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Abstract:

The use of lightweight prefabricated floor panels has grown considerably over the last two decades. Previous studies have shown a detrimental
vibrational response of these floors under human walking conditions, resulting in user complaints. The present study evaluates the vibration
performance of a newly developed construction system in Chile, composed of deck-type insulating floor panels installed in dwellings constructed
with ferro-cement prefabricated construction panels. The vibrations induced by walking steps were measured in 36 dwellings of three different
models. Individual synchronized walks were performed at different step frequencies with individuals of different weights. For the evaluation, the
serviceability criteria and vibration performance indicators proposed in the ISO 10137 standard were used. The results show that the floor panels
have an impulsive vibration response with average vertical natural frequencies of 26.14 Hz and damping ratios of 4.3%. In the dwellings with a
lower damping ratio, the performance indicators presented unfavorable values when the heaviest individuals walked at the greatest step
frequency. If the serviceability criteria are implemented, it is predicted that 97.22% of the floor panels will not generate significant user discomfort,
validating the construction system.
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Resumen:

In the construction industry, the use of lightweight, easily mounted prefabricated floor systems has grown
considerably over the last two decades. The need to minimize construction times, along with the technological
advances associated with this industry, have prompted the emergence of a series of industrialized, prefabricated
modular construction solutions (Bernstein, Gudgel, & Laquidara-Carr, 2011) . These systems must guarantee adequate
performance in the areas of security and structural serviceability, fire resistance, energy efficiency and acoustic
insulation, which can be difficult to evaluate.
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The present study evaluates the vibration performance induced by humans walking on state-of-the-art lightweight
deck-type insulating floor systems developed by NOVA Chemicals® and SYNTHEON®. These panels were installed in
single-family dwellings constructed with ferro-cement prefabricated walls, generating a completely new combination
of materials in Chile that favors rapid construction and energy efficiency. However, the vibration performance of these
panels in the previously mentioned construction context is unknown, thus justifying their study.

To achieve the goals outlined in this study, an experimental design was executed, in which human walking-induced
vibrations were measured in 36 dwellings of three different models with installed insulating floor panels. In each
dwelling, individual synchronized walks were performed at different step frequencies, with individuals of different
weights. The serviceability criteria and vibration performance indicators proposed in the ISO 10137 standard were
used because of their acceptance worldwide (Setareh, 2012) .

Floor systems are the only structural components of a building that are in continuous physical contact with the users,
whether it is in the context of residential, commercial or industrial use (Hu, Chui, & Onysko, 2001). Previous studies
have shown that when these floors are lightweight and are used in projects with free architectural plans, they can be
susceptible to excessive vertical vibration problems that are basically induced by humans walking on the floors
(Hanagan, Raebel, & Trethewey, 2003). When the level of the generated vibrations exceeds the perception threshold
of humans, it is highly likely that claims and adverse comments will be made by the users. This issue, which is
becoming more recurrent in diverse construction contexts, has generated a sustained increase in research associated
with the dynamic serviceability of floor systems (Middleton & Brownjohn, 2010) and other structural elements (Moran
Proafio & Alvarez Rodriguez, 2012). Therefore, it is necessary to evaluate the dynamic serviceability on-site each time
that a newly developed floor system is built. In this way, its vibration performance can be predicted in a series of
respective walk scenarios, thus avoiding eventual future claims by the users.

One of the first studies on the human response to dynamic loads in floor systems was performed by Reiher and
Meister (1931) . These researchers introduced a categorization scale of human vibration perceptions that ranges from
“imperceptible” to “very annoying”. Lenzen (1966) proposed the Reiher-Meister modified scale for vibrations induced
by the impacts of walks, modeling the vibrations in floors as transient phenomena. A decade later, Wiss and Parmelee
(1974) proposed an acceptability scale based on the initial amplitude, frequency and damping ratio of the vibration
induced by walks. Allen and Rainer (1976) developed criteria to avoid annoying vibrations in floor systems composed
of concrete slabs and metallic beams of large spans in the context of residential and office buildings.

