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In Brazil, the use of reinforced concrete waffle slab in multi-story | Tereza Denyse de Ara l'ljo*
buildings is widespread nowadays. These buildings are projected

for different purposes such as fitness centers, supermarkets, park- PEC - Programa de pés-graduacdo em enge-
ing garages, offices and residential units. Simple activities as walk- nharia civil: estruturas e construcdo civil.
ing, skipping and jumping can generate vibrations in these slabs. | Universidade Federal do Ceara (UFC). Cam-
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Vibrations can cause inconvenience in persons, questions about
structure’s safety, and collapse risk that it is determined by its
intensity of vibrations. The objective of this paper is evaluating

) . “Autor e-mail: denyse@ufc.br
the behavior of reinforced concrete waffle slabs due to the human

rhythmic activities. Slabs are modeled by finite elements method
using the SAP2000 program. The results are verified according to
Brazilian and international codes. The walffle slabs are submitted
to high-levels of acceleration and velocity generating discomfort in

users.
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1 INTRODUCTION

Over the years, the multi-story buildings have become more slender and lighter, consequently more
susceptible to vibrations (Middleton and Bownjohn, 2010). These vibrations are coming from differ-
ent sources such as wind action, actions induced by people, and earthquakes.

The slab is the structural element that receives the main load of the building, being in direct
contact with its occupants and so subjected to vibrations. One of most used slabs types currently in
Brazil is the walffle slab, and its use is widespread in Fortaleza city, capital of Cearda” state. The
most commonly used type is two-way with ribbed inclined, being usually found in airports, parking
garages, fitness center, commercial and industrial buildings, and residences. Its main advantages
(Bocchi Jr, 1995; Silva, 2002; Stramandinoli, 2003; Aratjo, 2005; Silva, 2005; Didgenes, 2006) are as
follows: reducing costs and construction time; allows large spans (up to 7.5 m); and reduces the
structure weight. In fact, flat slab can be an uneconomical option, because it requires high thick-
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nesses to overcome longer spans, because part of its strength is used to withstand tension stresses
due to its self- weight (Stramandinoli, 2003).

In nowadays, human activities such as walking, dancing, jumping, running and aerobic exercises
are regarded the most severe excitation source in slab floors (Smith et al., 2007). Moreover, it can
be said that people's behavior has been adapting to modern life being very common to use residen-
tial portable gym equipment like stationary bikes, mini elastic beds, among others. The dissemina-
tion of gym centers in shopping centers, in little commercial centers and even in residential build-
ings is spreading worldwide.

Therefore, there is a concern among researchers to evaluate the dynamic behavior of the waffle
slab under the human activity effects, because these actions are considered like static load in struc-
tural design.

The human actions study on slabs gained impetus in the 80s, when the first mathematical for-
mulations to model these actions emerged (Allen et al., 1985; Rainer and Pernica, 1986; Bachmann
and Ammann, 1987; Rainer et al., 1988). These formulations are based on Fourier series and assum-
ing that induced force by persons is periodic in time. Other formulations are proposed in the litera-
ture (Sachse et al., 2003) as for example the Hanning function (Faisca, 2003; Costa and Araijo,
2011).

These activities can be perceived by users, causing great discomfort in most of time. So, evaluat-
ing the human comfort has also been the study matter. These studies have shown that human ac-
tivities can cause intolerable levels of acceleration peaks (Junges, 2010), often extrapolating the
limits established by international codes (Almeida, 2008; Xuewei et al., 2008; Langer, 2009). Ac-
cording to Hechler et al. (2008), the perception of vibrations is an individual feeling that depends on
age and people health, frequency and vibration magnitude, among other.

The waffle slab behavior is intermediary between plate (concrete slab), grillage of beams
(ribbed), and shell behavior (diaphragm rigid and ribbed), which results in a difficult and complex
analysis.

