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1. ABSTRACT

Ye ovtn TNV epyacio  Olevepysitol MEPOUOTIKY] KOl VTOAOYIOTIKY UEAETN TOV
YOAPOKTNPIGTIKOV 1010TaAdvioong tov USFB. Zuykekpiuéva, €va auelépeloto SOKipo
USFBvumodiletor o TEPALOTIKN WOOUOPPIKT AVAALGT Y10 TNV EVPECT] TOV CNUAVTIKOV
WO0CLYVOTATOV Kol  WOIOHOPPOV  OYeTICOUEVE UE TNV  KOUTTIKA TOAOVTOON O©TO
KOTokOpLEOo emimedo g dokov. Emmiéov, éva opotbpo merepacpévov ototyeiov (I1X)
Tov dokiiov dnpovpyeitar oto mpdypappe ANSYS pe ™ ypnon IIX keldepovg. H
axpifewo pe v omoia avtd to opoimpe [IX wpooeyyilel T dvvapIK GLUTEPIPOPA TOV
dokipiov €£ac@oMleTal OMMG TPOKLATEL ATO TIG TEPAUOTIKEG UETPNOELS LE OVTIGTOLYO
OTOTEAEGLOTO  WOIOHOPPIKNG avdAivong TIX. Z1n cvvéyswn, mopapeTpikn 1O10HOPPIKN
avéivon 4 USFB dwatopudv yuo didpopo punkn dokol mpaypoatomoteitonr oto ANSYS.
Téhog, mapatiBeviot 1G0OVVALO YEOUETPIKA YOUPOKTNPIGTIKA TV Vtd avdivon USFBsSta
omoio vroAoYifovtal od TNV IKOVOTOINGT) CLYKEKPLUEVOVY KpLtnpimv t1codvvopiog petald
tov USFBs kot amhov wpiopotikdv dokdv Euler-Bernoulli otabepric dwatopng. Ta
1000VVOLO,  OVTE  YOPAKTNPLOTIKG UTOpoVV  €VKOAM Vo ypnoytorotnfodv vy va
dtevkoAvvouy onuavtikd tn povielomoinon tov USFBS ce mpoypdppata [IX tov
EUTOPIOV Y10l TN HEAETN UETOAMKAOV KOTOGKEVMV VTOKEIIEVO GE SOUVOUIKES KOTATOVGELS.
H mapovoa epyacio anotehel to mpdTo PR yioo T PEAETN TG TAAAVTOONS GOUUIKTOV
damédwv pe yphon USFBsrov amotelel kpioo (Rnua 6N S10.0TOGI0AOYNON TOVG EVOVTL
OPLLKDV KATOGTAGEMV AEITOVPYIKOTNTAG.

2. INTRODUCTION

Requirements for maximum space utilization, efficig during construction, and cost-
effectiveness demand the use of long-spanned,oshalight steel beams in steel and
composite structures. In achieving optimum integrabf structure and services within the



same horizontal zone, perforated beams having ldagely spaced weopenings along
their length is a commonly used structural elemeribng span light roof as well as
composite floor systems. Typically, such structsydtems are sensitive to dynamic lo
induced during their service life by personnel\atigs (eg. walking, jumping, e.t.c.) ¢
well as by broadband forces from turbulence inngpand ducting supported within flo
slabs. In this respect, their response to suchatians needs to be considered at de

In recent years, a new breedcomposite floors hae been introduced tASDWestok Ltd.
utilizing the Ultra Shallow Floor Beam (USFB). TRESFB steel section is fabricated
welding two highly asymmetric cellular tees togethong the webs resulting in a lar
bottom flange. Either precast (crete floor units or profiled steel decking rest the
bottom flange of the USFB creating a very shalléeof beam construction sym, thus
minimizing the overall structural def (Fig. 1). As the floors are being cast, thesitu
concrete passes through the web openings, whichomiaaay not include a -bar or duct.
This concrete plug and tiear forms a unique mechanism for transferring luginal
shear force along the be¢ A special end diaphragm is used for deep deckingr
applications so that the concrete fully surrourtts steel section, apart from the bott
plate. ‘Arching’ action is occurred through the coete partial encasemerwhich is
resisted by the end plate connections. The webiogemprovide a passage for reinforc
tie-bars and service ducts within the depth of the beda-situ concrete fills the we
openings as the floor slabs are cast. This congassing throughhe web openings
together with the reinforcing bars and ducts, dbate to the longitudinal shear resistal
when the beam is subjected to axial bent The free web openings under the profi
steel decking are utilized for the integration efvices [1,2,3,4,5]
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Fig. 1: Crosssection configuration of composite floor construntusmgasymmetrlc
USFBs (lefppanel) and deep decking floor applicatiaight panel) ASCWestok Ltd.)

