steathte analysifl9]. In this work the damping ratio was 2% of the
critical damping as it can be adopted for steel struc{@fs
f. Transient analysis

ABAQUS conducsthe transient response by performarmgodel dynamic procedure, where the time history analysis
is provided for the linar system. The system excitation is specified as a function of time: it is assumed that the amplitude
curve isidentified so that the excitation magnitude varies linearly within each incrdtr@nt

The following equations are obtained when the model is projected onto the eigenmodes used for its dynamic
representation:
R 61 11 Q Q Yo Yo ©)

Wherer] is the response amplitude at mod¢é andf indices span the eigen§pa6e, is the viscous damping,
Q74 is the undamped natural frequnciQ is the loading magnitude, adtQs the change in the f over the time
(Yo).
The general solution of the uncoupled system can be written as a particular integral for the loading as follow;
n Yo ®w O n ® ® Q
AoYe © 0 4 b & o

4)

Where® and® are constents depending on the system damping and should be found accordingly.

Equation 4can begeneralizedo include the full coupling system, by introducing the splite of matrix C that have
digonal and offdiagonal parts as follow

6 6 o) (5)
With that addition, the edtion of the uncoupled system canrewrittenas:
iy 6 6 wb h 6 6 @ m o6 A Y ©)
&) Yo w w 0 n w Q Yo T T n Yo

WhereGis given by

G O w6 (7

The modal dynamic analysis is usedthis studyto analyzedynamicbehavior.Where this procedure usesdal
superposition, in whiclit can be performed only after a frequency extractidre ransient modal dynamic analysis
gives the response of the modelaafunction of timébased on a given tirgependent loading. The structure response
is based on a subset of the modes of the system, which must first be extracted using an eigenfrequency extraction
procedure. The method is very accurate because thedtitegoperator used is exact whenever the forcing functions
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vary piecewise linearly with timg.9].

The damping coefficient can be defined for all or some of the modes used in the response calculation. As in the
steadystate analsis a damping ratio of 2% of the critical damping veasumed

g. Geometric properties

An IPE300 steel beam has been chosen to record the tesponse due twibration, the adopted geometric
properties are indicated Trable1 andFigure5 below.

- - b ._‘ { . r2
:‘i
h
r1 t

I i

Figure 5. IPE steel beam andangles cross sections

g

Table 1. Model geometric properties

Part | + 1 <« Length
IPE 300 Steel beam 300 150 10.7 7.1 6000
Angle 100 100 5 5 200

After creating the required parts, the model has been assgimithe assembly module as showrFigure6.

Figure 6. Model assembles

To simulateall connections types of interest, the top and bottom plates were created for the moment connection, as
well as the end platgith andwithout stiffenerdiavebeen created in the part module then it was gathered in the assembly
module as shown iRigure7 andFigure8.

Figure 7. Modeling shear and bolted moment connection
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Figure 8. Modeling end plate connection with and without stiffeners
3.2 Material Property

As stated earlier this work aim to study the dynamic response of the steel with varies connections types, therefore,
the materiabehavia was assumed to be limited in the elastic zone attodulus of elasticity anBoissorratio equal
to 200,000 MPa and 0.3 respectively.

3.3 Loading and Boundary Conditions

At beginning the first model wasbeam withsimply supported endwhere the boundary conditiohsve been a
signed directly.e.the beams both ends were constrained agéiestovement in X and Y directions and the movement
in span direction (xis) were constrained for one end ortyshould be noticed thahé simplification of boundary
conditionsareconsidered, due to the possibility of high natural frequencies nisgyibthe model is oveconstrained
[21]. After assigning the required boundary conditionspacentrated load was applied at raghn to measure the
dynamic response as showrHigure9, the intent of this model is t@lidatethe simulation of the beamhen theshear
connectiorend are included in the model

Figure 9. Appling load and boundary conditions

As stated earlier thedoptecbeamhas 6rmspan length. Therefore, a lateral bracing should be assumed to prevent the
unwonted out of plane failure.

Figure 10. Appling lateral bracing
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After that all models with differat connection types were simulated i.e. shear connection, moment conresation
end plate connectiofiheboundary conditions/ereassignedaccordinglyas shown irFigure11 throughFigure13.