The NBR 6118 (ABNT, 2003) is the Brazilian code that gives the necessary requirements for
design of simple, reinforced and prestressed concrete structures, except those which employ the
lightweight concrete, heavy concrete or other special concrete. This code allows two-way waffle
slabs are calculated statically like solid flat slabs (plate) with equivalent bending stiffness. However,
this simplification disregards the torsional stiffness of ribbed. In this case, the results do not corre-
spond to the real (Stramandinoli, 2003; Donin, 2007) and should be avoided.

In this way, the calculation of forces and displacements in these slab types can be done by gril-
lage analogy method (Balendra and Shanmugam, 1985) or by plate’s theory (Stramandinoli, 2003).
Some authors (Bocchi Jr, 1995; Dias, 2003; Silva, 2005) believe that to use of first method is more
advantageous than the second one, but these methods are established and both provide good re-
sults.

The finite element method (FEM) is now the most reliable analysis numerical tool to solve com-
plex problems. It can be used in the application of the two aforementioned methods, in order to
determine the natural frequencies and its respective mode shapes (Pavic et al., 2001; Reynolds and
Pavic, 2003) as well as the displacement history in time due to loading (Howard and Hansen, 2003;
Mello et al., 2008).
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The aim of this job is to evaluate the reinforced concrete waffle slab behavior due to the rhyth-
mic human actions. In this case, three slabs are modeled by finite element method, based on a real
project of a gym slab located in a multi-story building built in Fortaleza-Ce. Three-dimensional
analyses are performed using the computer program SAP 2000-v. 14 (CSI, 2008), in order to get the
natural frequencies and mode shapes, as well as the displacements, velocities and accelerations when
of dynamic loading application that simulates human rhythmic action. The natural frequencies and
displacements are compared to requirements provided by NBR 6118 (ABNT, 2003), while the accel-
eration and velocity peaks are checked against the international codes for human comfort.

2 STRUCTURAL AND COMPUTATIONAL MODEL

The structural system of waffle slab consists of concrete slab, ribbed inclined, and board beams,
which is analyzed in three different models of slab: model A, model B and model C (Figure 1). The-
se models are different in the ratio of longer span (z-direction) to shorter span (y-direction) varying
from 1 (model A) to 2 (model C). The model A corresponds to the real slab for the gym center,
while the models B and C have the slab ratio of span that can be found in city buildings.

Model A Model B Model C

647 cm 647 cm 459 cm

\ [ ] 1 L]

y ENEEEEEE ( —— 904cm ——
T—>X 709 cm 904 cm

Figure 1 Waffle slab models (dimensions in cm).

The three slab models have the following geometric characteristics (Figure 2): concrete slab
thickness is 4 cm; thickness of ribbed is 7 cm at the bottom and 13 cm on the top; distance between
ribs is 48 cm at the top and 54 cm on the bottom. The ribbed are bidirectional and inclined. The
board beams have 14 cm of width and 50 cm of height (real dimensions), and are considered simply
supported.
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13 cm 48 cm 13 cm

4 cm

21cm

7 cm 54 cm 7 cm

Figure 2 Ribbed slab geometric characteristics.

The real slab is constructed in reinforced concrete, whose mechanical properties are: characteris-
tic compressive strength (fe;) with 28 days curing is 35 MPa; Poisson coefficient (u) is 0.2; and
damping coefficient is 3% for all mode shapes, as recommended by NBR 6118 (ABNT, 2003). From
this code is used the secant modulus of elasticity (FE.s), for the analysis, that is given by following
equation:

B, = 47604[f, (1)

The finite element mesh for each waffle slab and its respective board beam is done using three-
dimensional solid element (Figure 3), whose number of elements of each model is shown in Table 1.
This finite element was chosen to be faithful to real structure and get the natural eccentricity be-
tween the structural elements (concrete slab, ribbed, and board beams). The board beams are re-
stricted in the support points to three translations (each of 1, y-, » Cartesian axes). The analysis is
realized considering the elastic-linear behavior of concrete. The model A, model B, and model C
have the following masses: 17,515 kg, 21,896 kg, and 16,552 kg, respectively.

