JCAMECH

Vol. 51, No. 2, December 2020, 4§2-442
DOI: 10.22059/jcamech.2020.309241.551

Damped DQE model updating of a threestory frame using

experimental data

LalehFatahi® , ShapouMoradiandAli Hajnayeb

2 Mecharical Engineering Department, Shahid Chamran University of Ahvaz, Ahvaz, Iran

ARTICLE INFO

ABSTRACT

Article history
Received02 September 2020
Accepted 09 September 2020

Keywords

Differential Quadrature EleméMethod
Evolutionary Optimization Algorithms
DampedModel Updating
MechanicalVibrations

Frames

In this paper, following a twstage methodology, the differential quadre
element (DQE) model of a thretory frame structure is updated for the vibre
analysis. In thdirst stage, the mass and stiffness matrices are updated us
experimental natural frequencies. Then, having the updated mass and

matrices, the structural damping matrix is updated to minimize the error b
the experimental and numeriamping ratios. Note that two different damj
models are used, including a diagonal matrix with unknown diagonal eleme
a general damping model. Since the structural joints of the frames ¢
completely rigid in practice, several parametersuaesl to model the flexibility «
these joints. The optimum values of the material and geometrical design par
are obtained by updating the DQE model using the experimental modal par
obtained through modal testing. Considering the robustrfe8®e evolutionar
optimization algorithms in the model updating practice, a combination of p
swarm optimization and artificial bee colony algorithm, that benefits fror
advantages of both approaches, is utilized. By updating the DQE moc
effectiveness of the evolutionary optimization algorithms, especially in a
dimensional optimization problem, e.g., finding the optimum general da
matrix, is studied. The results show that, considering the geometrical lengtt
frame as the dign parameters, the natural frequencies of the updated mode
better with the experimental ones. In addition, using the general damping
the errors of the damping ratios significardhgdecreass

1. Introduction

introduced by Chefl], is a robust and computationally efficient
numerical method that utilizes the DQ r{i# to discretize the

high

numerical model and those of the real structure, each has its own
) . pros and cons. The direct methods are computationally efficient
The differential quadrature element method (DQEM)yng are therefore proper for large, complicated modelseter,

the updated matrices may not be physically correct. Among the
iterative methods, selection of the design parameters can help to

differential equations, continuity, and boundary conditionSsgtimate uncertainties in the model, but the convergence of the

governing each element in the numerical model of structlines.

application of the DQ methddasbeen successfully investigated
in a variety of engineering probleff&12]. Since there are always
some uncertainties in physical and elemental parameters of the

gradientbased approaches depends highly on the igjtiaks for

the design parameters. On the contrary, the success of the random
iterative algorithms does not depend on the initial model, which is,
fact, selected randomly from the search space, but the drawback

numerical models of structures, different model updating schemeg these methods is their computational seghere the best result
are utilized to estimate the uncertain parameters based Q0 syally obtmed after lots of iterationsSince proper selection

experimentally obtained data. These methods eacidssified as

of the design parameters plays an important role in the success of

direct and iterative ones or in another classification as gradieny|| ihe updating procedures, a sensitivity analysis is usually
based methods and ngradient ones with random computations. performed, and the design paraerstto which the output of the

A good review of different updating methods was done by,,qe| is insensitive are avoided. Different techniques for
Mottershead and FriswglL3]. While all the updating gthods are  gengitivity analysis can be utilized to estimate local and global

aimed to reduce the difference between the outputs of thgnsitivities of the model output to the design parameters. A
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review of the available techniques fmarameter sensitivity the damping matrix are identified. The robustness and simplicity
analysis was presented by Hamig4]. When a global of the evolutionary algorithms, espally in the case of a problem
representation of structures, e.g., a frame structure, is of interestyitth high dimensions, e.g., identifying all the elements of the
is unnecessary and computationally expensive to have a modtmping matrix, make them a good candidate for engineering
with many details. In such cases, dalimensimal elements are optimization problems. Their drawback of being computationally
commonly used; however, one of the facing challenges is how &xpensive can also be tackled by hpgirformance computers.
model the joints efficiently. Since the welded joints are not

completely rigid in practice, one way to deal with flexibility of the 2- The differential quadrature element model of the frame

joint is using rotational and/or translatasprings, but it is not an
efficient model mainly because the modal parameters of thﬁ]
structure are almost insensitive to the associated stiffne:
parameters of the sprinfkb]. In the following work, to model the
flexibility of the welded joints in arhme structure, the effective
lengths of the members connected by the joints are increased and
the effect of using these geometrical design parameters on the
accuracy of the updated model is also studied. The optimum values
of these parameters in a spexcifinge are obtained by solving an
optimization problem. The objective is to minimize the sum of the
squared differences between the numerical and experimental
modal parameters of the structure. Considering the robustness of
the evolutionary algorithms, ¢hparticleswarminspired mult

elitist artificial bee colony (PMEABC) algorithm [16] which
benefits from the advantages of both the particle swarm
optimization (PSO) metho@l7] and the artificial bee colony

