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1. ABSTRACT

In recent years, the incorporation of ayetric perforated ultra shallow floor beams
(USFBs) constructed from advanced UB and ffGfile beams in various composite floor
systems has been extensively considered in practice. To date, limited research effort has
been devoted to the detailed investigationtted dynamic properties of USFBs. In this
paper, modal analyses of detailed FBdels of various USFBs commonly used in
composite floor systems developed in ANSYS are conducted to extract their dynamical
properties (i.e. natural frequencies and maetiapes). Furthermore, experimental data
pertaining to the standard impact test is also considered to validate the accuracy of the
aforementioned FE results. In particular, a six meter long USFB beam is subject to
impulsive excitation by means of an appropriately instrumented hammer. The dynamic
properties obtained by processing the recorded response signals compare well vis-a-vis the
corresponding results from the FE modal analySinally, effective properties of USFBs
which can be readily used in the definition of beam elements of constant cross-section
along their longitudinal direction are derived. This constitutes an important step to
facilitate the analysis and design of USFBs against dynamic loads at the serviceability limit
state using standard commercial structural analysis software.

2. INTRODUCTION

Requirements for maximum space utilizati@fficiency during construction, and cost-
effectiveness demand the use of long-spansédllow, light steel beams in steel and
composite structures. In achieving optimum integration of structure and services within the
same horizontal zone, perforated beams having large closely spaced web openings along



their length is a ommonly u®d structur&delement in long spanlight roof as well as m
compaite floor systems. Typeally, such suctural sygtems are swsitive to dynamic load
induceal during thér service lfe by personel activites (e.g. waking, jumping, e.t.c.) a
well asby broadbad forces fom turbulence in pipirg and ductig supportedwithin floor
slabs. h this respet, their respnse to suckexcitationsneeds to beonsideredit design.

In recent years, a ew breed ofcompositefloors havebeen introdeed by ADWestok Ltd
utilizing the UltraShallow Floor Beam USFB). TheUSFB steekection isfabricated g
welding two highly asymmet cellular ees togethealong thewebs resultig in a lar@
bottom flange. Eiher precastconcrete fbor units @ profiled seel deckingrest on tle
bottom flange of he USFB ceating a vey shallow foor beam onstructionsystem, the
minimizing the owrall structual depth fig. 7). As the floors ae being cas the in-sit
concree passes tlmugh the wé openingswhich mayor may notinclude a &-bar or duct
This @mncrete plg and tiebar forms aunique mebanism fortransferringlongitudind
shear 6rce alongthe beam.A special ed diaphrgm is usedfor deep @cking floor
applicdions so thathe concree fully surounds thesteel sectio, apart fran the bottan
plate. ‘Arching’ action is ocurred thraigh the coorete partih encasemd, which &
resistel by the endplate connetions. Theweb openigs providea passage foreinforcirg
tie-bars and servie ducts wihin the deph of the eam. In-siti concretefills the wé
openirgs as the flor slabs ee cast. T8 concretepassing though the veb openings
togethe with the einforcing bers and dud, contribué to the lomjitudinal shar resistane
when he beam issubjected d axial bemling. The fee web oprings underthe profiled
steel deking are utized for the integration of services|[1,2,3,4,5]
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Fig. 1: Cross-section configuration of composite floor construction using asymmetric
USFBs (left panel) and deep decking floor application (right panel) (ASDWestok Ltd.)

Herein, a first st@ towards he study ofthe vibraton behavio of the afeementiond
compaite floor dructures isundertake by probng into the dynamic properties ©
commaly usedbare steel UEBs. For ths purposegxperimentd impact haxmer moda
testingis conductd in the Heay Structues Lab at Ciy University London tocharacterie
the fird few flexural modes ofvibration ofa simply spported U$B steel speimen. Nex}
a finite element (EE) model ofthis speciren is develped in ANSYS and itseffectivenes
to captre the vibation behsior of the consideredUSFB is veified by canparing tke
experimental datawith resultsfrom FE nodal analyss. Then, peametric malal analyse
based a the abovd-E model §$ undertaka in ANSYS to obtain he natural fequencies b
several USFBs ommonly wed in building engireering pradice. Finally equivaleh
geomettic propertes of thesd&JSFBs corrgponding toequivalentEuler-Bernaulli beams o
constait cross-sec¢bn are dexied by relyhg on spedic criteriaof equivalemy involving
inertialand dynang properties



