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1 | INTRODUCTION
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Abstract

Disturbance/discomfort caused by vibrations, induced by pedestrian walking on
slabs in residential/office buildings, is a typical design issue for lightweight slender
slabs, including prestressed concrete ones. Precast slabs are typically made with
pretensioned members which allow for only partial collaboration in the transverse
slab direction, which becomes even less effective when they are dry-assembled
without cast-in-situ topping since it relies on the arrangement of mutual mechani-
cal connections only. This study investigates through tests and numerical analyses
the response of slender precast long-span slabs made with voided members, dry-
assembled with mechanical connections, when subjected to vibrations generated
by human activities. A parametric set of dynamic modal and time-history analyses
encompassing floor member geometry, connection arrangement, mass, and
damping, is carried out. The numerical models are validated against results from
an experimental test program carried out on two decks of a prototype precast
building. The tests and the numerical models allowed to characterize the funda-
mental dynamic properties of the slab and its vibrational performance, identifying
the most efficient technological solutions among those investigated to mitigate
human-induced vibrations
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prestressed floor elements. Within the European sce-
nario, the relentless quest toward daring precast decks,

The evolution of the production technologies in the field
of precast concrete constructions brought to the develop-
ment of particularly slender and structurally optimized

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

started in the 1950s, recently brought to the definition of
standard production lines with span up to 42 m for roof
elements.’ Due to their peculiar slenderness, the critical
design issue for these prestressed elements, which are
also used as secondary beams in industrial single-storey
frames, is frequently deflection control at the Serviceabil-
ity Limit State (SLS) rather than resistance at the
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Ultimate Limit State (ULS).? Based on the achievements
in the field of industrial constructions, pretensioned long-
span decks have been successfully introduced since the
1970s in the field of commercial structures (parking facil-
ities, malls, etc.), typically in buildings with less than five
stories, characterized by large span and heavy live loads.
Contemporarily, residential precast buildings employed
shorter spans, typically not longer than 10 m, using par-
tially precast elements having relevant mass. Recently,
the employment of slender lightweight prestressed slabs
is increasing worldwide in the construction field of multi-
storey buildings of residential/office use. Thanks to the
incorporation of the Mechanical, Electrical and Plumbing
(MEP) equipment distribution inside the slab, floor ele-
ments spanning up to 12 m have been proposed with
total slab depth (including technological layers and fin-
ishes) of 40-45 cm, which is comparable to the thickness
of cast-in-situ slabs having much shorter spans. Among
the serviceability checks required in design, vibration
may become the critical one due to the peculiar slender-
ness of the slabs combined with low volume of concrete
employed and, therefore, mass.

Vibration in service has been rarely considered a
design issue for reinforced concrete slabs in buildings,
being it typically more critical in steel or timber flooring
technologies (indeed, while cited among the SLSs in the
European code that describes the basis for the design and
verification of structures—Eurocode 0°—it is not treated
in detail inside the European code that describes the
design and detailing of reinforced concrete structures—
Eurocode 24). As such, information in literature about
this subject are relatively scarce. After the pioneering
framing of the problem,””’ the topic of vibrations in ser-
vice of concrete structures has been assessed in literature
mainly referring to pedestrian bridges® ' and cast-in-situ
concrete floors,">™” eventually posttensioned, although
few papers were recently published about the issue of
human-induced vibration on precast pretensioned con-
crete hollow core members.'®'® It is also worth recalling
that those elements are characterized by similar slender-
ness with respect to the floor element analyzed in this
paper, but higher mass due to the higher concrete vol-
ume employed.

While the issue of structural vibrations in service is only
marginally treated in the general structural codes, the main
issues related to the definition of the human walking
action®* and human perception of vibrations**° have
been included into the current specific standards. Two
approaches for the check of human-induced vibrations in
service can be identified: (1) a deterministic approach, like
the one adopted by the International Standard for the eval-
uation of structures against vibrations (ISO 10137:2007),%
from which many national standards including the Italian

(UNI 9614:1990)*® were derived, and (2) a probabilistic
approach, like that of the HIVOSS guidelines.”** The first
one refers to limit values of deck acceleration expressed in
terms of root mean square (RMS):

T
RMS — % / @ (t)dt, (1)

0

where a is the acceleration, T is the time window over
which the RMS value is computed, and ¢ is the time.

The probabilistic approach of the HIVOSS
guidelines,***° on the other hand, refines this concept by
making reference to performance classes of the deck,
based on RMS values computed over T equal to the dura-
tion of one step, corresponding to a prescribed probability
(90%) not to be exceeded (one step-root mean square
[OS-RMSg]) considering 700 input signals of human
walking characterized by different step frequency and
pedestrian mass.

This paper analyses the vibrational response of peculiar
dry-assembled lightweight slender precast slabs through a
parametric set of dynamic modal and time-history analyses
investigating the effect of transverse restraint conditions
(connection arrangement), floor member depth, mass, and
damping in mitigating the perception of vibrations. Numeri-
cal models set for the above purpose have been validated
against the results of a test program encompassing heel-
drop impact, walk-in-place, and walking tests on two decks
of a building prototype adopting the new prestressed slab
technology under investigation.

2 | PRESTRESSED SLABS UNDER
INVESTIGATION

Two physically constructed prestressed decks are included
in this study. The decks are part of a prototype building of a
novel precast construction system for housing.*"** They are
made by 2.4 m wide and 0.35 m deep precast elements hav-
ing box cross-section with lower flange, as described in
Figure 1 together with the position of the main prestressing
tendons. Pictures from the 3D BIM model of the prototype
are shown in Figure 2. The elements of the ground floor
deck, supported on an inverted-T shaped foundation beam,
are 11.0 m long and are provided with steel plate inserts for
mutual connection in six points along the lower flange as
well as at midspan in the ribs. The elements of the roof
deck are supported on two bearing wall elements and are
11.2 m long. They are provided with steel plate inserts for
mutual connection in six points along the lower flange only.
Mutual floor connections made by steel bars welded to
metallic angle inserts of adjacent flanges®*>* are introduced
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FIGURE 1 Prestressed (pretensioned) floor element: (a) cross-section with position of main prestressing tendons; (b) lateral and top

views with positions of transverse floor-to-floor connections

for improvement of the in-plane diaphragm action under
horizontal loads induced by earthquake, wind or excep-
tional loads.*>*’

Additional mutual floor connections made by X-shaped
steel angles L100 x 100 x 8 welded to the plate inserts
in the ribs exclusively at midspan provide a transverse
load repartition beam aimed at improving the interac-
tion of the floor elements when the deck is subjected to
concentrated loads.