Top view Bottom view

Figure 3  Finite element mesh of waffle slab (Model A).
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Table 1 Number of elements for the slab models.

Slab Number of elements
Model A 83,344
Model B 103,776
Model C 77,304

3 DYNAMIC LOADING

The design loads are classified in permanent (dead) loads and accidental loads. The permanent
(dead) load is applied statically throughout design life of structure including the own weight of slab,
beams and floor finish. The apparent specific for reinforced concrete weight value is 25 kN/m?2 and
for finish floor specific weight is 1 kN/m? (NBR 6120:1980). This last one load is applied only on
slab surface.

The accidental load comprises loads which are not always acting but may exist at various times
during the normal use of structure. These loads are resulting of occupation of a building and traffic
on bridges (imposed loads), and wind loads (environmental loads), among others. The NBR 6120
(ABNT, 1980) recommends that this load type must be applied statically.

Aerobic activities are considered in this code like accidental load, however, in this work, they are
applied like a dynamic load on the waffle slab. This load is represented by periodic mathematical
functions decomposed in Fourier series. The function here used was suggested by Bachmann et al.
(1995), that it is given by following expression:

n

P(f)zwp—i—z wp-ai-sin(2~7r-i-fp~t—¢i) (2)
i=1

where P(t) is the dynamic loading function in time (N); w) is the weight of the person considered as
800 N; a; is the Fourier coefficient of the i-th harmonic or dynamic load factor; f, is the activity
rate (Hz); 4 is the number of i-th harmonic; n is total number of contributing harmonics; ¢ is time
(s); and ¢; is the phase lag of the i-th harmonic relative to the 1% harmonic.

Bachmann et al. (1995) suggest values for density of participants during activity (design densi-
ty), for dynamic load factors (a) and phase lag (¢). These values are based in experimental re-
searches and are shown in Table 2.
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Table 2 Normalized dynamic forces assigned to the representative types of activity (Bachmann et al., 1995).

Representa- Activity rate (Hz) Fourier coefficient and phase lag Design density
: 2
tive ty?e of . s bs @y by (persons/m?)
activity
vertical 2.0 0.4 0.1 /2 0.1 =/2
2.4 0.5
Walking forward 2.0 0.2 0.1 ~1
/9—U. 1
lateral 2.0 %1/2=0
Q’I//g:O. 1 (Xg/gio. 1
2.0 to
Runni 1.6 0.7 0.2 -
unning 9.0
2.0 1.8 1.3 * 0.7 *
normal 3.0 17 11 *j 0.5 *ﬁ In fitness training ~ 0.25
Jumping 2'0 1'9 1'5 %) 1‘1 %) (in extreme cases up to 0.5)
high ’ ' ’ ' *) o = Ps=n(1-f,t
& 3.0 1.8 1.3 )08 %) ) @2 = by=n(l-fyty)
2.0t 4 (i T t
Dancing 3.00 0.5 0.15 0.1 4 (in e reng)e cases o
Hand clappi 1.6 0.17 0.10 0.0
an' P 4 No fized seating ~ 4
with body . ~
i (in extreme cases up to ~ 6)
bouncing 2.4 0.38 0.12 0.02 o .
. ) with fized seating ~2 to 3
while standing
1.6 0.024 0.010 0.009
normal 2. 0.047 0.02 0.01
Hand clapping ’ ’ ’ 7] “2to 3
inten- 0.03
men 2.0 0.170 0.047
sive 7
Lateral body seated 0.6 ay/0=0.4 - - ~3 to 4
0
swaying standing 0.6 ay/=0.5 - -

The frequency of excitation applied on slab models is 3 Hz and design density varies between
0.25 persons/m? and 0.5 persons/m2. In this way, three slab models are submitted to four load
models (Table 3): Loading 1 and Loading 2 are to normal activity rate and Loading 3 and Loading
4 to high activity rate (Figure 4).