3. EXPERIMENTAL MODAL TESTING

A simply supported bare steel Ultra Shallow Floor Beam (USFB) spanning 6m is subject to
impact experimental modal testing to extract the modal characteristics of the transverse
flexural modes of vibration of the beam specimen. The geometry of the beam specimen
and the experimental setup are showrFip 2. Three uni-axial high sensitivity shear
accelerometers, henceforth accl, ace® acc3, are placed on the middle of the upper
flange in the mid-span and in the quarters of the 6m (positions #2,#4 and #6 as shown in
Fig. 2). An impact hammer (model 5803A by Dytran Instruments) equipped with an
embed force sensor is used to excite the texssvilexural modes of vibration of the beam
specimen by hitting it downwards along the gravitational axis at the seven positions
indicated inFig. 2. Five “qualified” hits are recorded at each position. An appropriately
hard hammer head was used to ensure that an adequately broadband input signal is
achieved to excite modes at least tgp 300Hz. A USB-9234 device by National
Instruments connected to a regular PC unit is used for simultaneous data acquisition of the
four channels (three output/acceleration and input/force) and storage in ASCII format
using specialized software onto the hard digkhe PC. In this manner, 30s long digital
recorded signals sampled at a rate of 1024dohtained from all four channels for the 35
hammer hits considered in total. This duration was found to be sufficiently long for the
response transient signals to die out eliminating the need to apply an exponentially
decaying time window. The stored data are thestessed off-line to construct a 3-by-7

matrix Hz[Hl.j] containing frequency responsenttions (FRFs) corresponding to

locationi due to an impact at locatignusing a custom-made script in MATLAB. The
latter follows the common analysis steps used by standard FFT analysers [6,7,8].
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Fig. 2: Longitudinal view, cross-sectional properties and finite element mesh of the USFB
considered for experimental modal testing (units in mm)



Specifically, the raw signals are processed b¥ arfler band-pass Bettworth filter with
cut-off frequencies at 5Hz and at 400Hz. The filtered signals, although deterministic and
non-stationary (transient) in nature, are tedaas random (i.e. as samples of certain
underlying stochastic processes); a common consideration in the field of impact
experimental modal testing [6]. This allows for computing FRF estimates in the domain of
frequencieso by the following widely used expressions:

H, ()= (G;; EZ? S 1)
and
H, (@)= g/ EZ; e )

where G, and Gy are the (real) auto- power spectral density (PSD) functions of the
acceleration and the input hammer force, respectively,Gant their (complex) cross-
PSD.
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Fig. 3 : Average frequency response functions and coherence corresponding to position #6

Fig. 3 plots the magnitude of Hestimators linearly averaged over an ensemble of five
functions corresponding to the five hammer hits at position #6 obtained from the three
accelerograms (thé"&olumn of theH matrix constructed from the experimental data). A

plot of the coherence function defined as the ratitHiis also shown to provide an
indication of the reliability of the plotted FRF curves (the closer the coherence lies to unity,
the more reliable the FRF functions). Th& &Y and &' natural frequencies are clearly
identified in the aforementioned FRFs. TH8 @atural frequency is picked up only by the

accl and acc3 channels as the acc? lies at a nodal point of the second mode (a point where
the corresponding mode shape attains a zero). Theadural frequency cannot be
determined by any of the accelerogramsttesy all lie at nodal points of theé"4mode



shape. However, it can be retrieved by Finite Element modal analysis as discussed in the
next section. Similar observations are made to the averaged sets of FRFs corresponding to
the rest of the columns of the matrix.