Herein, a first step towards 1 study of the vibration behavior dhe aforementione
composite floor structures is undertaken probing into the dynamic properties
commonly used bare stedlSFEs. For this purposesxperimental impact hammer mot
testing is conducted in the Heavtructures Lab at City University London to charaizte
thefirst few flexural modes of vibratic of a simply supported USF&eelspecimen. Next,
a finite element (FEodel of this specimen is developed in ANSYS aaceifectivenes
to capture the vibteon behavior of theconsidered USFBs verified by comparing th
experimental data with results from FE modal analyBhen,parametric modal analys
based on the above FE mc is undertaken in ANSY® obtain the natural frequencies
several USFBs ammonly used inbuilding engineeringpractice. Finally equivalent
geometric propertiesf these USFE corresponding to equivalent EulBernoulli bears of
constant crossection are derived by relying specific criteriaof equivalency involving
inertialand dynamic properti.



3. EXPERIMENTAL MODAL TESTING

A simply supported bare steel Ultra Shallow FloeaB (USFB) spanning 6m is subject to
impact experimental modal testing to extract thedahaharacteristics of the transverse
flexural modes of vibration of the beam specimehe Geometry of the beam specimen
and the experimental setup are showrFig. 2. Three uni-axial high sensitivity shear
accelerometers, henceforth accl, acc2, and ace3placed on the middle of the upper
flange in the mid-span and in the quarters of tme(positions #2,#4 and #6 as shown in
Fig. 2). An impact hammer (model 5803A by Dytran Instrmmsg¢ equipped with an

embed force sensor is used to excite the transflessgal modes of vibration of the beam
specimen by hitting it downwards along the grawotadl axis at the seven positions
indicated inFig. 2. Five “qualified” hits are recorded at each pasitiAn appropriately

hard hammer head was used to ensure that an adggbabadband input signal is

achieved to excite modes at least up to 300Hz. AB9334 device by National

Instruments connected to a regular PC unit is éesimultaneous data acquisition of the
four channels (three output/acceleration and opatiforce) and storage in ASCII format
using specialized software onto the hard disk ef RC. In this manner, 30s long digital
recorded signals sampled at a rate of 1024Hz asenaldl from all four channels for the 35
hammer hits considered in total. This duration Wasd to be sufficiently long for the

response transient signals to die out eliminating heed to apply an exponentially
decaying time window. The stored data are thenga®ed off-line to construct a 3-by-7

matrix H =[Hij] containing frequency response functions (FRFsyesponding to

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



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

Gy (@)

H,(»)= G:X(w)’ ..................................................................................................................... 1)
and
Ho(0)= ) i, @

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

Fig. 3 plots the magnitude of Hestimators linearly averaged over an ensemblavef f
functions corresponding to the five hammer hitpasition #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 r&titH, is also shown to provide an
indication of the reliability of the plotted FRFrees (the closer the coherence lies to unity,
the more reliable the FRF functions). TH& 3% and %' natural frequencies are clearly
identified in the aforementioned FRFs. TH& 2atural frequency is picked up only by the
accl and acc3 channels as the acc?2 lies at a poutdlof the second mode (a point where
the corresponding mode shape attains a zero). Theatural frequency cannot be
determined by any of the accelerograms as thelieait nodal points of the™mode
shape. However, it can be retrieved by Finite Eldnmeodal analysis as discussed in the



next section. Similar observations are made tatlegaged sets of FRFs corresponding to
the rest of the columns of tHé matrix.