Table 3 Parameter values from Eq. (2) for each dynamic load model.

Loading Fourier coefficient Phase lag Frequency  Design density
a; as as [ 2] s (Hz) (persons/m?)

1 1.7 1.1 0.5 0 1.25664 1.25664 3 0.25

2 1.7 1.1 0.5 0 1.25664 1.25664 3 0.50

3 1.8 1.5 0.8 0 1.25664 1.25664 3 0.25

4 1.8 1.5 0.8 0 1.25664 1.25664 3 0.50

These dynamic loads are applied as a distributed load in full of slab area (Figure 5), considering
that participants of activity have total synchronization between each other. In other words, the
synchronization is perfect that meaning the slabs are submitted to bigger efforts.
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Figure 4 Dynamic functions for each load model.

Figure 5 Distributed loading on the slab.

4 RESULTS AND DISCUSSION

Two types of dynamic analyses are performed: free vibration analysis for obtaining natural frequen-
cies and mode shapes; and forced vibration analysis where the three models of ribbed slabs are sub-
ject to the four load models to obtain displacements in time, as well as peaks of acceleration and

speed (human comfort).
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4.1 Analysis of natural frequencies

The natural frequencies and its respective mode shapes are obtained through a free undamped vi-
bration analysis of three slab models. The natural frequencies of each model are shown in Table 4.
The mode shapes are coincident in all slab models which are presented in Figure 6 for model B.

Mode Shapes Perspective view Side view

Mode 1
(for = 7.679 Hz)

Mode 2
(for = 11.972 Hz)

Mode 3
(fo3 = 16.025 Hz)

Mode 4
(fos = 18.958 Hz)

Figure 6 First four natural frequencies and its mode shapes for Model B.
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Table 4 Natural frequencies of the slab models.

Slab Natural frequencies (Hz)
Jor foe fos Jos fos Joo for Jos Jog fio

Model A 10.328 17.516 18.997  22.951 30.449 36.842 37.015  40.562  40.970  42.839
Model B 7.679 11.972 16.025 18.958 24.771 28.269 29.965 32.266 32.656  39.740
Model C 9.443 13.244 21.597  29.324 34.916 36.205 37.344 37.687  43.403 56.901

In accordance with Figure 6, it is noticed that the first natural frequency is associated with first
flexural mode; the second one corresponds to first torsional mode; the third one is related to the
second bending mode; and fourth natural frequency refers to the second mode of torsion. Therefore,
the lowest slab frequency is associated with the first mode shape in bending.

Among three models, the model A is more rigid, because its fundamental frequency is higher.
When the ratio of spans increases of Model A to model B, the mass raises and the fundamental
frequency is reduced. This is due to the length in z-axis direction is larger in model B (Figure 1).
When the ratio of spans increases of model B for model C, the total mass is reduced and the fun-
damental frequency is increased. That can be explained because the length in direction y-axis of
model C (Figure 1) is shorter, which increases the slab stiffness. Comparing model A with model C
it is observed that model C is less rigid.

The NBR 6118 (ABNT, 2003) establishes values for critical frequencies allowed (Table 5). For
slab of fitness center, the critical frequency value refers to gymnasium that is 8 Hz. This code still
states that the fundamental frequency of the structure, with certain activity, may not be less than
20% the critical frequency (fi > 1.2-fyit). In other words, the fundamental frequency of gym floor
(aerobic activities) must be greater than 9.6 Hz to ensure performance stability in Excessive Vibra-
tion Limit State (SLS-EV).

Table 5 Critical frequencies for some special cases of structures (NBR 6118:2003).

Cases Jeritical (Hz)
Gymnasium 8.0
Dance room or concrete without fized seats 7.0
Offices 3.0 a 4.0
Concrete rooms with fized seats 3.4
Pedestrian walkways or cyclists 1.6 a 4.5

The fundamental frequencies of models B and C are 7.679 Hz and 9.443 Hz, respectively. These
frequencies are below the critical frequency increased in 20% (9.6 Hz), while the model B still has
its fundamental frequency below the critical frequency (8 Hz). The model A does not exceed these
values (10.328 Hz).