Four floor elements per deck are placed adjacently
and 5-cm deep secondary concrete solid plates are inter-
posed in simple support over the rib recesses of the floor

elements and, at the edges, of the cladding panels, to cre-
ate a flat surface. Figure 3 shows pictures of the con-
structed prototype including the mutual floor welded bar
connections (Figure 3c) in the flanges and the transverse
X-shaped steel angles (Figure 3d). These are present in
the ground deck only, and it is specified that they are not
employed for the connection of the edge floor elements
with the peripheral cladding panels.

As a difference between the drawings and the real
prototype, at the ground floor the secondary slab plates
were installed only on half of the span; at the roof the
secondary slab plates were not installed at all.
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(a)

FIGURE 2

Concrete class C45/55, high-strength steel (nominal
tensile strength of 1860 MPa) for prestressing tendons,
steel grade B450C for rebars, and steel grade S235 for
angles, were adopted.

Note that similar decks have been previously con-
structed and tested under earthquake action in the ELSA
laboratory of the Joint Research Centre (JRC) within the
Safecast research project,®®*' although with objectives
and floor span lengths different than in the present

paper.

3 | EXPERIMENTAL PROGRAM
AND EQUIPMENT

An experimental program encompassing a total of 26 tests
has been carried out on both ground and roof decks, with
longitudinal (LONG) or transverse (TRANS) disposition
of the instrumentation with reference to the axis of the
floor element (Figure 4), with different load types includ-
ing heel-drop, walk-in-place, and promenade walking
with different walking paths (Figure 4), and with two dif-
ferent pedestrians. A simplified experimental evaluation
of the floor vibration was carried out with the aim to
check the numerical modeling strategies presented in the
following, by means of the above-described load types,
following suggestions routinely found in the literature.**
The complete list is given in Table 1.

Pictures during testing for both instrument disposi-
tions herein adopted are collected in Figure 5.

The mass of Pedestrians A and B is approximately
92 and 90 kg, respectively. Both were wearing casual
shoes (desert boots) with rubber soles. Pedestrian A has

(b}

3D BIM drawing of the prototype building: (a) assembled views; (b) vertical section cutting slab and cladding panel elements

flat feet. As derived from the instrumentation installed
over the pedestrians, the mean step length of Pedestrians
A and B is approximately 0.84 and 0.91 m, respectively,
while the mean step frequency (period) of pedestrians A
and B is approximately 1.63 (0.61 s) and 2.07 Hz (0.48 s),
respectively. This will be described below.

Both standard and nonstandard instrumentation has
been employed in the experimental program.** Four profes-
sional mono-axial piezoelectric accelerometers type
Wilcoxon Research Model 731A (Figure 6a) with acquisi-
tion frequency of 200 Hz installed over solid steel stabilizing
blocks were connected to a signal acquisition unit type
National Instruments NI-9234. The signal acquisition unit
was then linked to a computer logger (Figure 6b) where the
signal was recorded with a Labview software.** The logger
station was placed outside of the prototype building in the
position indicated in Figure 4 so to avoid any possible inter-
action with the decks. Accelerations were also recorded
with a commercial smartphone, model Huawei Y5 DRA
L21 issued in 2018 provided with a tri-axial MEMS acceler-
ometer with mean acquisition frequency of 200 Hz. The
smartphone was alternatively put in adjacency to a profes-
sional accelerometer (Figure 6a) with the aim to check its
suitability in signal recording, as well as tied firmly with a
belt right above the waist (close to the center of gravity) of
the pedestrian with the aim to record the input signal. This
position tends to minimize the disturbance induced by hori-
zontal translation and rotations occurring during walking.
The free application “Physics Toolbox™** was installed in
the device and was used to record the signal. As a matter of
fact, the current popular smartphones are provided with
sophisticated high-precision accelerometers installed for
matters other than scientific,c, and their possible
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FIGURE 3
prototype building: (a) view
from south-east side; (b) inner
view of ground floor deck;

(c) particular view of a floor-to-
floor welded connection;

(d) particular view of a metallic
X-shaped transverse brace

Pictures of the

fib L

implementation in structural monitoring could become an
important aid during field testing, as also pointed out in the
works decribed.***~*

4 | MAIN EXPERIMENTAL
RESULTS

A fast Fourier Transform analysis has been carried out
on all recorded signals, allowing the identification of the
acceleration spectra characteristics of each deck, reported
in Figure 7. Unless specified, in the following signals
recorded by Wilcoxon accelerometers located at stations
from Al to A4 (see Figure 4) will be used. The results of
different tests on the same deck provided very similar
spectra, as expected. Table 2 reports the identified

(d)

frequencies of the first four modes of the decks,
corresponding to the peaks of the acceleration spectrum
(Figure 7). The frequencies of the two decks have differ-
ences attributable to both a slightly different length of
the floor elements (11.0 m the ground deck; 11.2 m the
roof deck), a different mass (the roof deck lacks the sec-
ondary concrete slab plates), and a different transverse
restraint condition (since the ground deck has a central
repartition beam, while the roof deck is without it).

It results that the decks under investigation have funda-
mental natural frequency in between 7 and 10 Hz, range
considered in the literature as the threshold between low-
frequency and high-frequency decks, although recently
there are proposals to move this threshold™ to higher fre-
quencies values. In low-frequency decks, the transient
response to human walking tends to a stationary vibration
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(a)

FIGURE 4
accelerometers dispositions are alternative

(Figure 8a); in high-frequency decks, the response to
human walking is always in the transient phase, with the
vibration almost extinguishing between steps (Figure 8b).
Slabs with a fundamental frequency close to the threshold,
like the ones under consideration in this paper, are typically
the most complex to be addressed due to the coexistence of
the two behaviors. The modal shapes associated to the dif-
ferent frequencies will be discussed in detail in the next
chapter in comparison with those resulting from the
numerical model. The modal Equivalent Viscous Dampings
(EVD) has been calculated according to the classical
method of logarithmic decrement.’® The values, reported in
Table 2, range in between 0.9% and 1.1% of the critical for
the first 3 modes, lowering to 0.7%-0.8% for the 4th. Such
low values are consistent with the absence of any finishing,
partition, and furniture on the tested decks, being them part
of a structural building prototype.