In the 1980s, on-site evaluations of the vibration performance of lightweight floors due to humans walking on them
started to be performed. Onysko (1988) conducted a field study in wood floors of dwellings that were designed
according to the traditional deflection control criteria. In most cases, the users were not satisfied with the vibration
performances of their floors, and thus, the need for generating new design criteria considering serviceability was
detected. Accordingly, the International Organization for Standardization (ISO) published standards in the context of
vibration serviceability, especially versions ISO 2631-1 (International Organization for Standardization, 1997), I1SO
2631-2 (International Organization for Standardization, 2003) and ISO 10137 (International Organization for
Standardization, 2007). These standards include requirements for the evaluation of the human exposure to vibrations
and contain the basis for the serviceable design of buildings and pedestrian walkways subjected to vibrations; these
standards are being adopted by diverse countries (Setareh, 2010).

In the last six years, the field studies conducted by Parnell, Davis & Xu (2010) and Xiong, Kang & Lu (2011) stand out. In
the first study, the vibration performance of different construction typologies of lightweight floors with cold-formed
metallic beams was evaluated. The floor systems were outfitted with accelerometers, and impact tests and walks
were performed on 43 laboratory prototypes and dwellings. The vibration performance of the floor systems was
evaluated according to the serviceability criteria proposed by the I1SO 2631-2 standard (International Organization for
Standardization, 1989). The second study evaluated the vibration performance of 13 wood floors in Chinese
educational institutions. The environmental vibrations, impact tests and walks of both individuals and groups were
measured. All of the instrumented floor systems were evaluated according to the dynamic serviceability criteria
required by the current Chinese standards.
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As a result of the contribution of research studies conducted in these fields, diverse design guides have emerged for
the control of vibrations in floor structures (Murray, Allen & Ungar, 2003; Willford & Young, 2006; Feldmann,
Heinemeyer & Volling, 2007; Smith, Hicks, & Devine, 2007). However, these publications focused on traditional floor
systems of concrete and steel and did not recommend their direct application in floor systems built with
unconventional lightweight materials (Abeysinghe, Thambiratnam & Perera, 2013).

Construction characterization of the floor systems evaluated.

The Deck-type Insulating Floor Panels (DIFP) are formwork systems for reinforced concrete floors made from
expanded polystyrene plastic foams of high density (20 kg/m3). These panels have a modular configuration with
thicknesses between 15 and 29 cm and are 60 cm wide in the lower part. In the inner part, each module contains two
galvanized steel channels “C”, separated by a distance of 30 cm, with holes for the passage of the installations. The
particular shape of the modules and the configuration that they generate when they are laterally interconnected
provide the space to form claddings and joists of reinforced concrete that increase the resistance of the system. For
the purposes of this investigation, the deck-type insulating floor panel system and its respective reinforced concrete
claddings and joists are abbreviated as DIFP-RC. Figure 1 shows construction details of the aforementioned floor
system.

In this study, 36 dwellings of three different models were evaluated that were in the construction termination phase
but did not have their floor coverings installed. The slabs were instrumented with two accelerometers that were
placed in the zones of maximum vibration amplitude. The signals were recorded with a sampling frequency of 1000
Hz. Table 1 shows the geometric characteristics of the most unfavorable slabs evaluated in each dwelling model.

Figure 1. Construction process of the DIFP-RC system: a) Individual prefabricated modules, b) Preliminary installation on walls, c) Transverse view of the system. Source:
Self-Elaboration.
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Table 1. Geometric characteristics of the evaluated slabs. Source: Self-Elaboration.

House Support span (m) Slab thickness
model Long dir. Short dir. (m)

M, 4.98 3.33 0.20

M, 4.83 3.52 0.20

M; 5.03 3.10 0.20
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Figure 2 shows one of the evaluated dwelling models with the respective accelerometer locations.

Figure 2. Plan view of the #2 dwelling model (M,). Source: Self-Elaboration.
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4.2 Methodology for the on-site evaluation of the slabs’ vibration performance.