Figure 11. Appling Boundary condition to the shear connection beam

Figure 12. Appling Boundary condition to the welded andbolted moment connection beams

Figure 13. Appling Boundary condition to the unstiffened and stiffened end plee connection beams

3.4. Choosing the Mesh Type and Size

ABAQUS S8R6 quadrilateraihell element with eight nodesd six degresof freedom per node was selected for
the steel beam finite element models ag itapable to provide sufficient degrees of freedom to explicitly model
deformations. A mesh size of 75x100 mm is adopted for flanges and web as sltoguréi 4.
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Figure 14. Beam Meshing

4. Model Validation

The proposed finite element model was validated by comparing the beam natural frequency obtained from the finite
element analysis arits corresponding value obtained from traditid analytical approach.

In the traditional approach, initial estimates of the vibration frequencies of beams were obtaigeHuler
Bernoulli approximations for simply supported bed2#:

00
1 € et (1)
0
Where E is t he isthd masstpéeranit langthikthe Beam span, is the mode numbeand lis the
section moment of inertidzigure 15 presents the results tfie comparison between the two approaches, were the

proposed finite element model sh@avgood agreement with the analytical approach.

=
N}

E
N
[l ) |

1

0.95

Finite element natural frequency
/ Analytical natural frequency

o
© » ©
© o ¢©

100 150 200 250 300 350 400 450
(x 10°)

El/LBeam (kN.m)
Figure 15. Validation results

5. Results and Discussion

First, linearfrequency analysis has been performed for all connection typesymary of the first mode shape are
presented immable 2 below. The results of frequency analysis concord Witinsha et al. (2017)6] and Vader and
Raikar (2017]7] finding, where the beam natural frequency has beam changed due to suppo/Asthisonnections
are contributing more to beam constraint; the natural frequency increases.

Table 2. Frequency analysis results.

# Connection type Natural frequency (first mode) cycle/sec
1 Shear connection 28.99
2 Bolted Momentonnection 33.58
3 Welded moment connection 61.499
4 End plate connection 58.38
5 Stiffened end plate connection 58.97
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All mode shapes and natural frequencies regarding connection types are presentaduredst throughFigure
20.

Abagus/Standard 6.13-1  Tue May 14 09:11:54 Arabic Standard Time 2019

Abagus/Standard 6.13-1  Tue May 14 11:47:26 Arabic Standard Time 2019

Figure 17. Bolted moment connection

ODE: Job-4.0db  Abagus/Standard 6.13-1 Thu May 16 10:18:00 Arabic Standard Time 2019
Step: Step-1

Abagus/Standard 6.13-1  Wed May 15 :50 Arabic Standard Time 2019

Figure 19. End plate connection

2327



Civil Engineering Journal Vol. 5, No. 11 November 2019

U, Magnit

3 Arabic Standard Time 2019

Figure 20. Stiffened end plate

After that and as stated earlier the beam response to vibration will be compared with different connection type and
different analysis procedures as follow.

5.1 SteadyState Analysis

The response to the steashate analysis presented ifable3 below, which indicatethat the beam with moment
connectionendsand the end plate showed better resistance to vibration when comparing it withettne that is
connected by the traditional shear connection. However, the peak deflection reduced in the beams with bolted and
welded moment connection by 22.3% 72.2% respectively by comparing it with shear conbeatigsuch response
is due to simulatin differencegsin the bolted moment connection, two platesemodeled irthetop and bottom beam
flanges to simulate this connection, the rotation of beam ends is dependirgptatdh rigidity, mlike the beam with
welded flanges where both flangesv/k been braced against movement and rotation to simulate welding, therefore this
connection will prevent the beam end from rotation and thaigividl better vibration resisters

On the other handhe beams with unstiffened and stiffened end plate cdiomeshowedthe approximate same
response to vibration. However, in both of those connectibegpeak deflection also reduced by 70% when comparing
it with the shear connection beam.

Table 3. Beam response to the Steady stasmalysis

# Connection type Peak Displacement (mm)
1 Shear connection 300

2 Bolted Moment connection 233

3 Welded moment connection 83

4 End plate connection 90

5 Stiffened end plate connection 88.6

The displacement versus frequency graigh@esented below frorigure 21 throughFigure23. In which it will
compare the beam response with the traditional shear connection beams.