Typical acceleration time histories resulting from
heel-drop tests are shown in Figure 9 with reference to
two different instrument dispositions. For each acceler-
ometer, negative peak, positive peak, and RMS accelera-
tions over time windows of 10 s for Pedestrian A, and 7 s
for Pedestrian B, corresponding to the time the pedes-
trians employed to walk along the whole slab length, are
collected in Table 3 for both decks and for both instru-
ment dispositions. In the case of heel-drop tests the
higher RMS value is always associated with the acceler-
ometer closer to the position of the pedestrian during the
heel-drop.

(b)

Position of instruments and load paths: (a) ground floor deck; (b) roof deck. Note that transverse and longitudinal

Typical acceleration time histories resulting from
walking tests are shown in Figure 10 with reference to
two different pedestrians. For each accelerometer, nega-
tive peak, positive peak, and RMS accelerations are col-
lected in Table 4 for both decks and both pedestrians.
Despite the formal similitude of Tests #3 and #4, which
differ only from the pedestrian, the results highlight that
Pedestrian B induces more severe vibrations than
Pedestrian A, with an about 2.5 times higher RMS value.
It is also worth observing that the maximum RMS accel-
eration value among the three walking tests reported in
Table 4 is that of the roof deck with Pedestrian A. This
may depend upon the different responses of the decks
but also on a different walking style of the same pedes-
trian through the tests. A deck vibrational response inter-
mediate between low- and high-frequency as previously
discussed is confirmed by observing the acceleration his-
tories of Figure 10, with a trend intermediate between
the two depicted in Figure 8.

The signal recorded by smartphones installed on the
back of the pedestrians, considered reliable after valida-
tion as discussed in detail in Martinelli et al.,** has been
considered for a better definition of the load in the
numerical analyses. The smartphone signals, shown in
Figure 11, confirm the different walking style of pedes-
trians A and B both in terms of acceleration time history
and of frequency content. It is to be noted that the walk-
ing of Pedestrian B is characterized by frequencies
around 2 Hz and multiples of this, thus more resembling
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TABLE 1

Test ID
#1
#2
#3
#4
#5
#6
#7
#3
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26

FIGURE 5

Deck
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Ground
Roof
Roof
Roof
Roof
Roof
Roof
Roof

Instrument disposition

Long
Long
Long
Long
Long
Long
Long
Long
Long
trans
trans
trans
trans
trans
trans
trans
trans
trans
trans
Long
Long
Long
Trans
Trans
Trans

Trans

List of the dynamic tests performed

{a)

Load type
Heel-drop
Walk in place
Walking
Walking
Walking
Heel-drop
Heel-drop
Heel-drop
Walking
Heel-drop
Walk in place
Walking
Walking
Walking
Heel-drop
Heel-drop
Heel-drop
Walking
Walking
Heel-drop
Walking
Heel-drop
Heel-drop
Walking
Heel-drop
Walking

Load path
P2
P2
T1
T1
T1
P4
P3
P1
T2
P2
P2
T1
T1
T1
P4
P3
P1
T2
T1
P1
T1
P2
P1
T1
P2
T2

Pedestrian

b S e e i S T s e - R S S S

(b}

fibl -

Notes

Smartphone next to A2
Smartphone next to A2
Smartphone on pedestrian
Smartphone on pedestrian
Pedestrian B in A2
Smartphone next to A2
Smartphone next to A2
Smartphone next to A2
Smartphone next to A2
Smartphone next to A2
Smartphone next to A2
Smartphone on pedestrian
Smartphone on pedestrian

Pedestrian B in A2

Pictures of instrument disposition and loading: (a) walking test with longitudinal instrument disposition; (b) heel-drop

impact or walk in place test with transverse instrument disposition
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TABLE 2 Natural vibration frequencies and damping from

Tests #1 and #20

Frequency (Hz) Damping (%)
Floor Ground Roof Ground Roof
Mode 1 8.296 7.296 1.032 1.114
Mode 2 10.695 9.195 1.040 0.986
Mode 3 14.693 11.494 0.908 0.910
Mode 4 19.390 19.590 0.801 0.669

to the classical frequency content considered in the scien-
tific literature for steps® and in the standards.

5 | NUMERICAL SIMULATION:
DYNAMIC PROPERTIES

Numerical models have been built with Midas Gen soft-
ware>” with two aims: (a) identifying the proper modeling
technique by comparison with the experimental data, and
(b) performing a parametric analysis to target the physical

FIGURE 6
equipment: (a) professional

Experimental

accelerometers and smartphone;
(b) logger station with cable
collector box placed outside the

prototype building
(h)
0.030
—Al
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©
7]
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0.005 i |
| j |
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0.000 S —mesmmmsaamaca o oA A
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Frequency [Hz]

Frequency spectrum content of: (a) ground floor deck (Test #1); (b) roof deck (Test #20)

quantities which mostly influence the vibrational problem
of the deck technology under investigation.

Plate elements with side length not larger than 0.2 m
and thickness of 5, 10, and 15 cm have been used to
model the floor elements regarding upper and lower
flanges, ribs, and prestressing bulbs in lower flange,
respectively. Proper offsets have been applied to accu-
rately simulate the real position of thicker flange ele-
ments. Beam elements have been used to model the
transverse X-shaped load repartition elements. All nodes
are fixed to the adjacent ones. Along the edges of adja-
cent floor elements spaced by 10 mm, the two nodes
corresponding to the center of gravity along floor axis of
the mutual floor-to-floor welded bar connections have
been linked with a rigid element simulating a cylindrical
hinge linking all translations and rotations along X and
Z axes. The rotation along Y-axis, torsional with respect
to the floor element, has not been restrained. The mass
has been modeled as spread through the attribution of
the material density to the elements. For the ground deck
only, the presence of the upper solid slab plates on only
half of the span has been taken into account with a
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uniform additional linear mass distribution on the ribs in
the proper region.