The short time available to perform the measurements, along with the need to minimize the impact on the
construction in the termination phase, require an evaluation method that is fast, minimally invasive and technically
efficient. The present work proposes an evaluation methodology of the vibration performance in three phases that
satisfies the previously noted demands. For its elaboration, the recommendations proposed by the Steel Concrete
Institute (Smith et al., 2009) and the I1SO 10137 standard were taken into account.

Phase 1: Determination of the dynamic properties of the floor systems

To classify the type of vibration response of the slab, it is imperative to know the vertical vibration fundamental
frequency. When a more complete dynamic characterization is needed, it is recommended to also estimate the
damping ratio associated with the vibration frequency. There are diverse techniques to determine these properties,
ranging from advanced procedures of experimental modal analysis to more approximate techniques. Within the latter
category, the heel-drop method is highlighted (Blakeborough & Williams, 2003) because in addition to its simplicity to
be implemented on-site, it obtains results that are comparable to more advanced tests (Sedlacek et al., 2006).

The heel-drop test is conducted by having an individual who is standing in a strategic position on the slab raise their
heels approximately 50 mm and then drop them, generating an impact with their own weight on the slab. In all of the
heel-drop tests performed, the same individual, with a body mass of 86 kg, was used to minimize the variability of the
test. To obtain the fundamental vertical vibration frequency “fn” of the slab, the Fast Fourier Transform (FFT) was
applied to the signal recorded during the heel-drop test. The vibration frequency generally corresponds to the
frequency that generates the peak value of the FFT amplitude of the signal (Brandt, 2011). The half-power bandwidth
method was applied to calculate the damping ratio “@" associated with the vertical vibration fundamental frequency.
This method operates in the frequency domain and is adequate to determine the modal damping ratios for each
vibration’s natural frequency when the system is excited by an impulsive load (Parnell, 2008).

Phase 2: Determination of the step frequencies and body masses of the representative walkers.

When walking or running, humans induce vertical, transverse and longitudinal dynamic loads, which are generated as
a result of the displacement of their center of mass. The step frequency and the body mass of the walker are variables
that characterize the dynamic loads generated (Racic, Pavic, & Brownjohn, 2009). The step frequency “fp”, defined as
the number of steps per second in a walk, was measured in a group of 316 individuals in the city of Concepcion, Chile.
The step frequencies obtained were fitted to a normal distribution, with representative values in the range of 1.4 Hz
to 2.2 Hz. The mean and standard deviation found were 1.80 Hz and 0.19 Hz, respectively.
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In this way, five levels of step frequency were used to perform synchronized walks on the floor systems: 1.4 Hz, 1.6 Hz,
1.8 Hz, 2.0 Hz and 2.2 Hz. The separation between each level corresponds to approximately one standard deviation.
According to the described methodology, at least two individuals with different body mass have to be selected to
perform the synchronized walks. To define two extreme values of mass, the statistical records presented in the
National Health Survey, 2009-2010 (Ministerio de Salud, 2010), were used. This report indicated that the average body
mass of the population of Chile is 72.2 kg, with a standard deviation of 14.2 kg, corresponding to a normal distribution.
Thus, subjects of 58 kg and 86 kg were selected to perform the walks, representing extreme weights that differ from
the average values by one standard deviation.

Phase 3: Criteria of dynamic serviceability against human-induced vibrations

First, it is necessary to measure the vertical acceleration signal induced by one or more walks during a certain period
of time. Because the acceptable vibration levels depend on the frequency of the movement, the acceleration recorded
has to be weighted and filtered according to the parameters defined in the ISO 2631-1 standard (International
Organization for Standardization, 1997). Subsequently, an adequate performance indicator is obtained. Within the
indicators proposed by ISO 10137, the running root-mean-square (RMS) is significant, and it is defined by the
expression shown in Equation 1:

aw,rms(t0)= 2fr [aw(t)]zdt (1)

Tt T

Where t: is the time (integration variable), t: is the integration time for the running average, t,: is the observation
time (instantaneous time), and a,, (t): is the instantaneous frequency-weighted acceleration.

The evaluation method with running RMS takes into account the spontaneous peaks in the transient vibration,
depending on the integration time 1 that is used. The t value recommended by the ISO 10137 standard is one second.