In the case of a uniform cresection and constant Young’'s
odulus, and following the Eul@ernoulli beam theory, the
%ﬁﬁerentlal eqguations governing the axial and transverse vibrations
of a frame element (sé&&gure(1)) are stated by Eqs.-@).

(ABC) algorithm [18], is used to solve the gislem. In most Figure 1. Onedimensional differential quadrature frame element
literatures dealing with model updating of structures, the damping
characteristics of the structures are neglected. However, without dzu. »
. . e . . . . e {
damping identification, the vibration amplitude at resonance E,A— (A Zt 0
frequencies cannot be predicted. Even if thisreno viscous dx (1)

damping, the inherent structural damping still exists and affectsthgg 2 3 " N, -1
response of the structures. Therefore, to have a more accurate
numerical model, the structural damping matrix of the model

should also be included in the updating proceddia et al[19] Eel - A, A O
discussed the need to develop the identification methodologies of Xe @
general damping models and addressed the diffisufaeing i 3,4," N, _2

researchers. Adhikar2()] developed fundamental methods for the -
analysis and identification of a general nascaus damping where Ue and Ve are theith node’s axial and transverse
model. Arora et al[21] updated the damped finite element modeldisplacements in the local coordinate systerettoelement,Z is

of an Fshape structure using the experimental FRF data bthe natural frequencyk, Ae, !, le and Ne stands for Young's
focusing on the joints' parameters. They modeled the joints usingodulus, the area of the cressction, the density, the area
vertical and torsional springs and updated thesnaasl stiffness moment of inertia and the number of nodes of direelement,
matrices using an iterative sensitiviigsed method while the respectively. Moreover, using the DQ rule, titk derivation of
damping matrix was updated using a direct method. The maximuthe functionf can be evaluated as the weightedmations of the
error in their prediction of the natural frequencies in the updatetindion values at the domain nodes.

model was 3.6% which could be even better & jbints were N
modeled more efficiently. Arord22] also proposed a direct Wf | co
method to identify the structural damping matrix using a completev N P! ©)
normal FRF matrix. xx 1

In the suggested twstage updating procedure of the DQE where C"is the weighting matrix of thenth derivative.
model, using the experimental modal graeters of a damaged Employing the DQ rule on Egs. (1) and (2), one can obtain Eq. (4).
threestory frame and utilizing an iterative random evolutionary
algorithm e.g., the RBIEABC algorithm, the DQE model of the (Eelec(4) - YA Ef ) 7e 0 @)
frame is updated. In the first stage of the updating, to update the |4 v e
mass and stiffness matrices, Young's niegludensity, and some
geometrical and elemental design parameters to recover t%eE A~ )7
flexibility of the joints, are considered as design parameters. T C. WA 4,) e O (5)
verify the suggested design parameters, local and global le
sensitivities of the natural frequencies to theigle parameters are iy whichl.and /e are the length and the displacement vector of
evaluated. By choosing different sets of design parameters, it jfe gh element, C® and cVare the weighting coefficient
shown how the selection of the design parameters will affect th@atrices of théth order derivative afi andv, respectively.|  and

accuracy of the results. Besides, for damping identification, twq are identity matricef23]. Egs. (3) and (4) care expressed in
different structural damping models arged. In the first one, the the following matrix form.