Linear elastic behavior has been considered: a mean
Young modulus of 37.27 GPa and a Poisson coefficient of
0.2 as per Eurocode 2* for class C50/60 concrete (a higher
class with respect to the one prescribed has been consid-
ered following standard compressive tests on concrete
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Experimental results of heel-drop impact tests: (a) Test #1; (b) Test #10

cubes carried out by the producer); a mean Young modu-
lus of 210 GPa and a Poisson coefficient of 0.3 as per
Eurocode 3> for steel (used to model the transverse
repartition beam elements).

Two different external boundary conditions have
been considered at the floor elements ends: (a) hinged,
and (b) clamped. The results from the modal analysis
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TABLE 3

Test ID
#1

#10

#20

#23

DAL LAGO ET AL.

Results of heel-drop impact tests

Accelerometer

1 —0.415
2 —0.363
3 —0.278
4 —0.204
1 —0.399
2 —0.350
3 —0.391
4 —0.349
1 —0.666
2 —0.787
3 —0.602
4 —0.560
1 —0.653
2 —0.567
3 —0.417
4 —0.380

Note: The higher values of RMS acceleration are in bold.

0.10
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06
-0.08
-0.10

Acceleration [m/s?]

0.25
0.20
0.15
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0.05
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-0.05
-0.10
-0.15
-0.20
-0.25
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FIGURE 10

—A1
—A2
—A3
—A4

0
—A1
—A2
—A3
—A4
0

Experimental results of walking tests: (a) Test #3; (b) Test #4

Peak—negative (m/s?)

Time [s]

(a)

Time [s]

(b)

Peak—positive (m/s?)
0.397
0.380
0.308
0.205
0.346
0.391
0.458
0.389
0.546
0.629
0.570
0.330
0.593
0.668
0.565
0.462

RMS (m/s?)
0.0645
0.0588
0.0446
0.0241
0.0567
0.0532
0.0551
0.0484
0.0814
0.0759
0.0580
0.0336
0.0749
0.0688
0.0661
0.0594

10
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TABLE 4 Results of walking tests

Test ID Accelerometer Peak—negative (m/s?) Peak—positive (m/s?) RMS (m/s?)

#3 1 —0.060 0.094 0.0136
2 —0.067 0.079 0.0132
3 —0.087 0.082 0.0117
4 —0.089 0.092 0.0096

#4 1 —0.160 0.209 0.0327
2 —0.174 0.150 0.0303
3 —0.229 0.159 0.0265
4 —0.123 0.134 0.0202

#21 1 —0.834 0.555 0.0510
2 —0.461 0.665 0.0479
3 —0.590 0.577 0.0417
4 —0.517 0.415 0.0336

Note: The higher values of RMS acceleration are in bold.
Abbreviation: RMS, root mean square.

carried out with the two boundary conditions led to the
identification of the frequencies shown in Figure 12 in
comparison with those experimentally identified as previ-
ously explained. The clear outcome from the comparison
is that the clamped boundary condition fits with much
higher precision the test results. This, whilst being in
contrast with the traditional assumption of perfectly
hinged behavior for both simply supported and dowel
connected elements, is typical of small-amplitude vibra-
tion. In the case herein considered, indeed, even the low
friction exhibiting between the floor end and its neoprene
cushion support is effective in hampering rotation.

The modal shapes associated to the first 4 modes of
the ground floor and roof decks are shown in Figures 13
and 14, respectively.

Concerning the ground floor deck, the first mode is
translational along Z-axis with in-phase floor elements;
the second mode is torsional along Y-axis with in-phase
floor elements; the third mode is translational along
X-axis with out-of-phase floor elements, where the edge
floor elements tend to deform in the opposite direction of
the two central ones; the fourth mode is torsional along
Y-axis with out-of-phase floor elements.

Concerning the roof deck, where the absence of the cen-
tral transverse repartition beams lowers the mutual collabo-
ration of the floor elements, the first mode is translational
along Z-axis with in-phase floor elements; the second mode
is globally torsional along Y-axis with in-phase floor ele-
ments, but being the deformed shape of the single floor ele-
ments mainly translational along Z-axis; the third mode is
translational along X-axis with out-of-phase floor elements
where the edge floor elements tend to deform in the oppo-
site direction of the two central ones; the fourth mode is

again translational along X-axis with out-of-phase floor ele-
ments where adjacent floor elements tend to deform in the
opposite direction; the fifth mode in torsional along Y-axis
with out-of-phase floor elements.

With the aim to compare the numerical modal shapes
with the experimental ones, the following method has
been employed: (a) the results from two heel-drop tests
have been analyzed per each floor—one test with longitu-
dinal instrument disposition and one test with transverse
instrument disposition; (b) the resulting acceleration time
histories of each accelerometer have been filtered with a
bandpass (0.5 Hz) filter in the proximity of the frequency
values associated to each mode, thus isolating the vibra-
tional component of each single mode; (c) the initial
transitory part of the signal has been cut keeping the
free-vibration part only; (d) the accelerations in the posi-
tions of the test accelerometers and in the instant of a
vibration peak have been plotted (black dots in Figures 15
and 16). Since the equation of motion of displacement
and acceleration of an SDOF system under impulsive
load have the same trend scaled by a factor C and out-of-
phase by an angle @, the relative accelerations plotted in
Figures 15 and 16 are representative of the modal shapes
of the ground floor and roof decks, respectively

v(t) = p— e *“'sen(wpt), (2)
) !
?zm—me’g"”sin(wm—i—(p). (3)

The numerical modal shapes, extracted from the numeri-
cal models through cut views along the two lines of



DAL LAGO ET AL.

=L fib

20
18
_ 16
% 14
= 12
s
= 10
e
o 8
(4]
S 6
<
4
2
0
0 1 2 3 4
20
18
16
%14
E 12
c
2 10
I
o 8
(4]
S 6
<
4
2
0
0.0 0.5 1.0 15 2.0 2.5
0.180
0.160
0.140
% 0.120
£
< 0.100
°
2 0.080
4
)
3 0.060
<
0.040
0.020 JJ
0.000
0 5 10 15 20 25
Frequency [Hz]
(©
FIGURE 11

(c) FFT—Pedestrian A (Test #3); (d) FFT—Pedestrian B (Test #4)

installation of the accelerometers indicated in Figure 4,
are superimposed to the experimental ones in Figures 15
and 16.