4.2 Displacement analysis

The NBR 6118 (ABNT, 2003) determines limit values of displacements in order to avoid excessive
deformation of structure. One of basic groups defined by this code is the acceptability sensorial that
is characterized by unpleasant visual effect and undesirable vibrations. For unpleasant visual effect,
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the maximum vertical displacement is 1./250, where L is the shorter length of slab; and for undesir-
able vibrations, the value limit is L/350. The first value is related to total displacement of structure
and the second one is associated displacements from the accidental load only.

In this work, the maximum displacements of three models are compared with limit displacement
value for unpleasant visual effect (2.588 cm for models A and B and 1.836 cm for model C). The
maximum vertical displacements occur in the center of each slab model for each analysis (Table 6).

Table 6 Maximum displacements in slab center for each loading (cm).

Loading Model A Model B Model C
1 0.658 1.153 0.716
2 0.817 1.442 0.916
3 0.683 1.189 0.768
4 0.867 1.515 1.019

It is observed that none of maximum displacements allowed is exceeded. The Loading 4 gener-
ates the bigger displacements in the three models. This loading has high intensity and design densi-
ty is in extreme situation (0.50 persons/m?), i.e. the unfavorable loading situation. Among all slabs
analyzed, the model B presents the greatest displacements. This was expected since it has the larg-
est spans (more flexible).

4.3 Human comfort analysis

The human body is sensitive to structures movements that oscillate in determined frequencies. The-
se vibrations have different magnitudes that can cause different sensations which can vary of light
discomfort to changes in health. The vibration levels that cause nuisance to humans are limited by
technical codes.

According to the international code ISO 2631-1:1989, the humans may discriminate six different
kinds of vibrations (three translational directions and three rotational directions — roll, pitch, yaw)
that are given by the basicentric axis. This basicentric axis is oriented considering the body position
with respect to gravity (Figure 7): sitting, standing, or recumbent.

~ Jp—
— .~
\' . /—m __'>- L
YA \
I y
VIIILI I GTIII V) o7
Seated position Standing position Recumbent position

Figure 7 Basicentric axis of human body (ISO 2631-1:1989).
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The body sensitivity to vibrations along zaxis is different to vibrations along z- or 4 axes. Indi-
viduals in standing position and vibration in the direction zaxis present greater sensitivity to accel-
eration in the frequency range of 4 to 8 Hz, which corresponds to the body resonance. In the z- and
1~ axes directions, the natural frequency range is 1 to 2 Hz. In the seating position, the fundamental
frequency range is 4 to 6 Hz, for zaxis direction, and 1 to 3 Hz, for the 2 and 3 axes. The zaxis
vibration is more important in the offices design and other workplaces, while all three axes are im-
portant in the design of residences and hotels where sleeping comfort should be considered (Naeim,
1991).

Building floors are exposed to excessive vibrations due dynamic forces induced by human activi-
ties that can cause annoyance and discomfort to the users (Saidi et al., 2007). The human discom-
fort is a concern and it must be avoided. The human comfort analysis can be made from accelera-
tions and speeds generated by excitation in the structure considered. These accelerations and speeds
are limited to maximum levels that guarantee comfort.

Bachmann et al. (1995) suggest limit values of accelerations and speeds that are shown in Table
7. According to those authors, these limit values are resulting of a data combination of many au-
thors and there are a dispersion by a factor until two about values indicated. The human perception
to vibrations is divided in four levels that ranging of just perceptible to intolerable. Thus, for an
ideal comfort level, the peak acceleration shall be less than 3.4 cm/ s%, for frequencies ranging of 1 to
10 Hz. If natural frequencies are above 10 Hz, the comfort level is evaluated by speed peaks being,
in this case, imperceptible to values below 0.05 cm/s.