damping matrix is assumed to be diagonal, while in the second
model, a general damping model is used and all the elements g(e 2m e) / 0 (6)
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wherek. and Ee are the stiffness and mass matrices ofethe §p - 8p? - & -
element. Considering frame structure with Melements, the f »— X 1.8224 = : 3-9515 X
governing equations of the vibrations of the system can be stated ! ko » 1 ©* 1
by Eq. (7). §p* 8p° -
yEa. (7 16.375--—0, 37.226LD,
: : (14)
K-ZM /[ 0 @ CURE ke » 1
§p*° §p’- -
where 7681"9 B 126.9 LD B :|_724lﬁ s
@ !1 l@ 5 1 b ©!
T
a n 0 §p 2 .§p°-
/ —./1 /2 /Me 1 ® 143--—D s 66.56 LD B
\ !1 @ 5 1
-2 -2 —-NAd -Nd
AT RV ATIRVACINY VA ©)
3. Experimental model of the damaged threestory steel
frame
am, 0
“m » (10) To construct a small scale thrstery steel frame, two column
M z z Y z and three beam members wevelded together as showrFigure
« 0 » (2). To give a nearly clamped condition to the ends, the columns
4 My, %y s MN were welded to a thick beawhich wasitself bolted to a heavy
basement. All the welded beads of the joints were then grinded to
q(l o remove the excess met8lesides, to have a damaged structure,
« » two cracks were artificially introduced in the structure using a
K « 2 » (11)  coping saw. The normalized depths of the cracks on the left and
« % » right columns are 0.5 and 0.3, respectively. To obtain the
« k » experimental model of the sttwre, modal testing was performed
4 Me M N, 3 2M N, to extract the experimental modal parameters. The equipment used
To take into account the damping effects, Eq. (7) is modifieéo perform a roving hammer modal test is listed in Table (1).
by adding the structural damping matfixas follows. Table 1 The equipment used for modal testing of the cracked frame structure
K+iD-ZM / O (12) Equipment Description
Note that by employing the boundary armbntinuity Impact Hammer AUO02 with plastic tip- Global Test

conditions, one can relate the displacements of the boundary points

to those of the domain points and define Eq. (12) only in terms of  Accelerometer
the .domam points. Detailed descrlptlons_reggrdmg_ the DQEM Data Acquisition System  6/1-ch Input/Output ModuleType 3032A
applied to frame structures can be foundirarticle written by and Signal Analyzer B&K with Pulse LabShop Software
Fatahi and Moradi23]. Considering the fact that many damaged
engineering structures are still at work, and proper modeling of
them is of great importance, a thigtery cracked frame is chosen . . _—
as the expgrimentail) case study. Assuyrtfme@rack only affectsits Eachpoint of the tqtal 0f82 points shown nPFlgur_e(3) was
vicinity, Rizos et al.24] analyzed a cracked beam as two segment§it Py the hammer twiceNote that theémpact locationswere
that were connected by a rotational spring; the spring cortétant Selected based oncambination of Optimum Driving Poihtand
was found using Eq. (13). This method is utilized in the currenfverage Driving DOF Velocity techniques 35]. The ODP

Magnetmounted Piezoelectric
Accelerometer A/120/V DJB

work to model the cracks. technique is used fond DOFs that are close to or at nodal lines of
El 1 the modes in the frequency range of interest. For a DOF located
(13) near the nodal line of a specific mode, the value of the modal

" 61 Q@) f(Ob) i identi
( ) constant of that mode is close to zero. Therefore, to identify

. . . , . whether a DOF islose to the nodal lines of the m modes, all modal
wheregl, ,h, andaare the bending stifiness, the Poisson’s ratlo’constants of that DOF for all selected modes should be multiplied
the height of the beam, and the crack depth, respectivel P

f ( D/ b) is also a modification factor defined in Eq. (14). s mentioned in Eg. (15). Those DOFs with-zero ODP values
can be chosen as possible impact locations.

1 oDP 2 ADDOFV
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reference polynomial methods were utilized to extract the
experimental modal parameters. Note that an exponential time
window with atime constant of 2esondswas applied to the
captured time responses, which increased the apparent damping of
the measured FRFs. Thus, the added damping was removed from
the extracted damping ratios.
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Figure 2. The experimental setup of the thigtery frame on the left, the §’Z“ ’
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Figure 4. An experimentally obtained FRF diagram

4. The DQE Model updatingusing the PSMEABC algorithm

To update the DQE model of the frame using the experimental
data, an optimization problem is defined in which the objective
function is constructed using the weighted summation of the
squared error between the natural frequencies of the experimental

Figure 3. Schematic of the roving hammer modal test performing on the .
9 9 P 9 and tlke DQE models, as stated in Eq. (18).

threestory frame structure
m
|

m N 2
oor() | ¥ s F iy ¥4 2 18)

he 70
Besides, to reduce the risk of doubits while impacting the . N .
structure, one should avoid hitting the points with high averag@’herev"'_IS the welghtlng factor of theh.mode used to represent
velocity. The ADDOFV parameter defined in Eq. (16) is then used® confidence in the measurement Bipés the number of modes.