Next, the FRF data around the four natural freqgigsnaf interest indicated in

Fig. 3 are isolated and a standard SDOF circle-fittirgghnd on the complex (Argand)
plane implemented in MATLAB is employed to extrastimates of natural frequencies,
damping, and modal constants (coordinates of theenshapes) corresponding to the first
three and the"flexural modes of vibration. The average valuesioiet! from the total 21
FRFs of these natural frequencies and dampingdaected inTable 1 FurthermoreFig.

4 plots the first two mode shapes normalized tortheak absolute value.

Natural Frequency (Hz)
(in-plane flexural modes)

Experimental Experimental FE (ANSYS FE (ANSYS;
acc Jacc Jacc Javeragd acc 1| acc 2| acc 3|average Solid beam
1°' 10.98/0.98/0.98| 0.98 |17.95417.94817.94817.950 18.184 18.449
2" 10.94/0.80[0.98| 0.91 |60.70%1.13360.69960.846 63.565 69.628
39 10.23/0.24/0.23| 0.23 |118.08117.93118.02117.99 120.74 141.87
- - - - - - - - 167.86 | 179.37
5" |1.58/1.58|1.49| 1.55 |173.91173.9|173.86173.89 184.17 231.94

Table 1. Experimentally derived damping and natér@duencies vis-a-vis results from
finite element based modal analysis.
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Fig. 4 : Mode shapes normalized to their peak alkisohalue

4. FINITE ELEMENT MODELLING AND ANALYSES

Following standard practices in modal analysis,[89.1], a Finite Element (FE) model of
the USFB used in the experimental modal test ield@ed in ANSYS. Eight-node shell
elements (SHELL281) and mapped meshing is implerdetdedesign the bare steel
beams. A snapshot of the model is include#fign 2. The mass density is computed using
the total measured weight of the beam specimen kgD4nd the dimensional data of the
cross sectional properties shownFig. 2. The accuracy of this FE model compares well



against the experimental dafBaple 1andFig. 4). Moreover, natural frequencies for the
same asymmetric beam but without web openingsd(salie also included ifable 1
Evidently, it is found that the existence of the wagienings influence significantly the
higher modes of vibration.

4.1 Parametric Finite Element analysis

Having established a FE model for the beam speciwi@nh compares well with the
experimental modal testing, a parametric FE modalyars is undertaken considering four
commonly used in practical applications cross-sestifor USFBs of four different
lengths. In total, 16 models are constructed in XSSKey geometric properties of the
considered models are reported in the first foluroas of Table 2 The first five natural
frequencies and typical results from modal analgsgsalso reported ihable 2

(FE Model) — Natural Frequencies (Hz)
Top / Bottom Volusme of web |-€NGt (in-plane flexural modes) ArTe1g qu4
Tee-Section (M) openings (m) 1 ond 5 4 g (cnm) (cm’)
(mm)
(CAT1) |0.0231] 15 4 |36.468119.68214.01255.57| 306.65| 57.750| 3107.71
254)3‘32)(22 0.0342] 22 6 |16.99851.413120.45171.75 187.2 | 57.009 3374.05
Uc 0.0451] 30 8 |9.71586.096 74.92| 118.99| 132.39| 56.375| 3444.96
254x254x73 0.0561| 37 10 |6.2704.07150.89| 83.643| 105.51| 56.100| 3486.41
(CAT2) |o0.0351] 15 4 |38.410120.00206.27 247.16| 287.98| 87.750| 5238.97
254)3'82)(22 0.0518] 22 6 |18.18153.564120.74167.86| 184.17| 86.333| 5847.73
Uc 0.0684| 30 8 |10.45/88.44476.964118.71| 131.68| 85.500| 6049.45
254x254x73 0.0851| 37 10 |6.76725.61153.11185.369| 104.81| 85.100| 6161.16
(CAT3) |0.0454] 11 4 |51.730142.1/222.98 243.66| 291.52(113.50012290.77
254)3'82)(22 0.0668| 17 6 |25.5180.458139.74168.34| 197.18(111.33314850.75
Uc 0.0881] 23 8 |15.00851.12694.764127.42| 140.9 | 110.12516052.50
254x254x73 0.1100| 28 10 |9.844185.31868.807101.17| 108.49(110.00416851.22
(CAT4) |0.0659] 9 4 |63.398160.00217.17 253.58 327.04|164.75026795.08
254)3'82)(22 0.0966| 14 6 |32.55(2.416150.81164.37| 218.63(161.00034962.13
Uc 0.1270| 19 8 |19.50161.956107.94123.43 157.48|158.75039470.96
254x254x73 0.1580| 24 10 |13.00543.64|79.94199.678| 119.67|158.00442237.93