Because in a vibration signal of several seconds duration there will be diverse values of running RMS acceleration, it is
necessary to choose a single vibration performance indicator that represents the entire recorded signal. In the ISO
2631-1 standard, it is recommended to use the maximum transient vibration value (MTVV) as a performance
indicator, as defined by Equation 2. Figure 3 shows an MTVV calculation example for one of the recorded
accelerograms.

MTVV = max|aw,rms (to)l )

Figure 3. Graphical scheme of the MTVV determination. Source: Self-Elaboration.
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Once the MTVV indicator has been calculated for each accelerogram, the category of vibration performance to which
each vibration belongs is verified. The I1ISO 10137 standard proposes to use a base curve of human perception to
continuous and intermittent vibrations. The base curves depend on the vibration natural frequency of the structural
system and on the orientation of the vibration relative to the human body axes. In this way, different thresholds of
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perception associated with different human occupation environments are defined through multiplication R factors of
the base curve. Table 2 shows the typical values of R recommended by the ISO 10137 standard for continuous or
intermittent vibrations. Figure 4 shows the shape of the perception base curve, with its respective R factors associated
with the different physical environments and times.

Table 2. Multiplication R factors of the base curve defined in the I1SO 10137 standard. Source: Self-Elaboration.

Environment or place Time R factor

Critical areas Day 1
Night 1

Residential Day 2to 4

Night 1.4

Offices Day 2to 4

Night 2to4
Workshops Day 8
Night 8

The 1SO 10137 notes that if at a specific physical environment and time, the MTVV acceleration performance
indicators do not exceed the level of the corresponding perception threshold curves, then, a low probability of
adverse comments by the users is expected. In contrast, if the MTVV values are four times the level of the threshold
perception curves, it is likely that the adverse comments will increase significantly, categorizing the performance of
the floor system as insufficient.

Figure 4. Curves of the human perception threshold of vertical accelerations for different values of R, according to the ISO 10137 standard. Source: Self-Elaboration.
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Development of scenarios for the vibration performance evaluation.

To evaluate the vibration performance of the DIFP-RC system under conditions of human walking, it was proposed to
perform different combinations of the variables that most significantly influence the MTVV performance indicators.
The coupled variables were the walker step frequency “fp”, body mass “mc” and the fundamental vertical vibration
frequency “fn” of the slabs. Each one of these variables was manipulated at the following levels: fp [1.4 Hz, 1.6 Hz, 1.8
Hz, 2.0 Hz, and 2.2 Hz], mc [58 kg and 86 kg] and fn [24 Hz, 26 Hz, and 28 Hz]. To synchronize the different step
frequency levels of the individuals, a portable metronome was used. The levels assigned to the fundamental vibration
frequency of the slabs were obtained from preliminary measurements in the three studied dwelling models (M1, M2
and M3).

In this way, a total of 30 combinations of variables were generated, in which a generic combination corresponds to an

individual of a determined body mass, walking at a synchronized step frequency, in a specific dwelling model. Each
one of these combinations of variables was repeated 12 times to establish an adequate sampling size.
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Dynamic properties of the floor systems.

The fundamental natural frequencies presented average values of 24.37 Hz, 25.94 Hz and 27.83 Hz, for the dwelling
models M1, M2 and M3, respectively. The dwelling model M3 presented the greatest dispersion in its natural
frequency results, with a standard deviation of 1.76 Hz. Regarding the measured damping ratios, the averages were
3.83%, 3.41% and 5.80% for the models M1, M2 and M3, respectively. The dwelling model M3 presented the greatest
dispersion in its damping ratio results, with a standard deviation of 1.73%.

The I1SO 10137 standard classifies the types of vibration responses of the floor systems into two categories, depending
on the fundamental vibration frequency fn. If the floors have values of fn that are lower than the range between 8 and
10 Hz, they are classified as low frequency, resonant floors. In contrast, if fn is greater than the indicated range, the
floor is classified as high frequency and impulsive. From the values found, it can be deduced that the vibration
response of the DIFP-RC systems is of impulsive-type and of high frequency. This is in agreement with the results
shown in Figure 3 because one of the characteristics of these floors is that the vibration amplitude decreases between
each step of the walks, without generating any resonance.