Table 7 Human perception thresholds for vertical harmonic vibrations for standing position (Bachmann et al., 1995).

Perception Frequency range 1 to 10 Hz Frequency range 10 to 100 Hz
Peak acceleration (cm/s?) Peak velocity (em/s)
Just perceptible 3.4 0.05
Clearly perceptible 10.0 0.13
Disturbing / unpleasant 59.0 0.68
Intolerable 180.0 1.58

Other criteria are available in the literature for assessing human comfort, such as those proposed
by DIN 4150-2:1999, by ISO 2631-1:1989, by Murray et al. (2003) and Goldman scale (1948 apud
Goldman and Gierke, 1976). The Goldman scale (Figure 8) correlates acceleration peaks, as a func-
tion of gravity acceleration, with vibration frequencies and three levels of sensitivity (perception,
unpleasant and intolerable) are possible in a frequency range of 1 to 50 cps.
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Figure 8 Human perception to vibration proposed by Goldman (1948 apud Goldman and Gierke, 1976).

In order to know the frequency range that slab models vibrate, it is necessary to do a spectral
analysis of excitation loads (spectra obtained of SAP2000). The acceleration response spectrum of
model C (Figure 9) for Loading 1 shows that the highest acceleration peak occurs in fundamental
frequency 9.443 Hz (Table 4). However, there are still minor magnitude peaks whose frequency is
lower than the fundamental (fp;). These acceleration peaks is related to excitation frequency and its
harmonics. This behavior is the same for models A and B, which they are not shown here (Costa,
2012). In other words, the response frequencies of these models are 10.328 Hz and 7.679 Hz, respec-
tively.

5,00E+03 7
4,50E+03 +
4,00E+03
3,50E+03
3,00E+03
2,50E+03
2,00E+03
1,50E+03 -
1,00E+03 -

Acceleration (cm/s?)

5,00E+02

0 4 8 12 16 20 24 28 32 36 40 44 48 52 S6 60 64 68 72 76 80 84 88 92 96 100104108
Frequency (Hz)

Figure 9  Acceleration response spectrum for Loading 1 of the Model C.

In the ribbed slabs here studied the maximum speeds and accelerations occur in the slab center
for each one of excitation loads. Thus the graphics of speeds and acceleration versus time are shown
in Figure 10 and Figure 11, respectively, for model A. The accelerations of models B and C are
shown in Figure 12 and Figure 13, respectively. Notice that the highest acceleration and velocity
peaks in three models occur for the Loading 4, because this loading represents the largest people
concentration practicing aerobic activity (0.5 persons/m?).
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Figure 10 Velocity versus time of the Model A for each loading.
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Figure 11  Acceleration versus time of the Model A for each loading.
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Figure 12 Acceleration versus time of the Model B for each loading.
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Figure 13  Acceleration versus time to the Model C for each loading.

About human comfort analysis, the fundamental frequency for model A is above 10 Hz. This
model is evaluated by the speed peaks while models B and C are evaluated by the acceleration
peaks. It is verified that speed peaks of model A are above 1.38 cm/s (Table 7) for all loadings,
indicating an intolerable perception. The accelerations of models B (Figure 12) and C (Figure 13)
are above 180 cm/s® (Table 7), i.c. they are considered intolerable perception to all loads. Therefore,
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the four excitation loadings can generate discomfort to users. The same behavior happens when the
slab models is analyzed using Goldman's scale (Figure 8).

The results of user perception to vibration are shown in Table 8. It can be observed that all
models have high values of speed and acceleration in all excitation loads, i.e., these loadings cause
discomfort for the users.

Table 8 Results of user perception to vibration.