to find the average velocity of each DOF. The subscripte andd also refer to the experimental and DQE
models, respectively. Considering equal measurement accuracy
m . .
ADDOFV (i) | ﬂ (16) for. all theNp, modes, all the weighting factors are assumed tg be
L Z unity. As seerin Eq. (18) only the natual frequencies are used in

the updating process and the measured mode shape data are only

Combining bothODP and ADDOFV techniques, the DOFs ytilized to assure the correspondence between the experimental
with higher values of ODP/ADDOFV are the best ones t0 bgng numerical modes. Thereforthey are not used in the

impacted. Inaddition, to select the best locations to measure th

1 . X Eonstruction of the objective function. Thismainly because the
response of the structure, ADDOA' method is usefP5]. This

; S experimental natural frequencies are obtained easily even from a
method is based on the effective independence techipiflie P q y

modified by theADDOFAparameter (see Eq. (17)). The main goalsingle or a few FRF diagrams, while extrac‘Fion of proper mode
is to have a full rank experimental mode shape matrix whos&hapes of redlfe structures usually requires lots of FRF

elements do not as well have low responses. measurements as well as accessibility to alispafrthe structure,
which is not always possible. Therefore, for the sake of
ADDOFA(i) T /W (17) applicability, the objective function only contsisof the natural
1 i

frequenciefter defining the objective function, the REEABC
algorithm is utlized to minimize Eq. (18) kb on the

By performing the modal teshé FRF$were evaluated using  experimental data obtained from modal testing. The next two
PULSE LabShop software in the frequency range&d0Hz with sections are devoted to the discussion on the methodology of the

a frequency increment of 0.125 Heigure(4) illustrates one of the . . .
experimentally obtained FRF diagrams. The experiment&sFR PSMEABC algorithm and the selection of the design parameters.

were then exported to the MEepe software where the muiti
reference complex mode indicator funcfioand the multi

ril

1 Average Driving DOF AccelerationEffective Independence 3 CMIF
2 Frequency Response Functions
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4.1. The particle swarm inspired mudiitist artificial bee colony
algorithm

The artificialbee colony (ABC) algorithm was first introduced
by Karaboga 18] and since then has been applied to solve many
engineering problems 7228]. The ABC algorithm imitates the
social behavior of honey bees in finding angleiting food
sources to construct an optimization methdde swarm in the
ABC algorithm consists of employed bees, onlookers and scouts.
Using the explorations and exploitations, the bees can find the best
food source, or in the optimization terminologiye best solution.
Unlike the gradienbased optimization approaches, the
convergence of the ABC algorithm does not depend on the initial
guess of the design parameters; however, it has some drawbacks
in the exploitation phase. Xiang et &l4] modified the standard
ABC algorithm anddeveloped a particle swarm inspired multi
elitist artificial bee colony algorithm that improves the exploitation
in the ABC by inspiration from the PSO algorithm. The- PS
MEABC algorithm is described iigure(5) in which Ec. (19) to
(23) are utilizedTo initialize N random solutions, Eq. (19) ised
for i from 1 toN.

X, LB TUB LB) (19)
whereX; is thejth parameter of thih solution,LB; andUB; are
the lower and upper bounds of the paramgtesspectively, and

Tis a random number between 0 and 1. The updating equation for
the employed bees is mentioned in Eq. (20).

X X. \V

Y @0

updatedij

The modification factoW; is defined by Eq. (21).
Vi X FOF %) X Bk (1)

wherek is the index of a randomly selected solution, araohd =
are the two random matrices whose elements are betweer
1.ELsel i aStands for the value dth dimension of the elitist chosen
by the roulette wheel method, agdl_iis the selected index. The
probability of theith solution is also calculated By. (22).

fitnesg ) (22)
_“'Il fitnesg )

To find a neighborhood food source for an onlooker bee, Eg.
(23) is utilized.

Vi % FOF %) X gbes) (23)

wheregbestis thejth dimension of the besfiobal solution found

so far.Moreover, based on the boundary treatment in the standard

ABC algorithm, if one dimension of the solution goes beyond its

boundary, then its value is set to the boundary value in both the

employed and oobker bees phases. In the MEABC algorithm,

for the onlooker bee phase, the boundary treatment is similar to the

standard ABC, but in the employed bees phase, the value of theResults and Discussions

parameter exceeding the boundary is set to that of the selected Modeling the structures especially with edienensional

elitist, i.e.if Xij > UBj or Xij < LBj, thenXij = ELSel_i,jto keep elements impose some geometrical simplifications to the

the population diversgl4]. numerical modek. Therefore, these models always haeene
uncertainties due to thveay thatthe boundary conditions or joints
are defined and also due to the material properties of the