The Modal Assurance Criterion (MAC), proposed by
Allemang and Brown> is used to compare the similarity
of the mode shapes coming from the numerical (NUM)
model and the ones identified from the experimental
campaign (EXP). If the mode shapes are identical, the
MAC value will be one (a mode shape compared to itself
leads to a MAC value indeed one). If the mode shapes are

3.0
Time [s]

5 6 7 8 9 10
Time [s]

(a)
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(b)
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(d)

Smartphone recording of input signal: (a) time history—Pedestrian A (Test #3); (b) time history—Pedestrian B (Test #4);

very different, the MAC value will be close to zero. An
EXP mode is well reproduced whenever the NUM mode
shares the same modal period and the two have a high
value of MAC. From the analysis of the ground floor
deck, a positive correlation can be inferred as the MAC
values are sufficiently high (above 0.8 for all the modes),
with a value that increases with the mode number
(Figure 17). Preliminary analysis of the experimental and
numerical data allowed to reliably carry out the MAC
procedure for the ground floor, since the experimental
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FIGURE 13
absolute displacement

measure points appeared to be sufficient to clearly iden-
tify and separate the modal shapes of different modes.
However, the same analysis showed that this is not possi-
ble for the available data referring to the roof deck, due
to the presence of only two measurement points in the
deck transverse direction.

Nevertheless, the qualitative comparison of the two
decks (Figures 15 and 16), and the quantitative compari-
son of the ground floor deck (Figure 17) confirm a good
matching of experimental and numerical modal shapes,
validating the modeling strategy employed to identify the
dynamic properties of the decks.

(a)

4
o]
4
L3
o
=
2
—@— Experimental —@— Experimental
—&— Numerical - hinged —&— Numerical - hinged
—&— Numerical - clamped 1 —&— Numerical - clamped
15 20 5 10 15 20

Frequency [Hz]

(b)

ib)

()

Numerical modal shapes for ground floor deck: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4. Color contours indicate

6 | NUMERICAL SIMULATION:
TIME HISTORY ANALYSIS

A further step of the research consisted in simulating the
dynamic time history behavior of the decks under the dif-
ferent human loading test conditions. For the sake of
brevity, only the main results referred to the ground floor
slab are presented.

Concerning the heel-drop impulsive tests, the action
has been modeled as shown in Figure 18 following the
recommendations of ISO 10137:2007. The point load
applied in the centroid of the pedestrian during the test
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FIGURE 14 Numerical modal shapes for roof deck: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4; (e) Mode 5. Color contours indicate

absolute displacement trends

starts with the value of the pedestrian weight; a maxi-
mum impulsive load of four times the weight of the
pedestrian has been introduced due to a drop height of
about 20 cm; the total duration of the impulsive load is
0.05 s. A constant modal viscous damping of 1% has been
attributed to all modes, following the experimental
observations.

The numerical acceleration time histories corresponding
to the test conditions #1 and #10 are shown in Figure 19.
The comparison with the test results shown in Figure 9
shows a good matching of both maximum acceleration
values and vibration history, as provided in Table 5, thus
corroborating the validity of the modeling strategy. This
comment is also supported by the comparison of numerical
and experimental RMS acceleration values computed with
the same time window 7T, which are in reasonable
agreement.

Concerning the walking tests, three modeling strate-
gies of the load action have been considered:

(I) discontinuous; (IT) continuous periodical; (IIT) contin-
uous by test recording. It is observed that all the men-
tioned strategies, aimed at catching the experimentally
measured floor behavior, have a deterministic nature,
although a common load modeling approach for the eval-
uation of the problem concerns the application of a prob-
abilistic analysis by means of modal superposition of the
modal forces obtained by weighting of the physical forces
by the mode-shape amplitudes of the walking paths for
all modes of vibration contributing to the response.>> >

I. The discontinuous action is obtained following
Baumann and Bachmann,>® where several concen-
trated forces are applied to the deck (Figure 20a) in
correspondence of each step. The forces are properly
applied shifted in time so to represent the walking
forces of the pedestrian. The single step load, shown
in Figure 20a for both pedestrians, which accounts
for the alternate contact of the toe and the heel, is
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FIGURE 15
(a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4

applied with the mean experimental step frequency
f, and length of a stride of 1.625 Hz—0.84 m and
2.03 Hz—0.91 m for Pedestrians A and B,
respectively.

The continuous periodical action is obtained fol-
lowing Bachmann and Amman,** where a single
concentrated force is applied at midspan of the
deck (Figure 20b). The action Fj(t) is expressed as
the sum of n sinusoids, where n is the number of
harmonics considered (Equation 4). As suggested
in the above-cited paper, the first 3 harmonics are
deemed as sufficient to model the vertical compo-
nent of the acceleration induced by a pedestrian,
and thus Equation (4) leads directly to
Equation (5), where AG;, AG,, and AG; are set
equal to 0.4G, 0.1G, and 0.1G, respectively (with
G the weight of the pedestrian); @;, ®,, and @; are
set equal to 0°, 90°, and 90°, again following the
above-cited paper:

IL.
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Experimental/numerical comparison of modal shapes for ground floor deck through longitudinal and transverse sections:

Fp(t) =G+ " Gy xsin(2afyt —by), (4)
Fp(t) =G+ AGlsin(ZT[fpt — (Dl) + Astin (47[pr — @2)
+ AGssin (6xfyt — @s).

(5)

The curves shown in Figure 20b are those
corresponding to each pedestrian.

I. The continuous recording approach was set up with
the original untreated signals acquired by the
smartphone installed over each pedestrian. The ver-
tical component of these accelerations, multiplied by
G, give the input action applied as a point force at
midspan of the deck (Figure 20c).