Next, the FRF data around the four natural frequencies of interest indicated in

Fig. 3 are isolated and a standard SDOfleifitting method on the complex (Argand)
plane implemented in MATLAB is employed to extract estimates of natural frequencies,
damping, and modal constants (coordinates of the mode shapes) corresponding to the first
three and the'flexural modes of vibration. The average values obtained from the total 21
FRFs of these natural frequencies and damping are collecie@d/in/. FurthermorefFig.

4 plots the first two mode shapes normalized to their peak absolute value.

Damping (%) (inplane floxiral moced)
Mode Experimental Experimental FE (ANSYS)
FE (ANSYS .

acc 1 acc P acc|3 average aqcl afc2 gcc3 a erage Solid beam
1°' [0.98] 0.98 0.98 0.98 17.954 17.948 17/948 17/950 18.184 18.449
2% 10.94| 0.8 0.98 0.91] 60.7p5 61.135 60/699 60|846 63.565 69.628
39 10.23] 0.24 0.28 0.23 1180311793 118.02 11].99 12074 141.87
- - - - - - - - 167.86 | 179.37
5" |1.58| 1.5 1.49 1.55 17391 173.9 173.86 178.89 184.[l7 231.94

Table 1. Experimentally derived damping and natural frequencies vis-a-vis results from
finite element based modal analysis.

Marmalized Mode Shape

Length of Beam (m)

—&— Mode 1 {AMSYS) —a— Mode 2 (ANSYS)
--+- Mode 1 (Experiment) - -x- - Mode 2 (Experiment)

Fig. 4 : Mode shapes normalized to their peak absolute value

4. FINITE ELEMENT MODELLING AND ANALYSES

Following standard practices in modal analysis [6,9,10,11], a Filetedat (FE) model of

the USFB used in the experimental modal test is developed in ANSYS. Eight-node shell
elements (SHELL281) and mapped meshing is implemented to design the bare steel
beams. A snapshot of the model is includedigm 2. The mass density is computed using

the total measured weight of the beam speairf@04 kg) and the dimensional data of the



cross sectional properties showntiig. 2. The accuracy of this FE model compares well
against the experimental datB:ble I andFig. 4). Moreover, natural frequencies for the
same asymmetric beam but without web openings (solid) are also included/én].
Evidently, it is found that the existence oktlweb openings influence significantly the
higher modes of vibration.

4.1 Parametric Finite Element analysis

Having established a FE model for the beam specimen which compares well with the
experimental modal testing, a parametric FE modal analysis is undertaken considering four
commonly used in practical applicationsoss-sections for USFBs of four different
lengths. In total, 16 models are constructed in ANSYS. Key geometric properties of the
considered models are reporiadthe first four columns ofable 2. The first five natural
frequencies and typical results from mbaaalysis are also reportedinble 2.

(FE Model) Number Natural Frequencies (Hz)
Top / BottomVolume| " - | Lengt (in-plane flexural modes) Ar%% leg
Tee-Section (n) openings (m) 1t ond 5 4 gh (cnm) (cm’)
(mm)
(CAT1) |0.0231] 15 4 | 36.448 119.58 214l01 255.57 306.65 57,750 3107.71
254)352)(22 0.0342| 22 6 | 16.999 61.4113 120[45 171.75 187.2 57,000 3374.05
Uc 0.0451] 30 8 | 9.7183 36.006 7402 11899 132.39 56,375 3444.96
254x254x73 0.0561| 37 10 | 6.2704 24.071 50,89 83.643 105.51 56,100 3486.41
(CAT2) |0.0351] 15 4 | 38.412 120.00 20627 247.16 287.98 87.750 5238.97
254)322)(22 0.0518] 22 6 | 18.184 63.555 12074 167.86 184.17 86333 5847.73
Uc 0.0684| 30 8 | 10.484 38.4444 76.962 118.71 131.68 85500 6049.45
254x254x73 0.0851| 37 10 | 6.7679 25.6111 53.111 85.869 104.81 85,100 6161.16
(CAT3) |0.0454 11 4 | 51.732 142|1 222|98 243,66 291.52 113.500 12290.77
254XL:JL22x22 0.0668| 17 6 | 25.518 80.458 139|74 168.34 197.18 111.333 14850.75
Uc 0.0881 23 8 | 15.00551.1p6 94.762 127.42 14p.9 110.125 16052.50
254x254x73 0.1100| 28 10 | 9.8448 35.318 68.807 101.17 108.49 110.000 16851.22
(CAT4) |0.0659] 9 4 | 63.399 160.p0 21717 25358 327.04 16426x®5.08
254)352)(22 0.0966| 14 6 | 32.599 92.4116 150,81 164.37 218.63 161.000 34962.13
e 0.1270| 19 8 | 19.597 61.956 10792 123.43 157.48 158.750 39470.96
254x254x73 0.1580| 24 10 | 13.005 43.64 79.941 99.678 119.67 158.000 42237.93