Figure 5. The main steps of the R8EABC algorithm [#4]
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structures. To estimate thleesuncertainties, different updating the beam and column members as showRiduare (2), and two
methods can be utilized whethe selectionof proper design rotational springs to model the end supports are selected as the
parameters is very crucialhe output of the model (e.ghe  design parameter$o investigate the local and global sensitivities
natural frequencies) should be sensitive to the selected desighthe natural frequencies to the design parameters, edzse
parameters; otherwise, the updgtprocedure fails to achieve an DQE model of the frame is required. Table (2) provides the lower
accurate model. To find the most influential design parameters and upper bounds of each suggested design parameter. An average
the output of the model, sensitivity analysis can be performedialue of each parameter is utilized to construct a-baseDQE

From one point of view, methods of sensitivity analysis can benodel.

CIaSSIerq _m_to Iocal_ and dhl anz?ll.yses..A local analysis examines Table 2. The suggested design parameters fer@QE model updating of the

the. sensitivity relatlve.to.a spe_cmc estimate of t.hc.a par.ameter value threestory steel frame

while a global analysis investigates the sensitivity with regard to
the entire domain of the parameter. The design parameters havinglo. ~ Description Symbol (Unit)
high globalsensitivity can speed up the exploration phase of the
evolutionary optimization algorithms while the high local

Lower Upper
Bound  Bound

1 Density 1 (Kg/n®) 7700 7850

sensitivity to the design parameter can improwe ekploitation 2 Young's modulus E (N/n®) 1809 210e9
phase. Note that high global sensitivity to a parameter does not 3 Geometricaléngth La(m) 0.300 0320
imply its high local sensitivity and vice versa. Therefore, to , Geometrical length La(m) 0.260 0.285
improve the efficiency of both exploration and exploitations _
) 5 Geometrical length Lb (M) 0.465 0.485
phases, and therely speedip the convergence of the updating
Geometrical length Le(m) 0.680 0.695

(i.e. optimization) method, the global and local sensitivities of the °
Young's modulus of th

model outpit to the suggested design parameters should be’™*  elementsconnected by he 5t B2 B (N/TF) 1409 220e9
investigated separately. 1572 Wholbecioeoecions 4o am oo oms
. . Height of the crossection of
5-1- SenSItIVIt Anal SIS 2330 the elements connected by the b1, bz, ..., by (m) 0.013 0.015
y Y
31-32  Stiffness of the rotation: Kt1, K& (N.mirad 5e6 5ell

One of the simplest local sensitivity analyses is-atr@time! springs at two ends
method [30], in which one input parameter is changed by a

percentage of its baseline value while other parameters are held note that the density and Young®dulus of the structure are

constant. The sensitivity index is then determined by calculating,,ded as the design parameters. The joint nusrdreshown in
the ratio of the change in the output to the input parametqfigure(6)_

variation. A Similar procedure is repeated for each input
parameter. Therefore, assumiX¥agndY as theith input and the
corresponding output of the model, respectively, the local
sensitivity index is calculated using Eg. (24).

Lsp 2%
X, Y

(24)

where the multiplierX, / Y is introduced to remove the effects of
the units. A more powerful OAT method examines the variation in
the output as each parameter is individually chahgeifactor of

its standard deviation. Thereby, the parameter's variability and the
associated influence on the outpfithe model are also included
[29].

In the structural optimizations, some of the most uncertain @“?) %
parameterdelong tothe weldedjoints. To take into account the

flexibility of a weldedoint, one of the methods is to replace the
joint by a spring with uncertain stiffness parametéis research
aims ata more efficientmodelng of the flexibility of welded
joints. Thus instead of using point springs and elastic foundations, The local sensitivity value of the natural frequencies to the
the focus is on the bending and axial stiffness of the elemerﬁsign parameters is Visua”zed:myure(?)_ As observedh this
connected to the jOInt In addition, modeling the structure Witl’ﬁgure, among the parameters utilized to model the jointS, the
onedimensional elements, the effective length of the membengighest local sensitivity values in all the first three modesoér
connectd to the joint can also be increased to recover the jointe geometrical lengths and the lowest ones are of the rotational
flexibility. Therefore, to assess the effectiveness of the suggestggrings used to model the flexibility of the support.

joints' parameters, Young's modulus and the esestional area

of the elements connected by the joints, the geometrical leigths

Figure 6. The joint numbergn the DQE model of the frame

LOAT

437