The vertical component acceleration time histories
are collected in Figures 21 and 22 for each walking by
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FIGURE 16 Experimental/numerical comparison of modal shapes for roof deck through longitudinal and transverse sections:
(a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4; () Mode 5

time, with the curves associated to Strategies (I) and

Pedestrians A and B, respectively. It is immediately per-
(IT) exhibiting a much smaller response with respect to

ceivable that the curves are very different both in terms
of maximum acceleration values and of behavior over that associated to Strategy (III).
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In terms of development of vibration, the curves asso-
ciated to Strategy (I) are the only one in which the pro-
gressive approaching (and distancing) of the pedestrian
with respect to an accelerometer can be caught. As a mat-
ter of fact, Strategies (II) and (III), relying on a single
position of load application, cannot catch this phenome-
non. This is the reason why a direct comparison of the
curves from Strategies (II) and (IIT) with the experimental
results of Tests #3 and #4 shown in Figure 10 cannot be
done. However, the results from a comparison in terms
of RMS acceleration are collected in Table 6 with refer-
ence to the instrument at midspan only, since it is the
point where the loading history was applied in the
numerical model. As previously noted, with Strategies
(IT) and (I11), the load is fixed over the structure, and does
not approach the position of each instrument, as in the
walking tests, and therefore a comparison of the RMS
accelerations recorded in other positions besides the
midspan would be questionable.

Modal Assurance Criterion

Mode EXP

FIGURE 17
matching of experimental (EXP) and numerical (NUM) modal

MAC procedure evaluating the degree of

shapes

4.0
35
3.0
2.5
2.0

Load [kN]

15
1.0

0.5

FIGURE 18
for heel-drop impact tests
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The comparison shows that both Strategies (I) and
(IT) provide RMS acceleration values which are about one
order of magnitude lower of the experimental one, thus
leading to a rough simulation of the phenomenon and on
the unsafe side. Contrarily, the results of Strategy (III)
provide comparable values of RMS acceleration with
respect to the experimental ones, thus electing this strat-
egy as the most accurate and reliable to catch the vibra-
tional phenomenon for the structure herein considered.

The reason behind this clear discrepancy among
the results from different strategies is to be attri-
buted to the richness of frequency content of the
smartphone-recorded signal (Strategy III), compared to
the low-frequency content of the input signal of Strate-
gies (I) and (II). In particular, the so-called high-
frequency decks with fundamental frequency higher
than 8 Hz can be excited to resonance in their first
mode by the higher harmonics of the step frequency.
In the case of Strategy (II), the highest harmonic con-
sidered (the 3rd) was equal to 4.88 and 6.09 Hz for
Pedestrians A and B, respectively, which are clearly far
from exciting the first natural frequency of the deck
under investigation.

In order to check the above statement, a further time
history analysis following Strategy (II) has been carried
out by defining the load action in terms of the first 4 har-
monics of the step, as per (6), where AG;, AG,, AG3, and
AG, are set equal to (0.6f, — 0.41)G, 0.2G, 0.1G, and
0.05G, respectively; @, ®@,, @5, and @, are set equal to 0°,
—90°, 180°, and 90°, again following.*?

Fp(t) = G+ AG;sin(2afyt — @) + AG,sin (4nfypt — &)
+ AGssin (6nfyt — @3) + AGysin (8xfyt — dy).

(6)

The resulting input curve is shown in Figure 23a for
Pedestrian B with the experimental step frequency fj, set
at 2.03 Hz. The response resulting from the time history
analysis reported in Figure 23b shows again a response

Load time history employed 0.00  0.05

0.10 015 020 025 030 035 040 045 050

Time [s]
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FIGURE 19 Acceleration time histories from numerical simulations of heel-drop impact tests: (a) Test #1; (b) Test #10

TABLE 5 Results of numerical simulations of heel-drop impact tests

Test
ID Accelerometer
#1 1
2
3
4
#10 1
2
3
4

Note: The higher values of RMS acceleration are in bold.
Abbreviations: EXP., experimental; NUM., numerical; RMS, root mean square.

much smaller than the experimental one. A further anal-
ysis carried out by imposing on purpose resonance between
the fourth harmonic of the step frequency and the funda-
mental frequency of the deck (f, = 8.74/4 = 2.19 Hz)

NUM. Peak
negative (m/s?)

—0.461
—0.350
—0.233
—0.110
—0.338
—0.494
—0.407
—0.301

NUM. Peak NUM.
positive (m/s%) RMS (m/s?)
0.489 0.0625
0.390 0.0532
0.273 0.0378
0.132 0.0174
0.445 0.0541
0.400 0.0619
0.447 0.0587
0.338 0.0455

showed a completely different response (Figure 23c), with

NUM. RMS/EXP.
RMS ()

0.969

0.906

0.848

0.724

0.955

1.163

1.066

0.941

values that finally become closer to the real one due to the
imposed resonance, as shown in Table 7.

This confirms that input signals poor in frequency
content can hardly predict a resonant-like dynamic
interaction between human walking and deck
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FIGURE 20 Modeling strategy of the loading function: (a) I—discontinuous; (b) II—periodic continuous; (c) IIl—smartphone-recorded
time history

vibration, unless (a) the number of harmonics consid- considered so to catch that exact one which takes the
ered is enough to excite the deck close to its natural deck to resonance. Furthermore, this observation pro-
frequencies, and (b) a wide range of frequency steps is  vides another confirmation of the importance of
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FIGURE 21  Acceleration time histories from numerical simulations of Walking Test #3 with modeling strategy: (a) I—discontinuous;
(b) II—periodic continuous; (c) III—smartphone-recorded time history

recording the walking signal and to use it in the ana-  been carried out to investigate the role of transverse
lyses for vibration check. restraint conditions, geometry of the floor elements, mass
and equivalent viscous damping (EVD) on the issue of
the perception of vibrations for the deck technology

7 | PARAMETRIC under investigation. Several decks configurations have
INVESTIGATION been analyzed by changing the parameters as shown in

Table 8. The baseline condition consisted in a deck unit
After the deck modeling details and the load action strat- larger than the previously described one subjected to test-

egy have been validated, a parametric investigation has ing: the baseline deck is made by five-floor elements with
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FIGURE 22  Acceleration time histories from numerical simulations of Walking Test #4 with modeling strategy: (a) I—discontinuous;
(b) I—periodic continuous; (c) III—smartphone-recorded time history