Loading Sensitivity according to table Sensitivity according to scale Goldman (1948
Bachmann et al. (1995) apud GOLDMAN, Gierke, 1976)
Model A Model B Model C Model A Model B Model C
1 Intolerable Intolerable Intolerable Intolerable Intolerable Intolerable
2 Intolerable Intolerable Intolerable Intolerable Intolerable Intolerable
& Intolerable Intolerable Intolerable Intolerable Intolerable Intolerable
4 Intolerable Intolerable Intolerable Intolerable Intolerable Intolerable

According to ISO 2631-1:1989, it should be noted that human sensitivity varies with frequency
in each direction of orthogonal Cartesian axes. It has been said already, individuals in standing
position and vibration in zaxis direction present greater sensitivity in frequency range of 4 to 8 Hz,
which corresponds to body resonance. The model A has its fundamental frequency above that value.
So, the discomfort feeling may not be so high to slab users (Table 8).

The vibration perception is different from person to person. Other factors in addition to the in-
dividual's position (standing, seated, and lay down) can influence this perception (Junges, 2010),
such as: performed activity, age, humor, sex, damping, among others. However, the perception in-
tensity depends only of displacements, acceleration and speed magnitudes, exposure time, and the
vibration frequency (Bachmann et al., 1995).

The models B and C are subjected to acceleration peak values considered intolerable. Both mod-
els have the fundamental frequency (7.679 Hz and 9.443 Hz respectively) above of specified value in
ISO 2631-1:1989 to maximum sensibility of person in standing position and vibration in the z-axis
direction (4 to 8 Hz).

However, for Model C it is possible that uncomfortable sensation will be minimized. The third-
harmonic frequency value of loading models (9 Hz) is closer to fundamental frequency value of this
model and it presents less energy. L.e. this third-harmonic can be able to provide the resonance con-
dition. In addition, it is important to recall that critical frequency (8 Hz) of model C satisfies the
requirements of NBR 6118 (ABNT, 2003), but it does not satisfy the SLS-EV (9.6 Hz).

For model B there is no match with the harmonic frequencies of any loading, i.e. none of load
models takes resonance of slab. In this way, it is possible the slab’s users will feel an unpleasant
sensation if the ribbed slab is excited by any force similar to Loading 1, 2, 3 and 4 (Figure 4). How-
ever, this model B does not satisfy the requirements of NBR 6118 (ABNT, 2003) in relation the
critical frequency and SLS-EV.
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5 CONCLUSIONS

The objective of this work is to evaluate the dynamic behavior of reinforced concrete waffle slabs
due to the rhythmic human actions. Three slab models are analyzed by finite element method, us-
ing the commercial program SAP 2000-v. 14 (CSI, 2008). The slab models are based on a real pro-
ject of a ribbed slab for a fitness center that it was designed considering the human actions like a
static load.

In relation frequency analysis, the first-mode shapes of the three slabs are equals and the funda-
mental frequency of each of them is associated with the bending vibration mode (Mode 1). It is
verified, therefore, that raising ratio of longer span (z-direction) to shorter span does not modify the
first modal forms of ribbed slab. This ratio only interferes on natural frequency values. So, it is
important to take care in relation to slab fundamental frequency. This frequency do must not ap-
proach to the excitation frequencies to avoid a resonant state.

The forced vibration analysis shows that maximum displacement in all slab center are inferior to
values allowed by NBR 6118 (ABNT, 2003), even for flexible slab (model B). Despite of this, the
slab models are subjected to acceleration and speed peaks that exceed tolerable thresholds for the
criteria adopted, generating discomfort on users. However, in all three models the discomfort can be
minimized, because their fundamental frequencies are far from maximum frequency of human body
sensitivity to standing position in zaxis direction.

On the other hand the dimensioning using only the static analysis of the real ribbed slab is not
sufficient to ensure the user comfort. This indicates that a dynamic analysis is necessary to know
the maximum accelerations of the waffle slab to minimize the human discomfort. It is important
for further research compare the results of displacement and strength to both analyses, i.e., static
and dynamic analysis. The first one load will be applied according to NBR 6120 (ABNT, 1980).
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