Table 2. Natural frequencies from FE modal analgsid equivalent properties
corresponding to Euler-Bernoulli beams of constantssrsection for various USFBs

4.2 Equivalent Geometric Properties of USFB beams

Relying on the previously discussed FE parametnmysta further step of practical

importance is taken to obtain equivalent geomgdraperties for the considered USFBs
corresponding to a prismatic Euler-Bernoulli beamcofistant cross-section along its
longitudinal axis [12]. These properties can be ilgadsed in conjunction with

commercial FE codes to model the bare steel USFBshis purpose, an equivalent cross-
sectional are#¢q and an equivalent second moment of degare defined based on the
two following criteria: (i) The total mass of thewgalent prismatic beam is equal to the



mass of the USFB assuming that both beams areedddme length, and (ii) The natural
frequency of the first in-plane flexural mode shapéhe USFB and its prismatic surrogate
are equal.

In satisfying criterion (i), thé\yis determined as the ratio of the volume overé¢hgth of
the USFB. The volumes of the herein considered USf8seported iffable 2along with
the thus obtainef, Furthermore, assuming simply supported beamgricm (i) is met
by determining thé.q from the expression:

412pA L
eq e
The latter equation is derived from the well knogupression of continuum dynamics for
the first natural frequency,] of the free transverse vibration of a simply supgb Euler-
Bernoulli beam with mass densjty modulus of elasticity, cross-sectional are&q and
lengthL. Table 2includes values ofy, for the various USFBs considered obtained using
eq. (3) assuming=7800 kg/ni and E=200GPa corresponding to nominal steel material
properties.

It is noted in passing that other criteria of e@léwmcy can be utilized in deriving
equivalent geometric properties which will generafield different values foAqq andleq
[12]. In this work, the aforementioned criteria balbeen selected as they relate to the
dynamic behavior of the USFB beams under investigah a straightforward manner.

5. CONCLUDING REMARKS

The vibration behavior of asymmetrical ultra shallfloor beams (USFBs) has been
investigated. Experimental data obtained from imhgeammer modal test on a specific
simply supported USFB specimen have been consideregtract certain of the first five
natural frequencies and first two mode shapes spording to the flexural in-plane free
vibration motion using purpose-made MATLAB scripthese compare well with results
from finite element (FE) modal analysis undertakerANSYS on a detailed FE model
developed to capture the dynamic behavior of thesidered specimen. Furthermore, the
first five natural frequencies of four different BBs commonly used in practice for
various lengths have been obtained via modal aeslys ANSYS. These analyses have
been applied on detailed FE models produced bynglgn the initial model pertaining to
the experimentally tested beam. Finally, equivalgedmetric properties (cross-sectional
area and second moment area) for all the considd&eBs in the parametric study
corresponding to prismatic Euler-Bernoulli beamghwagonstant cross-sections have been
computed. These properties are derived by enforeguplity of the total mass and the
natural frequency of the first flexural mode of nabon between the USFBs and their
prismatic surrogates. Clearly, these equivalentpgnties can be used to incorporate
USFBs in FE models of structures developed in FEwsoe commonly used by the
practicing engineers for structural design agaitysiamic loads, such as those induced by
earthquakes. Future experimental and computatismoak will be directed towards the
characterization of the dynamic properties of cosigo floors incorporating USFBs
similar to those shown iRig. 1[13,14].
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