TABLE 6 Results of numerical
simulations of walking tests with

different modeling strategies

Test ID
#3
#4
#3
#4
#3
#4

Modeling strategy
I

I

II

II

111

11T

Max RMS (m/s?)
0.00278
0.00342
0.00214
0.00399
0.01310
0.02769

Max RMS NUM./EXP. (—)
0.205
0.105
0.158
0.122
0.963
0.846

Abbreviations: EXP., experimental; NUM., numerical; RMS, root mean square.
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FIGURE 23 Updated analysis with 4-harmonics periodic continuous modeling (Strategy II): (a) walking modeling of Pedestrian B;
(b) acceleration time history with experimental step frequency; (c) acceleration time history with adapted step frequency for imposed
resonance

TABLE 7 Results of numerical simulations of walking tests

TEST ID Modeling strategy Step frequency (Hz) Max RMS (m/s?) Max RMS NUM./EXP. (-)
#4 IT (4 harmonics) 2.072 0.00423 0.075
#4 II (4 harmonics) 2.185 0.05635 0.995

Note: Updated analysis with 4-harmonics periodic continuous modeling.
Abbreviations: EXP., experimental; NUM., numerical; RMS, root mean square.
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TABLE 8 Decks considered in the parametric analysis
Deck Mutual welding Central
condition scheme transverse beam
Baseline 6-Edge Crosses
§01 No No
§02 6-Edge No
§03 3-Centre No
§04 3-Centre Crosses
§05 3-Centre Top struts
§06 6-Edge Crosses
§07 6-Edge Crosses
§08 6-Edge Crosses
§09 6-Edge Crosses
§10 6-Edge Crosses
§11 6-Edge Crosses
§12 6-Edge Crosses
§13 6-Edge Crosses
§14 6-Edge Crosses
§15 6-Edge Crosses

Note: Variations from baseline deck are in bold.
Abbreviation: EVD, equivalent viscous damping.

the same cross-section as in Figure 1a, but assumed to be
12 m long, placed adjacently and mutually connected by
a central transverse repartition beam made with X-
shaped steel angle crosses and with six welds per edge in
the positions indicated in Figure 24a. This baseline condi-
tion represents the most severe structural condition of
the investigated deck technology, which also yields to the
higher propensity for vibration issues. The other models
in Figure 24 show all the different solutions for the trans-
verse restraints investigated.

A single time history analysis has been performed on
each deck condition. The loading strategy previously
defined as Strategy III was employed, where the recorded
signal of Pedestrian B has been used. After the analyses,
the acceleration histories of different positions along the
deck have been extracted, from which the corresponding
spectrum in one-third octave band in the frequency interval
1-80 Hz was derived in Decibel. Afterward, the spectrum
has been filtered with a ponderation filter determined on
the basis of human perception of vibrations. The pondered
frequency acceleration has been finally reconverted into
RMS acceleration and compared with the requirements
from ISO 10137 for residential/office environments.

A further check considering the simplified design
approach outlined in the HIVOSS document has also
been carried out with the same deck conditions. In this

fibl =

Spread

Connection to Length Depth mass EVD
cladding beam (m) (m) (kg/m?) (%)
No 12 0.35 650 3
No 12 0.35 650 3
No 12 0.35 650 3
No 12 0.35 650 3
No 12 0.35 650 3
No 12 0.35 650 3
Yes 12 0.35 650 3
No 11 0.35 650 3
No 10 0.35 650 3
No 12 0.40 650 3
No 12 0.35 750 3
No 12 0.35 550 3
No 12 0.35 650 1
No 12 0.35 650 2
No 12 0.35 650 4
No 12 0.35 650 5

case, the fundamental frequency and the associated par-
ticipating mass have been evaluated from a modal analy-
sis of the numerical model, and have been used to
calculate the OS-RMS90 value defined in HIVOSS. Then,
the performance class of the decks has been assessed bas-
ing on the tables available in the HIVOSS guidelines and
compared with the suggested requirements for residen-
tial/office environments.

The results are collected in Table 9. The RMS acceler-
ation for the baseline case is far beyond the limit
suggested in ISO 10137 by 1.52. This suggests that this
particular condition of the deck, which has been checked
against ULSs and SLS for deflection, would not perform
satisfactorily from a vibrational point of view unless
remedial actions are taken. As such, the SLS for vibration
is predominant for its proper design.

By analyzing the results of the other deck conditions,
it is evident that different transverse restraint conditions
including absence or other shaping of transverse reparti-
tion beam and absence of other positioning of edge
welds, only slightly affect the problem. The only efficient
solution found is the one where the transverse repartition
beam is welded to the edge concrete beams, belonging to
the cladding panel elements. Being these beams stiff in
bending, they modify the behavior of the deck from pre-
dominantly unidirectional to bidirectional, introducing a
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Different transverse restraint conditions of the deck: (a) baseline deck with six flange edge welds and crosses transverse

beam; (b) fully independent floor elements; (c) six flange edge welds; (d) three flange central welds; (e) three flange central welds and crosses
transverse beams; (f) three flange central welds and struts transverse beams; (g) six flange welds and crosses transverse beams also

connected with the edge cladding beam

tendency to behave more like a peripherally supported
solid plate. This is also confirmed by the increase of the
fundamental frequency, associated with the vertical
translation mode. This solution, however, brings large
force values to the cladding panel element, through the
transverse beam elements. This element, then, should be
carefully checked and probably over-proportioned with
respect to the deck conditions previously considered.
Contrarily, the geometric conditions of the deck play an
important role on the RMS acceleration check, being the
reduction of span from 12 to 11 or 10 m enough to reduce
the ratio of the resulting RMS acceleration over the RMS
limit suggested by ISO 10137 down to 0.96 or 0.93, respec-
tively, thus complying in both cases. Even more influence is
played by the slab stiffness, in fact increasing its depth to
0.4 m, keeping the same flanges, brings to a dramatic reduc-
tion of the RMS acceleration value, which, as a conse-
quence, results largely satisfied even with a span of 12 m.
Modifications of the mass plays in a tricky way on the
RMS acceleration value, since both a 15% increase or
decrease of mass brings to a reduction of the RMS value,

although not below the limits set forth in ISO 10137. In par-
ticular, the 15% increase of mass leads to a reduction of the
frequencies of the deck, thus separating the natural fre-
quency associated to the 3rd structural mode from the 5th
step harmonic (see Figure 11d), although the 1st mode is
again close the third harmonic. A 15% decrease of mass,
despite decreasing the transient time to resonance, sepa-
rates both the first and the third modes from the closer har-
monics, providing a better vibrational response.