0.35
0.25
0.15
0.05

-0.05 —
-0.15

Displacement (m)

-0.25

-0.35
0 10 20 30 40 50

Frequency (cycle/sec)

Shear connection Bolted moment connection

Figure 21. Steady state response for the beams with shear and Bolted moment connection
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Figure 22. Steady stateesponse for the beams with sle and Bolted moment connection
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-0.15

Displacement (m)

-0.25

-0.35
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Frequency (cycle/sec)

Shear connection End Plate connection

Figure 23. Steady state response for the beams with shear and Bolted guidte connection

5.2 Transient analysis

The responsefor all connections types are summarizedTiable 4 below, which indicated that the moment
connection and end plate connection show better resistangbréion by comparing it with the traditional shear
connection. However, the beams with bolted and welded moment connection approximately stopped vibrating by 25%
and 80.9% respectively before the beam with shear connection, and in the other hand theitieatiiffened and
unstiffened end plate showed approximate same response. Hob@tbeof those stopped vibrating by 81.7% before
the beam with the shear connection.

Table 4. Transient analysis response

Peak Displacement  Peak Displacement Peak Displacement  Approximate time to

# Connection type (mm) at 0.25 sec (mm) at 0.5 sec (mm) 1mm deflection (sec)
1 Shear connection 36.7 175 6.8 1.04
2 Bolted Moment connection 328 9.8 34 0.782
3 Welded moment connection 9.6 0.7 0.1 0.198
4 End plate connection 15.2 0.665 0.11 0.19
5  Stiffened end plate connectiol 13.2 0.65 0.1 0.187

The displacement versus tinepresented below frorRigure 24 throughFigure 26. In which it will compare the
beams response with the traditional sheamection beams.
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Figure 24. Transient analysis response for the beams with shear connextiand bolted moment connection
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Figure 25. Transient analysis response for the beams with shear connextiandwelded moment connection
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Figure 26. Transient analysis response for the beams with shear cogetion and end plate connection
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The beams behavior can be explained by; in the shear connection the beam is attached to the swaipdslyja
so that the beam vibrate more freely comparing with the moment connection, where in that connection the supports are
attached to beam web and flanges as mentioned earlier thus it can give the beam more stiffness to resist vibration. The
welded noment and end plate connections are more effective to resist vibration than the bolted moment connection,
since in the first two connections, the beam flanges are restrained against movement completely unlike when the bolted
moment connection is used whehe beam end is connected to supports via plates, so that the vibration resistance is
depending on plate stiffness.

6. Conclusions

The connection types of steel beams subjected to vibration have been investigated in this study by using finite element
simulaton. The proposed finite element modeke shell element wimulatebeam flanges and weind use the linear
Eigen solver frequency analysis to estimate the beam natural freqli@mgnalysis proceduresvyebeen performed
to record beam response tongbion i.e. steadsgtate analysis and transient analysis. The model has been verified through
comparison its results with the corresponding value freanalytical approach, whidiespresented a good agreement.

From different case studies and by conmmathe response with the traditional beam hgwshear connection ends,
it has been pointed out that; the beam response to vibration is highly affected by connections typkowihg f
conclusions have been drawn:

The peak deflection in the bolted mom&onnection has reduced by 22.3% when performing the sttatdy
analysis.

When the transient analysis is performed, the beantiétholted connection ends approxirlgtstopped vibrating
by 25% before the beam with the shear connection ends.

The peakdeflection in the welded moment connection has reduced by 72.2% when performing theststsady
analysis.

When the transient analysis is performed, the beam with the welded connection ends appyostomgied
vibrating by 80.9% before the beam with 8fear connection ends.

Different responses have been noticed in the beams with moment connection. The beam with welded flanges
presents more stiffness to resist vibration. Howewethe bolted moment connection, the rotation of beam ends is
depending orrigidity of the plates, unlike the beam with welded flanges where both flahgesbeen braced

against movementherefore this connection will prevent the beam end from rotation and that will give better
vibration resisters.

The peak deflection in thengtiffened and stiffened end plate connection approxignétevethe same response.
However thestiffened end plate reduced the steathteresponsédy 70%.

When the transient analysis is performed, the beam with the unstiffened and stiffened enshpktgos also
approximatey presersthe same response. Howewbestiffened beams approximatestopped vibrating by 81.7%
before the beam with the shear connection ends.

The main conclusion ithat connections that differ in their main behavior from simple tigid support, have a
significant effect on the steel beam vibration response.
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