Table 2. Natural frequencies from FE modal analysis and equivalent properties
corresponding to Euler-Bernoulli beams of constant cross-section for various USFBs

4.2 Equivalent Geometric Properties of USFB beams

Relying on the previously discussed FE parametric study, a further step of practical
importance is taken to obtain equivalenbigetric properties for the considered USFBs
corresponding to a prismatic Euler-Bernoulli beam of constant cross-section along its
longitudinal axis [12]. These properties can be readily used in conjunction with
commercial FE codes to model the bare di&#Bs. For this purpose, an equivalent cross-
sectional areal., and an equivalent second moment of digare defined based on the



two following criteria: (i) The total mass of the equivalent prismatic beam is equal to the
mass of the USFB assuming that both beams are of the same length, and (ii) The natural
frequency of the first in-plane flexural mode shape of the USFB and its prismatic surrogate
are equal.

In satisfying criterion (i), thel., is determined as the ratio of the volume over the length of
the USFB. The volumes of the herein considered USFBs are repoffi@tldr? along with
the thus obtained.,. Furthermore, assuming simply supported beams, criterion (ii) is met
by determining thé,, from the expression:
4‘/’12,0AeqL4

o T
The latter equation is derived from the well known expression of continuum dynamics for
the first natural frequency;{ of the free transverse vibration of a simply supported Euler-
Bernoulli beam with mass densjty modulus of elasticity?, cross-sectional are,, and
length L. Table 2 includes values aof,, for the various USFBs considered obtained using
eq. (3) assuming=7800 kg/m and E=200GPa corresponding to nominal steel material
properties.

It is noted in passing that other criteria of equivalency can be dtilizederiving
equivalent geometric properties which will generally yield different valued foand 1.,

[12]. In this work, the aforementioned criteria have been selected as they relate to the
dynamic behavior of the USFB beams under investigation in a straightforward manner.

5. CONCLUDING REMARKS

The vibration behavior of asymmetricaltra shallow floor beams (USFBs) has been
investigated. Experimental data obtainedrfronpact hammer modal test on a specific
simply supported USFB specimen have been considered to extract certain of the first five
natural frequencies and first two mode shapes corresponding to the flexural in-plane free
vibration motion using purpose-made MATLABripts. These compare well with results
from finite element (FE) modal analysis undertaken in ANSYS on a detailed FE model
developed to capture the dynamic behavior of the considered specimen. Furthermore, the
first five natural frequencies of four difeent USFBs commonly used in practice for
various lengths have been obtained via modal analyses in ANSYS. These analyses have
been applied on detailed FE models producecelyyng on the initial model pertaining to

the experimentally tested beam. Finallgualent geometric propies (cross-sectional

area and second moment area) for all the considered USFBs in the parametric study
corresponding to prismatic Euler-Bernoulli beams with constant cross-sections have been
computed. These properties are derived by enforcing equality of the total mass and the
natural frequency of the first flexural mode of vibration between the USFBs and their
prismatic surrogates. Clearly, these equinblproperties can be used to incorporate
USFBs in FE models of structures developed in FE software commonly used by the
practicing engineers for structural design adailymamic loads, such as those induced by
earthquakes. Future experimental and coatmrtal work will be directed towards the
characterization of the dynamic properties of composite floors incorporating USFBs
similar to those shown ifig. 7 [13,14].
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