Finally, the effect of the variation of the modal EVD
over the value of RMS acceleration is strong, as expected
due to the low initial values, but not resolutive. Increas-
ing the modal damping from 1% to 2% with respect to the
critical one corresponds to a reduction of the RMS accel-
eration ratios from 3.56 to 2.15, which is still much larger
than the baseline situation (1.39). An increase of the
damping to 4% or 5%, however, leads to a further reduc-
tion of the RMS acceleration, but not sufficient to pass
the check. Even higher values of EVD would be required,
which can be, in principle, achieved by adding vibration
control devices such as tuned mass dampers, whose cost,
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TABLE 9 Results of the parametric analysis
RMS/ RMS/RMS;imit, 0s-
i S A Ja RMS RMSsasetine 15010137 RMSy, HIVOSS class
Condition (Hz) (Hz) (Hz) (Hz) (mm/s®) (-) ) (m/s?) -)
Baseline 6.04 6.60 9.70  13.47 30.408 1.00 1.52 1.8 D
§01 6.04 6.33 8.09 10.51 27.870 0.92 1.39 1.8 D
§02 6.04 6.44 8.77 11.69  26.959 0.89 1.35 1.8 D
§03 6.04 6.44 9.00 12.13 28.893 0.95 1.44 1.8 D
§04 6.04 6.56 9.85 13.69 31.423 1.03 1.57 1.8 D
§05 6.04 645 9.03 1219 29.571 0.97 1.48 1.8 D
§06 6.99 9.53 1291 1648 18.122 0.60 0.91 1.6 D
§07 7.18 7.68 10.77 14.58 19.270 0.63 0.96 1.4 D
§08 8.40 8.84 11.90 15.73 18.651 0.61 0.93 0.8 D
§09 7.00 7.59 11.02 1496 16.172 0.53 0.81 1.2 D
§10 5.73 6.29 9.24 12.83 23.342 0.77 1.17 2.2 D
§11 6.43 6.98 10.25 14.23  20.563 0.68 1.03 1.6 D
§12 6.04 6.60 9.70  13.47 71.190 2.34 3.56 4.0 E
§13 6.04 6.60 9.70 13.47 43.089 1.42 2.15 24 D
§14 6.04 6.60 9.70  13.47 24.733 0.81 1.24 1.6 D
§15 6.04 6.60 9.70 13.47 20.452 0.67 1.02 1.2 D

Note: Negative checks are in bold.
Abbreviations: OS-RMS, one step-root mean square; RMS, root mean square.

and required volume, are however important parameters
to determine their applicability.

A different scenario appears when referring to the
checks in the HIVOSS guidelines, with only the deck
arrangement §12 (EVD = 1%) leading to a performance
class “critical.” This points out the higher permissibility
of this approach deriving from being based on a statistical
approach.

8 | CONCLUSIONS
The analysis of a structural prototype employing a novel
precast construction system for 26 human-induced vibra-
tion tests carried out on the ground and roof slabs allowed
to characterize the vibrational behavior of the floor slabs as
intermediate between resonant and impulsive with funda-
mental frequencies of the first mode around 8 Hz. The
equivalent viscous damping associated to the first modes
was estimated to be close to 1%; this relatively low value is
mostly due to the absence in the prototype of finishes, fur-
nishing and internal partitions.

The comparison of numerical results from frequency
analysis and experimental outcomes clearly showed that
the proper end conditions for the floor elements, despite

being simply supported on elastomeric pads or connected
with dowels to the bearing wall panels, are full clamps, due
to the small vibration amplitude of the slabs induced by
human walking.

The adopted modeling strategy was first checked against
the experimental results in terms of both frequencies and
mode shapes, and later employed to simulate the dynamic
tests. The standard strategy for the definition of the impact
load from heel-drop, calibrated with the properties of the
pedestrians, provided a sound time history simulation of
the vibration. For the simulation of walking loads activity,
three strategies for the application of the loading were
investigated: (I) discontinuous, with as many concentrated
forces as the pedestrian steps following the Baumann-
Bachmann approach; (II) continuous, applied at the
midspan, based on the summation of harmonics following
the Bachmann-Amman approach; (III) continuous, applied
at the midspan, with application of a load derived from the
acceleration signal recorded by smartphones positioned
nearby the walking person center of gravity. Both Strategies
(I) and (II) (where in Strategy (II), three harmonics were
considered, following standard recommendations) were
inefficient in catching the vibration history and its ampli-
tude, underestimating the latter by about one order of mag-
nitude. Strategy (IIT), instead, provided much better results,
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highlighting the benefits of the smartphone recording
(whose reliability was previously checked against recording
from professional accelerometers) of the input loading his-
tory. The main reason for this outcome is related to the fre-
quency content of the artificial load action for both
Strategies (I) and (IT), whereas the signal used in Strategy
(I1T) is natural and contains a richer spectrum of frequen-
cies. Strategy (II) provides a reliable response only when the
load step frequency is almost an exact submultiple of the
fundamental frequency of the deck; this might require the
use of more than three harmonics.

The results from parametric dynamic time-history
analyses on models employing the experimentally vali-
dated strategy highlighted that different mutual floor-to-
floor connections, including transverse repartition beams,
have only a marginal influence, apart from the case when
the transverse repartition beam is welded to the edge
cladding beams, which modifies the unidirectional deck
behavior into a bidirectional one; the span of floor ele-
ments and especially their stiffness have great influence;
reasonable variations of mass and damping variations
have moderate influence. The investigated conditions
were also checked with both ISO and HIVOSS proce-
dures, resulting mostly negative with the first determinis-
tic approach and mostly positive with the latter
probabilistic approach. Being the issue of annoyance
induced by perception of vibrations very subjective, the
authors are not able to state whether the ISO approach is
too severe or the HIVOSS too permissive for the investi-
gated cases (also considering the deterministic modeling
approach adopted), although the use of ISO appears more
conservative and on the safe side. The vibrational behav-
ior in service of the precast deck technology under inves-
tigation turns out to be a key issue for a correct structural
design, which could become critical. The outcome from
the simplified experimental program, interpretation of
the results, numerical modeling strategies, and paramet-
ric analysis allowed to frame the issue and is deemed to
provide a useful tool for similar cases to be investigated
in the future.
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