MTVV performance indicators

The greatest MTVV values where obtained when the individual weighing 86 kg walked at a frequency of 2.2 Hz in the
dwelling model M2 (0.094 m/s2). In contrast, the lowest MTVV values were obtained when the individual weighing 58
kg walked at a frequency of 1.4 Hz in the dwelling model M3 (0.012 m/s2). For a single walk frequency and dwelling
model, the individual weighing 86 kg always generated greater MTVV values than the individual weighing 58 kg.

To determine the effects of the variables fp, fn and mc on the mean values of the MTVV performance indicator, a
balanced analysis of variance of the fixed effects was performed. The results of this analysis indicated that the
individual effects of the factors fp, fn and mc on the obtained mean values of the MTVV performance indicator are
significant. This was verified when determining that the “p values” obtained for each factor were always lower than
the chosen significance level a (0.05). Figure 5 shows the interaction plot of the factors fp, fn and mc, on the mean
values of the MTVV performance indicator.

Figure 5. Interaction plots of the factors f,, f, and m. on the mean values of the MTVV indicator. Source: Self-Elaboration.
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The plots of the left quadrants show that the MTVV mean values increased as the step frequency increased in the
three dwelling models, with this effect being more pronounced for the walker with a body mass of 86 kg. The plots of
the right quadrants show that for all of the step frequencies and dwelling models, the MTVV mean values were
greater with the walker with the higher body mass. Finally, the plots of the central quadrants show that when
increasing the fundamental vibration frequency of the floors, decrements in the mean values of MTVV were not
always obtained. In most cases, the dwelling model M2 presented the greatest mean values of the MTVV indicator.
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Classification of the dynamic serviceability of the floor systems.

Figure 6 shows the vibration performance of the M2 dwelling model, which obtained the worst results. For each
dwelling model, 120 accelerograms of walks were recorded, for which their respective MTVV performance indicators
were calculated. According to the criteria of the ISO 10137 for residential environments, when the curve with R = 8 is
exceeded for the day time, and the curve with R = 5.6 is exceeded during the night time, insufficient vertical vibration
performances of the floor systems are expected. Thus, adverse comments by the users should significantly increase in
these situations. These values of R correspond to the quadrupling of the values proposed in Table 2 for residential
environments.

The results obtained indicate that none of the walks performed in the three dwelling models will generate significant
user discomfort due to vertical vibration during the day time. This was verified by observing that the vibration levels
associated with the curves with R = 8 were never exceeded for that time. For the night time, the walks performed in
the dwelling models M1 and M3 also did not generate significant discomfort because the curves with R = 5.6 were
never exceeded. In dwelling M2, 99.2% of the walks performed will not generate significant discomfort during the
night time.

Figure 6. Classification of the vibration performance of dwellings M,. Source: Self-Elaboration
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The obtained results show that the evaluated floor systems have an impulsive-type vibration response of high
frequency, with vertical vibration natural frequencies that go from 23.44 Hz to 31.25 Hz. The damping ratios had
minimum and maximum values of 2.48% and 9.75%, respectively. The MTVV vibration performance indicators,
calculated for time periods of one second, showed values between 0.012 m/s2 and 0.094 m/s2. In general, the
minimum values of MTVV were obtained when the individual of lower body mass walked at the lower step frequency
in the dwelling models of greater vertical fundamental frequency. In contrast, the maximum values of MTVV were
obtained when the individual of greater body mass walked at the highest step frequency in the dwelling models with a
lower damping ratio. These two extreme situations can be used as preliminary evaluations of the vibration
performance in construction contexts with less availability for performing on-site measurements.

The implementation of the serviceability criteria established by the ISO 10137 indicated that 100% and 97.22% of the
evaluated dwellings did not generate significant discomfort to the users during the day time or night time,
respectively. The above results demonstrate that the insulating floor panels used in contexts similar to the ones tested
in this study are a convenient construction alternative to other lightweight floor systems because they present
adequate vibration performance in response to human walking.
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